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Chapter 12 - Neuromuscular Cardiomyopathies

Neuromuscular disorders are a diverse and heterogeneous
group of diseases that affect the nervous system and/or mus-
cle function. More than 80 distinct neuromuscular disorders
exist, which include the muscular dystrophies.

Muscular dystrophies comprise more than 30 genetic dis-
orders characterized by progressive degradation of striated
muscles. While many individual muscular dystrophies exist,
with varying ages of onset, severity, and patterns of muscle
weakness, they share a genetic and pathophysiological origin.
That shared origin is a mutation in a gene encoding one of
the many structural cytoskeletal proteins that play a critical
role in muscle function.

The primary presenting symptom in muscular dystro-
phies is skeletal muscle weakness. However, cardiac muscle,
another type of striated muscle, is similarly affected in many
of the muscular dystrophies.

Cardiomyopathies associated with muscular dystrophies
are an increasingly recognized manifestation of these neuro-
muscular disorders and play a significant role in morbidity
and mortality in these disease processes. The most common
muscular dystrophies to have cardiac involvement include
the dystrophinopathies, Duchenne and Becker muscular
dystrophies, and myotonic dystrophies.

Dystrophinopathies: A Historical
Perspective

The earliest detailed descriptions of muscular dystrophies
were by Meryon in England in 1852 and by Duchenne in
France in 1868 [1, 2]. They identified a disease that affected
young boys with severe muscular weakness and an abnormal
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increase in calf size. Duchenne obtained muscle biopsies of
these boys and noted fatty-fibrous replacement of the skeletal
muscle. For this contribution, the disease that he described
was named after him: Duchenne muscular dystrophy (DMD).

In 1886, Gowers described the way that a child affected
with muscular dystrophy uses his arms to rise from the
ground [3]. While DMD had been known as a clinical entity
since the 1860s, its cause was not elucidated for more than
100 years. In a landmark discovery in 1986, Louis Kunkel’s
laboratory identified the gene responsible for causing
Duchenne muscular dystrophy and, in 1987, showed that
mutations resulting in the absence of the 427-kDa rodlike
protein dystrophin caused DMD [4, 5].

These major advancements enabled development of diag-
nostic and genetic testing as well as the establishment of dis-
ease models that have facilitated our knowledge of DMD.
While a number of questions remain about the muscular
dystrophies, the rich history of discovery has significantly
accelerated our knowledge of DMD since the mid-1980s.

Dystrophinopathies: Inheritance

DMD is the most common form of muscular dystrophy,
affecting 1 of every 5000 boys born in the United States [6-9].
It results from an inherited or spontaneous mutation of the
dystrophin (DMD) gene. The Dystrophin (DMD) gene is a
2.5-Mb gene located on chromosome Xp21.1 [5, 7, 10].
Dystrophin is among the largest known genes, encoding a
14-kb transcript with 79 exons (8 Fig. 12.1).

The 11-kb ¢cDNA encodes a 3685 amino acid dystrophin
protein of 427 kDa. The full-length dystrophin gene has three
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O Fig. 12.1

Dystrophin gene and protein. (a) The 79 exons of the full-length dystrophin gene with promoters for the alternatively spliced

isoforms with red arrows and boxes specific for each promoter. Full-length dystrophin promoters include M, muscle promoter; B, brain promoter;
and P, purkinje promoter. The isoforms for other shorter dystrophin isoforms include Dp260, which is expressed in the retina (R); Dp140, which is
expressed in kidney (K) and brain (B); Dp116, which is expressed in Schwann cells (S); and the ubiquitously expressed Dp71. (b) The protein
structure of dystrophin, which includes the actin-binding site at the N-terminus and the dystroglycan complex protein-binding site at the
C-terminus. The rod domain contains 24 spectrin-like repeats with four hinge regions
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gene promoters: (1) the M promoter produces the Dp427m
isoform, which is located in the skeletal and cardiac muscle;
(2) the B promoter produces Dp427c, which is located in the
brain; and (3) the P promoter produces Dp427p, which is in
the brain’s Purkinje cells [11-13]. Other non-full-length dys-
trophin isoforms are produced, including Dp260 (retina),
Dp140 (brain and kidney), and Dp71 (ubiquitous) [14-17].

An out-of-frame mutation of one or several of the 79
exons in the full-length dystrophin gene results in an absence
of a functional dystrophin protein, which is the hallmark
finding in DMD. DMD is inherited in an X-linked recessive
manner, where a female carrier with one X chromosome car-
rying the DMD mutation has a 50 % chance of passing on the
mutated X chromosome to her son. Female carriers can also
have symptoms based on their X inactivation. While the
majority of DMD mutations are inherited, spontaneous
mutations account for 30 % of DMD cases [18].

Dystrophin and DGC Organization

The 79 exons code for dystrophin, a 427-kDa protein that is
expressed in the skeletal muscle, cardiomyocytes, and brain
[7]. Dystrophin, a rod-shaped cytoplasmic protein, connects
the dystroglycan complex (DGC) to the intracellular con-
tractile apparatus and extracellular matrix (ECM) of the cell
(8 Fig. 12.2) [19]. Dystrophin is similar to spectrin and other
structural proteins and consists of two ends separated by
long, flexible rodlike regions. The N-terminus binds actin
and the C-terminus binds to glycoproteins in the sarco-
lemma. The role of dystrophin is to stabilize the plasma
membrane by transmitting forces generated by the sarco-
meric contraction to the ECM.

The DGC is a multimeric complex composed of glycated
integral membrane proteins and peripheral proteins that
form a structural link between the f-actin cytoskeleton and
the ECM in both the cardiac and skeletal muscle [20-23].
The DGC is comprised of cytoskeletal proteins, dystrophin,
syntrophins, dystroglycans, sarcoglycans, DGC-associated

B Fig. 12.2 Schematic diagram of
the dystroglycan complex (DGC).
The DGC spans the sarcolemma and
links the cytoplasmic actin
cytoskeleton to the extracellular
matrix via dystrophin. The
transmembrane components of the
DGC include sarcoglycans,
beta-dystroglycan, and extracellular
alpha-dystroglycan which binds
laminin. The cytoplasmic

Extracellular

Sarcoglycans

proteins, neuronal nitric oxide synthetase, and dystrobrevin
[24-26]. The fully nucleated DGC provides mechanical sup-
port to the skeletal or cardiac plasma membrane during con-
traction. Loss of function or absence of one or several of
these DGC proteins leads to plasma membrane fragility.

DMD and Becker muscular dystrophy (BMD) arise from
mutations in dystrophin. Other forms of muscular dystro-
phies arise from mutations in the DGC components. In the
skeletal muscle, the DGC is located at regular intervals in
structures known as costameres, whereas in the cardiac mus-
cle, the DGC is not located in discrete costameres [27]. The
composition of the DGC in the skeletal muscle and cardiac
myocytes may be different and differentially altered in dys-
trophin deficiency [28].

Pathogenesis and Physical Findings

The skeletal muscle and hearts lacking functional dystrophin
are mechanically weak, and contraction of the cell (skeletal
myocytes and cardiac myocytes) leads to membrane damage
[29, 30]. Loss of membrane integrity leads to a cascade of
increased calcium influx into the cell and eventual cell death.

Clinically, the loss of dystrophin manifests as progressive
muscle weakness [19, 31]. Symptoms are first noted in early
childhood and include calf pseudohypertrophy, an inability
to stand without using the arms for assistance (Gowers
sign), toe walking, and difficulty keeping up with peers. As
the disease progresses, the skeletal muscle becomes increas-
ingly weak, causing atrophy and contractures that subse-
quently result in the loss of ambulation by the age of 10-12.
Patients with DMD have markedly elevated serum levels of
creatinine kinase (CK), a muscle protein, due to ongoing
muscle damage. Creatinine kinase levels may be 10-100
times the normal limit in patients with DMD, and elevated
CK levels are a diagnostic sign [32]. DMD diagnosis can be
confirmed by muscle biopsy demonstrating the absence of
dystrophin (8 Fig. 12.3) and by genetic testing for dystrophin
mutations.
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O Fig. 12.3 Absence of dystrophin in the DMD skeletal muscle. Photomicrographs of cross sections of the normal and DMD human skeletal
muscle. (@) Normal muscle biopsy shows relatively uniform fiber diameter, peripherally located nuclei with no fiber degeneration, inflammation,
or endomysial fibrosis. (b) DMD muscle biopsy shows varied fiber diameter, inflammation, and necrotic change with fat and fibrous replacement
of the normal muscle tissue. (c) Normal muscle biopsy stained for dystrophin, which is located at the plasmalemma (brown). (d) DMD muscle
biopsy stained for dystrophin, demonstrating the absence of dystrophin expression

Survival

Historically, this progressive muscle weakness resulted in the
loss of ambulation by 10-12 years of age and death during the
second decade of life mainly due to respiratory failure.
However, with the advent of nocturnal ventilation, spinal
surgery, and steroid treatment, the life expectancy of boys
with DMD has increased to the late 20s to early 30s [33]
(B Fig. 12.4). While respiratory problems used to be the major
cause of death in DMD patients, cardiomyopathy now is the
predominant cause of death in these patients [34].

Treatments

Advances in management, namely, corticosteroid treatments,
spinal stabilization, and improved pulmonary support, have
significantly improved life expectancy of boys/men with
DMD to the late 20s and early 30s [33]. Glucocorticoids are
one of the mainstays of treatment for DMD and have been
shown to improve muscle strength and function and pulmo-
nary function in patients with DMD [35-39].

Corticosteroid Treatments

Glucocorticoids are recommended for patients with DMD
who are age 5 or older who are not gaining motor skills or
have a decline in motor skills [40]. While the precise mecha-
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O Fig.12.4 Interventions that prolong survival in Duchenne muscular
dystrophy. A marked increase in survival of DMD patients has been
observed with addition of steroids, ventilation, and spinal surgery .
Adapted from [33]

nism of glucocorticoid therapy in preserving strength is not
known, it is postulated that the mechanisms may include
inhibition of muscle proteolysis, stimulation of myoblast pro-
liferation, membrane stabilization, an increase in myogenic
repair, and a reduction in inflammation [41-46]. The current
glucocorticoid protocols that have been tested in randomized
clinical trials include daily prednisone 0.75 mg/kg/day,
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intermittent prednisone 0.75 mg/kg/day 10 days on and
10 days off, and daily deflazacort 0.9 mg/kg/day [47].

Side effects with prednisone and prednisolone include
weight gain, Cushingoid appearance, short stature, delayed
puberty, and increased risk of osteoporosis and fractures.
Patients prescribed steroids should receive preventive mea-
sures such as calcium and vitamin D supplementation to
reduce bone loss.

Deflazacort is another steroid used with DMD patients; it
may have a more limited side effect profile compared to pred-
nisone [48]. At press time, deflazacort is not approved by the
US Food and Drug Administration (FDA), so it is not avail-
able in the United States. The FDA granted it fast-track status
in 2015. Steroid therapy has also been demonstrated to pre-
serve cardiac function in DMD patients in a retrospective
study [49].

While steroids are known to be beneficial, no consensus
exists on the ideal dosing strategy, age of initiation, or dura-
tion of therapy for glucocorticoids in DMD. The FOR-DMD
randomized control trial aims to answer the question of ideal
dosing strategy by enrolling 300 DMD patients (4-7 years of
age) who have not previously received steroids and random-
izing them to one of the three dosing regimens listed above.

Spinal Stabilization

Scoliosis and kyphosis are common, progressive sequelae of
DMD, occurring near the time the patient loses ambulation.
Spinal deformities further decrease pulmonary function as
measured by forced vital capacity intervention such as spinal
stabilization surgery [50]. Thus, spinal stabilization surgeries
using Harrington rods and other techniques have been used
with DMD patients to help maintain or improve pulmonary
function and improve patient comfort [51, 52].

J L
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preserved LV function

Normal Heart

Pulmonary Support

Respiratory complications occur frequently in patients with
DMD as they lose respiratory muscle strength, leading to
decreased ventilation and increased risk for pneumonia, atel-
ectasis, and respiratory failure [53]. Before rigorous pulmo-
nary screening and intervention, the majority of deaths in
end-stage DMD occurred as a result of respiratory failure
and infections.

It is recommended that patients with DMD see a pulmo-
nologist and obtain pulmonary function testing by age 10
and then twice yearly after loss of ambulation or when the
vital capacity is less than 80 % of predicted or after the age of
12 [54, 55]. Noninvasive nocturnal mechanical ventilation is
offered first at night to treat sleep-related breathing problems
and hypoventilation, which are common in patients with
DMD (55, 56]. Nocturnal ventilation has improved survival
in patients with DMD [57]. Once respiratory weakness pro-
gresses past nocturnal ventilation, full ventilator support can
be initiated.

Cardiac Involvement in DMD

Nocturnal ventilation and spinal stabilization surgery have
reduced respiratory-related deaths, but also increased DMD
cardiomyopathy due to the advanced age of DMD patients
[33,57, 58]. Cardiac involvement is nearly ubiquitous in older
DMD patients, as more than 90 % of young men over the age
of 18 have evidence of cardiac dysfunction [34]. Dilated car-
diomyopathy typically has an onset in the mid-teen years and
progressively remodels and contributes to the demise of
DMD patients [34,59] (B Fig. 12.5). Distinct dystrophin muta-
tions have been correlated to an increased incidence of car-
diomyopathy and possible response to treatment [60].

Progressive LV dysfunction
and dilation and fibrosis

End-stage
heart failure

O Fig. 12.5 DMD cardiac disease progression. DMD cardiomyopathy disease progression. Initially, DMD patients have structurally normal hearts.
Subsequently, DMD patients develop fibrosis of the inferobasal wall as the earliest sign of myocardial involvement. Over time this leads to
progressive fibrosis, left ventricular dysfunction, and dilatation leading to end-stage heart failure
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O Fig. 12.6 Electrocardiographic changes in DMD. Electrocardiogram (ECG) from a patient with Duchenne muscular dystrophy. The ECG
demonstrates sinus tachycardia; Q waves in leads |, aVL, and V4-6; and large R waves in V1 and V2

Recognition of cardiomyopathy in DMD patients can be
challenging due to physical inactivity and other respiratory
complaints that can obscure the diagnosis [61]. Currently,
clinical guidelines recommend initial cardiac screening at
the time of diagnosis of DMD, and every 2 years until age 10,
and then yearly thereafter [40].

Most DMD patients will have abnormal electrocardio-
graphic tracings. The classical pattern demonstrates tall R
waves and increased R/S amplitude in lead V1, Q waves in
the left precordial leads, right axis deviation, or complete
right bundle branch block [62-64] (B Fig. 12.6). These ECG
findings correlate to the pathological studies that have shown
a tendency to develop fibrosis in the heart’s basal posterior
wall in patients with muscular dystrophies and may reflect
reduced electrical activity in the inferobasal wall [65]. ECG
findings are believed to precede echocardiographic findings
of cardiomyopathy, but no correlation between ECG find-
ings, and the presence of cardiomyopathy has yet been estab-
lished [62, 66].

Arrhythmias are a common cardiac involvement in
patients with muscular dystrophies. Sinus tachycardia is a
common finding in patients with DMD [67-69]. Dystrophic
patients experience elevated heart rates even when compared
to patients with other muscular dystrophies or deconditioned
patients [69]. Pathological examination of the heart in dys-
trophic patients has shown fibrosis of the conduction system
in addition to the myocardium [70], which may explain auto-
nomic cardiac dysfunction in the DMD population [71, 72].

Additionally, sinus tachycardia may correlate with car-
diac dysfunction in patients with DMD [73]. Dalmaz et al.

reported that urinary catecholamines increased in DMD
patients around the age of 10 years, which corresponded to
the time of heart rate elevation and cardiac involvement [74].
In patients with DMD cardiomyopathy, atrial arrhythmias
including atrial fibrillation, atrial flutter, and atrial tachycar-
dias can occur. Ventricular tachycardia, premature ventricu-
lar contractions (PVCs), and other conduction abnormalities
have been noted and are correlated with progressive ventric-
ular dilation and dysfunction [75].

Cardiac Imaging in DMD

Cardiac imaging can be challenging in patients with end-
stage DMD due to scoliosis, ventilation, and contractures.
Imaging modalities commonly used include echocardiogra-
phy and cardiac magnetic resonance imaging (MRI).

Echocardiography in DMD cardiomyopathy shows
regional wall motion abnormalities in the posterior basal
wall, left ventricular dilation, and overall reduced systolic
function [76]. Current guidelines recommend obtaining an
echocardiogram at the time of diagnosis or by age 6, with
repeat echocardiograms every 1-2 years until age 10. After
age 10, it is recommended that patients have an annual
echocardiogram to assess left ventricular function [51].
While echocardiography is easily accessible, relatively quick,
and a cost-effective imaging modality, it can be technically
challenging in patients with DMD due to chest wall defor-
mities, scoliosis, and respiratory dysfunction, thus limiting
the diagnostic yield [77].
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O Fig. 12.7 Cardiac magnetic resonance imaging demonstrating
dilated cardiomyopathy and fibrosis in a patient with DMD. Cardiac
magnetic resonance delayed enhancement image in the basal short
axis view performed on 1.5-T MRI. This image demonstrates
near-transmural enhancement (gray) in the left ventricular basal-mid
anterolateral, inferolateral, and lateral wall (area denoted by dashed
white line) consistent with myocardial scar or fibrosis. This is in an
18-year-old male patient with Duchenne muscular dystrophy and exon
24 deletion with associated cardiomyopathy (LVEF 33 %)

CMR imaging has been used with DMD patients and can
provide one of the most accurate assessments of left ventricu-
lar size and function [78-80]. Silva et al. performed gadolin-
ium contrast-enhanced CMR on ten patients with
dystrophinopathies (eight DMD and two BMD patients) and
were the first to demonstrate late gadolinium enhancement
(LGE) by CMR in a dystrophic heart. They further reported
that, using echocardiography, LGE was present even with
normal left ventricular function [71].

Pulchalski et al. subsequently performed a study of 74
patients with DMD; the majority had LGE in the postero-
basal region of the left ventricle in a subepicardial distribu-
tion [81]. This pattern of LGE in the basal inferior and
inferolateral walls is consistent with the pathological find-
ings of fibrosis in the inferior basal wall (B Fig. 12.7) [65, 82].
A large single-center study by Hor et al. retrospectively eval-
uated LGE in 314 DMD patients and demonstrated that LGE
increased with age and with decreasing left ventricular ejec-
tion fraction [LVEF] [83]. Thus, CMR imaging may provide
an earlier detection of cardiovascular involvement in DMD
and enable accurate and reproducible quantification of left
ventricular function and size and promote initiation of ear-
lier cardioprotective treatment. While CMR has many imag-
ing benefits for patients with DMD, it can also be challenging,
especially in the pediatric population, due to the need for
sedation, higher costs, and limited access to this type of spe-
cialized imaging.

Pharmacologic Treatment
of Cardiomyopathy

Studies have shown the benefits of corticosteroid therapy
and, as shown by echocardiography and cardiac MRI, sup-
port the notion that steroid treatment delays left ventricular
dysfunction in DMD patients [59].

Duboc et al. evaluated the impact of angiotensin-
converting enzyme (ACE) inhibitors, which have proven
effective in asymptomatic adults with left ventricular dys-
function, and in patients with DMD with preserved left ven-
tricular function [84]. The investigators randomized 57
children with DMD (mean age of 10.7 years) to the ACE
inhibitor perindopril (2-4 mg/day) or placebo. At 3 years of
follow-up, there was no significant difference in LV function
between the children treated with perindopril or placebo.
However, at the 3-year mark, all patients were switched to
perindopril treatment and followed for an additional 2 years.
After crossing over to perindopril at 2 years, there was no dif-
ference in mean LV function between those patients treated
with perindopril initially versus those initially treated with
placebo.

However, the initial placebo group had 8 of 29 patients
with LVEF <45 % and only 1 of 27 patients in the perindopril
group (p=0.02), which suggests that early treatment with
perindopril was effective in preventing progression to left
ventricular dysfunction in DMD. Subsequently, these
patients were followed for 10 years, and in the initial placebo
group, only 65% of patients were alive versus 92.9% in the
initial perindopril group (p=0.013), which emphasized that
early use of an ACE inhibitor reduced mortality in patients
with DMD [85].

Treatment guidelines recommend initiation of ACE
inhibitors in patients with DMD only once LV dysfunction
has developed [51], but based on the studies by Duboc et al.,
we recommend initiation of an ACE inhibitor before the
development of left ventricular dysfunction in patients with
DMD, as they are at high risk for developing left ventricular
dysfunction (American College of Cardiology heart failure
stages A and B) [84, 85]. Additionally, for those patients who
are intolerant to ACE inhibitors, angiotensin receptor block-
ers (ARBs) can also be used. ARBs have been shown as effec-
tive as ACE inhibitors in DMD [86].

While the benefit of ACE inhibitors in DMD cardiomy-
opathy has been definitive, the efficacy of beta-blockers in
DMD cardiomyopathy has been less clear. The use of
carvedilol has been assessed in pediatric DMD patients with
elevated atrial natriuretic peptide (ANP) or brain natriuretic
peptide (BNP), and a low ejection fraction (EF <40%), as
measured by echocardiography. No significant difference in
carvedilol-treated patients was seen regarding symptoms of
left ventricular dysfunction [87]. However, in a study by
Rhodes et al., carvedilol was shown eflicacious in patients
with DMD cardiomyopathy [88].

When superimposed on background therapy of ACE
inhibitors, the use of carvedilol in this patient population
remains unclear. An analysis of 13 patients with DMD who
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were treated with ACE-I versus ACE-I and carvedilol
revealed a beneficial effect of beta-blocker therapy in increas-
ing left ventricular shortening and decreasing left ventricular
end-diastolic dimensions, as shown by echocardiography
[89]. In contrast, a recent study by Viollet et al. tested ACE
inhibitor alone versus ACE inhibitor and metoprolol, but in
this study, low-dose beta-blocker was added only for heart
rates above 100 bpm or if arrhythmias occurred [90]. The
results of this study showed an improvement from pretreat-
ment LVEF in both groups, but no difference between the
treatment groups. Further research with larger groups of
patients and more robust trial designs are needed to defini-
tively address the use of beta-blockers in DMD. Based on
current ACC/American Heart Association/Heart Failure
Society of America guidelines, we recommend that beta-
blockers be initiated in DMD patients with left ventricular
dysfunction [91].

Spironolactone, an aldosterone inhibitor, is a standard
heart failure therapy and has also been demonstrated in the
mouse model to improve cardiomyopathy [92]. In a recently
completed randomized double-blinded clinic trial, eplere-
none, an aldosterone receptor antagonist versus placebo, was
added to the background therapy of ACE inhibitors or ARBs
in DMD patients with normal LV function to assess the effi-
cacy of eplerenone in preventing cardiomyopathy in DMD.

Twenty patients were randomized to eplerenone and 20
to placebo. They were followed for 6 and 12 months using
cardiac MRI. The primary endpoint at 12 months was change
in left ventricular circumferential strain, which is a marker of
contractility. At 12 months, the decline in LV circumferential
strain was lower in the group treated with eplerenone than
the placebo group, although there was no overall change in
left ventricular function in either group [93]. This study,
while small, demonstrated attenuation of progressive left
ventricular dysfunction that occurs in DMD. And while this
study is positive, further studies to assess the impact of
eplerenone in DMD survival are warranted.

Cardiac Transplantation and Left
Ventricular Assist Devices

The gold standard for treating end-stage or advanced heart
failure remains cardiac transplantation. When a patient has
heart failure with multisystem organ involvement and is not
expected to be able to rehabilitate after cardiac transplanta-
tion, a heart transplant is not advised. These contraindica-
tions have limited the applicability of heart transplants for
patients with muscular dystrophy.

Rees et al. were the first to describe heart transplantation
in patients with muscular dystrophies in a single German
center [94]. Of the 582 transplants performed, three patients
with DMD and one patient with BMD underwent cardiac
transplantation, with a mean duration of follow-up of
40 months. They described that these patients tolerated
immunosuppression, had no difference in postoperative
intubation, and were able to be rehabilitated [94].

183

Ruiz-Cano et al. described a Spanish single-center expe-
rience with heart transplantation in three patients with BMD
who underwent cardiac transplantation with a mean follow-
up duration of 57 months. These investigators also demon-
strated that BMD patients had an intraoperative and
postoperative course comparable to nonmuscular dystrophy
patients undergoing heart transplantation [95].

Patane et al. described a single case of successful trans-
plantation in a patient with cardiomyopathy secondary to
BMD [96]. We performed a more recent multicenter registry
analysis of cardiac transplantation from the Cardiac
Transplant Research Database and identified 29 patients with
muscular dystrophies. Of those, 15 had BMD and three had
DMD and underwent cardiac transplantation between 1995
and 2005. We compared them to 275 nonmuscular dystro-
phy, non-ischemic patients who were matched for age, body
mass index, gender, and race [97] and found no significant
difference in survival at 1 or 5 years, transplant rejection,
infection, or allograft vasculopathy between the muscular
dystrophy and nonmuscular dystrophy patients.

These studies described comparable outcomes of cardiac
transplantation in a small and select group of patients with
DMD and BMD with end-stage cardiomyopathy. However,
the functional status of these patients prior to transplanta-
tion was not known, and these studies may have a selection
bias. Further research regarding cardiac transplantation in
patients with DMD and BMD with end-stage cardiomyopa-
thy is needed.

Given the scarcity of organs for heart transplantation, left
ventricular assist devices (LVADs) have been proven effective
in treating patients with end-stage or advanced heart failure
as well. These devices are also applicable to a larger popula-
tion, including those with muscular dystrophies, as they can
be used as destination therapy without the need for trans-
plantation [98, 99].

Two groups recently reported cases of successful implan-
tation of LVADs as destination therapy in DMD patients
[100, 101]. Amedeo et al. were the first to describe LVAD
implantation in two pediatric DMD patients [100]. These
investigators implanted the Jarvik 2000 LVAD in a 15-year-
old boy with DMD who had inotrope refractory heart failure
and in a 14-year-old boy with DMD who was bridged from
extracorporeal membrane oxygenation to a Jarvik 2000
LVAD. The first patient was discharged 3 months after LVAD
implantation and the second patient 6 months after LVAD
implantation.

Ryan et al. subsequently described the HeartMate II
LVAD implantation in a 29-year-old male patient with
DMD and end-stage heart failure and a HeartWare LVAD
implantation in a 23-year-old female symptomatic DMD
carrier with end-stage heart failure [101].

LVAD as destination therapy is a potentially promising
therapy to address end-stage heart failure in patients with
dystrophin-deficient heart failure. However, postoperative
complications including respiratory failure, rehabilitation,
bleeding, stroke, and arrhythmias need to be evaluated fur-
ther in this population. Extensive preoperative and postop-
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erative management in an experienced center would be
necessary for LVAD implantation in the DMD population.
Larger studies are needed to evaluate the efficacy and out-
comes in this population.

Becker Muscular Dystrophy
and Cardiomyopathy

In 1955, German physicians Becker and Kiener described an
X-linked muscular dystrophy with a much milder clinical
course than DMD, which is now known as Becker muscular
dystrophy [102, 103]. In 1984, the gene responsible for BMD
was located on the X chromosome [104] and, subsequently,
that mutations in the DMD gene resulted in BMD [105].
BMD has an incidence of 1:19,000 and is an X-linked reces-
sive disorder resulting from a mutation of the dystrophin
gene [106]. Compared to patients with DMD, who have a
complete absence of dystrophin, dystrophin mutations in
BMD tend to be in-frame and result in misfolded or abnor-
mal and less-functional protein [107].

Patients with BMD have an age of onset that is typically
later than those with DMD [108] (8 Table 12.1). While the
muscular symptoms may be less severe, over 70 % of patients
with BMD also develop cardiomyopathy [109, 110], and it is
the leading cause of death in BMD patients [51].

Cardiomyopathy may be more severe in BMD patients
than in DMD patients. This could be due to BMD patients
being ambulatory much longer, placing greater stress on the
heart [111-113]. The onset of cardiomyopathy is variable in
BMD and is not correlated to skeletal muscle involvement
(109, 114].

Cardiac magnetic resonance studies have shown a similar
inferobasal fibrotic pattern in BMD and DMD patients [115].
Patients with BMD cardiomyopathy should receive standard
medical heart failure therapy [91]. Given that BMD patients
have a relatively milder skeletal muscle phenotype, several of
these patients have received heart transplantation for severe
cardiomyopathy with good outcomes (see Transplant/LVAD
section) [94-97].

B Table 12.1 Duchenne vs. Becker muscular dystrophy
DMD
Dystrophin protein Absent

Carrier Status and Cardiomyopathy

While DMD and BMD affect males—given that they are
inherited in an X-linked recessive manner—females can be
carriers. The majority of DMD and BMD are inherited; thus,
a significant number of females are carriers of DMD and
BMD. Most female carriers of DMD and BMD are asymp-
tomatic; however, female carriers can become symptomatic
or become manifesting carriers. Manifesting carriers can
have symptoms such as mild muscle weakness, elevated
serum creatinine kinase, and, also, cardiomyopathy [116,
117]. Hoogerwaard et al. evaluated 90 women who were car-
riers of dystrophin mutations and identified 22 % with symp-
toms including muscle weakness and 18 % with evidence of a
dilated left ventricle [118]. The age of onset for carriers is
variable and the percent of symptomatic carriers has ranged
from 2.5 to 22 % in prior studies [120].

X inactivation is the process by which one of the two X
chromosomes in female cells randomly becomes transcrip-
tionally inactive. It is postulated that carriers can become
symptomatic based on the extent of random X inactivation of
the normal X chromosome versus the dystrophic X chromo-
some. While DMD and BMD carriers have been identified to
have cardiomyopathy, the prevalence and severity of disease
are incompletely defined [118, 121-123]. We recommend
that all female dystrophinopathy carriers be screened for car-
diomyopathy.

Models of Muscular Dystrophy

Animal models of DMD have played an important role in
elucidating mechanisms of dystrophin deficiency. The
dystrophin-deficient mdx mouse, dystrophin/utrophin
double knockout mouse (U-dko), and the golden retriever
muscular dystrophy (GRMD) models are the most studied
models regarding cardiac phenotype (8 Fig. 12.8).

The mdx mice arise from a naturally occurring nonsense
point mutation in exon 23 of the DMD gene. This mutation
results in the formation of a stop codon and the absence of

BMD

Partially functional

Incidence 1:5000 male births 1:50,000
Mean age at onset 3-5years 12 years
Mean age of becoming non-ambulatory ~12 years ~27 years
Mean life expectancy Mid- to late 20s 40s

Cardiomyopathy (onset) 16-18 years

Variable, and cardiomyopathy may precede
skeletal symptoms
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O Fig. 12.8 Animal models for
muscular dystrophy. (a) Mdx and
utrophin/dystrophin double
knockout mice demonstrating that
age- and sex-matched U-dko mice
are smaller than mdx mice. (b)
Golden retriever muscular
dystrophy dog model at 3 months
(top photo) and at 6 months
(bottom photo) demonstrating
severe muscle loss with contractures
(adapted from [124, 125])

full-length dystrophin [126, 127]. The skeletal muscle pheno-
type in these animals has been well characterized and is rela-
tively mild. Young mice do not typically have any cardiac
involvement, but after 10 months of age, they begin to
develop signs of cardiomyopathy, including poor contractil-
ity, myocardial necrosis, and fibrosis, as well as echocardio-
graphic and electrocardiographic changes [128, 129].

While a significant cardiomyopathy is not seen in younger
mdx mice under normal conditions, various forms of stress,
such as beta-adrenergic stress or pressure overload, demon-
strate a cardiomyopathic phenotype [130-132]. Thus, the
mdx mouse shares a similar genotype and some features of
cardiomyopathy that are seen in patients with DMD. The
mdx mice, however, do not develop cardiomyopathy until
relatively late in comparison to patients, although the mdx
mice have a mildly reduced lifespan compared to normal
control mice [133].

In a recent study, Long et al. used the emerging technology
of genome editing to genetically correct the dystrophin muta-
tion in the mdx mouse [134]. The genome-edited mdx mice
had between 2 and 100 % correction of the gene with this strat-
egy. Mosaic mdx mice, with only 17 % correction of dystrophin
by gene editing, had a nearly normal muscle phenotype [134].

Mdx/utrophin double knockout mouse model: Utrophin is an
autosomal paralogue of dystrophin, which is upregulated in
the mdx mouse [135]. The upregulation of utrophin in the
mdx mouse likely compensates for the loss of dystrophin,
thus producing a less severe phenotype. The utrophin and
dystrophin double knockout mouse was generated to evalu-
ate the impact of utrophin upregulation. Compared to the
mdx mouse, the double knockout mouse model has a much
more severe phenotype [136, 137]. Double knockout mice
are smaller, with progressive muscle atrophy, and die prema-
turely at about 10 weeks of age. The double knockout mouse
also develops a severe cardiomyopathy by 8 weeks, which is

comparable to that of an aged mdx mouse [136]. The double
knockout mouse may more closely represent human DMD.

Canine models: The canine model of dystrophin deficiency is
a large animal model of DMD that more closely resembles
human disease. The golden retriever muscular dystrophy
(GRMD) dog model is one of the best-characterized dog
models of DMD [138]. In 1988, Valentine et al. described a
family of golden retrievers with male members affected by a
severe neurodegenerative disorder with muscle weakness
and gait abnormalities, and absence of dystrophin on muscle
biopsy, which paralleled human DMD [138]. Subsequently,
the mutation was identified to be a single mutation in the
consensus splice site of intron 6, which leads to an out-of-
frame mutation and absence of dystrophin during RNA pro-
cessing [139].

GRMD dogs develop significant muscle weakness by
2 months of age with progressive weakness and also have a
reduced lifespan [140]. GRMD dogs also develop a severe
cardiomyopathy [141]. GRMD is a useful model to better
understand DMD cardiomyopathy and test new therapies;
however, the larger size of the GRMD dogs can increase
maintenance costs and restrict their use [142]. GRMD colo-
nies operate in the United States at the University of North
Carolina at Chapel Hill and the Fred Hutchinson Cancer
Center in Seattle. Other colonies exist in Brazil, France,
Japan, and the Netherlands.

Human cell-based models: Animal models have been useful
to evaluate the pathophysiology of DMD; however, they have
limitations and do not fully recapitulate the disease pheno-
type observed in human patients. Obtaining human tissues,
especially cardiomyocytes, is challenging and poses a risk to
the patient. The advent of human inducible pluripotent stem
cells (hiPSCs) in 2007 has been a major scientific develop-
ment [143, 144].
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hiPSCs represent a novel tool to study human genetic dis-
eases though cellular reprogramming of patient-specific cells
that retain the genetic composition and are pluripotent. hiP-
SCs have been used to study various cardiac diseases includ-
ing hypertrophic cardiomyopathy and long QT syndrome
[145, 146]. hiPSC disease modeling is a promising method to
study DMD cardiomyopathy. Several hiPSC lines from
patients with various mutations have been derived [147,
148]. We and other groups have successfully differentiated
the DMD patient-specific hiPSC to cardiomyocytes.
Modeling DMD cardiomyopathy using hiPSC is a promising
method to elucidate the pathophysiology of DMD cardiomy-
opathy and test novel therapies [149].

Emerging Therapies

A major challenge for treating DMD is finding therapies that
address dystrophin deficiency and that target both the car-
diac and skeletal muscle. A number of promising emerging
therapies include exon skipping, dystrophin mini-gene
replacement, sealants, and gene-editing strategies.

Exon Skipping

DMD mutations are heterogeneous, but the majority of DMD
arises from an out-of-frame deletion or duplication of one or
several of the 79 exons within the DMD gene. These muta-
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tions affect the normal transcription of dystrophin mRNA
open reading frame and, subsequently, prevent the full-length
dystrophin protein from being transcribed. An exciting and
novel therapy for the treatment of DMD involves exon skip-
ping within the central rod domain. This can restore the nor-
mal mRNA reading frame and convert an out-of-frame
mutation to a less severe, in-frame mutation, comparable to
those seen in Becker muscular dystrophy. The exon-skipping
process uses antisense oligonucleotides (AONSs), which are
short, synthetic fragments of nucleic acids.

The AONs bind RNA sequences that regulate RNA splic-
ing, which enable a smaller but functional mRNA to be pro-
duced that lacks the exon mutation (8 Fig. 12.9). This strategy
may be effective in 80 % of DMD mutations [150]. AONs for
exon skipping target exon 51 of the DMD gene, which
accounts for ~13 % of DMD mutations, including drisapersen
(GSK-2402698, GlaxoSmithKline and Prosensa) and
eteplirsen (AVI 4658, Sarepta Therapeutics), which are cur-
rently in clinical trials. These AONs have been tested in the
mdx mouse and canine models. Intramuscular injections
were found to be safe and restored dystrophin expression
without significant side effects [151-155].

The initial phase I and II trials for both eteplirsen and
drisapersen were promising in restoring dystrophin expres-
sion, but did not demonstrate a significant change in the pri-
mary endpoint of the 6-min walk test. Major side effects
included renal toxicity with drisapersen and thrombocytope-
nia at high doses [156, 157]. These drugs are in ongoing
phase III clinical trials.

Full length dystrophin

| ~————————> Non functional dystrophin truncation

Exon 52 hidden from splicesome

] ey Functional dystrophin truncation

B Fig. 12.9 Schematic of exon skipping. Dystrophin exons are spliced to form mature messenger RNA (mRNA), which results in the translation
of a full-length, functional dystrophin protein. However, in classic mutations, such as in exon 52, this results in skipping of exon 52 during splicing.
This leads to a disrupted reading frame that produces a truncated, nonfunctional dystrophin protein. Introduction of antisense oligonucleotide
that skips exon 51 restores the reading frame and produces a truncated but functional dystrophin protein
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Dystrophin Mini-gene Replacement

Given that dystrophin mutations lead to the complete
absence of the functional dystrophin protein in DMD, one
strategy to mitigate the disease sequelae is gene replacement
therapy using recombinant adenoviral virus vectors (rAAVs).
Compared to the exon-skipping strategy, currently available
only for exon 51 skipping, gene replacement strategies can be
beneficial for all patients with DMD regardless of their DMD
mutation.

One limitation of the rAAV technology is the inability to
deliver the large full-length dystrophin gene due to the limi-
tations of packaging. The 2.4-Mb dystrophin gene is the larg-
est single gene in the human genome, and as a result, cloning
the 14-kb cDNA is challenging to introduce into delivery
vectors [10, 158]. However, observing mildly affected BMD
patients with very large dystrophin gene deletions led to the
understanding that truncated dystrophins could be func-
tional [105, 159]. This, in turn, led to the development of
micro- or mini-dystrophins, which contain only the essential
regions of the gene. They are functional and can be packaged
within the rAAV [160] (B Fig. 12.10).

rAAV6 vectors containing microdystrophin have been
administered to dystrophin-deficient mice and demonstrated
restoration of dystrophin, improved muscular function, and
increased lifespan [161-164]. Dystrophin gene replacement
therapy has been effective in mouse models, but in large ani-
mal models such as those using dogs and nonhuman pri-
mates, gene therapy efficacy has been limited due to the host
immune response [165-170].

In a human preclinical trial of rAAV-mediated mini-
dystrophin gene transfer, six DMD patients received intra-
muscular injections in the biceps brachii muscle. None of the
patients demonstrated significant levels of dystrophin and one
patient had a microdystrophin T-cell response within 15 days
of injection [168, 169]. In addition to the T-cell-mediated
response, humoral or antibody-mediated immune responses
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are also observed in large animal models of rAAV dystrophin
delivery [171]. Dystrophic muscles have two features that
promote the induction of an immune response, including cel-
lular contents exposed to the environment due to muscle
necrosis along with elevated immune effector cells [172-174].
Regarding cardiac gene transfer, delivery has been
achieved through transendocardial injection of rAAV vectors
in a nonhuman primate model where rAAV6 was more effec-
tive than rAAV 8 or 9 [175]. rAAV8 delivery via the internal
jugular vein also demonstrated target gene expression after
2.5 months of infusion [176]. Although limited by immune
side effects that may be overcome by immunosuppressant
regimens, gene replacement therapy remains a promising
therapy for DMD, including the associated cardiomyopathy.

Sealants

Dystrophin deficiency can lead to increased membrane fra-
gility and is exacerbated by any mechanical stress. Yasuda
et al. demonstrated that isolated dystrophin-deficient car-
diomyocytes, when stretched, have reduced compliance and
increased susceptibility to calcium overload [130]. Thus,
increased membrane stability is a potential pathway to
modify the disease sequelae related to membrane fragility
seen in DMD patients.

Poloxamer 188 (P-188) is a triblock copolymer that is able
to insert into damaged lipid bilayers and repair membranes.
It has been used to stabilize red blood cell membranes in
sickle cell disease [177]. This concept of membrane stabiliza-
tion repair was applied to the mdx mouse receiving adrener-
gic stimulation with either dobutamine or isoproterenol as a
stressor, and administration of P-188, which demonstrated
improved left ventricular function and increased survival
[130, 178].

The use of P-188 as a cardioprotective agent was also
tested in the more severely affected golden retriever muscular

Dystroglycan Syntrophin
dystrobrevin

B Fig. 12.10 Full-length dystrophin, mini- and micro-dystrophin constructs. Full-length dystrophin has a 14-kb cDNA, which results in a 427-kDa
protein. Full-length dystrophin has an N-terminal actin-binding domain, a rod domain with 24 spectrin-like repeats and four hinge domains, and a
C-terminal region that has dystroglycan, syntrophin, and dystrobrevin-binding domains. Examples of a mini- and a micro-dystrophin with rod
domain deletions that are able to be cloned into recombinant adeno-associated viral vectors
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dystrophy model where the dogs received an 8-week infusion
of P-188. This infusion resulted in decreased fibrosis and pre-
vention of left ventricular dilatation [142].

While P-188 has been shown to be cardioprotective in
animal models, the daily doses may be a limitation.
Furthermore, the sealant (P-188) does not address the
absence of dystrophin. Additionally, the impact on the skel-
etal muscle has not been well described.

In one recent study, mdx mice given either a one-time or
daily P-188 injection had a decline in skeletal muscle force
generation [179]. While cardiac benefits in animal models
have been demonstrated, further testing of P-188 on both the
skeletal and cardiac function is needed.

Gene Editing

A new promising technology for DMD is gene editing. Gene
editing can be mediated with CRISPR (clustered regularly
interspaced short palindromic repeat)/CRISPR-associated
systems (Cas) to alter the genome [180-182]. The CRISPR/
Cas9 system binds to the target gene and generates a double-
strand DNA break. It can then be replaced by the corrected
gene sequence (B Fig. 12.11). This system precisely removes
the mutated gene of interest and replaces it with a functional
copy of the gene.

Correction of DMD using gene editing targeted to exon
51 of dystrophin has been used to restore the dystrophin gene
reading frame in DMD patient myoblasts [183]. The restored
dystrophin reading frame enabled restoration of functional
dystrophin expression in the DMD patient myoblasts [183].
In a recent study, gene editing using a CRISPR/Cas9 strategy
was used in vivo to correct the DMD gene mutation in the
germ line of mdx mice [134]. In the genome-edited animals,
between 2 and 100 % of DMD gene correction was observed.
In mosaic mdx mice with only 17 % correction of dystrophin

O Fig. 12.11 A schematic of CRISPR/Cas9-mediated
genome editing. Guide RNA is fused with the DNA
sequence targeting the host gene of interest. The guide
RNA recognizes specific regions on the host RNA and
complexes with Cas9, which recognizes the PAM
sequence on the target and exerts its endonuclease func-
tion to cause double-stranded breaks in the DNA. This
triggers repair mechanisms, which enable the donor DNA
to be inserted at the break site, and results in targeted
genome editing
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by gene editing, a normal muscle phenotype was observed.
This nascent technology has possible therapeutic benefits in
patients with DMD. Further animal studies evaluating the
cardiac function are needed.

Cell-based therapy is also another potential way to treat
dystrophin deficiency. Therapeutic cells can be obtained
from a donor bearing normal dystrophin or from the DMD
patient, corrected ex vivo, reimplanted, and injected into the
DMD patient. Skeletal muscle stem cells are known as satel-
lite cells. They have been shown to respond to muscle injury
by proliferating and restoring the muscle architecture [184].
Satellite cells are also easy to isolate and culture in vitro. Thus
normal myoblast injections were first tested in mdx mice
showing dystrophin-positive muscle cells [185, 186].

However, subsequent human clinical trials with myoblast
transplantation have demonstrated only up to 10%
dystrophin-positive fibers [187-189]. Given the challenges
with myoblast engraftment, survival, and migration, other
cell types that have myogenic potential—including bone
marrow-derived stem cells and CD133+ muscle stem cells—
have been tested in DMD patients [190, 191]. However, fur-
ther testing is required for these therapies. Vessel-derived
stem cells have been used to treat mdx double knockout mice
to prevent cardiomyopathy, but no human stem cell trials
have been conducted to assess the efficacy of any stem cell
therapies in DMD cardiomyopathy [192].

Myotonic Dystrophy

Myotonic dystrophies are among the most common inher-
ited, adult-onset, muscular dystrophies that have multisys-
tem impact. Myotonic dystrophies are characterized by
myotonia or a delay in relaxation of muscle contraction.
Myotonic dystrophy leads to skeletal muscle weakness and
muscle wasting and, in end-stage disease, respiratory muscle
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O Table 12.2 Myotonic dystrophy type 1 vs. myotonic
dystrophy type 2

Myotonic Myotonic

dystrophy type 1 dystrophy type 2
Gene DMPK ZNF9
Repeat CTG CCTG
Inheritance Autosomal Autosomal

dominant dominant
Incidence 1:8000 13:100,000
Age of onset 20-40 years, also 30-60 years

congenital and

juvenile onset
Anticipation Yes Less
Cardiac Yes Variable
involvement

weakness. Patients also have endocrine abnormalities that
commonly include hypogonadism and insulin resistance.
The gastrointestinal system is also impacted and dysphagia,
reflux, and hypermotility are often noted. Central nervous
system and ocular manifestations include cataracts, cogni-
tive impairment, and hypersomnolence. Cardiac conse-
quences of myotonic dystrophy are also prominent, and
predominantly involve conduction abnormalities and
arrhythmias, although cardiomyopathy is being increasingly
identified [193].

In 1909, German physician Hans Steinert and English
physicians Frederick Batten and H. P. Gibb described for the
first time a muscular dystrophy that was characterized by
myotonia, or involuntary muscle contraction and delayed
relaxation, and muscle weakness [194, 195]. This disorder was
initially called Steinert disease and, later, myotonic dystrophy.

In 1911, Griffith described a patient with myotonic dys-
trophy who had bradycardia with a heart rate of 30 bpm, and
subsequently, other early clinical reports of cardiovascular
abnormalities in muscular dystrophy were reported [196,
197]. Nearly 80 years later, the gene responsible for myotonic
dystrophy was identified [198]. However, in 1994, a group of
patients who had clinical features similar to what is now
classified as myotonic dystrophy type 1, but without the gene
mutation, were described [199, 200]. This was later classified
as myotonic dystrophy type 2. The gene responsible for the
pathogenesis was identified in 2001 [201]. The two genetically
defined subtypes of myotonic dystrophies are myotonic dys-
trophy type 1 and myotonic dystrophy type 2 (8 Table 12.2).

Myotonic Dystrophy Type 1

Myotonic dystrophy type 1 is also known as Steinert disease
and has an incidence of 1:8000 [202]. Myotonic dystrophy
type 1 is the most common adult form of muscular dystro-
phy. It is further subdivided into three subtypes based on age
of onset and severity.

189

Congenital DM1 typically occurs before the first year of
life and is the most severe. It occurs primarily due to mater-
nal transmission. Classical myotonic dystrophy type 1 is
divided into childhood or adult onset. Adult-onset disease
typically manifests in the second through fourth decades
[203]. Myotonic dystrophy type 1 is caused by autosomal
dominant inheritance of an abnormal expansion of a
cytosine-thymine-guanine (CTG) trinucleotide repeat in the
DMPK gene in chromosome 19 encoding for the protein dys-
trophia myotonica protein kinase [204]. The DM protein
kinase is expressed in skeletal, cardiac, and smooth muscle
cells. Normally, less than 37 CTG repeats exist, but in patients
with myotonic dystrophy type 1, more than 50 to thousands
of repeats may exist.

A direct correlation exists between an increasing number
of CTG repeats and the age of onset and severity of neuro-
muscular and cardiac disease in myotonic dystrophy type 1.
CTG repeats typically expand as it is passed from parents to
offspring, resulting in a more severe disease phenotype in a
process known as genetic anticipation.

Myotonic Dystrophy Type 2

Myotonic dystrophy type 2 is less common, with an inci-
dence of 13:100,000 people. It has a similar autosomal inher-
itance pattern as myotonic dystrophy type 1, but type 2 is a
result of a tetranucleotide CCGT repeat in the gene ZNF9
gene on chromosome 3 coding for zinc finger protein 9 [205].
The CCGT repeats in myotonic dystrophy type 2 are typically
in the thousands. Myotonic dystrophy type 2 is typically
adult onset and is less severe than myotonic dystrophy type 1.

Pathogenesis

In both myotonic dystrophies, the underlying molecular
mechanism is similar. The gene including the abnormal
repeat is transcribed into RNA, but not translated. The
abnormal RNA accumulates in the nucleus and disrupts
splicing of pre-messenger RNA into mature RNA through
affecting RNA-binding proteins [206]. This process subse-
quently results in abnormal function of different genes
including chloride channels needed for muscle function, car-
diac troponin, and insulin receptors [207].

Myotonic dystrophy type 1 typically presents with muscle
weakness and myotonia of the distal muscles. Patients may
have a characteristic long face, male pattern baldness, and
atrophy of the facial and jaw muscles. Myotonic dystrophy
type 2 also manifests with myotonia and weakness, as well as
the other systemic sequelae but at a later age and with less
severity.

Cardiac involvement in these patients involves fibrosis
and degeneration—typically affecting the conduction system
as well as the myocardial tissue—leading to arrhythmias and
cardiomyopathy. Conduction abnormalities occur in 75-80 %
of myotonic dystrophy type 1 patients with more than 65 % of
patients having abnormal ECGs [208]. Atrial and ventricular
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arrhythmias are also common and affect 25% of patients
with myotonic dystrophy. The conduction abnormalities and
arrhythmias can cause sudden cardiac death, which accounts
for more than one-third of deaths in these patients.

In a study of myotonic dystrophy type 1 patients, a cor-
relation between CTG length and presence of arrhythmias
and conduction abnormalities was noted [209]. Patients with
myotonic dystrophy are also more likely to develop cardio-
myopathies, with 20 % of patients with myotonic dystrophy
type 1 demonstrating left ventricular dilatation and 14 % of
patients with left ventricular dysfunction [210, 211]. In
patients who have left ventricular dysfunction, medical ther-
apy including ACE inhibitors and beta-blockers should be
used. These therapies are standard for systolic dysfunction,
and while they have not been tested in myotonic patients, the
reverse left ventricular remodeling and survival benefit have
been extrapolated to this population as well.

Mexiletine, a class Ib antiarrhythmic agent and a sodium
channel blocker, is being used more commonly in myotonic
patients for treatment of myotonia without increasing QRS
duration or changing cardiac conduction [212]. AV nodal
blocking agents for the treatment of arrhythmias should be
used cautiously, given the bradyarrhythmias and conduction
blocks seen in these patients.

B Table 12.3 Cardiac involvement in muscular dystrophies

Pacemaker and implantable cardioverter-defibrillator
(ICD) therapy guidelines have specifically included the myo-
tonic dystrophy population. Permanent pacemaker implan-
tation is a class Ila indication in myotonic patients with an
HYV interval >100 ms and class IIb indication for any degrees
of atrioventricular (AV) block regardless of symptoms [213].
ICDs are indicated in myotonic patients with ventricular
tachycardia, and a wider indication may exist in this patient
population [214].

Cardiac Involvement in Other Muscular
Dystrophies

While patients with DMD, BMD, and myotonic dystrophy
type 1 and type 2 have a known high incidence of cardio-
vascular involvement, many other muscular dystrophies
including certain limb-girdle muscular dystrophies have
known cardiac involvement. Facioscapulohumeral muscu-
lar dystrophies and other similar muscular dystrophies
have unknown cardiac involvement. @ Table 12.3 summa-
rizes the major inherited muscular dystrophies and car-
diac involvement. Cardiac screening in patients with
inherited muscular dystrophies is warranted, as many

Muscular dystrophy Inheritance Gene Protein Cardiac involvement
Duchenne muscular dystrophy XR Xp21 Dystrophin Yes
Becker muscular dystrophy XR Xp21 Dystrophin Yes
Dystrophin mutation carriers XR Xp21 Dystrophin Yes
Myotonic dystrophy type 1 AD 19913 DMPK Yes
Myotonic dystrophy type 2 AD 3qg21 ZNF9 Yes
Emery-Dreifuss Xq28 Emerin Yes
Facioscapulohumeral AD 4935 Unknown Unknown
LGMD1A AD 5931 Myotilin Unknown
LGMD1B AD 1922 Lamin A/C Yes
LGMD1C AR 3p25 Caveolin-3 Unknown
LGMD2A AR 15915 Calpain-3 Yes
LGMD2B AR 2p13 Dysferlin Unknown
LGMD2C AR 13q12 y-Sarcoglycan Unknown
LGMD2D AR 17912 a-Sarcoglycan Unknown
LGMD2E AR 4912 b-Sarcoglycan Yes
LGMD2F AR 5933 d-Sarcoglycan Unknown
LGMD2G AR 17911 Telethonin Unknown
LGMD2H AR 9933 TRIM32 Unknown
LGMD2I AR 19q FKRP Yes
LGMD2L AR 11p12-p15 Anoctamin 5 Unknown
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muscular dystrophies do have a high incidence of cardiac
involvement, and in others, cardiac involvement is less
well known.
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