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Duchenne muscular dystrophy (DMD) is an X-linked genetic disorder diagnosed in
childhood. It affects ~1 in every 5000 live male births (/20 000 new cases worldwide each
year).12 This results in a US prevalence of 1.3 to 1.8 per 10 000 males 5 to 24 years of age.
DMD is caused by mutations in the gene encoding the dystrophin protein. The loss of
dystrophin results in a cascade of events leading to progressive loss of muscle function.
Without supportive care, young men with DMD typically die in their late teens and early
20s. Historically, the most common cause of death has been respiratory failure. However,
with improved respiratory support, an increasingly important source of morbidity and
mortality is cardiomyopathy leading to heart failure and arrhythmias.3# There are important
differences in DMD cardiomyopathy compared with other types of pediatric dilated
cardiomyopathy.> DMD cardiomyopathy is similar to the cardiomyopathy seen in some
forms of limb girdle muscular dystrophy and congenital muscular dystrophy. In particular, a
shared cardiomyopathic process is seen in those disorders in which the primary mutation
alters components that directly or indirectly interact with dystrophin. There is less left
ventricular (LV) enlargement at diagnosis in DMD. Only 30% of boys with DMD have
cardiac symptoms at diagnosis (far fewer than other dilated cardiomyopathy). DMD
cardiomyopathy is less often treated at the time of diagnosis. However, treatment rates have
increased over time. Finally, there is a higher mortality for DMD cardiomyopathy than for
other dilated cardiomyopathies.

The DMD Care Considerations published in 2010 addressed cardiac care recommendations
based on minimal surveillance standards with echocardiography.®:” However,
echocardiography has known limitations in DMD patients.® Since the 2010 publication of
the DMD Care Considerations,® there have been significant advances in the understanding
and management of DMD cardiomyopathy. These include the expanded use of cardiac
magnetic resonance imaging (CMR) for surveillance of myocardial damage and function,
expanded consideration of existing traditional and novel heart failure therapies, and the
exploratory use of nonpharmacological therapies, including heart transplantation,
mechanical circulatory support, and implantable cardioverter-defibrillators (ICDs). It is
unclear at this time how to best use these technologies to optimize clinical outcomes in
DMD cardiomyopathy, but it seems clear that treatment should be more aggressive. Despite
a broader appreciation of the impact of DMD cardiomyopathy, cardiac management remains
highly variable and generally underused. In a recent natural history study of DMD patients,
cardiomyopathy was still underdiagnosed and undertreated.® Thus, there is a need to develop
improved and more consistent diagnosis and treatment of DMD cardiomyopathy.

In response to these concerns, the National Heart, Lung, and Blood Institute, in collaboration
with Parent Project Muscular Dystrophy, convened a Working Group meeting on July 2014,
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in Bethesda, MD, to explore clinical and research questions related to cardiac disease in
patients with DMD. As a result of respiratory support and glucocorticoid use, patients with
DMD are living longer, bringing the associated cardiomyopathy to the forefront of
management concern for Duchenne patients as they age. A number of experimental agents
targeted to the skeletal muscle phenotype are in clinical trials for DMD, and the effect of
these compounds on cardiac function has not been well characterized. The Working Group
consisted of experts in cardiology, pulmonology, neurology, product regulation, and patient
advocacy. The Working Group made clinical and research recommendations that are based
on the current literature and expert opinion. Furthermore, the Working Group identified gaps
in knowledge to be filled through ongoing efforts of the research and clinical communities.
These recommendations to improve the diagnosis and management of cardiomyopathy in
DMD included the use of CMR in clinical care and research, particularly clinical trials; the
need for updated protocols to evaluate the cardiac condition in preclinical models; and the
development of coordinated international biorepositories to advance treatment and research
for this rare genetic disease (Table).

Cardiac Care Guidelines

The 2010 DMD Care Considerations provided a comprehensive set of multidisciplinary
guidelines focused on the diagnosis and management of children diagnosed with DMD.57
Areas of emphasis in the Care Considerations included diagnosis, corticosteroid use,
rehabilitation, and orthopedic, psychosocial, cardiac, pulmonary, and gastrointestinal
(including nutritional) management. The methods used to develop these guidelines relied on
published literature, especially that supported by clinical trials, and expert opinion using the
RAND/UCLA Appropriateness Methods criteria.

Given that DMD is a rare disease, there are limited clinical trial data on which to base
guideline recommendations. Natural history studies on the cardiac disease associated with
DMD have often reported relatively small DMD cohorts, usually restricted to a geographic
region or a single center. Accordingly, larger natural history studies on DMD in the United
States have been undertaken, including the Center for Disease Control and Prevention MD
STARnet project (Muscular Dystrophy Surveillance, Tracking and Research Network)?! and
a survey of DMD patients from Arizona, Georgia, Hawaii, lowa, and western New York, to
update data on prevalence, incidence and variation in practice patterns and outcome.10:11
These studies found differing outcomes in DMD on the basis of race and ethnicity and
suggested that health-care disparities were associated with later diagnosis, less steroid use,
and increased cardiac and respiratory complications.

Existing cardiac management guidelines emphasize monitoring and treatment. Two
overlapping sets of recommendations were used to form the 2010 Care Considerations
guidance for surveillance and medical treatment.1213 Specific imaging recommendations
included an echocardiogram beginning at 6 years of age and then subsequent studies every 1
to 2 years, depending on age. After 10 years of age, it was recommended that DMD subjects
undergo annual echocardiograms. However, the technical quality of echocardiography and
the resulting interpretability may be limited in DMD because of the development of chest
wall deformities, scoliosis, and respiratory disease. Even simple measures of systolic
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function can be quite limited in teenage boys with DMD. New echocardiographic imaging
techniques, including myocardial strain analysis, are promising possibilities, but many of the
same challenges remain. Therefore, valid longitudinal echocardiographic measures during
clinical trials can be difficult to obtain across the age spectrum as cardiomyopathy
progresses.

The Care Considerations, published in 2010, did not specifically address the use of CMR but
rather cardiac imaging in general. Since that time, CMR has been more widely applied to
DMD cardiomyopathy for its ability to characterize myocardial abnormalities.2415 CMR is
well suited not only to image myocardial damage but also to provide more reliable
measurement of ventricular structure and function. CMR with gadolinium is an additional
emerging tool that is rapidly becoming a preferred method for cardiac monitoring in boys
with DMD. Evidence for increased gadolinium enhancement on CMR is thought to reflect
myocardial damage and fibrosis in the DMD heart. Because this enhancement is one of the
earliest findings of cardiac involvement in DMD, its presence has been used to support early
institution of cardioprotective medications for DMD cardiomyopathy. However, the need for
sedation in children <6 years of age may limit the utility of CMR in this subset of boys with
DMD. On the basis of emerging data, the Working Group concluded that updated and
expanded cardiac care considerations were needed and that these guidelines should extend to
the adult DMD population. It should be noted that the Care Considerations are currently
under revision by the Centers for Disease Control and Prevention. Newer cardiac guidelines
should take into account CMR and advanced echocardiography approaches that provide
additional measures of myocardial disease and function, serving as early indicators of
cardiac pathology before an abnormal ejection fraction. These updated recommendations are
also essential for appropriate patient management because many insurance providers use
them as guidelines when making payment decisions about advanced imaging procedures.

Medical Management

Medical management recommendations from the Care Considerations document discuss the
use of angiotensin-converting enzyme (ACE) inhibitors as first-line therapy once LV
dysfunction has developed.® However, initiation of therapy is often considered before
ventricular dysfunction is detected in hopes of delaying its onset. A randomized, clinical
trial examined initiation of therapy with an ACE inhibitor in DMD before the second decade
and before a measured reduction in LV systolic function.16 This study reported that early
institution of ACE inhibition delayed the onset of LV dysfunction and improved
mortality.16:17 Angiotensin receptor blockers (ARBs) can readily be substituted for an ACE
inhibitor in those who are intolerant of ACE inhibitors.18 The use of p-adrenergic blockade
in pediatric cardiomyopathy has been controversial because a multi-institutional,
randomized, double-blind, placebo-controlled, 8-month study of carvedilol in pediatric heart
failure failed to show clear benefit.1® Because this study included primarily patients with
congenital heart disease, it is difficult to know how the results might apply to DMD
cardiomyopathy. Over the last decade, a number of retrospective20-21 and prospective open,
nonrandomized?2:23 studies have suggested a benefit of B-blockade in DMD
cardiomyopathy. In a prospective open study of DMD, an ACE inhibitor alone or in
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combination with a B-blocker showed improvement in LV ejection fraction.2* Although the
combination of ACE inhibitor plus B-blocker did not fare better than ACE inhibitor alone,
the group who received p-blockers was older (age, 15.7 versus 14.1 years). Notably, both
groups showed improvement in <12 months of treatment. On the basis of this evidence, it is
not likely that patients and families would participate in a placebo-controlled trial of 3-
blockade in DMD cardiomyopathy. Research in this area is still needed to develop clear
recommendations for the age or clinical status at which such agents should be instituted and
optimal dosing. Nonetheless, it is recommended that published guidelines for adults with
chronic heart failure be used in patients with DMD despite differences in the patient
populations and disease characteristics.2>

The Care Considerations urged use of glucocorticoid therapy in DMD, although such agents
are not labeled for this use. The use of glucocorticoids in ambulatory DMD patients is
known to prolong ambulation.2® Data from animal studies have suggested that the use of
prednisone, alone or in combination with ACE inhibitors, may be deleterious to myocardial
function, 2729 but human DMD data have suggested that steroid use has a protective effect
on the heart.8:30 A population-based surveillance program suggested that a longer duration
of steroid use correlates with a greater improvement in measures of LV function.3! A recent
retrospective cohort study examined the long-term use of glucocorticoids in DMD, beyond
loss of ambulation, and reported that glucocorticoid use led to improvement in all-cause
mortality, almost entirely because of improved cardiac outcome.32 Because this
retrospective study examined a single population and included only those subjects who
could remain on glucocorticoid long term without significant additional adverse side effects,
it is not clear whether these study results could be reproduced in a prospective study or in a
different population.33 The divergence between observations in animal studies and the
human DMD population, showing opposite effects of glucocorticoids on the DMD
cardiomyopathy, warrants additional investigation.

The Working Group concluded that medical management guidelines should extrapolate
from newer animal model data and data from adult heart failure trials, including those that
include the use of mineralocorticoid receptor antagonism.3* The use of ACE inhibitors or
ARBs has now become more mainstream in the DMD population, although the age at which
such therapy should begin remains an important question. It was the opinion of the Working
Group that ACE inhibitor/ARB use in DMD should begin by 10 years of age (barring
contraindications), but the relatively low risk of ACE inhibitors and ARBs should not
discourage the consideration of earlier therapy. The recommendations for f-adrenergic
blockade remain variable, with common practice to begin after the onset of ACE
inhibitor/ARB use, usually on the basis of ventricular dysfunction or elevated heart rate. The
timing of mineralocorticoid receptor antagonism use has not been adequately addressed, and
clinical practice varies widely. The recent randomized, prospective study of
mineralocorticoid receptor antagonism with eplerenone demonstrated an attenuation of the
decline in LV function, measured by circumferential strain.3® The Working Group
acknowledges that there is a great deal of anxiety among families about the delay of
initiation of cardiac medications. The relatively low risk of these drugs and the lack of DMD
cardiomyopathy clinical trials for boys <10 years of age often lead families to desire a more
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proactive strategy, which can put them at odds with physicians following a more
conservative approach.

Screening and therapy for cardiac arrhythmias in DMD were identified as understudied
areas. The natural history of the rhythm abnormalities in this disease has not been well
documented in the literature. There is a perceived increase in sudden cardiac death in DMD,
but this has never been well established. In advanced DMD cardiomyopathy, cardiac
arrhythmias have been observed that are similar to those seen in other cardiomyopathies,
including atrial fibrillation/flutter, ventricular tachycardia, and ventricular fibrillation. A
greater burden of late gadolinium enhancement on CMR was associated with increased
arrhythmia risk in DMD.36 The adult Duchenne population may benefit from following
adult heart failure guidelines for primary arrhythmia prevention. In the general adult heart
failure population, benefit outweighs risk for ICDs for patients with an LV ejection fraction
<35%. However, the risk of intervention may be greater in the DMD population. Severe
kyphoscoliosis and respiratory muscle weakness, which are common in the advanced DMD
patient, may increase risks associated with ICD placement. Use of antiarrhythmic agents for
managing atrial fibrillation and ventricular arrhythmias currently follows adult heart failure
and arrhythmia management, although there has been no surveillance of this practice in the
advanced DMD population. Understanding practice variability in the management of
arrhythmias in advanced DMD cardiomyopathy would be valuable. The use of biventricular
pacing in DMD has not been assessed. However, the pattern of inferolateral involvement
seen in the early-phase cardiomyopathic DMD heart is similar to the pattern that correlates
with a lack of response to resynchronization therapy in the general adult heart failure
population.37

Mechanical Circulatory Support

The use of mechanical circulatory support in DMD has been described in case reports and
small series.38 Considerations for ventricular assist devices extend beyond immediate
recovery or rescue from cardiac failure or dysfunction. Currently indicated as a bridge to
transplantation, long-term ventricular assist device use has increasing potential as
destination therapy. As with all technologies, in all patients, the burdens of chronic
technology dependence should be explored before, during, and after device implementation.
Risk of device placement may be higher in the presence of kyphoscoliosis and respiratory
muscle weakness, and recovery and rehabilitation after surgery may take longer.
Additionally, end-of-life management preferences in neuromuscular diseases, including
DMD, are a challenging area.3? It was agreed that the cardiologist has a role in these
discussions, and the Working Group acknowledged the value of a long-term patient/family/
physician relationship before the urgent need for device placement. Longitudinal discussion
better allows careful deliberation and understanding of long-term outcomes and goals of
therapy.40
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Cardiac Monitoring in Clinical Trials

Clinical trials are ongoing to study interventions such as exon skipping, stop codon
suppression, antifibrotics, and phosphodiesterase inhibition in DMD, targeting primarily
skeletal muscle disease. The effect of these interventions on DMD cardiomyopathy requires
careful evaluation. Clinical trials in DMD, even those aimed at younger ambulatory DMD
patients, should improve their monitoring of cardiac function to detect concomitant benefits
or toxicity and to better characterize the natural history of cardiac function. It might be
possible to test cardiac interventions in a separate randomization (factorial study). CMR is
preferred to echocardiography for the purpose of assessing cardiac status because of superior
information on tissue characteristics, chamber dimensions, and function, although the need
for sedation may necessitate the use of echocardiography in younger children. Specific CMR
measurements that could be monitored in clinical trials include degree and pattern of late
gadolinium enhancement, myocardial strain, and extracellular volume. Additional cardiac
measurements to be considered include heart rate and strain measurements (from
echocardiography). Sinus tachycardia may also be useful as a biomarker because it is
frequent in the DMD patient, often precedes cardiac dysfunction,*! and may reflect a
component of early respiratory involvement.

Functional measurements and quality-of-life assessment in DMD cardiomyopathy are
confounded by already impaired skeletal muscle function. The “typical” heart failure
symptoms such as exercise limitation or dyspnea are often absent in DMD and require
unigue assessments. In addition, systolic blood pressure is typically lower in the DMD
population, especially in the advanced DMD population.#2 Relative hypotension
complicates the use and titration of many standard heart failure medications.

Clinical Research Questions in DMD Cardiomyopathy

The Working Group discussed a number of clinical research questions in DMD
cardiomyopathy that need to be addressed. The following were those prioritized as most
important.

Prevention of DMD Cardiomyopathy

The Working Group acknowledged the importance of studying DMD cardiomyopathy
because it represents an important cause of DMD disability and is an example of a
genetically mediated cardiomyopathy that typically develops over a short and predictable
window compared with other forms of cardiomyopathy. Importantly, the presence of disease
can be identified long before symptoms appear. In the perindopril prevention study, 20% of
the DMD subjects at 10 years of age were excluded for abnormal LV ejection fraction.16
Using CMR, 59% of DMD patients had evident myocardial damage, seen as late gadolinium
enhancement, by 16 years of age.*3 The relatively early onset of cardiomyopathy, usually by
the second decade of life, clearly invites assessment of strategies to prevent cardiomyopathy.
As mentioned, ACE inhibitors, ARBs, and B-blockers are commonly used in practice and are
relatively well tolerated. Whether these agents should be started earlier such as at the time of
diagnosis of DMD or before the onset of decreased cardiac function or used together is not
known and should be investigated. During studies of other interventions, it might be possible
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to address the question of B-blocker outcome benefit with other study designs such as a
factorial design, comparing p-blocker monotherapy, ACE inhibitor monotherapy, and a -
blocker/ACE-inhibitor combination. A recent study on mineralocorticoid receptor
antagonism indicates that early use of these agents is helpful for DMD cardiomyopathy,3°
but the combinatorial use of these medications and timing of institution are questions that
remain unanswered. The use of additional therapies such as phosphodiesterase inhibitors
requires additional evaluation. Phosphodiesterase inhibition is being tested for its effect on
skeletal muscle function and, on the basis of animal studies, may also be considered for its
cardiovascular benefit.4445 Early-phase studies in DMD and Becker muscular dystrophy
using phosphodiesterase inhibition suggest skeletal muscle benefit.*6:47 However, the effect
of these agents on the heart may be different because sildenafil showed no effect on
exercise-induced cardiac output,*8 and a separate study of sildenafil for heart function in
adult Becker muscular dystrophy and DMD was not completed because there was no clear
benefit.49

Arrhythmia Complications in DMD

Arrhythmias were identified as an important potential contributor to mortality in DMD, but
surprisingly little is known of this possibility. It was recommended that surveillance studies
be undertaken to estimate the frequency of such events and to monitor current practices.
Longitudinal studies will also be critical for identifying risk factors for arrhythmias and
sudden cardiac death. In the general adult heart failure population, ICDs have favorable
outcomes compared with medical therapy alone. It is unknown whether the Duchenne
population would have a similar benefit, especially given that the placement of an ICD in
patients with DMD may confer higher risk because of accompanying skeletal muscle and
respiratory compromise. The incidence and management of atrial arrhythmias, including the
need for anticoagulation, were also viewed as areas that required more information.
Currently, there are no guidelines for the surveillance and management of arrhythmias in
DMD cardiomyopathy except for other published general adult heart failure
recommendations for managing arrhythmias in the setting of abnormal systolic function.
The majority of advanced DMD cardiomyopathy occurs in the late second decade and third
decade. Thus, guidelines that are based on a significantly older population may or may not
be appropriate.

Cardiopulmonary Interactions

The concurrent decline in respiratory function and cardiac function in DMD may arise from
independent or interdependent pathologies.>%-52 The use of noninvasive nocturnal
ventilation has increased survival in DMD.3 As prevention strategies have gained hold in
clinical practice for the medical prevention of cardiomyopathy in DMD, the Working Group
suggested that earlier institution of nocturnal noninvasive ventilation may have cardiac
benefit in DMD and thus should be a target for clinical investigation.

Genotype—Phenotype Correlations in DMD Cardiomyopathy

Early studies correlating genotype with phenotype included only patients with deletions or
duplications of DNA, which represents only two thirds of DMD patients. The remaining
patients have smaller point mutations that can be detected only by DNA sequencing. It is
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unknown whether these mutations result in the same cardiac phenotype. DMD is now most
commonly diagnosed by DNA mutation analysis rather than invasive muscle biopsies.
Moreover, with mutation-specific therapies on the horizon, it is unknown whether cardiac
therapy should be identical for all DMD mutation classes. With the availability of larger
databases of genotypically defined DMD populations, this information should be better
correlated with sensitive cardiac imaging modalities like CMR to improve genotype—
phenotype correlations for the heart.

Female Carrier Cardiomyopathy Risk

The degree to which female carriers of DMD mutations have cardiac complications has been
debated.>3 Improved molecular diagnosis, coupled with clear recommendations for cardiac
screening in the carrier population, provides an opportunity to better correlate genetic data
with clinical outcomes in women.

Clinical Research Infrastructure

As mentioned, a significant number of previous studies of DMD cardiomyopathy have been
limited to relatively small DMD cohorts, often restricted to a single center. Given the broad
age range, varying disease state, and limited sample size at any one institution or program,
the Working Group strongly supported collaborative multi-institutional research. More
recent collaborative efforts are beginning to make progress in addressing these limitations.
The EuroBioBank Network has promoted international efforts that include DMD.5* US
efforts include the United Dystrophinopathy Project.® The Working Group encouraged
alignment of these programs to establish larger clinical databases and biomaterial collections
to promote DMD-related efforts, including focus on cardiomyopathy in DMD. The Working
Group identified this as a critically important infrastructure needed to advance clinical
research focused on DMD cardiomyopathy, including coordinated and accessible clinical
registries linked to biospecimen repositories.

A Registry to Assist With Standardized Data Collection, Evaluation, and Patient Follow-Up

A better understanding of the natural history of all aspects of DMD, including the cardiac
manifestations, would greatly help in the design of trials (eg, choice of end points, age
strata). Coordinated efforts to design and implement patient registries are mature in some
countries, particularly those with nationalized or centralized health delivery systems.
Registries in the United States are supported mostly by patient advocacy groups or
individual academic institutions, and many have no mechanism for linking data among
registries and to other data sets, including electronic medical records. Having such data sets,
especially for a rare disease like DMD, would facilitate clinical trials. It is noteworthy that
counterpart DMD registries in Europe take advantage of government-provided health care
and often encompass all DMD patients. In the United States, the DuchenneConnect registry
was created in 2007 to allow patients and families to provide data directly.>6:57 Patient-
entered databases, although valuable, may be limited in depth and completeness of data to
adequately support clinical research. The ability of the United States to collaborate on the
scale that is being pursued in Europe would certainly increase the value of the data
collected. The first set of common data elements for neuromuscular diseases was developed
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in 2011 by the National Institutes of Health. The data elements for the Neuromuscular
Diseases were formed by unique Working Groups, including a cardiac group (http://
www.commonda-taelements.ninds.nih.gov/NMD.aspx#tab=Data_Standards; the forms
under Assessments and Examinations include cardiac data elements). The use of these tools
or similar data collection tools would facilitate research.

A Biorepository to Centrally Store DNA, Blood Samples, and Tissue Specimens

The Working Group noted the importance of studying human tissue to improve the
pathophysiological understanding of human disease. The need for such study is highlighted
by the differences in cardiac effects of glucocorticoids between the mdx mouse and humans.
In the DMD population, access to human cardiac tissue is rare. Tissue acquired during a
cardiac catheterization endomyocardial biopsy, tissue cores (obtained at the time of
ventricular assist device placement), explanted hearts, or autopsy materials should be stored
and made available to the scientific community. There is an additional need for less
invasive, large-scale and multi-institutional acquisition of materials such as human DNA
and fibroblasts to be made available. Cell lines from DMD patients are useful for
establishing induced pluripotent stem cell lines and other cell-based models of disease
valuable for preclinical testing. Biomarker studies in both blood and urine are rapidly
expanding in DMD.8-60 Biomarkers hold promise for expediting drug development as
pharmacodynamic biomarkers (objective monitoring of drug response) and perhaps as
surrogate outcome measures (predicting later clinical benefit). It will be important to define
the subset of blood or urine biomarkers that are heart derived and thus potentially useful in
cardiac interventional studies.

Animal Models for DMD

The mdx mouse model has served as an important, if imperfect, model for DMD. A de novo
premature stop codon in exon 23 of the dystrophin gene leads to the histopathological
features seen in DMD muscle.51:62 The mdx mouse has a significant 20% reduction in life
span and displays progressive fibrosis and fatty infiltration in most skeletal muscles.53.64
The respiratory muscles, especially the diaphragm muscle, are significantly affected by
DMD pathology and very closely mimic what occurs in the human muscle. At the equivalent
age for human cardiomyopathy, the mdx mouse displays only mild features of
cardiomyopathy. Markedly decreased baseline cardiac function, measured by conventional
echocardiography, is evident only in the aged mdx mouse.54-66 The reason for this relatively
preserved function in younger mdx mice under baseline conditions is not known. The shorter
life span of mice, an improved regenerative capacity, smaller muscles and heart, and limited
physical exertion of caged mice have all been suggested as reasons for the milder baseline
cardiac phenotype in mdx mice. Importantly, cardiomyopathy and acute heart pump failure
can be readily unmasked in mdx mice by pharmacological or mechanical cardiac stress
testing.67:68 Other genetic murine models with notable cardiomyopathy at baseline also are
useful for preclinical studies focused on the rescue of the cardiac phenotype. These models
include (but are not limited to) the mdx/utrn (utrophin) double-null model and the mdx/utrn
heterozygous mouse model.59 The mdx/utrn double-null mouse has profound
kyphoscoliosis, respiratory compromise, and cardiomyopathy.” The short life span of mdx/
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utrn double-null mice is useful when survival is an end point. The mdx/utrn heterozygous
model is easier to breed and therefore more available for study. The cardiomyopathy in this
model can be more readily detected by imaging approaches and therefore may be more
useful experimentally. However, the mdx/utrn model is not a genetic match to the DMD
human heart.

Mice lacking dystrophin-associated proteins, including p-, y-, and &-sarcoglycan, have also
been used for preclinical studies of muscular dystrophy.’! These models display a more
advanced cardiac phenotype at baseline conditions than age-matched mdx mice and are
useful for testing drugs and genetic pathways that alter the cardiac outcome. These models
share a pathological pathway in that they also have a disrupted dystrophin complex in
striated muscle. However, like the mdx/utrn models, they are not genetically identical to
DMD. As noted, studies using glucocorticoid steroids in these murine models showed
adverse cardiac consequences of steroids. It is not known what accounts for the discrepancy
between human and murine hearts in this regard, but secondary effects of glucocorticoids on
systemic blood pressure and other pathways could account for these differences.

Large animal models of DMD have been used to study gene-, cell-, and chemical-based
experimental therapies on cardiac and respiratory outcomes.”2-"4 The Golden Retriever
Muscular Dystrophy model has been studied extensively for gene therapy, including cardiac
gene therapy for DMD. The canine model may more faithfully replicate key aspects of the
cardiac phenotype in DMD. However, its scarce supply, the need for canine-specific
reagents, and the high cost of conducting trials argue for judicious and collaborative use of
the Golden Retriever Muscular Dystrophy model. Additionally, the canine heart has a more
developed collateral coronary circulation that differs from what is seen in the human heart,
and this difference in anatomy may alter the manifestation of cardiomyopathy.” Recent de
novo and engineered mutations in dystrophin in the porcine model could emerge as a new
large animal model of dystrophic cardiomyopathy.”6.77 The pig model, for example, could
be highly valuable to help advance screening for cardiac arrhythmias in DMD.

For all animal models, it was recommended that the assessment of cardiac phenotype be
updated and, in some cases, established. Monitoring cardiac outcomes in mice, dogs, and
pigs, as in humans, can be achieved with improved imaging. Such cardiac imaging may rely
on CMR or echocardiography with strain measurements. It was noted that protocols for
analysis are available on the TREAT-NMD repository, but it was also noted that newer
imaging modalities had not yet been incorporated into the repository. Effort is needed to
update cardiac assessment protocols for preclinical animal models with focus on imaging,
telemetry monitoring, and histopathological assessment, as well as expert opinion as to what
models maximize the opportunity to answer specific research questions.

Although there are large animal models of DMD, few natural history data are available for
these models. However, this deficit must be balanced against the limited availability of these
large animal resources. Several additional canine models of DMD have been described, and
in many cases, these models have distinct mutations in the DMD gene compared with the
Golden Retriever Muscular Dystrophy model. Hence, they offer excellent opportunities to
test gene-specific therapies. It is not known whether these unique mutations will confer
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distinct phenotypes. The degree of genetic identity among canine breeds vastly exceeds the
genetic identity among mouse strains.

Animal models of DMD remain necessary for preclinical testing and can be useful for
developing biomarkers for DMD. With the ongoing clinical trials in DMD, there has been a
need for biomarkers that reflect DMD progression and mirror clinical improvements when
present. The ability to readily assess multiple tissues and to have ready access to serum,
blood, urine, and cells from preclinical models supports the continued development of these
models as adjuncts for biomarker development.

Conclusion

Improved understanding of the pathogenesis and management of cardiac disease in DMD
through the use of appropriate animal models and clinical research supported by a
collaborative research infrastructure will, we hope, bring increased survival and better
quality of life to patients.

References

1. Centers for Disease Control and Prevention. Prevalence of Duchenne/Becker muscular dystrophy
among males aged 5-24 years: four states, 2007. MMWR Morb Mortal Wkly Rep. 2009; 58:1119-
1122. [PubMed: 19834452]

2. Mendell JR, Lloyd-Puryear M. Report of MDA muscle disease symposium on newborn screening
for Duchenne muscular dystrophy. Muscle Nerve. 2013; 48:21-26.10.1002/mus.23810. [PubMed:
23716304]

3. Eagle M, Baudouin SV, Chandler C, Giddings DR, Bullock R, Bushby K. Survival in Duchenne
muscular dystrophy: improvements in life expectancy since 1967 and the impact of home nocturnal
ventilation. Neuromuscul Disord. 2002; 12:926-929. [PubMed: 12467747]

4. McNally EM. New approaches in the therapy of cardiomyopathy in muscular dystrophy. Annu Rev
Med. 2007; 58:75-88.10.1146/annurev.med.58.011706.144703. [PubMed: 17217326]

5. Connuck DM, Sleeper LA, Colan SD, Cox GF, Towbin JA, Lowe AM, Wilkinson JD, Orav EJ,
Cuniberti L, Salbert BA, Lipshultz SE, Pediatric Cardiomyopathy Registry Study Group.
Characteristics and outcomes of cardiomyopathy in children with Duchenne or Becker muscular
dystrophy: a comparative study from the Pediatric Cardiomyopathy Registry. Am Heart J. 2008;
155:998-1005.10.1016/j.ahj.2008.01.018. [PubMed: 18513510]

6. Bushby K, Finkel R, Birnkrant DJ, Case LE, Clemens PR, Cripe L, Kaul A, Kinnett K, McDonald
C, Pandya S, Poysky J, Shapiro F, Tomezsko J, Constantin C, DMD Care Considerations Working
Group. Diagnosis and management of Duchenne muscular dystrophy, part 2: implementation of
multidisciplinary care. Lancet Neurol. 2010; 9(09):177-189. 70272-8.10.1016/S1474-4422
[PubMed: 19945914]

7. Bushby K, Finkel R, Birnkrant DJ, Case LE, Clemens PR, Cripe L, Kaul A, Kinnett K, McDonald
C, Pandya S, Poysky J, Shapiro F, Tomezsko J, Constantin C, DMD Care Considerations Working
Group. Diagnosis and management of Duchenne muscular dystrophy, part 1: diagnosis, and
pharmacological and psychosocial management. Lancet Neurol. 2010; 9(09):77-93. 70271-
6.10.1016/S1474-4422 [PubMed: 19945913]

8. Markham LW, Kinnett K, Wong BL, Woodrow Benson D, Cripe LH. Corticosteroid treatment
retards development of ventricular dysfunction in Duchenne muscular dystrophy. Neuromuscul
Disord. 2008; 18:365-370.10.1016/j.nmd.2008.03.002. [PubMed: 18436445]

9. Spurney C, Shimizu R, Morgenroth LP, Kolski H, Gordish-Dressman H, Clemens PR, CINRG
Investigators. Cooperative International Neuromuscular Research Group Duchenne Natural History
Study demonstrates insufficient diagnosis and treatment of cardiomyopathy in Duchenne muscular
dystrophy. Muscle Nerve. 2014; 50:250-256.10.1002/mus.24163. [PubMed: 24395289]

Circulation. Author manuscript; available in PMC 2015 September 17.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McNally et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Page 13

Ciafaloni E, Fox DJ, Pandya S, Westfield CP, Puzhankara S, Romitti PA, Mathews KD, Miller
TM, Matthews DJ, Miller LA, Cunniff C, Druschel CM, Moxley RT. Delayed diagnosis in
Duchenne muscular dystrophy: data from the Muscular Dystrophy Surveillance, Tracking, and
Research Network (MD STARnet). J Pediatr. 2009; 155:380-385.10.1016/j.jpeds.2009.02.007.
[PubMed: 19394035]

Kenneson A, Vatave A, Finkel R. Widening gap in age at muscular dystrophy-associated death
between blacks and whites, 1986—2005. Neurology. 2010; 75:982-989. [PubMed: 20837966]

American Academy of Pediatrics Section on Cardiology and Cardiac Surgery. Cardiovascular
health supervision for individuals affected by Duchenne or Becker muscular dystrophy. Pediatrics.
2005; 116:1569-1573. [PubMed: 16322188]

Bushby K, Muntoni F, Bourke JP. 107t ENMC international workshop: the management of
cardiac involvement in muscular dystrophy and myotonic dystrophy: 79t June 2002, Naarden,
the Netherlands. Neuromuscul Disord. 2003; 13:166-172. [PubMed: 12565916]

Hor KN, Wansapura J, Markham LW, Mazur W, Cripe LH, Fleck R, Benson DW, Gottliebson
WM. Circumferential strain analysis identifies strata of cardiomyopathy in Duchenne muscular
dystrophy: a cardiac magnetic resonance tagging study. J Am Coll Cardiol. 2009; 53:1204—
1210.10.1016/j.jacc.2008.12.032. [PubMed: 19341862]

Hagenbuch SC, Gottliebson WM, Wansapura J, Mazur W, Fleck R, Benson DW, Hor KN.
Detection of progressive cardiac dysfunction by serial evaluation of circumferential strain in
patients with Duchenne muscular dystrophy. Am J Cardiol. 2010; 105:1451-1455.10.1016/
j.amjcard.2009.12.070. [PubMed: 20451693]

Duboc D, Meune C, Lerebours G, Devaux JY, Vaksmann G, Bécane HM. Effect of perindopril on
the onset and progression of left ventricular dysfunction in Duchenne muscular dystrophy. J Am
Coll Cardiol. 2005; 45:855-857.10.1016/j.jacc.2004.09.078. [PubMed: 15766818]

Duboc D, Meune C, Pierre B, Wahbi K, Eymard B, Toutain A, Berard C, Vaksmann G, Weber S,
Bécane HM. Perindopril preventive treatment on mortality in Duchenne muscular dystrophy: 10
years’ follow-up. Am Heart J. 2007; 154:596—602.10.1016/j.ahj.2007.05.014. [PubMed:
17719312]

Allen HD, Flanigan KM, Thrush PT, Dvorchik I, Yin H, Canter C, Connolly AM, Parrish M,
McDonald CM, Braunlin E, Colan SD, Day J, Darras B, Mendell JR. A randomized, double-blind
trial of lisinopril and losartan for the treatment of cardiomyopathy in duchenne muscular
dystrophy. PLoS Curr. 2013; 510.1371/currents.md.2cc69aldaedbe7dfe2bch420024ea865

Shaddy RE, Boucek MM, Hsu DT, Boucek RJ, Canter CE, Mahony L, Ross RD, Pahl E, Blume
ED, Dodd DA, Rosenthal DN, Burr J, LaSalle B, Holubkov R, Lukas MA, Tani LY, Pediatric
Carvedilol Study Group. Carvedilol for children and adolescents with heart failure: a randomized
controlled trial. JAMA. 2007; 298:1171-1179.10.1001/jama.298.10.1171. [PubMed: 17848651]
Jefferies JL, Eidem BW, Belmont JW, Craigen WJ, Ware SM, Fernbach SD, Neish SR, Smith EO,
Towbin JA. Genetic predictors and remodeling of dilated cardiomyopathy in muscular dystrophy.
Circulation. 2005; 112:2799-2804.10.1161/CIRCULATIONAHA.104.528281. [PubMed:
16246949]

Ogata H, Ishikawa Y, Ishikawa Y, Minami R. Beneficial effects of beta-blockers and angiotensin-
converting enzyme inhibitors in Duchenne muscular dystrophy. J Cardiol. 2009; 53:72—
78.10.1016/j.jjcc.2008.08.013. [PubMed: 19167641]

Matsumura T, Tamura T, Kuru S, Kikuchi Y, Kawai M. Carvedilol can prevent cardiac events in
Duchenne muscular dystrophy. Intern Med. 2010; 49:1357-1363. [PubMed: 20647648]

Kajimoto H, Ishigaki K, Okumura K, Tomimatsu H, Nakazawa M, Saito K, Osawa M, Nakanishi
T. Beta-blocker therapy for cardiac dysfunction in patients with muscular dystrophy. Circ J. 2006;
70:991-994. [PubMed: 16864930]

Viollet L, Thrush PT, Flanigan KM, Mendell JR, Allen HD. Effects of angiotensin-converting
enzyme inhibitors and/or beta blockers on the cardiomyopathy in Duchenne muscular dystrophy.
Am J Cardiol. 2012; 110:98-102.10.1016/j.amjcard.2012.02.064. [PubMed: 22463839]

Hunt SA, Abraham WT, Chin MH, Feldman AM, Francis GS, Ganiats TG, Jessup M, Konstam
MA, Mancini DM, Michl K, Oates JA, Rahko PS, Silver MA, Stevenson LW, Yancy CW, Antman
EM, Smith SC Jr, Adams CD, Anderson JL, Faxon DP, Fuster V, Halperin JL, Hiratzka LF,
Jacobs AK, Nishimura R, Ornato JP, Page RL, Riegel B, American College of Cardiology,

Circulation. Author manuscript; available in PMC 2015 September 17.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McNally et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 14

American Heart Association Task Force on Practice Guidelines, American College of Chest
Physicians, International Society for Heart and Lung Transplantation, Heart Rhythm Society.
ACC/AHA 2005 guideline update for the diagnosis and management of chronic heart failure in the
adult: a report of the American College of Cardiology/American Heart Association Task Force on
Practice Guidelines (Writing Committee to Update the 2001 Guidelines for the Evaluation and
Management of Heart Failure): developed in collaboration with the American College of Chest
Physicians and the International Society for Heart and Lung Transplantation: endorsed by the
Heart Rhythm Society. Circulation. 2005; 112:e154-235. [PubMed: 16160202]

Manzur AY, Kuntzer T, Pike M, Swan A. Glucocorticoid corticosteroids for Duchenne muscular
dystrophy. Cochrane Database Syst Rev. 2008:CD003725. [PubMed: 18254031]

Bauer R, Macgowan GA, Blain A, Bushby K, Straub V. Steroid treatment causes deterioration of
myocardial function in the {delta}-sarcoglycan-deficient mouse model for dilated
cardiomyopathy. Cardiovasc Res. 2008; 79:652—661.10.1093/cvr/cvn131. [PubMed: 18495669]

Bauer R, Straub V, Blain A, Bushby K, MacGowan GA. Contrasting effects of steroids and
angiotensin-converting-enzyme inhibitors in a mouse model of dystrophin-deficient
cardiomyopathy. Eur J Heart Fail. 2009; 11:463-471.10.1093/eurjhf/hfp028. [PubMed: 19233868]

Janssen PM, Murray JD, Schill KE, Rastogi N, Schultz EJ, Tran T, Raman SV, Rafael-Fortney JA.
Prednisolone attenuates improvement of cardiac and skeletal contractile function and
histopathology by lisinopril and spironolactone in the mdx mouse model of Duchenne muscular
dystrophy. PLoS One. 2014; 9:e88360.10.1371/journal.pone.0088360. [PubMed: 24551095]
Markham LW, Spicer RL, Khoury PR, Wong BL, Mathews KD, Cripe LH. Steroid therapy and
cardiac function in Duchenne muscular dystrophy. Pediatr Cardiol. 2005; 26:768-771.10.1007/
s00246-005-0909-4. [PubMed: 15990951]

Barber BJ, Andrews JG, Lu Z, West NA, Meaney FJ, Price ET, Gray A, Sheehan DW, Pandya S,
Yang M, Cunniff C. Oral corticosteroids and onset of cardiomyopathy in Duchenne muscular
dystrophy. J Pediatr. 2013; 163:1080-1084.e1.10.1016/j.jpeds.2013.05.060. [PubMed: 23866715]

Schram G, Fournier A, Leduc H, Dahdah N, Therien J, Vanasse M, Khairy P. All-cause mortality
and cardiovascular outcomes with prophylactic steroid therapy in Duchenne muscular dystrophy. J
Am Coll Cardiol. 2013; 61:948-954.10.1016/j.jacc.2012.12.008. [PubMed: 23352781]

Hoffman EP, Reeves E, Damsker J, Nagaraju K, McCall JM, Connor EM, Bushby K. Novel
approaches to corticosteroid treatment in Duchenne muscular dystrophy. Phys Med Rehabil Clin N
Am. 2012; 23:821-828.10.1016/j.pmr.2012.08.003. [PubMed: 23137739]

Zannad F, McMurray JJ, Krum H, van Veldhuisen DJ, Swedberg K, Shi H, Vincent J, Pocock SJ,
Pitt B, EMPHASIS-HF Study Group. Eplerenone in patients with systolic heart failure and mild
symptoms. N Engl J Med. 2011; 364:11-21.10.1056/NEJM0a1009492. [PubMed: 21073363]

Raman SV, Hor KN, Mazur W, Halnon NJ, Kissel JT, He X, Tran T, Smart S, McCarthy B, Taylor
MD, Jefferies JL, Rafael-Fortney JA, Lowe J, Roble SL, Cripe LH. Eplerenone for early
cardiomyopathy in Duchenne muscular dystrophy: a randomised, double-blind, placebo-controlled
trial. Lancet Neurol. 2015; 14:153-161.10.1016/S1474-4422(14)70318-7. [PubMed: 25554404]
Menon SC, Etheridge SP, Liesemer KN, Williams RV, Bardsley T, Heywood MC, Puchalski MD.
Predictive value of myocardial delayed enhancement in Duchenne muscular dystrophy. Pediatr
Cardiol. 2014; 35:1279-1285.10.1007/s00246-014-0929-z. [PubMed: 24830760]

Bleeker GB, Kaandorp TA, Lamb HJ, Boersma E, Steendijk P, de Roos A, van der Wall EE,
Schalij MJ, Bax JJ. Effect of posterolateral scar tissue on clinical and echocardiographic
improvement after cardiac resynchronization therapy. Circulation. 2006; 113:969-976.10.1161/
CIRCULATIONAHA.105.543678. [PubMed: 16476852]

Ryan TD, Jefferies JL, Sawnani H, Wong BL, Gardner A, Del Corral M, Lorts A, Morales DL.
Implantation of the HeartMate Il and HeartWare left ventricular assist devices in patients with
duchenne muscular dystrophy: lessons learned from the first applications. ASAIO J. 2014;
60:246-248.10.1097/MAT.0000000000000050. [PubMed: 24577373]

Geller G, Harrison KL, Rushton CH. Ethical challenges in the care of children and families
affected by life-limiting neuromuscular diseases. J Dev Behav Pediatr. 2012; 33:548-561.10.1097/
DBP.0b013e318267c62d. [PubMed: 22947883]

Circulation. Author manuscript; available in PMC 2015 September 17.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McNally et al.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 15

Feudtner C. Collaborative communication in pediatric palliative care: a foundation for problem-
solving and decision-making. Pediatr Clin North Am. 2007; 54:583-607. ix.10.1016/j.pcl.
2007.07.008. [PubMed: 17933613]

Thomas TO, Morgan TM, Burnette WB, Markham LW. Correlation of heart rate and cardiac
dysfunction in Duchenne muscular dystrophy. Pediatr Cardiol. 2012; 33:1175-1179.10.1007/
s00246-012-0281-0. [PubMed: 22434508]

Cripe LH, Tobias JD. Cardiac considerations in the operative management of the patient with
Duchenne or Becker muscular dystrophy. Paediatr Anaesth. 2013; 23:777-784.10.1111/pan.
12229. [PubMed: 23869433]

Hor KN, Taylor MD, Al-Khalidi HR, Cripe LH, Raman SV, Jefferies JL, O’Donnell R, Benson
DW, Mazur W. Prevalence and distribution of late gadolinium enhancement in a large population
of patients with Duchenne muscular dystrophy: effect of age and left ventricular systolic function.
J Cardiovasc Magn Reson. 2013; 15:107.10.1186/1532-429X-15-107. [PubMed: 24359596]
Adamo CM, Dai DF, Percival JM, Minami E, Willis MS, Patrucco E, Froehner SC, Beavo JA.
Sildenafil reverses cardiac dysfunction in the mdx mouse model of Duchenne muscular dystrophy.
Proc Natl Acad Sci U S A. 2010; 107:19079-19083.10.1073/pnas.1013077107. [PubMed:
20956307]

Khairallah M, Khairallah RJ, Young ME, Allen BG, Gillis MA, Danialou G, Deschepper CF,
Petrof BJ, Des Rosiers C. Sildenafil and cardiomyocyte-specific cGMP signaling prevent
cardiomyopathic changes associated with dystrophin deficiency. Proc Natl Acad Sci U S A. 2008;
105:7028-7033.10.1073/pnas.0710595105. [PubMed: 18474859]

Nelson MD, Rader F, Tang X, Tavyev J, Nelson SF, Miceli MC, Elashoff RM, Sweeney HL,
Victor RG. PDES inhibition alleviates functional muscle ischemia in boys with Duchenne
muscular dystrophy. Neurology. 2014; 82:2085-2091.10.1212/WNL.0000000000000498.
[PubMed: 24808022]

Martin EA, Barresi R, Byrne BJ, Tsimerinov El, Scott BL, Walker AE, Gurudevan SV, Anene F,
Elashoff RM, Thomas GD, Victor RG. Tadalafil alleviates muscle ischemia in patients with
Becker muscular dystrophy. Sci Transl Med. 2012; 4:162ra155.10.1126/scitransImed.3004327.

Witting N, Kruuse C, Nyhuus B, Prahm KP, Citirak G, Lundgaard SJ, von Huth S, Vejlstrup N,
Lindberg U, Krag TO, Vissing J. Effect of sildenafil on skeletal and cardiac muscle in Becker
muscular dystrophy. Ann Neurol. 2014; 76:550-557.10.1002/ana.24216. [PubMed: 25042931]

Leung DG, Herzka DA, Thompson WR, He B, Bibat G, Tennekoon G, Russell SD, Schuleri KH,
Lardo AC, Kass DA, Thompson RE, Judge DP, Wagner KR. Sildenafil does not improve
cardiomyopathy in Duchenne/Becker muscular dystrophy. Ann Neurol. 2014; 76:541—
549.10.1002/ana.24214. [PubMed: 25042693]

Finsterer J, Cripe L. Treatment of dystrophin cardiomyopathies. Nat Rev Cardiol. 2014; 11:168-
179.10.1038/nrcardio.2013.213. [PubMed: 24419258]

Manzur AY, Kinali M, Muntoni F. Update on the management of Duchenne muscular dystrophy.
Arch Dis Child. 2008; 93:986-990.10.1136/adc.2007.118141. [PubMed: 18667451]

Wollinsky KH, Kutter B, Geiger PM. Long-term ventilation of patients with Duchenne muscular
dystrophy: experiences at the Neuromuscular Centre Ulm. Acta Myol. 2012; 31:170-178.
[PubMed: 23620648]

Holloway SM, Wilcox DE, Wilcox A, Dean JC, Berg JN, Goudie DR, Denvir MA, Porteous ME.
Life expectancy and death from cardiomyopathy amongst carriers of Duchenne and Becker
muscular dystrophy in Scotland. Heart. 2008; 94:633-636.10.1136/hrt.2007.125948. [PubMed:
17932095]

Mora, M.; Angelini, C.; Bignami, F.; Bodin, AM.; Crimi, M.; Di Donato, JH.; Felice, A.; Jaeger,
C.; Karcagi, V.; LeCam, Y.; Lynn, S.; Meznaric, M.; Moggio, M.; Monaco, L.; Politano, L.; de la
Paz, MP.; Saker, S.; Schneiderat, P.; Ensini, M.; Garavaglia, B.; Gurwitz, D.; Johnson, D.;
Muntoni, F.; Puymirat, J.; Reza, M.; Voit, T.; Baldo, C.; Bricarelli, FD.; Goldwurm, S.; Merla, G.;
Pegoraro, E.; Renieri, A.; Zatloukal, K.; Filocamo, M.; Lochmuller, H. The Eurobiobank Network:
10 years of hands-on experience of collaborative, transnational biobanking for rare diseases. Eur J
Hum Genet. [published online ahead of print December 24, 2014]http://www.nature.com/ejhg/
journal/vaop/ncurrent/full/ejhg2014272a.html. Accessed April 17, 2015

Circulation. Author manuscript; available in PMC 2015 September 17.


http://www.nature.com/ejhg/journal/vaop/ncurrent/full/ejhg2014272a.html
http://www.nature.com/ejhg/journal/vaop/ncurrent/full/ejhg2014272a.html

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McNally et al.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 16

Flanigan KM, Dunn DM, von Niederhausern A, Soltanzadeh P, Gappmaier E, Howard MT,
Sampson JB, Mendell JR, Wall C, King WM, Pestronk A, Florence JM, Connolly AM, Mathews
KD, Stephan CM, Laubenthal KS, Wong BL, Morehart PJ, Meyer A, Finkel RS, Bonnemann CG,
Medne L, Day JW, Dalton JC, Margolis MK, Hinton VJ, Weiss RB, United Dystrophinopathy
Project Consortium. Mutational spectrum of DMD mutations in dystrophinopathy patients:
application of modern diagnostic techniques to a large cohort. Hum Mutat. 2009; 30:1657—
1666.10.1002/humu.21114. [PubMed: 19937601]

Rangel V, Martin AS, Peay HL. DuchenneConnect Registry report. PLoS Curr. 2012;
4:RRN1309.10.1371/currents.RRN1309. [PubMed: 22453902]

Scully MA, Cwik VA, Marshall BC, Ciafaloni E, Wolff JM, Getchius TS, Griggs RC. Can
outcomes in Duchenne muscular dystrophy be improved by public reporting of data? Neurology.
2013; 80:583-589.10.1212/WNL.0b013e318282334e. [PubMed: 23382369]

Cynthia Martin F, Hiller M, Spitali P, Oonk S, Dalebout H, Palmblad M, Chaouch A, Guglieri M,
Straub V, Lochmiller H, Niks EH, Verschuuren JJ, Aartsma-Rus A, Deelder AM, van der Burgt

YE, ‘t Hoen PA. Fibronectin is a serum biomarker for Duchenne muscular dystrophy. Proteomics
Clin Appl. 2014; 8:269-278.10.1002/prca.201300072. [PubMed: 24458521]

Hathout Y, Marathi RL, Rayavarapu S, Zhang A, Brown KJ, Seol H, Gordish-Dressman H, Cirak
S, Bello L, Nagaraju K, Partridge T, Hoffman EP, Takeda S, Mah JK, Henricson E, McDonald C.
Discovery of serum protein biomarkers in the mdx mouse model and cross-species comparison to
Duchenne muscular dystrophy patients. Hum Mol Genet. 2014; 23:6458-6469.10.1093/hmg/
ddu366. [PubMed: 25027324]

Rouillon J, Zocevic A, Leger T, Garcia C, Camadro JM, Udd B, Wong B, Servais L, Voit T,
Svinartchouk F. Proteomics profiling of urine reveals specific titin fragments as biomarkers of
Duchenne muscular dystrophy. Neuromuscul Disord. 2014; 24:563-573.10.1016/j.nmd.
2014.03.012. [PubMed: 24813925]

Duan D. Challenges and opportunities in dystrophin-deficient cardiomyopathy gene therapy. Hum
Mol Genet. 2006; 15(Spec 2):R253-R261.10.1093/hmg/ddI1180. [PubMed: 16987891]

Partridge TA. The mdx mouse model as a surrogate for Duchenne muscular dystrophy. FEBS J.
2013; 280:4177-4186.10.1111/febs.12267. [PubMed: 23551987]

Chamberlain JS, Metzger J, Reyes M, Townsend D, Faulkner JA. Dystrophin-deficient mdx mice
display a reduced life span and are susceptible to spontaneous rhabdomyosarcoma. FASEB J.
2007; 21:2195-2204.10.1096/fj.06-7353com. [PubMed: 17360850]

Li D, Long C, Yue Y, Duan D. Sub-physiological sarcoglycan expression contributes to
compensatory muscle protection in mdx mice. Hum Mol Genet. 2009; 18:1209—
1220.10.1093/hmg/ddp015. [PubMed: 19131360]

Quinlan JG, Hahn HS, Wong BL, Lorenz JN, Wenisch AS, Levin LS. Evolution of the mdx mouse
cardiomyopathy: physiological and morphological findings. Neuromuscul Disord. 2004; 14:491—
496.10.1016/j.nmd.2004.04.007. [PubMed: 15336690]

Bostick B, Yue Y, Long C, Duan D. Prevention of dystrophin-deficient cardiomyopathy in twenty-
one-month-old carrier mice by mosaic dystrophin expression or complementary dystrophin/
utrophin expression. Circ Res. 2008; 102:121-130.10.1161/CIRCRESAHA.107.162982.
[PubMed: 17967782]

Yasuda S, Townsend D, Michele DE, Favre EG, Day SM, Metzger JM. Dystrophic heart failure
blocked by membrane sealant poloxamer. Nature. 2005; 436:1025-1029.10.1038/nature03844.
[PubMed: 16025101]

Danialou G, Comtois AS, Dudley R, Karpati G, Vincent G, Des Rosiers C, Petrof BJ. Dystrophin-
deficient cardiomyocytes are abnormally vulnerable to mechanical stress-induced contractile
failure and injury. FASEB J. 2001; 15:1655-1657. [PubMed: 11427517]

Rafael-Fortney JA, Chimanji NS, Schill KE, Martin CD, Murray JD, Ganguly R, Stangland JE,
Tran T, Xu Y, Canan BD, Mays TA, Delfin DA, Janssen PM, Raman SV. Early treatment with
lisinopril and spironolactone preserves cardiac and skeletal muscle in Duchenne muscular
dystrophy mice. Circulation. 2011; 124:582-588.10.1161/CIRCULATIONAHA.111.031716.
[PubMed: 21768542]

Circulation. Author manuscript; available in PMC 2015 September 17.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

McNally et al.

70.

71.

72.

73.

74.

75.

76.

77.

Page 17

Hainsey TA, Senapati S, Kuhn DE, Rafael JA. Cardiomyopathic features associated with muscular
dystrophy are independent of dystrophin absence in cardiovasculature. Neuromuscul Disord. 2003;
13:294-302. [PubMed: 12868498]

Heydemann A, McNally EM. Consequences of disrupting the dystrophinsarcoglycan complex in
cardiac and skeletal myopathy. Trends Cardiovasc Med. 2007; 17:55-59.10.1016/j.tcm.
2006.12.002. [PubMed: 17292047]

Chetboul V, Escriou C, Tessier D, Richard V, Pouchelon JL, Thibault H, Lallemand F, Thuillez C,
Blot S, Derumeaux G. Tissue Doppler imaging detects early asymptomatic myocardial
abnormalities in a dog model of Duchenne’s cardiomyopathy. Eur Heart J. 2004; 25:1934—
1939.10.1016/j.€hj.2004.09.007. [PubMed: 15522473]

Fine DM, Shin JH, Yue Y, Volkmann D, Leach SB, Smith BF, MclIntosh M, Duan D. Age-
matched comparison reveals early electrocardiography and echocardiography changes in
dystrophin-deficient dogs. Neuromuscul Disord. 2011; 21:453-461.10.1016/j.nmd.2011.03.010.
[PubMed: 21570848]

Townsend D, Turner I, Yasuda S, Martindale J, Davis J, Shillingford M, Kornegay JN, Metzger
JM. Chronic administration of membrane sealant prevents severe cardiac injury and ventricular
dilatation in dystrophic dogs. J Clin Invest. 2010; 120:1140-1150.10.1172/JC141329. [PubMed:
20234088]

Maxwell MP, Hearse DJ, Yellon DM. Species variation in the coronary collateral circulation
during regional myocardial ischaemia: a critical determinant of the rate of evolution and extent of
myocardial infarction. Cardiovasc Res. 1987; 21:737-746. [PubMed: 3440266]

Hollinger K, Yang CX, Montz RE, Nonneman D, Ross JW, Selshy JT. Dystrophin insufficiency
causes selective muscle histopathology and loss of dystrophin-glycoprotein complex assembly in
pig skeletal muscle. FASEB J. 2014; 28:1600-1609.10.1096/fj.13-241141. [PubMed: 24347611]
Klymiuk N, Blutke A, Graf A, Krause S, Burkhardt K, Wuensch A, Krebs S, Kessler B,
Zakhartchenko V, Kurome M, Kemter E, Nagashima H, Schoser B, Herbach N, Blum H, Wanke
R, Aartsma-Rus A, Thirion C, Lochmuller H, Walter MC, Wolf E. Dystrophin-deficient pigs
provide new insights into the hierarchy of physiological derangements of dystrophic muscle. Hum
Mol Genet. 2013; 22:4368-4382.10.1093/hmg/ddt287. [PubMed: 23784375]

Circulation. Author manuscript; available in PMC 2015 September 17.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

McNally et al.

Page 18

Table

Recommendations of the Working Group

. Refine and update guidelines for cardiac care after reviewing currently available data and expert consensus opinion

O Include appropriate expertise from the pediatric and adult cardiology, neuromuscular, rehabilitation, and pulmonary
communities

O Address:

[ | Medical management, including the use of steroids and angiotensin-converting enzyme inhibitors, angiotensin
receptor blockers, mineralocorticoid receptor antagonists
] Cardiac surveillance, particularly imaging with CMR
| ] Early intervention and management of the advanced DMD patient
. Include sufficient cardiac monitoring with CMR in all phase I1 or 111 trials of muscle therapies; when appropriate, incorporate

cardiac end points into trial design

. Refine and update standard operating procedures for the use of various DMD animal models

O
@)

Use state-of-the-art imaging protocols to assess cardiac function

Create a repository of detailed, consensus-based working protocols

. Address the following research questions related to cardiac care in DMD:

O
@)
O
O

O

What early evaluation and therapeutic strategies can slow, reverse, or prevent cardiac disease progression?
What is the best method to risk stratify patients for arrhythmia complications and sudden cardiac death?
Does early pulmonary intervention prevent cardiac disease progression?

With the use of state-of-the-art genotyping/sequencing techniques combined with better cardiac phenotyping, can
genotype be associated with cardiac phenotype?

How should female carriers be monitored for cardiac disease?

. Develop needed research infrastructure

©)
O

Develop a registry to assist with standardized data collection and follow-up

Develop a biorepository to centrally store DNA, cell, and tissue specimens

CMR indicates cardiac magnetic resonance imaging; and DMD, Duchenne muscular dystrophy.
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