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ABSTRACT: For many neuromuscular diseases (NMDs), cardiac disease 
represents a major cause of morbidity and mortality. The management 
of cardiac disease in NMDs is made challenging by the broad clinical 
heterogeneity that exists among many NMDs and by limited knowledge 
about disease-specific cardiovascular pathogenesis and course-modifying 
interventions. The overlay of compromise in peripheral muscle function 
and other organ systems, such as the lungs, also makes the simple 
application of endorsed adult or pediatric heart failure guidelines to the 
NMD population problematic. In this statement, we provide background 
on several NMDs in which there is cardiac involvement, highlighting 
unique features of NMD-associated myocardial disease that require 
clinicians to tailor their approach to prevention and treatment of heart 
failure. Undoubtedly, further investigations are required to best inform 
future guidelines on NMD-specific cardiovascular health risks, treatments, 
and outcomes.

Neuromuscular diseases (NMDs) encompass a broad spectrum of diagnoses 
with overlapping but distinct phenotypes. Common to many NMDs is cardi-
ac involvement. Although the past 3 decades have seen marked advances in 

our understanding of many NMDs, significant gaps in knowledge remain on how 
best to approach cardiac care in these patients. For example, survival in Duchenne 
muscular dystrophy (DMD) has been extended through the use of glucocorticoid 
use and respiratory support, yet cardiac complications remain a significant cause of 
morbidity and mortality.1–3 To achieve further gains in care, we will need to improve 
our understanding of the pathophysiologies driving cardiac involvement in NMDs 
and advance treatments aimed at preventing the progression of heart failure (HF) 
and sudden death in NMDs. The recently published findings of an expert working 
group on cardiac involvement in DMD, which outlined key gaps in knowledge and 
made specific recommendations aimed at improving diagnosis and management, 
are a step toward this goal.4

In this statement, we include a comprehensive overview of the major catego-
ries of NMDs with cardiac involvement. For each, a brief background of the gene 
defect(s), common clinical manifestations (particularly cardiac findings), and cur-
rent therapies is summarized. Gaps in knowledge are highlighted, and where 
possible, clinical treatment suggestions are made by the expert writing group ap-
pointed by the American Heart Association to review the available literature. Selec-
tion of the writing group was performed in accordance with the American Heart 
Association’s conflict-of-interest management policy. Participants volunteered to 
write sections relevant to their expertise and experience. Writing group members 
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conducted a general search of the literature, restricted 
to human subjects research published between 1980 
and 2016. Drafts of each section were written and sent 
to the chair of the writing group for incorporation into 
a single document, which was then edited. The edited 
document was discussed electronically and by confer-
ence call among the participants as a group. On the ba-
sis of these discussions, the sections were then edited, 
and a final version of the document was produced. Rec-
ommendations were generated from this process and 
then assigned a class of recommendation and level of 
evidence (Table 1). The final document was submitted 
for independent peer review and has been approved for 

publication by the American Heart Association Council 
on Cardiovascular Disease in the Young.

OVERVIEW OF NMDs WITH CARDIAC 
INVOLVEMENT
Inherited NMDs are genetic disorders typically caused 
by a mutation in a single gene that affects striated 
muscle and results in progressive weakness in affected 
individuals from degenerative muscle pathology. In ad-
dition to skeletal muscle, cardiac muscle can also be 
affected, with some variability dependent on the ge-

Table 1.  Applying Classification of Recommendations and Level of Evidence

A recommendation with Level of Evidence B or C does not imply that the recommendation is weak. Many important clinical questions addressed in the 
guidelines do not lend themselves to clinical trials. Although randomized trials are unavailable, there may be a very clear clinical consensus that a particular test or 
therapy is useful or effective.

*Data available from clinical trials or registries about the usefulness/efficacy in different subpopulations, such as sex, age, history of diabetes, history of prior 
myocardial infarction, history of heart failure, and prior aspirin use.

†For comparative effectiveness recommendations (Class I and IIa; Level of Evidence A and B only), studies that support the use of comparator verbs should 
involve direct comparisons of the treatments or strategies being evaluated.
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netic basis of the NMD phenotype. As shown in Table 2, 
inheritance can be X-linked, autosomal dominant, or 
autosomal recessive. Of note, genotypic identification 
of NMD pathogeneses is a relatively recent phenom-

enon, and genotype-phenotype correlations continue 
to evolve. This broad diversity of NMD genetic causes 
translates into many different sites of involvement in 
affected myocytes (Figure).

Table 2.  Characteristics of NMDs With Cardiac Involvement Addressed in This Statement

Condition  Gene Locus  Gene Product  Heritance

Cardiac Features

Cardiomyopathy Arrhythmia Conduction

X-linked recessive muscular dystrophies

  Duchenne Xp21 Dystrophin XLR Common (DCM) Common (late) Rare (late)

  Becker Xp21 Dystrophin XLR Common Common Rare (late)

  Emery-Dreifuss Xq28 Emerin XLR Rare Common Common (SD)

Limb-girdle muscular dystrophies

  LGMD1B 1q11–q21 Lamin A and C AD Common (DCM) Common (AT, VT) Common (SD)

  LGMD1C 3p25 Caveolin-3 AD Rare (DCM) Not reported Rare (AVB)

  LGMD1E 7q36 DNAJB6 (co-chaperone) AD Rare Rare Rare

  LGMD2B 2p13 Dysferlin AR Rare (DCM) Not reported Not reported

  LGMD2C 13q12 γ-Sarcoglycan AR Common (DCM) Rare Rare

  LGMD2D 17q12–q21 α-Sarcoglycan AR Common (DCM) Rare Rare

  LGMD2E 4q12 β-Sarcoglycan AR Common (DCM) Common Common

  LGMD2F 5q33–q34 δ-Sarcoglycan AR Rare Rare Rare

  LGMD2I 19q13.3 Fukutin-related protein AR Common (DCM) Rare Rare

Associated with mitochondrial dysfunction

  Barth syndrome Xq28 Tafazzin XLR Common (LVNC, 
DCM, HCM)

Occasional None

  Friedreich ataxia 9q21.11 Frataxin AR Common (HCM) Common (late) Rare

Myotonic dystrophies

  Myotonic dystrophy (DM) 1 19q13 Myotonin-protein kinase AD Occasional (DCM, 
HCM)

Common (AFL/
AF, VT)

Common (SD)

  Myotonic dystrophy (DM) 2 3q21 Zinc finger protein 9 AD Rare in childhood Rare in childhood Rare in 
childhood

Congenital myopathies

  Central core disease 19q13.2 Ryanodine receptor AD/AR Rare (DCM) Not reported Not reported

  Nemaline myopathy 1q21, 2q21–q22, 
1q42.13, 19q13.4

α-Tropomyosin, nebulin, 
skeletal muscle α-actin, 

troponin T

AR/AD DCM, HCM Rare (long QT) Common (mild)

  Multiminicore disease 19q13.2, 1p36.13 Ryanodine receptor, 
selenoprotein N1

AR Rare (HCM, RCM)  Unknown  Unknown

  Centronuclear myopathy 19p13.2, 2q14, 
2q31

Dynamin 2, bridging 
integrator 1, titin

AD/AR Rare (DCM) Rare Rare

  Myotubular myopathy Xq28 Myotubularin XLR Not reported Not reported Not reported

  Myosin storage myopathy 14q12 β-Myosin heavy chain AD Not reported Not reported Not reported

 � Congenital fiber type 
disproportion

1q21.2, 19q13.2, 
1q42.13

α-Tropomyosin, ryanodine 
receptor, skeletal muscle 

α-actin

AR/AD Rare (DCM) Not reported Not reported

Myofibrillar myopathies

2q35, 5q31, 
10q22.3–q23.2, 
11q23.1, 7q32–
q35, 10q25.2–
q26.2, Xq26

Desmin, myotilin, LIM 
domain binding protein 3, 
crystallin alpha B, filamin C 
gamma, BCL2-associated 

athanogene 3, four-and-a-
half LIM domains 1

AD Common Rare (late; AF) Rare (AVB)

AD indicates autosomal dominant; AF, atrial fibrillation; AFL, atrial flutter; AR, autosomal recessive; AT, atrial tachycardia; AVB, atrioventricular block; DCM, 
dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; LGMD, limb-girdle muscular dystrophy; LVNC, left ventricular noncompaction; RCM, restrictive 
cardiomyopathy; SD, sudden death; VT, ventricular tachycardia; and XLR, X-linked recessive.
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Clinically relevant cardiac involvement in NMDs most 
commonly falls into 1 of 2 major categories: (1) cardio-
myopathy and (2) conduction defects with arrhythmias. 
The severity and onset of cardiac complications vary sig-

nificantly across classes of NMDs. Most forms of cardiac 
involvement are detected from childhood to the second 
decade of life (eg, DMD, myotonic dystrophy [DM], 
Friedreich ataxia [FA], Emery-Dreifuss muscular dystrophy 

Figure. Proteins implicated in NMDs associated with cardiac involvement.  
BMD indicates Becker muscular dystrophy; BTHS, Barth syndrome; CMs, congenital myopathies; Cys, cysteine; DMD, Duch-
enne muscular dystrophy; EDMD, Emery-Dreifuss muscular dystrophy; FA, Friedrich ataxia; FKRP, fukutin-related protein; 
FMDC, Fukuyama congenital muscular dystrophy; LGMD, limb-girdle muscular dystrophy; MDC, congenital muscular dys-
trophy; MFMs, myofibrillar myopathies; NMDs, neuromuscular diseases; and nNOS, neuronal nitric oxide synthase. Modified 
figure used courtesy of Dr Marinos Dalakas.
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[EDMD], Barth syndrome [BTHS]), but others can remain 
asymptomatic until later in life (Becker muscular dystro-
phy [BMD], some forms of congenital myopathy [CM], 
and myofibrillar myopathy [MFM]). In some cases, cardiac 
involvement is more severe when neuromuscular symp-
toms appear in childhood or show a rapid progression 
during infancy; however, in most cases, the progression 
and onset of cardiac involvement are dissociated from or 
occur late after the development of skeletal myopathy, 
and poor correlation exists between genotype and phe-
notypes at the cardiac and skeletal muscle levels.5

The importance of genetic testing in the diagnosis of 
NMDs must be noted. Because there can be significant 
phenotypic overlap among NMDs at initial presentation,6 
genetic testing is crucial to the diagnostic workup of 
NMDs, commonly allowing for a definitive diagnosis.6,7 
Although typical disease inheritance patterns and genet-
ic pathogeneses are shown in Table 2, both spontaneous 
mutations resulting in disease and phenotypic variability 
within family members who share the same underlying 
mutation can sometimes cloud diagnosis. Knowledge of 
the specific underlying disease process provides vital in-
formation about clinical expectations and genetic coun-
seling, as well as prenatal diagnosis. From the cardiovas-
cular perspective, having a precise genetic diagnosis is 
important because of the heterogeneity in cardiovascu-
lar manifestations among NMDs. Some NMDs increase 
the risk of cardiomyopathy and HF (eg, DMD, BMD, FA), 
others elevate the risk of arrhythmia and sudden death 
(eg, EDMD, limb-girdle muscular dystrophy [LGMD]1B, 
and DM1), others increase risk of both (eg, BTHS, MFM), 
and still others do not involve the heart (eg, LGMD1D, 
oculopharyngeal muscular dystrophy). Thus, although at 
present a definitive diagnosis determines the timing and 
modes of cardiovascular assessment and follow-up, it is 
expected that definitive genetic diagnosis will eventually 
allow not only for NMD-specific therapies but also for 
mutation-specific therapies.

DMD and BMD
The most common NMDs affect the dystrophin gene 
found on the short arm of the X chromosome. These 
“dystrophinopathies” comprise both DMD and BMD. 
The incidence of DMD was determined to be 1 in 
3600 to 1 in 9300 male births by a recent worldwide 
systemic review.8 DMD is the more severe phenotype, 
presenting with weakness in the early years and pro-
gressing to loss of the ability to walk independently, 
most commonly during the second decade. This phe-
notype has been influenced by treatment with gluco-
corticoids, which was shown in a randomized clinical 
trial to prolong the period of independent ambulation 
by 3 years.9 BMD is a milder and more variable pheno-
type, and patients with BMD are not typically treated 
with glucocorticoids.10

Respiratory insufficiency invariably develops in pa-
tients with DMD, usually during the second decade of 
life. The lung disease is restrictive, because of weakness 
of the muscles required for respiration. As the disease 
progresses, noninvasive ventilator support is required 
while sleeping. Some patients maintain respiratory 
function in the later stages of the disease with invasive 
mechanical ventilation through a tracheostomy or con-
tinual support using other noninvasive methods, such 
as mouthpiece ventilation.

DMD most commonly results from multiple exon 
deletions in the dystrophin gene that disrupt the read-
ing frame and thus preclude translation of a full-length 
dystrophin protein. The truncated protein is not stable 
and degrades, resulting in nearly complete absence of 
dystrophin protein. In contrast, the most common mu-
tation that causes BMD is a multiple-exon deletion in 
the dystrophin gene that does not disrupt the reading 
frame. This type of deletion results in dystrophin pro-
tein that has an internal deletion with retention of the 
amino and carboxy termini that localize the protein to 
the cytoplasmic face of the sarcolemma, thus providing 
a partially functional protein. Smaller gene deletions, 
gene duplications, and point mutations account for a 
smaller fraction of both DMD and BMD.10

The most common cardiac involvement in DMD and 
BMD is dilated cardiomyopathy, which can be variable 
in age of onset and severity. Compared to other causes 
of dilated cardiomyopathy, DMD and BMD have less 
ventricular dilation early in the course of disease, sim-
ply beginning with dysfunction without dilation.11–13 For 
patients with DMD, cardiac disease is the primary cause 
of mortality in >20%,14 and previous observational 
studies have shown that increasing cardiac dysfunction 
is correlated with increasing age and severity of skel-
etal muscle disease.15,16 Recent studies have suggested 
that the average age for development of abnormal left 
ventricular ejection fraction (LVEF) is 14.3 years.13,17 Be-
cause of limitations of movement caused by skeletal 
muscle disease, early signs of cardiac failure may not 
appear clinically. Decreased cardiac function or left ven-
tricular (LV) dilation might only be detected by echo-
cardiogram or other cardiac imaging.18 For BMD, only 
a small proportion of subjects <16 years of age have 
symptomatic involvement.13 Although this risk increases 
with age, with up to 70% developing symptomatic HF 
by age 40,19 disease progression is much less predict-
able than for DMD.20 Because of the underlying patho-
genesis (myocyte disruption attributable to abnormal 
dystrophin protein), conduction system involvement 
is not a feature of DMD and BMD as it is with many 
other NMDs. Although the risk of tachyarrhythmia in 
DMD and BMD generally increases with the severity of 
ventricular dysfunction, tachyarrhythmias, including su-
praventricular tachycardia, can also occur with normal 
ejection fraction (EF).21–23
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Limb-Girdle Muscular Dystrophy
Limb-girdle muscular dystrophy is a descriptive term for 
a group of muscular dystrophies that are distinct from 
the more common X-linked dystrophinopathies. LG-
MDs are classified by autosomal dominant (LGMD1) or 
autosomal recessive (LGMD2) inheritance,24 with muta-
tions at >50 loci reported.25 Prevalence estimates for 
LGMD are 1 in 14 500 to 1 in 123 000.26,27

LGMD2 generally presents during childhood or ado-
lescence as a progressive skeletal myopathy that results 
in severe disability, with phenotypic overlaps with DMD 
and BMD.28 The distribution and pattern of weakness 
at onset most often affect the pelvic or shoulder girdle 
musculature or both. Table 2 shows a subset of LGMD2 
disorders, each of which can have a cardiac pheno-
type.28,29 Disruption of the sarcolemmal membrane cy-
toskeleton is a common feature of LGMD2C, 2D, 2E, 
and 2F, also known as sarcoglycan-deficient muscular 
dystrophies. Age of onset is from 2 to 15 years. Weak-
ness involves proximal more than distal musculature, 
although progression is variable. There is a broad range 
of phenotypic variation that can include calf pseudohy-
pertrophy, scapular winging, progressive contractures, 
and scoliosis.30 Loss of ambulation varies from 10 years 
to young adulthood.

LGMD2I is caused by pathogenic mutations in the 
gene for FKRP (fukutin-related protein), which is in-
volved in the glycosylation of cell surface molecules 
in muscle fibers.31 The majority of LGMD2I patients 
carry a common C826A missense mutation.32–34 LG-
MD2I has a relatively mild and variable course, with 
the age of onset varying from the first to the fifth 
decade of life and usually having slow progression. 
Cardiomyopathy without skeletal muscle involvement 
has been reported.35

There is broad clinical heterogeneity among the 
various LGMDs. Therefore, accurate diagnosis is im-
portant to ensure appropriate cardiac evaluation and 
follow-up.6 Cardiac involvement is very common in la-
min A/C and sarcoglycan disease, whereas significant 
cardiac involvement is infrequent in calpain and dysfer-
lin disease.36 Cardiac complications include atrial and 
ventricular arrhythmias, various degrees of heart block, 
and cardiomyopathy. Of note, both dilated and hy-
pertrophic cardiomyopathies have been described.24,37 
Respiratory muscle weakness also varies in severity but 
complicates the evaluation and management.36

Emery-Dreifuss Muscular Dystrophy
EDMD is another nondystrophinopathy with associ-
ated cardiac involvement characterized by early-onset 
joint contractures (elbows, ankles, and cervical spine), 
slowly progressive muscle weakness, and cardiac con-
duction defects that increase the risk of sudden death. 

EDMD has significant clinical variability and is caused 
by mutations in genes that code for nuclear envelope 
proteins. X-linked EDMD, the prevalence of which is 
≈1 in 100 000, is caused by mutations in EMD (encod-
ing emerin) or FHL1 (encoding FHL1).38,39 Autosomal 
dominant and autosomal recessive forms are caused 
by mutations in LMNA (encoding lamins A and C).40,41 
Mutations in the same genes that cause EDMD can 
also cause an LGMD phenotype. EDMD is distinctive 
for its association with progressive abnormalities in 
the cardiac conduction system that can result in heart 
block and sudden death.21,42 On autopsy studies of 
individuals with X-linked EDMD, gradual replacement 
of myocardium by fibrous and adipose tissue, starting 
in the atria and often involving the atrioventricular 
node and eventually the ventricles, has been observed 
and is consistent with atrial arrhythmias (including 
bradycardia), heart block, and progressive ventricular 
dilatation and systolic dysfunction observed clinically 
in EDMD.43

Myofibrillar Myopathy
MFM is a relatively newer morphological classification 
that refers to a subgroup of rare, inherited or sporadic, 
progressive NMDs defined by the common appearance 
of foci of myofibril disruption that begins at the sarco-
meric Z-disk. Generally, myofibril dissolution is followed 
by abnormal accumulation of myofibrillar degradation 
products and ectopic expression and aggregation of 
multiple proteins in affected muscle fibers.44 Diagnosis 
of MFM is traditionally based on common histological 
findings, although no morphological feature consistent-
ly or reliably predicts a specific gene mutation or clinical 
outcome. Six genes have been traditionally associated 
with MFM, and mutations in these genes account for 
≈50% of all cases of MFM: DES (encoding desmin), 
MYOT (encoding myotilin), LDB3/ZASP (encoding LIM 
domain binding 3), CRYAB (encoding crystallin alpha B), 
FLNC (encoding filamin C, gamma) and BAG3 (encod-
ing BCL2-associated athanogene 3). Recently, muta-
tions in FHL1 (encoding four-and-a-half LIM domains 
1), DNAJB6 (encoding a DNAJ protein family member), 
and TTN (encoding titin) have also been linked to MFM, 
and the list of genes causing MFM will likely continue 
to grow.45 MFM is most commonly inherited in an au-
tosomal dominant manner, with notable exceptions 
for FHL1 mutations (X-linked) and CRYAB (autosomal 
recessive).45 The prevalence of MFM is currently unde-
termined.

Clinically, MFM develops later in life, with symptoms 
beginning at 30 to 50 years of age (range 7–77 years). It 
is characterized by slowly progressive muscle weakness, 
from distal to proximal lower extremities, with eventual 
involvement of upper extremities, trunk, and facial and 
respiratory muscles. Peripheral neuropathy and cardio-
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myopathy are associated features in 15% to 30% of 
patients.46,47 Childhood onset has been described for 
mutations in DES, CRYAB, BAG3, and FHL1. It is a rap-
idly progressive disease, leading to the development 
of debilitating contractures, severe cardiomyopathy 
(sometimes preceding skeletal muscle involvement), 
and cardiorespiratory failure. Consistently, cardiac in-
volvement is more prevalent in mutations that cause 
childhood-onset MFM and has been reported as dilated 
(DES, FHL1), hypertrophic (CRYAB, BAG3, FHL1), or re-
strictive (BAG3, DES) cardiomyopathy. Associated fea-
tures include sinus node dysfunction, atrioventricular 
block, supraventricular and ventricular tachycardias, HF, 
and sudden death.46,48–53

Barth Syndrome
BTHS is a rare X-linked, recessive mitochondrial myopa-
thy that was initially described in 1983 among a Dutch 
pedigree of male infants with dilated cardiomyopathy, 
neutropenia, and skeletal myopathy.54 As of 2013, 151 
cases had been described worldwide with an estimat-
ed incidence between 1 in 140 000 and 1 in 670 000 
births.55–57 Increasing identification of LV noncompac-
tion (LVNC) because of improved imaging and aware-
ness could uncover additional cases of BTHS.58,59 BTHS 
is caused by a mutation in the TAZ gene on Xq28 re-
sponsible for encoding tafazzin protein. This protein is 
involved in cardiolipin remodeling, an important com-
ponent of the mitochondrial inner membrane necessary 
for proper function of the mitochondrial respiratory 
chain.55 At present, genotype does not predict pheno-
typic course.

Noncardiac clinical manifestations of BTHS include 
neutropenia, skeletal myopathy, prepubertal growth 
restriction, cognitive impairments, and typical facial 
features. Neutropenia is recognized in more than two-
thirds of cases and can be associated with mouth ulcers 
(60%), pneumonia (28%), or bacteremia/sepsis (10%), 
although severity varies widely.60 Skeletal myopathies 
are nonprogressive and affect proximal muscles, lead-
ing to motor delays at a young age. Prepubertal height 
and weight are proportionally delayed; however, many 
experience postpubertal catch-up growth.61 Minor 
learning disabilities are common, particularly within 
mathematics, visual-spatial skills, and speech develop-
ment.60,62 Typical facial features include a round face, 
full cheeks, prominent pointed chin, large ears, and 
deep-set eyes and are most prominent in infancy.57

Cardiac disease is the most common presenting fea-
ture of BTHS, with evidence of cardiomyopathy before 
age 5 years and often (>70%) within the first year of 
life.60 Cardiomyopathy manifests as ventricular dilation 
with or without features of LVNC, endocardial fibroelas-
tosis, or LV hypertrophy, often as a mixed hypertrophic 
and dilated phenotype.56,60 Clinical course is highlight-

ed by an undulating phenotype with evolution of car-
diomyopathy subtype over time. It is hypothesized that 
remodeling occurs with evolution from hypertrophy to 
dilation during early childhood, followed by improve-
ment during the toddler years and subsequent progres-
sive late dilation/decline in a subset of the population.57 
This undulating phenotype has been described in pa-
tients with LVNC.63 It is unclear whether LVNC is solely 
responsible for this observation within BTHS.

In addition to cardiomyopathy, boys with BTHS are 
at risk for tachyarrhythmia. Electrocardiographic ab-
normalities early in life include repolarization abnor-
malities, such as ST flattening and T-wave inversions 
or prolonged corrected QT interval.55 Supraventricular 
and ventricular tachycardia resulting in sudden death 
have been reported in adolescents and young adults 
with only mildly decreased LVEF.64 A history of syncope 
or orthostatic symptoms, as well as a family history of 
sudden death, may be predisposing factors.64

Friedreich Ataxia
FA is an inherited neuromuscular disorder that arises 
from a triplet repeat expansion mutation in the first in-
tron of the gene encoding frataxin (FXN, also known as 
X25).65 In contrast with most other triplet repeat expan-
sion disorders, FA is inherited in an autosomal recessive 
manner. Its prevalence is ≈1 in 50 000, with a carrier 
rate of 1 in 60 to 1 in 100.66 FA affects men and women 
equally. Approximately 2% to 5% of affected individu-
als have a different type of mutation in 1 copy of FXN 
instead of an expansion of the GAA repeat in intron 
1.67,68 The normal size for this GAA repeat is ≤30 copies, 
and affected individuals typically have >70 triplets on 
each copy of this gene. An intermediate size (30–70) is 
classified as premutation, which is more susceptible to 
expansion in future generations.

Cardiac disease is the most life-threatening mani-
festation of FA.69 Additional systemic features include 
progressive cerebellar dysfunction, ataxia, scoliosis, 
diabetes mellitus, impaired speech, and loss of vision 
and hearing. The spectrum of phenotypic features of 
FA fits best with a mitochondrial disorder, although 
frataxin is encoded by nuclear DNA. Frataxin plays an 
essential role in the synthesis of Fe-S (iron-sulfur) clus-
ter proteins involved in the regulation of mitochon-
drial iron content.70 In a conditional mouse model 
with complete frataxin deficiency in cardiac and skel-
etal muscle, the activities and levels of mitochondrial 
Fe-S proteins are much lower than in age-matched 
controls.71 Consequently, mitochondrial iron levels are 
increased, with associated mitochondrial dysfunction 
and severe oxidative stress despite normal levels of 
iron in blood.

Typical age of FA onset is 5 to 15 years, although 
later onset also occurs. The severity of most phenotypic 
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manifestations correlates loosely with the size of the 
smaller of the 2 expanded GAA repeats.72 Additional 
variation in the age of onset and progression of dis-
ease could be attributable to other genetic and envi-
ronmental factors.73 Cardiac manifestations consist of 
LV hypertrophy with fibrosis and scarring, arrhythmias, 
and progressive HF. Cardiac dysfunction is the most fre-
quent cause of death in FA.74

Myotonic Dystrophy
Myotonic dystrophy, or dystrophia myotonica, is part of 
a heterogeneous group of inherited NMDs that, like FA, 
result from genetic expansion and instability of simple 
nucleotide tandem repeats. There are 2 recognized 
forms of DM: myotonic dystrophy type 1 (DM1), also 
known as Steinert disease, and myotonic dystrophy 
type 2 (DM2), also known as proximal myotonic my-
opathy (PROMM) or Ricker disease.75 Both DM types are 
inherited in an autosomal dominant manner and share 
a common core of clinical manifestations. It is probable 
that pathology is associated with intracellular disrup-
tion of the RNA transcript–processing machinery in af-
fected cells.76–78 DM prevalence is estimated at ≈1 in 
8000 worldwide, but occurrence of the 2 types of DM 
varies widely among ethnic groups.79,80

DM1 is caused by expansion of an unstable CTG tri-
nucleotide repeat in the 3′ untranslated region of the 
DMPK gene. DM1 can be progressive or congenital, 
manifesting in children and adults with muscle weak-
ness and myotonia and in neonates with generalized 
hypotonia.75,81 Diagnosis is confirmed by genetic test-
ing, with affected individuals having >35 trinucleotide 
repeats. In general, longer repeat expansion correlates 
with higher penetrance, earlier onset, and increased se-
verity of disease.81 Clinically, DM1 is characterized by 
progressive development of facial, neck, and distal limb 
muscle weakness and myotonia. Other degenerative 
symptoms include cataracts, neurological/neuropsy-
chiatric deficits, and endocrine/metabolic abnormali-
ties.82–84 There is a tendency for successive generations 
to show symptoms at an earlier age or with more se-
vere manifestations (ie, anticipation).75,85 

Similar to DM1, DM2 is a multisystem disease char-
acterized primarily by myotonia and muscle wast-
ing.80,86 DM2 is caused by expansion of a CCTG repeat 
in intron 1 of CNBP (encoding CCHC-type zinc finger, 
nucleic acid binding protein). The number of repeats in 
DM2 ranges from ≈75 to 11 000. DM2 shows a higher 
degree of variability in clinical manifestations and age 
of onset (20–70 years), but clinical course and life ex-
pectancy are generally more favorable than DM1.80,81,86 
There is no genetic anticipation and no congenital form 
of DM2.86,87

Cardiac manifestations are present in ≈80% of DM1 
patients, and the risk of developing cardiac disease is 

10- to 20-fold higher in younger patients (2–30 years 
old).88 Dilated cardiomyopathy has been reported, but 
progressive atrioventricular or intraventricular conduc-
tion defects and tachyarrhythmias (ventricular and su-
praventricular) are the most life-threatening forms of 
cardiac complications.89–91 In older patients, age-related 
cardiovascular diseases such as valvulopathy and coro-
nary artery disease may also be observed.92 Respiratory 
complications and cardiac arrhythmias are the most fre-
quent primary causes of death in DM1.93,94

In patients with DM2, cardiac problems appear to 
be less severe or frequent (10%–20%). Conduction de-
fects are normally limited to first-degree atrioventricu-
lar and bundle-branch block; however, sudden death 
and severe cardiac arrhythmias have been described in 
a small number of patients.95 Dilated cardiomyopathy is 
uncommon.80,81,86

Congenital Myopathy
Historically, CMs represent a heterogeneous group of 
muscular disorders that have been defined by the pres-
ence of specific morphological abnormalities of muscle 
fiber architecture on skeletal muscle biopsy samples, 
including rods (ie, nemaline myopathies), cores (cen-
tral core and multiminicore diseases), central nuclei 
(centronuclear-myotubular myopathy), hyaline bodies 
(myosin storage myopathy), and selective atrophy of 
type I fibers (congenital fiber type disproportion).96,97 To 
date, these structural abnormalities have been linked 
to >15 different genes, most of which code for sarco-
meric or intracellular proteins involved in myofiber in-
tegrity.98 Genotype-to-phenotype correlations are not 
straightforward, with many common pathological fea-
tures being linked to mutations in different genes and 
mutations in the same gene causing different muscle 
pathologies.97 Prevalence is estimated to be 1 in 26 000 
to 28 000, with mutations in RYR1 (encoding ryanodine 
receptor 1) being the most prevalent (≈1 in 90 000).99

Clinically, CMs have been defined recently as “a 
group of genetic muscle disorders characterized by hy-
potonia and weakness, usually from birth, and a static 
or slowly progressive clinical course.”97 Although it can 
be difficult to distinguish CM from other disorders that 
present with hypotonia, hyporeflexia, and weakness 
(eg, DM or congenital muscular dystrophies), the pres-
ence of prominent facial weakness with or without pto-
sis, generalized hypotonic posture with hyporeflexia, 
poor muscle bulk, proximal muscle weakness, and dys-
function of the respiratory and bulbar muscles are sug-
gestive of CM.96,97 In most cases, these clinical features 
contrast with relatively normal development of cogni-
tive abilities and sensation. Severity and onset of muscle 
weakness and disability vary widely, from neonates with 
generalized and life-threatening weakness to older pa-
tients with subtle proximal muscle weakness.
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Cardiac involvement in CM has been reported but 
is rare.100 In 143 cases of nemaline myopathy, 6 neo-
nates developed transient HF and 1 infant developed 
LV dysfunction with congenital long-QT syndrome.101 In 
another study with 66 patients with CM, no cardiac le-
sions were noted102; however, hypertrophic,103–105 dilat-
ed,106–110 and LVNC cardiomyopathy phenotypes,111,112 
as well as sudden death,113 have been described. Re-
cessive mutations in TTN (encoding titin) and MYH7 
(encoding myosin heavy chain-7) have been associated 
with minicore-like disease, with early development of 
dilated cardiomyopathy, ventricular arrhythmias, and 
sudden cardiac death.114–117

APPROACH TO CARDIAC EVALUATION 
IN NMDs
Care guidelines exist for the diagnosis and manage-
ment of many forms of NMD.7,118–122 These guidelines 
are clear that a collaborating team approach results 
in the best outcomes for patients. Unfortunately, 
there is often a gap in the translation of clinical care 
guidelines to practice, and even among knowledge-
able neuromuscular and cardiology programs, cardiac 
involvement can be underevaluated and undertreated. 
In a recent Cooperative International Neuromuscular 
Research Group report, >30% of enrolled DMD sub-
jects had not had an echocardiogram, and only 40% 
of those diagnosed with cardiomyopathy were being 
treated with cardiac-specific medications.16 Similar 
findings were reported by the Pediatric Cardiomyopa-
thy Registry, which also showed that for patients with 
DMD-associated cardiomyopathy (defined as LVEF 
<55% or LV shortening fraction <28%), only 30% 
reported symptoms at cardiomyopathy diagnosis, and 
survival of patients with DMD with cardiomyopathy 
was worse than for similarly aged patients with BMD-
associated cardiomyopathy or patients with other di-
lated cardiomyopathies.13

The presence of skeletal muscle weakness that re-
sults in the use of medical equipment for mobility im-
pacts the symptom complex of many neuromuscular 
patients, particularly for HF. In the absence of reported 
symptoms, HF scoring systems, such as the New York 
Heart Association functional classification,123 are often 
falsely reassuring, and the cardiovascular physical ex-
amination is often normal. However, marked LV systolic 
dysfunction can exist without symptoms, and symp-
toms can be attributed to skeletal muscle weakness 
rather than HF. There is growing evidence that evalua-
tion and treatment before overt cardiac symptoms ap-
pear afford patients the best opportunity for impacting 
mortality.21,124 Given that the neurologist most often 
makes the initial diagnosis of NMDs, a proactive ap-
proach should be adopted for referral to cardiology for 

assessment of cardiovascular condition and manage-
ment of cardiovascular complications.

Recommendations
1.	 NMD providers and patient organizations 

should promote education regarding the 
importance of a proactive approach to 
screening, diagnosis, and management of 
cardiovascular complications of NMDs and 
the ideal care team required (Class I; Level of 
Evidence B).

2.	 All neurologists diagnosing and managing 
NMDs should work to identify either a car-
diologist with expertise in these conditions 
or at minimum a collaborative electrophysi-
ologist or HF specialist, depending on the 
condition being evaluated (Class I; Level of 
Evidence B).

3.	 For conditions diagnosed in childhood, refer-
ral to a pediatric HF specialist, when prac-
ticable, is reasonable because of evolving 
diagnostic and management recommenda-
tions within pediatric cardiomyopathies 
(Class IIa; Level of Evidence B).

4.	 Cardiac evaluation should be performed 
before anesthesia or sedation in any patient 
with NMD at risk for cardiac involvement. For 
those with a history or symptoms suggestive 
of cardiac involvement, cardiac evaluation 
should be in close proximity (3–6 months) to 
the anesthesia/sedation event (Class I; Level 
of Evidence C).

5.	 For NMD patients believed to be at increased 
cardiac risk during surgery, cardiac monitor-
ing by an anesthesiologist experienced in 
the care of patients with NMDs should occur 
during major surgery, and the procedure 
should take place in a center with appropri-
ate intensive care facilities (Class I; Level of 
Evidence C).

Cardiac Evaluation in DMD and BMD
Care guidelines for DMD and BMD suggest that cardiac 
evaluation begin at diagnosis.4,7,118,119 With the increase 
in risk of LV dysfunction that occurs with age, ongoing 
follow-up is also suggested. For DMD, risk of LV dys-
function increases significantly with age, from <5% for 
boys <10 years of age to >75% for men >20 years of 
age.15 For BMD, only a small percentage of patients have 
clinical symptoms before 16 years of age,13 increasing 
to ≈70% with symptomatic HF by age 40 years.19 Given 
that therapeutic intervention before symptom onset has 
a greater impact,125–129 the detection of abnormal LVEF 
affords the opportunity to act.124 Carriers of DMD/BMD 
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should undergo cardiac evaluation with any symptoms. 
At a mean age of 44 years, DMD and BMD carriers have 
been shown to exhibit both decreased LVEF and evi-
dence of myocardial fibrosis.130

In general, there are fewer published referenc-
es regarding cardiac involvement in BMD than for 
DMD.13,19,37,131–137 Approximately 70% of BMD patients 
develop dilated cardiomyopathy, mostly in the third de-
cade of life or later.19,132 They rarely develop severe dilat-
ed cardiomyopathy in childhood,138 but when present in 
childhood, the cardiomyopathy tends to be more severe 
and progress more rapidly than in DMD.13,139–142 Cardiac 
death is more common in BMD than in DMD19,131,132; 
however, this could be because more patients with 
DMD succumb to respiratory events before cardiac de-
mise. Also, the degree of skeletal muscle involvement 
in BMD does not correlate with the severity of cardio-
myopathy.132,133

Cardiovascular imaging plays a key role in screening 
and management of cardiomyopathy in patients with 
DMD and BMD. To date, echocardiography has been 
the primary modality used.13,19,132,134,143–147 Although 
electrocardiography is a sensitive method to screen for 
cardiac disease in BMD,145,147 it should not replace echo-
cardiography for the detection of preclinical LV dysfunc-
tion.132,148 In addition to standard 2-dimensional, M-
mode, and Doppler assessments, research on strain and 
strain-rate echocardiographic imaging could provide 
future insights about disease presence and progression 
before detection of global dysfunction by more tradi-
tional echocardiographic indices.144,149–152 An important 
limitation in the application of standard transthoracic 
echocardiography in the care of patients with DMD 
and BMD is the diminishment of imaging (acoustic) 
windows because of progression of scoliosis or obesity 
with advancing age.153 Thus, the use of other imaging 
modalities, such as cardiac magnetic resonance imag-
ing (CMR), might better fully characterize the severity 
of cardiac involvement in older patients.153

The role of CMR in the assessment of patients with 
DMD and BMD is evolving. CMR is capable of provid-
ing objective 3-dimensional anatomic analysis, includ-
ing assessment of ventricular volumes, EFs, and hypoki-
nesia. CMR is also capable of characterizing focal154,155 
and diffuse156 myocardial fibrosis after intravenous bo-
lus gadolinium contrast injection. In recent studies, late 
gadolinium enhancement (LGE) was found to increase 
in prevalence with increasing age (from 17% in DMD 
patients <10 years old to 59% in those >15 years old) 
and decreasing LVEF.157 Typically, LGE in DMD and BMD 
is subepicardial or midwall progressing to transmural 
and is located in the inferolateral LV.148,158–160 Myocardial 
fibrosis burden, quantified as number of LGE-positive 
myocardial segments, is associated with decline in EF,161 
and transmural LGE was also recently reported to have 
additive value above LVEF alone in predicting hospital-

ization for HF or occurrence of ventricular tachycardia.162 
Abnormalities in segmental circumferential strain, de-
tectable by echocardiography and CMR, may also be 
an early biomarker of myocardial dysfunction in DMD, 
preceding the development of myocardial fibrosis.147,163 
There is also emerging evidence that female DMD, and 
to a lesser extent BMD, carriers have subclinical cardiac 
involvement, characterized by reduced LVEF or subepi-
cardial LV lateral free wall LGE on CMR.130

Although CMR imaging does not suffer from the lim-
itation of poor acoustic windows attributable to body 
habitus or lung disease, there are factors that may limit 
its utility for imaging patients with NMDs. CMR might 
not be feasible for patients who are unable to be com-
fortably positioned because of immobility or contrac-
tures. Also, because CMR image quality is affected by 
motion, its utility can be limited in patients with tachy-
cardia, arrhythmias, high respiratory rates, or inability 
to remain still. Although some of these limitations can 
be overcome with sedation or anesthesia, compromises 
in respiratory or cardiac function can also impact deci-
sion making. Finally, there is potential for artifact lead-
ing to CMR image degradation from rods used in the 
treatment of scoliosis in some NMD patients.

Electrocardiographic abnormalities are commonly 
observed in DMD. Characteristic electrocardiographic 
changes include short PR interval, right ventricular hy-
pertrophy, prolonged corrected QT interval, and promi-
nent Q waves in leads I, aVL, V5, and V6 or in leads 
II, III, aVF, V5, and V6.

164 Electrocardiography also fre-
quently detects widening of the QRS, with 10 of 48 
DMD patients in 1 study having a QRS duration ≥120 
ms.165 Electrocardiography can detect abnormalities at 
a very early age. In 1 study, 78% percent of steroid-
naive DMD patients <6 years of age had electrocardio-
graphic abnormalities, well before the onset of clinical 
symptoms.166 Electrocardiographic findings that occur 
in the late first decade include sinus tachycardia, a tall 
R wave in V1, and inferolateral Q waves.167 In DMD, the 
presence of QT dispersion on ECG can identify a subset 
of patients at greatest risk for cardiac death.168

Electrocardiographic abnormalities are frequently 
noted in patients with BMD but are generally nonspecif-
ic.19,132,134,145–147 Rhythm abnormalities are often in propor-
tion to the severity of ventricular dysfunction21,147; however, 
life-threatening ventricular tachycardia has been reported 
to occur in the absence of significant LV dysfunction.134

Periodic ambulatory electrocardiographic monitoring 
has also been advocated for screening, follow-up, and 
symptom-directed assessment of arrhythmia in patients 
with DMD and BMD.164,169–173 Ambulatory electrocar-
diographic monitoring can be useful to detect the di-
minished heart rate variability indicative of sympathetic 
predominance and increased susceptibility to ventricu-
lar arrhythmias.174,175 However, 2 recent retrospective 
studies of ambulatory electrocardiographic monitoring 
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results in 235 DMD patients 14±4 years of age and 91 
patients 17±4 years of age found only LVEF <30% to 
35% and increased age (eg, ≥17 years) were associ-
ated with abnormal ambulatory electrocardiographic 
findings, such as nonsustained atrial and ventricular 
tachycardias.22,23

Because of limitations in mobility with disease pro-
gression, the role of exercise testing in DMD and BMD 
is somewhat limited.176–178

Recommendations
1.	 All DMD and BMD patients should have an 

initial cardiac evaluation with examination, 
ECG, and imaging performed at diagnosis 
(Class I; Level of Evidence B).

2.	 Every-2-year cardiac evaluation by examina-
tion, ECG, and noninvasive imaging is rea-
sonable in asymptomatic DMD/BMD patients 
<10 years of age, increasing to annual evalu-
ation at 10 years of age (Class IIa; Level of 
Evidence B).

3.	 Asymptomatic DMD/BMD patients with LV 
dilation or dysfunction or arrhythmia (eg, 
supraventricular tachycardia, ventricular 
ectopy) should be reevaluated at least annu-
ally (Class I; Level of Evidence C).

4.	 Symptomatic DMD/BMD patients should be 
reevaluated more frequently than annually, 
with testing and frequency determined by 
the provider and clinical status (Class I; Level 
of Evidence C).

5.	 Female DMD/BMD carriers should undergo 
cardiac evaluation by examination, ECG, and 
noninvasive imaging in the second to third 
decade of life, with follow-up evaluations 
every 3 to 5 years thereafter (Class I; Level of 
Evidence C).

6.	 Echocardiography should be routinely used 
in the screening and follow-up care of DMD/
BMD patients (Class I; Level of Evidence B).

7.	 It is reasonable to consider periodic use of 
advanced tissue imaging modalities (eg, 
CMR with contrast) in the care of DMD/BMD 
patients for assessment of cardiac function, 
particularly in patients with poor acoustic 
windows or for assessment of myocardial 
fibrosis (Class IIa; Level of Evidence B).

8.	 Ambulatory electrocardiographic monitor-
ing for patients with DMD/BMD is reason-
able every 1 to 3 years, based on age, EF, 
and clinical assessment (Class IIa; Level of 
Evidence C).

9.	 In the absence of an implantable cardio-
verter-defibrillator (ICD) or other arrhyth-
mia monitoring, at least annual ambulatory 

electrocardiographic monitoring is reason-
able for patents with DMD/BMD with EF 
<35% or age ≥17 years (Class IIa; Level of 
Evidence B).

Cardiac Evaluation in LGMD
When cardiac disease is present, LGMD1B (LMNA) 
most commonly manifests arrhythmias and conduc-
tion abnormalities, whereas LGMD2C-2F (sarcogly-
canopathy) and LGMD2I (FKRP) more commonly show 
a dilated cardiomyopathy phenotype. Aside from these 
findings, there are no relevant studies to guide screen-
ing and follow-up testing recommendations. Thus, 
it seems prudent to perform cardiac evaluation near 
the time of diagnosis, to include physical examination, 
ECG, and echocardiogram, especially for LGMD2C-
2F and -2I patients. Ambulatory electrocardiographic 
monitoring can be used in LGMD1B patients or with 
clinical indication.

Recommendations
1.	 In patients with LGMD, complete cardiac 

evaluation should begin at the time of diag-
nosis and should include examination, ECG, 
and echocardiography (Class I; Level of 
Evidence C).

2.	 Follow-up cardiac evaluations to include 
examination, ECG, and echocardiography 
every 2 years for asymptomatic LGMD2C-F 
(sarcoglycanopathy) and LGMD2I patients 
(FKRP) with normal cardiac findings, and at 
least annually for those with abnormal car-
diac findings, is reasonable (Class IIa; Level of 
Evidence C).

3.	 LGMD patients with HF or those on HF ther-
apy should be followed up more frequently 
(Class I; Level of Evidence C).

4.	 Follow-up cardiac evaluations to include 
examination, ECG, and ambulatory electro-
cardiographic monitoring should be repeated 
every 2 years for asymptomatic LGMD1B 
patients with normal cardiac findings and 
annually for those with abnormal cardiac 
findings. Symptoms of palpitations, dizzi-
ness, or syncope should prompt additional 
investigation with ambulatory electrocardio-
graphic monitoring, loop event electrocardio-
graphic recording, or electrophysiology study 
as warranted (Class IIa; Level of Evidence C).

Cardiac Evaluation in EDMD
Cardiac disease in EDMD usually presents after the 
second decade of life, but severe childhood cardio-
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myopathy is possible, and both the timing of onset 
and severity demonstrate interfamilial and intrafamil-
ial variability.179–181 Autosomal dominant and X-linked 
EDMD are associated with bradyarrhythmias, atrial fi-
brillation (AF)/atrial flutter, heart block, and ventricu-
lar dilation with or without systolic dysfunction,182–184 
whereas autosomal recessive EDMD is associated with 
conduction defects and premature atrial and ventricu-
lar contractions.185 Because sudden death can be the 
presenting cardiac feature, cardiac screening of indi-
viduals with EDMD and first-degree relatives (includ-
ing female carriers of X-linked EDMD) has been rec-
ommended.186,187

Follow-up and testing should be dictated by signs or 
symptoms of arrhythmia or HF, EDMD genotype, and 
echocardiographic features of dilation or dysfunction. 
The role of exercise testing remains unclear because 
of limitations in patients with significant contractures 
and muscle weakness. For individuals with autosomal 
dominant EDMD in whom a pacemaker is indicated, 
consideration of an ICD is warranted.188 The role of 
biomarkers, including brain natriuretic peptide, in 
EDMD is unclear, but brain natriuretic peptide can 
be used as an adjunctive marker for new diagnosis 
of cardiomyopathy or to define severity, response to 
treatment, and progression of cardiomyopathy.189

Recommendations
1.	 Individuals with EDMD, regardless of gen-

otype, should be referred for cardiology 
assessment at the time of EDMD diagno-
sis, even if asymptomatic (Class I; Level of 
Evidence C).

2.	 At least annual evaluation with echocardio-
gram, ECG, and ambulatory ECG is reason-
able for patients with autosomal dominant 
and X-linked recessive EDMD (Class IIa; Level 
of Evidence C).

3.	 Annual ECG and ambulatory ECG are reason-
able for autosomal recessive EDMD (Class IIa; 
Level of Evidence C).

Cardiac Evaluation in Myofibrillar 
Myopathies
Because of the inherent genetic heterogeneity among 
the group of neuromuscular disorders known as MFM, 
the risk and type of cardiac involvement vary substan-
tially. Cardiomyopathy with MFM can manifest as di-
lated, hypertrophic, restrictive, or LVNC phenotypes. As 
with other NMDs, referral to a cardiologist for cardiac 
assessment should begin with the initial diagnosis. For 
individuals with poor echocardiographic images, CMR 
should be considered. Although CMR is more sensitive 
for detection of early manifestations of LV hypertrophy 

and LV fibrosis, its use in individuals with normal echo-
cardiograms and MFM to detect early manifestations of 
cardiac involvement has not been well studied.

Individuals with MFM can develop arrhythmia and 
electrocardiographic abnormalities. One cross-sec-
tional cohort study of 63 people with MFM reported 
cardiomyopathy in 16% and arrhythmia or electrocar-
diographic abnormalities in 25%.47 Among the vari-
ous causes of MFM, desmin mutations often cause 
cardiac conduction disease and life-threatening ven-
tricular arrhythmias.190 For these individuals, decisions 
regarding the use of prophylactic ICDs should not de-
pend on EF alone.191–193

Recommendations
1.	 Cardiology evaluation with examination, 

ECG, echocardiogram, and ambulatory elec-
trocardiographic monitoring should take 
place at the time of MFM diagnosis, regard-
less of symptoms (Class I; Level of Evidence C).

2.	 It is reasonable to reassess asymptomatic 
patients with MFM annually with examina-
tion, ECG, and echocardiography (Class IIa; 
Level of Evidence C).

3.	 Ambulatory electrocardiographic monitoring 
or monitoring with a looping event recorder 
should be performed for assessment of 
symptomatic palpitations in patients with 
MFM (Class I; Level of Evidence C).

Cardiac Evaluation in BTHS
HF is the most common presenting symptom in BTHS. 
Mortality within BTHS has improved in recent years 
and likely reflects advances in BTHS recognition and 
HF management55; however, there is a lack of data on 
which strong, disease-specific recommendations can 
be based. In clinical practice, follow-up, evaluation, and 
testing are most commonly dictated by signs/symp-
toms, age, and cardiomyopathy subtype. Infants with 
BTHS appear to be at a greater risk of death because 
of risk of progressive HF, infection, or arrhythmia55,194; 
however, LVNC of BTHS can be associated with a wax-
ing and waning of LV function, and marked improve-
ment or normalization of severe LV dysfunction during 
the first year of life has been reported.63 Thus, although 
heart transplantation might be a therapeutic option, 
extended medical treatment of severe HF in infancy, in 
the hope of allowing for recovery at ≈1 year of age, can 
also be considered.

Echocardiography, electrocardiography, and ambula-
tory electrocardiographic monitoring are the most com-
monly used testing modalities, but CMR can be con-
sidered in patients with an unclear diagnosis of LVNC 
or hypertrophic cardiomyopathy or in those with BTHS 
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with a hypertrophic phenotype to assess for fibrosis and 
for ICD risk stratification.195 Exercise testing is of limited 
utility in BTHS because of significant limitations from 
both cardiac and skeletal muscle impairments.196

Recommendations
1.	 Boys should be referred to pediatric cardiol-

ogy at the time of BTHS diagnosis (Class I; 
Level of Evidence B).

2.	 At least annual cardiology assessment with 
examination, ECG, echocardiogram, and 
ambulatory ECG should be performed in boys 
with BTHS who have evidence of cardiac dys-
function or HF (Class I; Level of Evidence B).

3.	 Screening of asymptomatic infants with 
BTHS by examination, ECG, and echocardio-
gram every 6 months and ambulatory elec-
trocardiographic monitoring every year is 
reasonable (Class IIa; Level of Evidence C).

4.	 It is reasonable to screen asymptomatic boys 
with BTHS with examination, ECG, echo-
cardiogram, and ambulatory electrocardio-
graphic monitoring annually (Class IIa; Level 
of Evidence C).

Cardiac Evaluation in FA
In FA, consensus guidelines have been published in 
which cardiac recommendations with respect to assess-
ment and follow-up are based largely on expert con-
sensus.197 Cardiovascular involvement often manifests 
initially with electrocardiographic changes, consisting 
of lateral T-wave inversions, left-axis deviation, and re-
polarization abnormalities.198 Ventricular hypertrophy 
is most commonly observed in patients with FA, with 
cross-sectional imaging studies showing progressive LV 
hypertrophy in ≈65% of affected individuals.72,199 More 
recent reports suggest that cardiac morphology pro-
gresses from normal to concentric biventricular hyper-
trophy with preserved systolic function and ultimately 
to a dilated, hypocontractile phenotype because of 
regression of hypertrophy accompanying myocardial 
fibrosis.200,201 The interventricular septal thickness at 
end diastole has been used to categorize the severity 
of cardiac involvement in FA; however, the prognostic 
utility of this scheme has not yet been assessed.201 Be-
cause no relationship between severity of cardiac in-
volvement and neurological status has been identified, 
regular cardiac evaluation regardless of neurological 
status is likely warranted.201

Echocardiography has been the mainstay of cardiac 
morphological and functional imaging in FA, but the 
use of CMR in FA is potentially appealing on the basis of 
its ability to recognize iron overload.202 Also, although 
recent data implicate replacement fibrosis in the patho-

physiology of cardiac involvement in FA, the utility of 
CMR to detect fibrosis and its distribution in FA has not 
yet been established.203

Resting electrocardiographic abnormalities, most 
commonly T-wave inversion or flattening in the left pre-
cordial leads, are more frequent with increasing severity 
of cardiac hypertrophy.204 The risk of arrhythmias in FA 
remains unclear but is believed to increase with increas-
ing severity of cardiac hypertrophy. Tsou et al74 reported 
on cause of death among 61 FA patients and found 
that arrhythmia was the primary or contributing cause 
of death in 16%. In that study, there were 15 individu-
als with FA and arrhythmia, with AF being the most 
common form of arrhythmia (n=11). Guidelines for the 
management of AF are well established.205

Recommendations
1.	 Cardiology evaluation with examination, ECG, 

echocardiogram, and ambulatory electrocar-
diographic monitoring should occur at the time 
of FA diagnosis (Class I; Level of Evidence C).

2.	 Asymptomatic FA patients should be fol-
lowed up at least annually with examina-
tion, ECG, and echocardiogram (Class I; Level 
of Evidence C).

3.	 Symptomatic FA patients should be followed 
up more frequently than annually (Class I; 
Level of Evidence C).

4.	 Ambulatory electrocardiographic monitor-
ing or monitoring with an event recorder is 
reasonable in FA patients with symptoms of 
palpitations and in those without symptoms 
every 1 to 4 years, increasing in frequency with 
increasing age (Class IIa; Level of Evidence C).

Cardiac Evaluation in DM
Clinical assessment of cardiac involvement in DM should 
focus primarily on conduction abnormalities, atrial and 
ventricular arrhythmias, and sudden death.79,88,89,206,207 
Rarely, dilated cardiomyopathy and HF can occur.208 
Thus, patients with DM and their care providers should 
be questioned as to the presence of syncope, palpita-
tions, or breathlessness,79,209 and electrocardiographic 
abnormalities, non–sinus rhythm, prolongation of the 
QRS interval (particularly with evidence of HV-interval 
prolongation), PR interval >240 ms, or higher degree 
of atrioventricular block should be regarded as a risk 
factor for sudden death.79,210,211 Because physical exer-
tion has been observed to be a proarrhythmic influence, 
serial exercise stress testing has been recommended 
for young DM1 patients.207 CMR can be requested to 
noninvasively assess fatty infiltration and fibrosis in the 
myocardium.212,213 An electrophysiology study may be 
indicated in anticipation of pacemaker/ICD implantation 
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with syncope or the above-mentioned clinical history or 
electrocardiographic abnormalities.37,79,89,206

Recommendations
1.	 Cardiology evaluation with examination, 

ECG, echocardiogram, and ambulatory elec-
trocardiographic monitoring should occur 
at the time of DM diagnosis, regardless of 
symptoms (Class I; Level of Evidence C).

2.	 DM patients with palpitations, dizziness, 
syncope, non–sinus rhythm, PR interval >240 
ms, QRS duration >120 ms, or second- or 
third-degree atrioventricular block should be 
evaluated at least annually and also consid-
ered for invasive electrophysiology study for 
possible pacemaker or ICD placement (Class 
I; Level of Evidence C).

3.	 For DM patients with normal LVEF who lack 
the features listed in recommendation 2, it is 
reasonable to reassess by examination, ECG, 
and ambulatory electrocardiographic moni-
toring annually and by echocardiogram every 
2 to 4 years (Class IIa; Level of Evidence B).

4.	 For young DM1 patients, serial exercise 
stress testing and signal-averaged ECGs may 
be considered (Class IIb; Level of Evidence B).

Cardiac Evaluation in CM
Cardiac disease in CM is rare, and given the diversity 
of clinical manifestations in the various CMs, there are 
no evidence-based data to drive guidelines. Many of 
the genes implicated in various CMs have also been de-
scribed in patients with cardiomyopathy in the absence 
of recognized NMD. Thus, it seems prudent to consider 
the following.

Recommendation
1.	 It is reasonable to perform cardiology evalu-

ation with examination, ECG, and echocar-
diogram at the time of CM diagnosis, with 
follow-up assessments determined by the 
presence or development of abnormal find-
ings or cardiac symptoms (Class IIa; Level of 
Evidence C).

MEDICATION THERAPY FOR NMDs 
WITH CARDIAC INVOLVEMENT
Data on the use of HF therapies in NMDs are gen-
erally lacking, as highlighted in a recently published 
collaborative stakeholder working group report on 
the cardiac care of patients with DMD.4 Most of the 

published pharmacological investigations of cardiac 
care in NMDs are specific to DMD and BMD, and in 
these nonrandomized, observational studies, it ap-
pears that antifibrotic therapies (eg, steroids and an-
giotensin-converting enzyme inhibitors [ACEIs]) could 
have a beneficial impact on cardiac function and mor-
tality.214–216 In the following sections, we attempt to 
provide a rationale for HF therapies that are common-
ly used in the care of patients with NMDs, describ-
ing disease-specific data on cardiovascular therapies 
where available.

ACEIs and Angiotensin Receptor Blockers
Inhibition of the renin-angiotensin-system can stabilize 
or reverse LV remodeling, with multiple studies show-
ing that ACEIs improve symptoms of HF, decrease hos-
pitalizations for HF, improve LV function, and increase 
survival for adults with symptomatic HF.217,218 As such, 
ACEIs are considered a cornerstone of treatment for HF 
with reduced EF in adults, with benefits in all New York 
Heart Association functional classifications.

Because of the clear benefits of using ACEIs after the 
development of dilated cardiomyopathy in adults, as 
well as the very high prevalence of dilated cardiomyop-
athy in DMD, a group of investigators in Paris, France, 
initiated a study of perindopril in boys with DMD and 
normal cardiac function.125 They prospectively random-
ized 57 boys 9.5 to 13 years old to receive perindo-
pril (2–4 mg/day) or placebo. Baseline entry criteria 
included LVEF >55% by radionuclide imaging, systolic 
blood pressure ≥80 mm Hg sitting or >70 mm Hg su-
pine, serum blood urea nitrogen ≤20 mg/dL, and ability 
to tolerate a 1-mg test dose of perindopril. The primary 
study endpoints were a reduction in LVEF and in the 
number of patients whose LVEF fell below 45%. After 
3 years, LVEF was <45% in a single participant in each 
arm of the study. The majority of participants contin-
ued in an open-label phase in which all received per-
indopril. At 5 years after randomization, the mean EF 
was similar in both groups. However, only 1 participant 
assigned initially to receive ACEIs had an LVEF <45% 
versus 8 assigned to placebo (P=0.02).125 The investiga-
tors continued the study to assess survival at 10 years, 
which was a prespecified secondary endpoint. Of the 
28 participants initially randomized to ACEI, 93% were 
alive at 10 years versus 66% of those who were initially 
assigned to placebo for 3 years.219 In this study, early 
versus delayed initiation of treatment with ACEIs con-
ferred a 27% absolute risk reduction in all-cause mor-
tality. All deaths were attributed to a “cardiorespiratory 
mode,” although the investigators acknowledged the 
difficulty in ascertaining a distinction from a respiratory 
or cardiac cause.

Although evidence for use of ACEI or angiotensin 
receptor blocker (ARB) therapy to delay or prevent 
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onset of dilated cardiomyopathy in NMDs other than 
DMD is lacking, extrapolation of DMD data to NMDs 
in which dilated cardiomyopathy is likely to occur is 
reasonable. Of course, for any patient with NMD and 
dilated cardiomyopathy, ACEI or ARB treatment is rec-
ommended on the basis of clinical trials showing ben-
efits in the absence of NMD.217,218

Use of an ACEI carries risks of angioedema, chronic 
cough, and other side effects that are attributable to the 
mechanism of action of this category of medications. 
Selective pharmacological blockade of the angiotensin 
receptor was developed to bypass this mechanism of 
action while still achieving favorable neurohormonal 
antagonism. In studies of symptomatic HF patients who 
did not tolerate ACEIs, the aggregate data indicate that 
ARBs are as effective as ACEIs in reducing HF morbidity 
and mortality.220 Despite enthusiasm arising from stud-
ies showing the potential benefit of ARBs in murine 
models of skeletal myopathy, use of these medications 
has not been shown to improve skeletal muscle disease 
in humans to date.221

Recommendations
1.	 The use of an ACEI or ARB in the setting of 

a reduced EF is recommended for all NMDs 
(Class I; Level of Evidence B).

2.	 The use of an ACEI or ARB before onset of 
a reduced EF in boys with DMD age ≥10 
years may be considered (Class IIb; Level of 
Evidence B).

β-Adrenergic Blockade
The recognition of cardiomyopathy leading to 
HF and arrhythmia risk from childhood through 
adulthood in various neuromuscular disorders has 
prompted the proposal that already published 
guidelines for HF management be similarly used 
in these disorders.4 Although there has been clear 
benefit in the use of β-adrenergic blockade in adult 
HF with reduced EF, this approach has not uniformly 
been applied nor routinely studied within the field 
of neuromuscular cardiology.222 Despite the larg-
est multi-institutional trial in pediatric HF failing to 
show the benefit of β-adrenergic blockade similar 
to adult HF,223 its use is generally accepted in the 
setting of HF with reduced EF. This important study 
began with pilot data from a cohort of diverse HF 
pathogeneses that included a single DMD subject; 
however, the main trial excluded NMD-associated 
cardiomyopathies.224

DMD and BMD are the most widely studied pe-
diatric NMDs with cardiomyopathy and HF pheno-
type. Over the past 2 decades, a number of stud-
ies have supported the benefit of β-adrenergic 

blockade in both symptomatic and even presymp-
tomatic HF with reduced EF in DMD/BMD cardio-
myopathy.124,126,128,225–228 Kajimoto et al128 evaluated 
the treatment response of ACEI alone compared 
with ACEI plus β-adrenergic blockade in a broad 
range of neuromuscular disorders with reduced EF 
and showed that the combination of ACEI with β-
adrenergic blockade resulted in greater improve-
ment in LV function than ACEI alone. Ogata et al228 
compared the DMD treatment response between as-
ymptomatic HF with reduced EF and symptomatic HF 
with reduced EF. The application of treatment before 
symptomatic HF resulted in a 10-year survival rate of 
72% compared with 0% for those treated after on-
set of symptomatic HF. Matsumura et al124 concluded 
in their work that β-adrenergic blockade improved 
survival from death, deterioration in HF, and severe 
arrhythmia. The average heart rate at enrollment 
and the reduction of average heart rate correlated 
with a positive change in EF.124 Thomas et al229 initial-
ly showed that boys with DMD with normal LV func-
tion but with elevated heart rate were more likely to 
progress to cardiomyopathy than those in the lower 
quartiles for heart rate. This was followed by the 
finding that autonomic dysfunction before the onset 
of HF was associated with myocardial fibrosis, which 
suggests a role for earlier treatment.173 These studies 
suggest similar benefits to those seen in adult HF, 
with improvement in LVEF and mortality, and pos-
sibly greater benefit than has been seen in pediatric 
populations of diverse HF pathogeneses.

The use of β-adrenergic blockade in patients with re-
versible airway disease has traditionally been cautioned 
against for fear of adverse respiratory events.230 More 
recent studies suggest that adverse respiratory events 
are not associated with cardioselective β-adrenergic 
blockers (eg, metoprolol) in adults.231,232 Current pediat-
ric HF management guidelines call for slow uptitration 
when β-adrenergic blockers are used.189

Unfortunately, there continue to be mixed results 
when animal models and human studies are compared. 
Blain et al233 treated 8-week-old mdx (a model of DMD) 
and Sgcd−/− (a model of LGMD) mice with β-adrenergic 
blockade. Although improvement in measures of LV 
function was observed in the mdx model, there was 
no effect on increased in vivo calcium influx and del-
eterious effects on RV function. In addition, no effect 
was seen in the Sgcd−/− model. This group had previ-
ously shown β-adrenergic blockade therapy resulted in 
improved afterload and contractility for mdx, but the 
same treatment applied to Sgcd−/− resulted in cardio-
vascular deterioration and even increased mortality to 
dobutamine challenge.234 Most recently, data on com-
bination β-adrenergic blockade and ACEI therapy in 
mdx mice showed no additive benefit to treatment with 
either alone.235
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Recommendations
1.	 Given the balance of human data regarding 

the use of β-adrenergic blockade in DMD/BMD 
and, to a lesser extent, other neuromuscular 
disorders, the use of β-adrenergic blockade in 
the setting of any NMD with a reduced EF is 
recommended (Class I; Level of Evidence B).

2.	 Without other indication (eg, arrhythmia), 
the use of β-adrenergic blockade in the 
absence of reduced EF as therapy to delay or 
prevent onset of dilated cardiomyopathy is 
currently not recommended (Class III; Level 
of Evidence C).

Mineralocorticoid Antagonists
The benefits of aldosterone blockade in adults with HF 
are well described and might be attributable to a com-
bination of decreased collagen deposition, decreased 
hypertension, decreased vascular inflammation, im-
proved endothelial function, and stabilizing repolar-
ization.236–247 Aldosterone blockade by spironolactone 
was shown to reduce all-cause mortality in adults with 
symptomatic HF by 35% when it was added to stan-
dard HF therapy in the RALES trial (Randomized Alda-
ctone Evaluation Study).248 Subsequently, eplerenone 
was found to provide a similar survival benefit in adults 
with HF caused by LV dysfunction249,250 In addition to 
improving survival and hospitalization rates, canrenone 
and spironolactone have been associated with reverse 
remodeling in adults with HF.251,252 There is extensive ex-
perience with the use of spironolactone in children as a 
potassium-sparing diuretic, and some pediatric HF spe-
cialists routinely use low-dose aldosterone blockade in 
children with symptomatic HF, extrapolating potential 
benefit from adult data.

There are emerging data to suggest that aldosterone 
blockade could be beneficial in patients with DMD. A 
study in mdx mice found that treatment with a combi-
nation of lisinopril and spironolactone preserved both 
skeletal muscle and myocardial function compared with 
untreated mice.253 A subsequent randomized, placebo-
controlled trial of boys and young men with DMD treat-
ed with background ACEI or ARB found that the addi-
tion of eplerenone resulted in better preservation of LV 
circumferential strain measured by CMR.254 Although 
it is well known that hyperkalemia is a side effect of 
aldosterone blockade, and potassium levels must be 
monitored in patients taking aldosterone antagonists, 
no hyperkalemia was noted in this trial.248,249,254 A non-
inferiority trial is ongoing to compare spironolactone 
and eplerenone in boys and young men with DMD. Al-
though these early results are promising, the relatively 
short duration of follow-up and the lack of confirma-
tory studies make their long-term benefit unknown. 

Furthermore, the age at which initiation of aldosterone 
blockade can provide benefit in the absence of ventric-
ular dysfunction is unknown.

Recommendations
1.	 Given the evidence of benefit in adults 

with symptomatic LV systolic dysfunction, 
it is reasonable to consider the use of an 
aldosterone antagonist in DMD/BMD with 
systolic dysfunction (Class IIa; Level of 
Evidence C).

2.	 Use of an aldosterone antagonist in DMD/
BMD and with preserved LV systolic function, 
particularly in those who have evidence of 
myocardial fibrosis (eg, LGE on CMR), may be 
considered (Class IIb; Level of Evidence C).

Glucocorticoids
The use of glucocorticoids to lengthen the delay to loss 
of ambulation in DMD patients is well supported by 
clinical trial and natural history study data9,255 and is the 
recommended standard-of-care treatment of DMD.7,256 
To date, a number of uncontrolled retrospective patient 
analyses have suggested that glucocorticoid treatment 
could delay or be protective against the development 
of DMD-related cardiomyopathy.17,214,215,257,258 The most 
recently published study reported an all-cause mortality 
benefit, primarily on the basis of cardiac mortality, for 
glucocorticoids in a propensity matched analysis of 86 
patients with DMD215; however, this study included pa-
tients born as early as 1972 and did not control for era, 
which raises the concern that life-extending advances 
in DMD care, including respiratory advances, could 
have confounded the results. Furthermore, others have 
found no beneficial association of glucocorticoids on 
cardiac outcomes.16,146,259 Currently, there are no data 
to support the use of glucocorticoids to improve or sta-
bilize cardiac function in other NMDs.

Recommendations
1.	 The use of glucocorticoids to slow the pro-

gression of cardiac disease in patients with 
DMD may be considered (Class IIb; Level of 
Evidence B).

2.	 The use of glucocorticoids in patients with 
other NMDs (including BMD) should be 
guided by noncardiac indications for treat-
ment (Class I; Level of Evidence C).

Diuretic Agents
Studies of diuretic therapy in adults have demonstrated 
improvement in physical signs of fluid overload, symp-
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toms of HF, exercise tolerance, and stroke volume260–263; 
however, no survival benefit has been shown, and the 
use of diuretic agents should be tempered by the po-
tential for harm by intravascular volume depletion, elec-
trolyte abnormalities that predispose to life-threatening 
arrhythmias, and increased levels of renin, angiotensin 
II, and aldosterone.43,264–267 Because the use of diuretic 
agents for children with HF associated with NMD is 
similar to use for other pediatric HF indications, our 
recommendations are in line with recent pediatric HF 
guidelines.189

Recommendation
1.	 Patients with NMD and fluid retention asso-

ciated with ventricular dysfunction should 
be treated with diuretic agents to achieve a 
euvolemic state (Class I; Level of Evidence C).

Anticoagulation
Neither clinical experience nor the literature suggests 
that children with NMDs have a higher incidence or 
risk of venous or systemic thromboembolism; howev-
er, certain NMDs are associated with systolic ventricu-
lar dysfunction or arrhythmias, such as atrial flutter or 
fibrillation, which could be indications for the use of 
anticoagulation or antiplatelet agents.189,268,269 Also, pa-
tients with BTHS may be at increased risk of systemic 
arterial thromboembolism related to ventricular non-
compaction phenotype.270,271

Adults with low EF are known to be at increased 
risk of intracardiac thrombus formation with throm-
boembolism. The risk of thrombus ranges from 1.4% 
to 4.2% per 100 patient-years or 1% to 3% per year 
(depending on the study), and echocardiographic evi-
dence of intracardiac thrombus has not correlated with 
the rate of embolism.272–276 The hypercoagulable state 
found in HF is attributable to a combination of stasis, 
platelet activation, increased blood viscosity, and in-
creased fibrinolytic activity.277–279 Studies of adults in 
sinus rhythm with HF and systolic LV dysfunction have 
not shown a clear difference in the incidence of stroke 
when warfarin and aspirin were compared to warfarin 
alone.280–283 There are no similar prospective data avail-
able in children with systolic ventricular dysfunction, 
and the true risk of thromboembolism is unknown, re-
gardless of NMD status.284–291

It is well established that thrombosis prevention is 
indicated in adults with AF/atrial flutter in the absence 
of ventricular dysfunction, and extremely detailed risk-
based guidelines for anticoagulation in AF/atrial flut-
ter exist205; however, data in children and those with 
NMDs are lacking. A study of arrhythmias in NMD de-
scribed AF/atrial flutter in 139 patients with laminopa-
thy (lamin A/C), MFM, DM1 and DM2, DMD, BMD, 

EDMD, LGMD, or facioscapulohumeral muscular dys-
trophy.292 Stroke or embolism was observed in 6.5% 
of the patients, none of whom were undergoing oral 
anticoagulation therapy before stroke, and the authors 
suggested that oral anticoagulation is only indicated 
for NMD patients who also meet an additional risk fac-
tor (eg, HF, prior stoke or transient ischemic attack, hy-
pertension).292 This would appear to be at odds with 
recommendations for anticoagulation in patients with 
AF/atrial flutter.

Recommendations
1.	 Aspirin or low-dose anticoagulation therapy 

may be considered for patients with BTHS 
and noncompaction phenotype (Class IIb; 
Level of Evidence C).

2.	 Thrombosis prophylaxis in children with 
NMDs, normal systolic ventricular function, 
and AF/atrial flutter may be considered, with 
type of therapy determined based on the 
individual patient’s thrombosis risk (Class IIb; 
Level of Evidence C).

3.	 Anticoagulation or antiplatelet therapy is 
not recommended for patients without a his-
tory of arrhythmia who have NMDs in which 
cardiac involvement commonly manifests as 
arrhythmia (Class III; Level of Evidence C).

Antiarrhythmic Drugs in NMDs
Aside from the caveat that class I, II, or IV antiarrhyth-
mic agents can increase peripheral muscular weak-
ness,293 the use of antiarrhythmic drugs in patients with 
NMDs is the same as for patients without NMDs. Treat-
ment decisions should be tailored to the unique clinical 
circumstances of each patient, with consideration of 
any coexisting conduction abnormalities or myocardial 
dysfunction.294,295

OTHER THERAPIES AND 
CONSIDERATIONS FOR NMD-
ASSOCIATED CARDIAC DISEASE
Exercise, Physical Therapy, and Weight
In addition to the variety of cardiac involvement out-
lined above, poor cardiorespiratory endurance is com-
mon in patients with NMD, and the capacity to re-
spond to aerobic training is not clear. For some NMDs, 
there exists a cycle in which gradual loss of strength 
leads to a sedentary lifestyle, which leads to decon-
ditioning and further intolerance or disincentive for 
activity.296 At least 2 small studies have suggested 
that patients with progressive NMDs are at increased 
risk of adiposity because of reduced physical activity  

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024



Cardiac Involvement in Neuromuscular Diseases

Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526� September 26, 2017 e217

CLINICAL STATEM
ENTS  

AND GUIDELINES

and multiple cardiovascular and metabolic risk fac-
tors.297,298 Although physical activity is well recognized to 
maintain cardiovascular and metabolic health in the gen-
eral population,299 as well as in certain populations with 
heart disease, including HF patients,300 the impact of exer-
cise in patients with NMDs is unknown. Furthermore, the 
role of strengthening exercises is controversial in progres-
sive NMD because of concern about precipitating muscle 
breakdown. Current consensus is that submaximal effort 
strengthening regimens, designed to avoid disuse atrophy 
while preventing exercise-induced muscle injury and dis-
ease progression, are probably safe and appropriate.301,302 
Wright et al296 examined the effects of a 12-week walk-
ing program in adults with slowly progressive NMD and 
found that walking 15 to 30 minutes 3 to 4 days a week 
at 50% to 60% of heart rate reserve produced very mod-
est but statistically significant decreases in submaximal 
heart rate and systolic blood pressure. Whether such ex-
ercise is capable of producing meaningful benefits to 
significantly impact the trajectory of cardiac involve-
ment in patients with NMDs is not known.

Assisted Ventilation
Advances in management of respiratory muscle weak-
ness and ventilation have undoubtedly improved surviv-
al for patients with DMD and likely for those with other 
NMDs.14,18 Whether these advances positively impact 
NMD-associated HF or arrhythmia is unknown. NMDs 
can result in restrictive lung disease, with elevation in 
pulmonary artery pressure attributable to thoracic cage 
deformities or respiratory muscle weakness.303 Several 
studies have shown a correlation between the sever-
ity of sleep-disordered breathing and cor pulmonale in 
NMD patients who demonstrate alveolar hypoventila-
tion during sleep.304,305 Although no prospective stud-
ies have addressed the issue, resolution of hypoxemia 
and noninvasive positive-pressure ventilation appear to 
improve cor pulmonale in patients with restrictive lung 
disease.306 Furthermore, the possible benefit on HF of 
alleviating central sleep apnea is an area of active inves-
tigation. Central sleep apnea with Cheyne-Stokes res-
piration is common in adults with HF and is associated 
with ventricular arrhythmias and sympathetic nervous 
system activation.307–309 Supplemental analysis of a ran-
domized, controlled clinical trial of 258 HF patients with 
central sleep apnea and no NMD showed that effective 
continuous positive-pressure ventilation is associated 
with increases in LVEF and improved heart-transplant 
free survival310; however, a more recent prospective ran-
domized trial testing the efficacy of adaptive servo-ven-
tilation for central sleep apnea in HF with reduced EF 
showed that this therapy was associated with increased 
mortality.311 Further investigation of the cardiac impacts 
of continuous positive-pressure ventilation in this popu-
lation is warranted.

Finally, the role of spinal surgery for the correction of 
scoliosis in patients with NMD and associated thoracic 
rib cage/restrictive lung disease is an area of uncer-
tainty, and the application of these technologies for the 
benefit of cardiac involvement is premature. A recent 
Cochrane database review concluded that no evidence-
based recommendation can be made for spinal surgery 
in DMD because of the lack of randomized, controlled 
clinical trials.312 Although studies have reported poten-
tial advantages of spinal surgery, including increased 
comfort and sitting tolerance, cosmetic improvement, 
and pain relief,313–316 there is no clearly demonstrated 
effect of spinal fusion on the natural deterioration of 
respiratory function in DMD.316–321 There is also debate 
about improvements in life expectancy, with both lower 
mortality and no difference in mortality after spinal sur-
gery for DMD having been reported.317,318,321,322

Cardioverter-Defibrillator and 
Resynchronization Therapy
In patients with nonischemic cardiomyopathy, standard 
criteria for primary ICD therapy include class II or III HF 
with LVEF of ≤35% despite medical therapy.21 At pres-
ent, there are no national guidelines that support ICD 
implantation using other criteria.21 Because the inci-
dence of ventricular arrhythmias and sudden death is 
relatively high in certain forms of NMD (DMD, BMD, 
EDMD, DM1, FA, LGMD1B), some have proposed a 
broader application of ICD therapy.323 In some NMDs, 
risk factors for sudden death have been elucidated. For 
example, in LGMD1B and EDMD, risk factors include 
nonsustained ventricular tachycardia, EF <45%, male 
sex, and lamin A/C mutation.324,325 For individuals with 
the LMNA mutation who require a pacemaker, place-
ment of an ICD instead, regardless of EF, is indicat-
ed.188,191 Female carriers of X-linked EDMD are also at 
risk of sudden death, usually later in life,21 as are some 
patients with advanced DMD and BMD. Thus, these 
high-risk patients can be considered for ICD therapy 
despite the absence of the usual criteria. However, the 
risks of psychological harm and procedural or device-
related complications (eg, inappropriate discharge) and 
the consensus guideline recommendations against ICD 
placement in the context of terminal illness or limited 
life expectancy326 mandate a thoughtful and individu-
alized discussion before placement of an ICD in any 
patient with NMD.327 There can also be confounding 
issues presented by the extent of the neuromuscular 
disorder. The presence of severe kyphoscoliosis and 
respiratory muscle weakness could increase the risks 
associated with ICD placement in the patient with ad-
vanced DMD.4

Because conduction system disease and the need for 
right ventricular pacing frequently accompany severe LV 
dysfunction in advanced NMD, biventricular pacing or 
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resynchronization therapy may be an option, particu-
larly in DMD or BMD.20,328 To date, there are only a few 
case reports of benefit with cardiac resynchronization 
therapy in DMD,329,330 BMD,331 and DM1.332,333

Recommendation
1.	 It is reasonable to consider ICD placement in 

select NMD patients, particularly in NMDs in 
which arrhythmia may be a predominant fea-
ture (DMD, BMD, EDMD, DM1, FA, LGMD1B), 
after thoughtful discussion and decision mak-
ing, which should be individualized and based 
on the overall medical status and options for 
management (Class IIa; Level of Evidence C).

End-Stage HF
The role of mechanical circulatory support (MCS) for 
patients with NMDs has not yet been well defined. At 
present, there are only a handful of reports on the use 
of ventricular assist devices in patients with NMDs.334–

339 These reports acknowledge that perioperative risk is 
likely to be higher than in the general population be-
cause of concomitant skeletal muscle weakness or re-
strictive lung disease.334–339 Before durable MCS place-
ment, careful consideration must also be given to how 
atypical thoracic anatomy attributable to kyphoscolio-
sis in some NMDs might impact device selection and 
positioning, as well as the potential need for invasive 
pulmonary support with tracheostomy and reliable de-
livery of nutrition via permanent gastrostomy tube after 
durable MCS placement. Finally, the significant burden 
that outpatient MCS places on caregivers should be 
contemplated before placement.

Individuals with advanced NMD have typically not 
been considered candidates for cardiac transplanta-
tion out of concern that the multiple morbidities of 
advanced NMD (eg, respiratory insufficiency, dyspha-
gia, sedentariness) unacceptably limit the benefits or 
increase the risks of transplantation.340 However, cases 
of successful heart transplantation have been reported 
for patients with BMD, LGMD, EDMD, BTHS, and DM, 
in which cardiomyopathy can be disproportionally se-
vere relative to skeletal and respiratory muscle impair-
ment.60,337,341–347

The use of home inotropic support can be consid-
ered in patients with end-stage HF who are not can-
didates for MCS or heart transplantation. The use of 
home inotropic therapy might be an option for some 
patients with end-stage HF who are not candidates 
for other therapies, because this approach can allevi-
ate symptoms and allow for hospital discharge.222,348–350 
Adult patients with NMD with end-stage HF should be 
managed on the basis of existing guideline recommen-
dations with appropriate treatment of comorbidities.

Recommendations
1.	 Durable MCS may be considered in carefully 

selected patients with NMD and end-stage 
HF as a bridge to cardiac transplantation or 
as destination therapy (Class IIb; Level of 
Evidence: C).

2.	 Cardiac transplantation may be considered 
in carefully selected patients with NMD and 
end-stage HF despite appropriate therapies 
(Class IIb; Level of Evidence C).

3.	 The use of home parenteral inotropic ther-
apy may be considered for treatment of care-
fully selected patients with NMD as palliative 
therapy for symptom control in the setting 
of stage D HF despite optimal management 
(Class IIb; Level of Evidence C).

Transition of Care
Transition of patients with special healthcare needs 
from pediatric to adult care providers is now recog-
nized as an essential step in the management of ado-
lescents and young adults.351,352 Approximately 750 000 
children with special healthcare needs in the United 
States transition to adult care annually, and <50% 
receive adequate support and the services needed to 
realize an effective transition.353–355 Early development 
of staged and timely transition processes and programs 
geared toward education, and modifiable for individ-
ualized patient diagnosis and complicit concerns, is 
greatly needed.356–360 It is recommended that education 
through accurate dissemination of information begin 
at an early stage in the patient healthcare process and 
directly involve caregivers, providers, support staff, and 
the patient.351,361–363 Patients with NMDs are likely to 
benefit from a coordinator-directed, multidisciplinary 
team approach, which can provide important support 
in negotiating communication gaps between providers 
and enable a systematic clinical transition and educa-
tion process on health, adult care providers, facilities, 
and financial and medical resources.351,353,358,364,365

Supportive Care
Patients with severe forms of NMD are now living well 
into adulthood, resulting in previously unstudied man-
agement considerations. Populations with NMDs may 
have significant symptom burden, including chronic 
pain, fatigue, dyspnea, and edema. Treatment strate-
gies to address cardiac symptoms in NMD patients may 
include complex decision making for the patient, fam-
ily, and healthcare providers. In this context, palliative 
care specialists can be an invaluable resource in facili-
tating complex decision making and ensuring access to 
appropriate resources for the planned path of care.366
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The integration of palliative care can occur at any 
point during the course of a chronic illness such as 
NMD and can be used throughout the entire course of 
care.367 Palliative and supportive care are recommended 
in the effective care of advanced symptomatic HF and 
NMD, because such interventions are associated with 
improved quality of life in heterogeneous HF popula-
tions.222 The integration of palliative care into compre-
hensive NMD management can alleviate suffering and 
may prolong life.368 Palliative care should be considered 
for those patients with NMD who are admitted with HF, 
especially those with multiple admissions for HF, given 
the progressive nature of both diseases and significant 
morbidity and mortality secondary to symptomatic 
HF.369,370 Palliative care should be included in the evalua-
tion of all patients being considered for MCS or cardiac 
transplantation.222,371

Palliative care should also be involved in advance 
care planning and the development of advance care 
directives. A combination of the HF and palliative care 
teams is typically best positioned to assist families in 
making decisions regarding end-of-life care. For those 
patients receiving destination therapy MCS, patient 
and family preferences for end-of-life issues should 
be included in the palliative care discussion.371 End-of-
life issues should be discussed with a patient-centered 
approach and should include treatment goal clarifica-
tion and advance care planning or development of ad-
vance directives. In those patients receiving MCS, there 
should also be discussion about future device disable-
ment.372,373 These discussions should be revisited peri-
odically, because patient and family views can change 
through the course of the disease. In the United States, 
patients with end-stage HF may be considered for hos-
pice services.374 Hospice care is frequently underused, 
but a referral to hospice may be appropriate for pa-
tients with a short life expectancy.

Recommendations
1.	 Palliative and supportive care is recom-

mended for patients with NMD and signifi-
cant heart disease, including those receiving 
advanced HF treatments such as MCS or 
transplantation, and should be instituted 
early in the course of management (Class I; 
Level of Evidence C).

2.	 The multidisciplinary team, including pallia-
tive and supportive care, should discuss end-
of-life issues, including advance directives 
and a living will, before MCS implantation in 
adults (and appropriate adolescent patients) 
with NMD and end-stage HF (Class I; Level of 
Evidence C).

3.	 It is reasonable to consider hospice care for 
all NMD patients with significant HF with 

a life expectancy of <6 months (Class IIa; 
Level of Evidence C).

SUMMARY AND FUTURE DIRECTIONS
The continued improvement in survival and quality of 
life for individuals with NMD over the past several de-
cades has been astounding; however, cardiac impair-
ment represents a major obstacle to further improve-
ments. As such, it is critical that the cardiac community 
devote resources to enhancing cardiac outcomes in this 
population. These advances can occur through mecha-
nistic studies, pooling of data through registries, ad-
herence to proven therapeutic interventions, and pro-
spective trials. There are several key topics that require 
particular attention. These focus areas include the role 
of glucocorticoids in myocardial protection in DMD, the 
optimal timing for use of standard HF medications to 
prevent or delay the onset of myocardial impairment in 
NMD, the clinical impact of myocardial fibrosis in vari-
ous NMD states, and the utility and ethics of advanced 
therapies such as implantable defibrillators, MCS, and 
cardiac transplantation in advanced HF secondary to 
NMD. Furthermore, advances in understanding of dis-
ease- and mutation-specific pathogenesis are vitally im-
portant to the goal of care recommendations that are 
tailored precisely to each specific NMD and are proven 
to be beneficial.

FOOTNOTES
The American Heart Association makes every effort to avoid 
any actual or potential conflicts of interest that may arise 
as a result of an outside relationship or a personal, profes-
sional, or business interest of a member of the writing panel. 
Specifically, all members of the writing group are required to 
complete and submit a Disclosure Questionnaire showing all 
such relationships that might be perceived as real or potential 
conflicts of interest.

This statement was approved by the American Heart As-
sociation Science Advisory and Coordinating Committee on 
March 15, 2017, and the American Heart Association Execu-
tive Committee on April 17, 2017. A copy of the document is 
available at http://professional.heart.org/statements by using 
either “Search for Guidelines & Statements” or the “Browse 
by Topic” area. To purchase additional reprints, call 843-216-
2533 or e-mail kelle.ramsay@wolterskluwer.com.

The American Heart Association requests that this docu-
ment be cited as follows: Feingold B, Mahle WT, Auerbach S, 
Clemens P, Domenighetti AA, Jefferies JL, Judge DP, Lal AK, 
Markham LW, Parks WJ, Tsuda T, Wang PJ, Yoo S-J; on be-
half of the American Heart Association Pediatric Heart Failure 
Committee of the Council on Cardiovascular Disease in the 
Young; Council on Clinical Cardiology; Council on Cardio-
vascular Radiology and Intervention; Council on Functional 
Genomics and Translational Biology; and Stroke Council. 
Management of cardiac involvement associated with neuro-

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024

mailto:kelle.ramsay@wolterskluwer.com


Feingold et al

September 26, 2017� Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526e220

muscular diseases: a scientific statement from the American 
Heart Association. Circulation. 2017;136:e200–e231. DOI: 
10.1161/CIR.0000000000000526.

Expert peer review of AHA Scientific Statements is conduct-
ed by the AHA Office of Science Operations. For more on AHA 
statements and guidelines development, visit http://professional.
heart.org/statements. Select the “Guidelines & Statements” 
drop-down menu, then click “Publication Development.”

Permissions: Multiple copies, modification, alteration, en-
hancement, and/or distribution of this document are not permit-
ted without the express permission of the American Heart Asso-
ciation. Instructions for obtaining permission are located at http://
www.heart.org/HEARTORG/General/Copyright-Permission-
Guidelines_UCM_300404_Article.jsp. A link to the “Copyright 
Permissions Request Form” appears on the right side of the page.

Circulation is available at http://circ.ahajournals.org

DISCLOSURES
Writing Group Disclosures

Writing Group 
Member Employment

Research 
Grant

Other 
Research 
Support

Speakers’ 
Bureau/ 

Honoraria
Expert 

Witness
Ownership 

Interest
Consultant/ 

Advisory Board Other

Brian Feingold Children’s Hospital of 
Pittsburgh of UPMC

None None None None None Stealth 
Biotherapeutics*

None

William T. 
Mahle

Emory University School of 
Medicine

None None None None None None None

Scott Auerbach University of Colorado School 
of Medicine, Children’s Hospital 

Colorado Heart Institute

None None None None None None None

Paula Clemens University of Pittsburgh None None None None None None None

Andrea A. 
Domenighetti

Rehabilitation Institute of 
Chicago

None None None None None None None

John L. Jefferies Cincinnati Children’s Hospital 
Medical Center/Heart Institute

None None None None None None None

Daniel P. Judge Johns Hopkins University 
School of Medicine Center for 

Inherited Heart Disease

None None None None None Invitae*; 
MyoKardia*; 

Alnylam*; 
GlaxoSmithKline*

None

Ashwin K. Lal University of Utah Novartis* None None None Gilead† None None

Larry W. 
Markham

Vanderbilt University School of 
Medicine

Fighting 
DMD†

None None None None None None

W. James Parks Emory University School of 
Medicine

None None None None None None None

Takeshi Tsuda Nemours Cardiac Center and 
Nemours Biomedical Research, 
Alfred I. duPont Hospital for 
Children Center for Cardiac 

Research

None None None None None None None

Paul J. Wang Stanford University School of 
Medicine

None None None None None None None

Shi-Joon Yoo Hospital for Sick Children None None None None 3D HOPE 
Medical*; 
IMIB-CHD 

(International 
Medical Image 

Bank for 
Congenital Heart 
Diseases)*; 3D 

PrintHeart*

None None

This table represents the relationships of writing group members that may be perceived as actual or reasonably perceived conflicts of interest as reported on 
the Disclosure Questionnaire, which all members of the writing group are required to complete and submit. A relationship is considered to be “significant” if 
(a) the person receives $10 000 or more during any 12-month period, or 5% or more of the person’s gross income; or (b) the person owns 5% or more of the 
voting stock or share of the entity, or owns $10 000 or more of the fair market value of the entity. A relationship is considered to be “modest” if it is less than 
“significant” under the preceding definition.

*Modest.
†Significant.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024



Cardiac Involvement in Neuromuscular Diseases

Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526� September 26, 2017 e221

CLINICAL STATEM
ENTS  

AND GUIDELINES

REFERENCES
	 1.	 Bach JR, Ishikawa Y, Kim H. Prevention of pulmonary morbidity for pa-

tients with Duchenne muscular dystrophy. Chest. 1997;112:1024–1028.
	 2.	 Ambrosino N, Carpenè N, Gherardi M. Chronic respiratory care for 

neuromuscular diseases in adults. Eur Respir J. 2009;34:444–451. doi: 
10.1183/09031936.00182208.

	 3.	 Passamano L, Taglia A, Palladino A, Viggiano E, D’Ambrosio P, Scutifero 
M, Rosaria Cecio M, Torre V, DE Luca F, Picillo E, Paciello O, Piluso G, Nigro 
G, Politano L. Improvement of survival in Duchenne muscular dystrophy: 
retrospective analysis of 835 patients. Acta Myol. 2012;31:121–125.

	 4.	 McNally EM, Kaltman JR, Benson DW, Canter CE, Cripe LH, Duan D, 
Finder JD, Groh WJ, Hoffman EP, Judge DP, Kertesz N, Kinnett K, Kirsch R, 
Metzger JM, Pearson GD, Rafael-Fortney JA, Raman SV, Spurney CF, Tar-
gum SL, Wagner KR, Markham LW; Working Group of the National Heart, 
Lung, and Blood Institute; Parent Project Muscular Dystrophy. Contempo-
rary cardiac issues in Duchenne muscular dystrophy [published correction 
appears in Circulation. 2015;131:e539]. Circulation. 2015;131:1590–
1598. doi: 10.1161/CIRCULATIONAHA.114.015151.

	 5.	 Chien KR. Genotype, phenotype: upstairs, downstairs in the fam-
ily of cardiomyopathies [published correction appears in J Clin Invest. 
2003;11:1433]. J Clin Invest. 2003;111:175–178. doi: 10.1172/JCI17612.

	 6.	 Bushby K. Diagnosis and management of the limb girdle muscular dystro-
phies. Pract Neurol. 2009;9:314–323. doi: 10.1136/jnnp.2009.193938.

	 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, Con-
stantin C; DMD Care Considerations Working Group. Diagnosis and man-
agement of Duchenne muscular dystrophy, part 1: diagnosis, and pharma-
cological and psychosocial management. Lancet Neurol. 2010;9:77–93. 
doi: 10.1016/S1474-4422(09)70271-6.

	 8.	 Mah JK, Korngut L, Dykeman J, Day L, Pringsheim T, Jette N. A system-
atic review and meta-analysis on the epidemiology of Duchenne and 

Becker muscular dystrophy. Neuromuscul Disord. 2014;24:482–491. doi: 
10.1016/j.nmd.2014.03.008.

	 9.	 Griggs RC, Moxley RT 3rd, Mendell JR, Fenichel GM, Brooke MH, Pestronk 
A, Miller JP; Clinical Investigation of Duchenne Dystrophy Group. Predni-
sone in Duchenne dystrophy: a randomized, controlled trial defining the 
time course and dose response. Arch Neurol. 1991;48:383–388.

	10.	 Engel AG, Ozawa E. Dystrophinopathies. In: Engel AG, Franzini-Arm-
strong C, eds. Myology. New York, NY: McGraw-Hill; 2004:961–1025.

	11.	 Mazur W, Hor KN, Germann JT, Fleck RJ, Al-Khalidi HR, Wansapura JP, 
Chung ES, Taylor MD, Jefferies JL, Benson DW, Gottliebson WM. Patterns 
of left ventricular remodeling in patients with Duchenne Muscular Dys-
trophy: a cardiac MRI study of ventricular geometry, global function, and 
strain. Int J Cardiovasc Imaging. 2012;28:99–107. doi: 10.1007/s10554-
010-9781-2.

	12.	 Mehmood M, Hor KN, Al-Khalidi HR, Benson DW, Jefferies JL, Taylor 
MD, Egnaczyk GF, Raman SV, Basu SK, Cripe LH, Germann J, Mazur W. 
Comparison of right and left ventricular function and size in Duchenne 
muscular dystrophy. Eur J Radiol. 2015;84:1938–1942. doi: 10.1016/j.
ejrad.2015.07.007.

	13.	 Connuck DM, Sleeper LA, Colan SD, Cox GF, Towbin JA, Lowe AM, 
Wilkinson JD, Orav EJ, Cuniberti L, Salbert BA, Lipshultz SE; Pediatric Car-
diomyopathy Registry Study Group. Characteristics and outcomes of car-
diomyopathy in children with Duchenne or Becker muscular dystrophy: a 
comparative study from the Pediatric Cardiomyopathy Registry. Am Heart 
J. 2008;155:998–1005. doi: 10.1016/j.ahj.2008.01.018.

	14.	 Eagle M, Baudouin SV, Chandler C, Giddings DR, Bullock R, Bushby K. Sur-
vival in Duchenne muscular dystrophy: improvements in life expectancy 
since 1967 and the impact of home nocturnal ventilation. Neuromuscul 
Disord. 2002;12:926–929.

	15.	 Nigro G, Comi LI, Politano L, Bain RJ. The incidence and evolution 
of cardiomyopathy in Duchenne muscular dystrophy. Int J Cardiol. 
1990;26:271–277.

Reviewer Disclosures

Reviewer Employment Research Grant

Other 
Research 
Support

Speakers’ 
Bureau/ 

Honoraria
Expert 

Witness
Ownership 

Interest

Consultant/ 
Advisory 

Board Other

D. Woodrow 
Benson

Children’s Hospital 
of Wisconsin

None None None None None None None

Linda H. 
Cripe

Nationwide 
Children’s Hospital

None None None None None None None

William R. 
Thompson

Johns Hopkins 
University

Sarepta Therapeutics, Inc (site co-
investigator on an open-label, multicenter, 
48-week study with concurrent untreated 
control arm to evaluate the efficacy and 

safety of eteplirsen in Duchenne muscular 
dystrophy)*; Pfizer, Inc (site co-investigator 
on a phase 2 randomized, double-blind, 
placebo-controlled, multiple ascending 

dose study to evaluate the safety, efficacy, 
pharmacokinetics, and pharmacodynamics 
of PF-06252616 in ambulatory boys with 
Duchenne muscular dystrophy)*; Akashi 
Therapeutics, LLC (site co-investigator 

on HT-100 long-term safety and 
pharmacodynamics in patients with DMD 

who have completed protocols HALO-
DMD-01 AND HALO-DMD-02 [HALO-
DMD-03])*; BioMarin Pharmaceutical 

Inc (site co-investigator on an open-label 
extension study of the long-term safety, 
tolerability and efficacy of drisapersen 
in subjects with Duchenne muscular 

dystrophy [BMN-051-302])*

None None None None None None

This table represents the relationships of reviewers that may be perceived as actual or reasonably perceived conflicts of interest as reported on the Disclosure 
Questionnaire, which all reviewers are required to complete and submit. A relationship is considered to be “significant” if (a) the person receives $10 000 or more 
during any 12-month period, or 5% or more of the person’s gross income; or (b) the person owns 5% or more of the voting stock or share of the entity, or owns 
$10 000 or more of the fair market value of the entity. A relationship is considered to be “modest” if it is less than “significant” under the preceding definition.

*Modest.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024



Feingold et al

September 26, 2017� Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526e222

	16.	 Spurney C, Shimizu R, Morgenroth LP, Kolski H, Gordish-Dressman H, Cle-
mens PR; CINRG Investigators. Cooperative International Neuromuscular 
Research Group Duchenne Natural History Study demonstrates insuffi-
cient diagnosis and treatment of cardiomyopathy in Duchenne muscular 
dystrophy. Muscle Nerve. 2014;50:250–256. doi: 10.1002/mus.24163.

	17.	 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. doi: 10.1016/j.jpeds.2013.05.060.

	18.	 Bushby K, Finkel R, Birnkrant DJ, Case LE, Clemens PR, Cripe L, Kaul A, Kin-
nett 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 multidisci-
plinary care [published correction appears in Lancet Neurol. 2010;9:237]. 
Lancet Neurol. 2010;9:177–189. doi: 10.1016/S1474-4422(09)70272-8.

	19.	 Nigro G, Comi LI, Politano L, Limongelli FM, Nigro V, De Rimini ML, Gi-
ugliano MA, Petretta VR, Passamano L, Restucci B, Fattore L, Tebloev K, 
Comi L, De Luca F, Raia P, Esposito MG. Evaluation of the cardiomyopa-
thy in Becker muscular dystrophy. Muscle Nerve. 1995;18:283–291. doi: 
10.1002/mus.880180304.

	20.	 Romfh A, McNally EM. Cardiac assessment in Duchenne and Becker mus-
cular dystrophies. Curr Heart Fail Rep. 2010;7:212–218. doi: 10.1007/
s11897-010-0028-2.

	21.	 Groh WJ. Arrhythmias in the muscular dystrophies. Heart Rhythm. 
2012;9:1890–1895. doi: 10.1016/j.hrthm.2012.06.038.

	22.	 Villa CR, Czosek RJ, Ahmed H, Khoury PR, Anderson JB, Knilans TK, Jeffer-
ies JL, Wong B, Spar DS. Ambulatory monitoring and arrhythmic outcomes 
in pediatric and adolescent patients with Duchenne muscular dystrophy.  
J Am Heart Assoc. 2015;5:e002620. doi: 10.1161/JAHA.115.002620.

	23.	 Chiang DY, Allen HD, Kim JJ, Valdes SO, Wang Y, Pignatelli RH, Lotze TE, 
Miyake CY. Relation of cardiac dysfunction to rhythm abnormalities in 
patients with Duchenne or Becker muscular dystrophies. Am J Cardiol. 
2016;117:1349–1354. doi: 10.1016/j.amjcard.2016.01.031.

	24.	 Wicklund MP, Kissel JT. The limb-girdle muscular dystrophies. Neurol Clin. 
2014;32:729–749, ix. doi: 10.1016/j.ncl.2014.04.005.

	25.	 Pegoraro E, Hoffman EP. Limb-girdle muscular dystrophy overview. June 
8, 2000. In: Pagon RA, Adam MP, Ardinger HH, Wallace SE, Amemiya 
A, Bean LJH, Bird TD, Dolan CR, Fong CT, Smith RJH, Stephens K, eds. 
GeneReviews®. Seattle, WA: University of Washington, Seattle; 1993–
2017. https://www.ncbi.nlm.nih.gov/books/NBK1408/. Updated August 
30, 2012. Accessed August 3, 2017.

	26.	 van der Kooi AJ, Barth PG, Busch HF, de Haan R, Ginjaar HB, van Essen AJ, 
van Hooff LJ, Höweler CJ, Jennekens FG, Jongen P, Oosterhuis HJ, Padberg 
GW, Spaans F, Wintzen AR, Wokke JH, Bakker E, van Ommen GJ, Bolhuis 
PA, de Visser M. The clinical spectrum of limb girdle muscular dystrophy: 
a survey in The Netherlands. Brain. 1996;119(pt 5):1471–1480.

	27.	 Urtasun M, Sáenz A, Roudaut C, Poza JJ, Urtizberea JA, Cobo AM, Rich-
ard I, García Bragado F, Leturcq F, Kaplan JC, Martí Massó JF, Beckmann 
JS, López de Munain A. Limb-girdle muscular dystrophy in Guipúzcoa 
(Basque Country, Spain). Brain. 1998;121(pt 9):1735–1747.

	28.	 Mathews KD, Moore SA. Limb-girdle muscular dystrophy. Curr Neurol 
Neurosci Rep. 2003;3:78–85.

	29.	 Lim LE, Campbell KP. The sarcoglycan complex in limb-girdle muscular 
dystrophy. Curr Opin Neurol. 1998;11:443–452.

	30.	 Nigro V. Molecular bases of autosomal recessive limb-girdle muscular dys-
trophies. Acta Myol. 2003;22:35–42.

	31.	 Guglieri M, Magri F, D’Angelo MG, Prelle A, Morandi L, Rodolico C, Ca-
gliani R, Mora M, Fortunato F, Bordoni A, Del Bo R, Ghezzi S, Pagliarani 
S, Lucchiari S, Salani S, Zecca C, Lamperti C, Ronchi D, Aguennouz M, 
Ciscato P, Di Blasi C, Ruggieri A, Moroni I, Turconi A, Toscano A, Moggio 
M, Bresolin N, Comi GP. Clinical, molecular, and protein correlations in a 
large sample of genetically diagnosed Italian limb girdle muscular dystro-
phy patients. Hum Mutat. 2008;29:258–266. doi: 10.1002/humu.20642.

	32.	 Brown SC, Torelli S, Brockington M, Yuva Y, Jimenez C, Feng L, Anderson 
L, Ugo I, Kroger S, Bushby K, Voit T, Sewry C, Muntoni F. Abnormalities in 
alpha-dystroglycan expression in MDC1C and LGMD2I muscular dystro-
phies. Am J Pathol. 2004;164:727–737.

	33.	 Mercuri E, Brockington M, Straub V, Quijano-Roy S, Yuva Y, Herrmann R, 
Brown SC, Torelli S, Dubowitz V, Blake DJ, Romero NB, Estournet B, Sewry 
CA, Guicheney P, Voit T, Muntoni F. Phenotypic spectrum associated with 
mutations in the fukutin-related protein gene. Ann Neurol. 2003;53:537–
542. doi: 10.1002/ana.10559.

	34.	 Wicklund MP, Hilton-Jones D. The limb-girdle muscular dystrophies: 
genetic and phenotypic definition of a disputed entity. Neurology. 
2003;60:1230–1231.

	35.	 D’Amico A, Petrini S, Parisi F, Tessa A, Francalanci P, Grutter G, Santorelli 
FM, Bertini E. Heart transplantation in a child with LGMD2I presenting as 
isolated dilated cardiomyopathy. Neuromuscul Disord. 2008;18:153–155. 
doi: 10.1016/j.nmd.2007.09.013.

	36.	 Norwood F, de Visser M, Eymard B, Lochmüller H, Bushby K; EFNS Guide-
line Task Force. EFNS guideline on diagnosis and management of limb 
girdle muscular dystrophies. Eur J Neurol. 2007;14:1305–1312. doi: 
10.1111/j.1468-1331.2007.01979.x.

	37.	 Hermans MC, Pinto YM, Merkies IS, de Die-Smulders CE, Crijns HJ, Faber 
CG. Hereditary muscular dystrophies and the heart. Neuromuscul Disord. 
2010;20:479–492. doi: 10.1016/j.nmd.2010.04.008.

	38.	 Bione S, Maestrini E, Rivella S, Mancini M, Regis S, Romeo G, Toniolo D. 
Identification of a novel X-linked gene responsible for Emery-Dreifuss mus-
cular dystrophy. Nat Genet. 1994;8:323–327. doi: 10.1038/ng1294-323.

	39.	 Gueneau L, Bertrand AT, Jais JP, Salih MA, Stojkovic T, Wehnert M, Hoelt-
zenbein M, Spuler S, Saitoh S, Verschueren A, Tranchant C, Beuvin M, 
Lacene E, Romero NB, Heath S, Zelenika D, Voit T, Eymard B, Ben Yaou 
R, Bonne G. Mutations of the FHL1 gene cause Emery-Dreifuss mus-
cular dystrophy. Am J Hum Genet. 2009;85:338–353. doi: 10.1016/j.
ajhg.2009.07.015.

	40.	 Bonne G, Di Barletta MR, Varnous S, Bécane HM, Hammouda EH, Merlini 
L, Muntoni F, Greenberg CR, Gary F, Urtizberea JA, Duboc D, Fardeau M, 
Toniolo D, Schwartz K. Mutations in the gene encoding lamin A/C cause 
autosomal dominant Emery-Dreifuss muscular dystrophy. Nat Genet. 
1999;21:285–288. doi: 10.1038/6799.

	41.	 Helbling-Leclerc A, Bonne G, Schwartz K. Emery-Dreifuss muscu-
lar dystrophy. Eur J Hum Genet. 2002;10:157–161. doi: 10.1038/sj. 
ejhg.5200744.

	42.	 Puckelwartz M, McNally EM. Emery-Dreifuss muscular dystrophy. Handb 
Clin Neurol. 2011;101:155–166. doi: 10.1016/B978-0-08-045031-5. 
00012-8.

	43.	 Francis GS, Siegel RM, Goldsmith SR, Olivari MT, Levine TB, Cohn JN. 
Acute vasoconstrictor response to intravenous furosemide in patients with 
chronic congestive heart failure: activation of the neurohumoral axis. Ann 
Intern Med. 1985;103:1–6.

	44.	 Schröder R, Schoser B. Myofibrillar myopathies: a clinical and myopatho-
logical guide. Brain Pathol. 2009;19:483–492. doi: 10.1111/j.1750-
3639.2009.00289.x.

	45.	 Selcen D, Engel AG. Myofibrillar myopathy. January 28, 2005. In: Pagon 
RA, Adam MP, Ardinger HH, Wallace SE, Amemiya A, Bean LJH, Bird TD, 
Dolan CR, Fong CT, Smith RJH, Stephens K, eds. GeneReviews®. Seattle, 
WA: University of Washington, Seattle; 1993–2017. https://www.ncbi.
nlm.nih.gov/books/NBK1499/. Updated October 29, 2012. Accessed Au-
gust 3, 2017.

	46.	 Vattemi G, Neri M, Piffer S, Vicart P, Gualandi F, Marini M, Guglielmi V, Fi-
losto M, Tonin P, Ferlini A, Tomelleri G. Clinical, morphological and genetic 
studies in a cohort of 21 patients with myofibrillar myopathy. Acta Myol. 
2011;30:121–126.

	47.	 Selcen D, Ohno K, Engel AG. Myofibrillar myopathy: clinical, morpho-
logical and genetic studies in 63 patients. Brain. 2004;127(pt 2):439–451. 
doi: 10.1093/brain/awh052.

	48.	 Konersman CG, Bordini BJ, Scharer G, Lawlor MW, Zangwill S, Southern 
JF, Amos L, Geddes GC, Kliegman R, Collins MP. BAG3 myofibrillar myopa-
thy presenting with cardiomyopathy. Neuromuscul Disord. 2015;25:418–
422. doi: 10.1016/j.nmd.2015.01.009.

	49.	 Dalakas MC, Park KY, Semino-Mora C, Lee HS, Sivakumar K, Goldfarb 
LG. Desmin myopathy, a skeletal myopathy with cardiomyopathy caused 
by mutations in the desmin gene. N Engl J Med. 2000;342:770–780. doi: 
10.1056/NEJM200003163421104.

	50.	 Li D, Tapscoft T, Gonzalez O, Burch PE, Quiñones MA, Zoghbi WA, Hill 
R, Bachinski LL, Mann DL, Roberts R. Desmin mutation responsible for 
idiopathic dilated cardiomyopathy. Circulation. 1999;100:461–464.

	51.	 Selcen D. Myofibrillar myopathies. Curr Opin Neurol. 2008;21:585–589. 
doi: 10.1097/WCO.0b013e32830a752b.

	52.	 Vicart P, Caron A, Guicheney P, Li Z, Prévost MC, Faure A, Chateau D, 
Chapon F, Tomé F, Dupret JM, Paulin D, Fardeau M. A missense mutation 
in the alphaB-crystallin chaperone gene causes a desmin-related myopa-
thy. Nat Genet. 1998;20:92–95. doi: 10.1038/1765.

	53.	 Selcen D, Muntoni F, Burton BK, Pegoraro E, Sewry C, Bite AV, Engel AG. 
Mutation in BAG3 causes severe dominant childhood muscular dystrophy. 
Ann Neurol. 2009;65:83–89. doi: 10.1002/ana.21553.

	54.	 Barth PG, Scholte HR, Berden JA, Van der Klei-Van Moorsel JM, Luyt-Hou-
wen IE, Van ‘t Veer-Korthof ET, Van der Harten JJ, Sobotka-Plojhar MA. An 
X-linked mitochondrial disease affecting cardiac muscle, skeletal muscle 
and neutrophil leucocytes. J Neurol Sci. 1983;62:327–355.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024



Cardiac Involvement in Neuromuscular Diseases

Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526� September 26, 2017 e223

CLINICAL STATEM
ENTS  

AND GUIDELINES

	55.	 Rigaud C, Lebre AS, Touraine R, Beaupain B, Ottolenghi C, Chabli A, Ans-
quer H, Ozsahin H, Di Filippo S, De Lonlay P, Borm B, Rivier F, Vaillant MC, 
Mathieu-Dramard M, Goldenberg A, Viot G, Charron P, Rio M, Bonnet D, 
Donadieu J. Natural history of Barth syndrome: a national cohort study of 
22 patients. Orphanet J Rare Dis. 2013;8:70. doi: 10.1186/1750-1172-8-
70.

	56.	 Clarke SL, Bowron A, Gonzalez IL, Groves SJ, Newbury-Ecob R, Clayton N, 
Martin RP, Tsai-Goodman B, Garratt V, Ashworth M, Bowen VM, McCurdy 
KR, Damin MK, Spencer CT, Toth MJ, Kelley RI, Steward CG. Barth syn-
drome. Orphanet J Rare Dis. 2013;8:23. doi: 10.1186/1750-1172-8-23.

	57.	 Ferreira C, Thompson R, Vernon H. Barth syndrome. In: Pagon RA, Adam 
MP, Ardinger HH, Wallace SE, Amemiya A, Bean LJH, Bird TD, Fong CT, 
Mefford HC, Smith RJH, Stephens K, eds. GeneReviews. Seattle, WA: Uni-
versity of Washington, Seattle; 2014.

	58.	 Arbustini E, Weidemann F, Hall JL. Left ventricular noncompaction: a dis-
tinct cardiomyopathy or a trait shared by different cardiac diseases? J Am 
Coll Cardiol. 2014;64:1840–1850. doi: 10.1016/j.jacc.2014.08.030.

	59.	 Al-Kindi SG, El-Amm C, Ginwalla M, Hoit BD, Park SJ, Oliveira GH. Heart 
transplant outcomes in patients with left ventricular non-compaction car-
diomyopathy. J Heart Lung Transplant. 2015;34:761–765. doi: 10.1016/j.
healun.2014.11.005.

	60.	 Roberts AE, Nixon C, Steward CG, Gauvreau K, Maisenbacher M, Fletcher 
M, Geva J, Byrne BJ, Spencer CT. The Barth Syndrome Registry: distinguish-
ing disease characteristics and growth data from a longitudinal study. Am 
J Med Genet A. 2012;158A:2726–2732. doi: 10.1002/ajmg.a.35609.

	61.	 Spencer CT, Bryant RM, Day J, Gonzalez IL, Colan SD, Thompson WR, Ber-
thy J, Redfearn SP, Byrne BJ. Cardiac and clinical phenotype in Barth syn-
drome. Pediatrics. 2006;118:e337–e346. doi: 10.1542/peds.2005-2667.

	62.	 Mazzocco MM, Henry AE, Kelly RI. Barth syndrome is associated with 
a cognitive phenotype. J Dev Behav Pediatr. 2007;28:22–30. doi: 
10.1097/01.DBP.0000257519.79803.90.

	63.	 Pignatelli RH, McMahon CJ, Dreyer WJ, Denfield SW, Price J, Belmont JW, 
Craigen WJ, Wu J, El Said H, Bezold LI, Clunie S, Fernbach S, Bowles 
NE, Towbin JA. Clinical characterization of left ventricular noncompac-
tion in children: a relatively common form of cardiomyopathy. Circulation. 
2003;108:2672–2678. doi: 10.1161/01.CIR.0000100664.10777.B8.

	64.	 Spencer CT, Byrne BJ, Gewitz MH, Wechsler SB, Kao AC, Gerstenfeld EP, 
Merliss AD, Carboni MP, Bryant RM. Ventricular arrhythmia in the X-linked 
cardiomyopathy Barth syndrome. Pediatr Cardiol. 2005;26:632–637. doi: 
10.1007/s00246-005-0873-z.

	65.	 Campuzano V, Montermini L, Moltò MD, Pianese L, Cossée M, Cavalcanti 
F, Monros E, Rodius F, Duclos F, Monticelli A, Zara F, Cañizares J, Koutniko-
va H, Bidichandani SI, Gellera C, Brice A, Trouillas P, De Michele G, Filla A, 
De Frutos R, Palau F, Patel PI, Di Donato S, Mandel JL, Cocozza S, Koenig 
M, Pandolfo M. Friedreich’s ataxia: autosomal recessive disease caused by 
an intronic GAA triplet repeat expansion. Science. 1996;271:1423–1427.

	66.	 Delatycki MB, Williamson R, Forrest SM. Friedreich ataxia: an overview. J 
Med Genet. 2000;37:1–8.

	67.	 Delatycki MB, Knight M, Koenig M, Cossée M, Williamson R, Forrest SM. 
G130V, a common FRDA point mutation, appears to have arisen from a 
common founder. Hum Genet. 1999;105:343–346.

	68.	 Lynch DR, Farmer JM, Balcer LJ, Wilson RB. Friedreich ataxia: effects of 
genetic understanding on clinical evaluation and therapy. Arch Neurol. 
2002;59:743–747.

	69.	 Lynch DR, Regner SR, Schadt KA, Friedman LS, Lin KY, St John Sutton 
MG. Management and therapy for cardiomyopathy in Friedreich’s ataxia. 
Expert Rev Cardiovasc Ther. 2012;10:767–777. doi: 10.1586/erc.12.57.

	70.	 Babcock M, de Silva D, Oaks R, Davis-Kaplan S, Jiralerspong S, Montermini 
L, Pandolfo M, Kaplan J. Regulation of mitochondrial iron accumulation 
by Yfh1p, a putative homolog of frataxin. Science. 1997;276:1709–1712.

	71.	 Perdomini M, Belbellaa B, Monassier L, Reutenauer L, Messaddeq N, 
Cartier N, Crystal RG, Aubourg P, Puccio H. Prevention and reversal of se-
vere mitochondrial cardiomyopathy by gene therapy in a mouse model of 
Friedreich’s ataxia. Nat Med. 2014;20:542–547. doi: 10.1038/nm.3510.

	72.	 Dürr A, Cossee M, Agid Y, Campuzano V, Mignard C, Penet C, Mandel 
JL, Brice A, Koenig M. Clinical and genetic abnormalities in patients with 
Friedreich’s ataxia. N Engl J Med. 1996;335:1169–1175. doi: 10.1056/
NEJM199610173351601.

	73.	 La Pean A, Jeffries N, Grow C, Ravina B, Di Prospero NA. Predictors of 
progression in patients with Friedreich ataxia. Mov Disord. 2008;23:2026–
2032. doi: 10.1002/mds.22248.

	74.	 Tsou AY, Paulsen EK, Lagedrost SJ, Perlman SL, Mathews KD, Wilmot GR, 
Ravina B, Koeppen AH, Lynch DR. Mortality in Friedreich ataxia. J Neurol 
Sci. 2011;307:46–49. doi: 10.1016/j.jns.2011.05.023.

	75.	 Ashizawa T, Sarkar PS. Myotonic dystrophy types 1 and 2. Handb 
Clin Neurol. 2011;101:193–237. doi: 10.1016/B978-0-08-045031-
5.00015-3.

	76.	 Tang ZZ, Yarotskyy V, Wei L, Sobczak K, Nakamori M, Eichinger K, Moxley 
RT, Dirksen RT, Thornton CA. Muscle weakness in myotonic dystrophy 
associated with misregulated splicing and altered gating of Ca(V)1.1 cal-
cium channel. Hum Mol Genet. 2012;21:1312–1324. doi: 10.1093/hmg/
ddr568.

	77.	 Nakamori M, Sobczak K, Puwanant A, Welle S, Eichinger K, Pandya S, 
Dekdebrun J, Heatwole CR, McDermott MP, Chen T, Cline M, Tawil R, 
Osborne RJ, Wheeler TM, Swanson MS, Moxley RT 3rd, Thornton CA. 
Splicing biomarkers of disease severity in myotonic dystrophy. Ann Neurol. 
2013;74:862–872. doi: 10.1002/ana.23992.

	78.	 Timchenko L. Molecular mechanisms of muscle atrophy in myotonic  
dystrophies. Int J Biochem Cell Biol. 2013;45:2280–2287. doi: 10.1016/j.
biocel.2013.06.010.

	79.	 Pelargonio G, Dello Russo A, Sanna T, De Martino G, Bellocci F. Myotonic 
dystrophy and the heart. Heart. 2002;88:665–670.

	80.	 Udd B, Meola G, Krahe R, Thornton C, Ranum LP, Bassez G, Kress W, 
Schoser B, Moxley R. 140th ENMC International Workshop: Myotonic 
Dystrophy DM2/PROMM and other myotonic dystrophies with guidelines 
on management. Neuromuscul Disord. 2006;16:403–413. doi: 10.1016/j.
nmd.2006.03.010.

	81.	 Meola G. Clinical aspects, molecular pathomechanisms and management 
of myotonic dystrophies. Acta Myol. 2013;32:154–165.

	82.	 Savkur RS, Philips AV, Cooper TA. Aberrant regulation of insulin receptor 
alternative splicing is associated with insulin resistance in myotonic dystro-
phy. Nat Genet. 2001;29:40–47. doi: 10.1038/ng704.

	83.	 Meola G, Sansone V, Perani D, Scarone S, Cappa S, Dragoni C, Cattaneo 
E, Cotelli M, Gobbo C, Fazio F, Siciliano G, Mancuso M, Vitelli E, Zhang S, 
Krahe R, Moxley RT. Executive dysfunction and avoidant personality trait 
in myotonic dystrophy type 1 (DM-1) and in proximal myotonic myopathy 
(PROMM/DM-2). Neuromuscul Disord. 2003;13:813–821.

	84.	 Garrott HM, Walland MJ, O’Day J. Recurrent posterior capsular opacifi-
cation and capsulorhexis contracture after cataract surgery in myotonic 
dystrophy. Clin Exp Ophthalmol. 2004;32:653–655. doi: 10.1111/j.1442-
9071.2004.00919.x.

	85.	 Pratte A, Prévost C, Puymirat J, Mathieu J. Anticipation in myotonic dys-
trophy type 1 parents with small CTG expansions. Am J Med Genet A. 
2015;167A:708–714. doi: 10.1002/ajmg.a.36950.

	86.	 Udd B, Meola G, Krahe R, Thornton C, Ranum L, Day J, Bassez G, Ricker K. 
Report of the 115th ENMC workshop: DM2/PROMM and other myotonic 
dystrophies. 3rd Workshop, 14-16 February 2003, Naarden, The Nether-
lands. Neuromuscul Disord. 2003;13:589–596.

	87.	 Day JW, Ricker K, Jacobsen JF, Rasmussen LJ, Dick KA, Kress W, Schneider 
C, Koch MC, Beilman GJ, Harrison AR, Dalton JC, Ranum LP. Myotonic 
dystrophy type 2: molecular, diagnostic and clinical spectrum. Neurology. 
2003;60:657–664.

	88.	 Lund M, Diaz LJ, Ranthe MF, Petri H, Duno M, Juncker I, Eiberg H, Vissing 
J, Bundgaard H, Wohlfahrt J, Melbye M. Cardiac involvement in myotonic 
dystrophy: a nationwide cohort study. Eur Heart J. 2014;35:2158–2164. 
doi: 10.1093/eurheartj/ehu157.

	89.	 Petri H, Vissing J, Witting N, Bundgaard H, Køber L. Cardiac manifesta-
tions of myotonic dystrophy type 1. Int J Cardiol. 2012;160:82–88. doi: 
10.1016/j.ijcard.2011.08.037.

	90.	 Merino JL, Carmona JR, Fernández-Lozano I, Peinado R, Basterra 
N, Sobrino JA. Mechanisms of sustained ventricular tachycardia in 
myotonic dystrophy: implications for catheter ablation. Circulation. 
1998;98:541–546.

	91.	 Grigg LE, Chan W, Mond HG, Vohra JK, Downey WF. Ventricular tachycar-
dia and sudden death in myotonic dystrophy: clinical, electrophysiologic 
and pathologic features. J Am Coll Cardiol. 1985;6:254–256.

	92.	 McNally EM, Sparano D. Mechanisms and management of the heart 
in myotonic dystrophy. Heart. 2011;97:1094–1100. doi: 10.1136/hrt. 
2010.214197.

	93.	 Mathieu J, Allard P, Potvin L, Prévost C, Bégin P. A 10-year study of 
mortality in a cohort of patients with myotonic dystrophy. Neurology. 
1999;52:1658–1662.

	94.	 de Die-Smulders CE, Höweler CJ, Thijs C, Mirandolle JF, Anten HB, Smeets 
HJ, Chandler KE, Geraedts JP. Age and causes of death in adult-onset 
myotonic dystrophy. Brain. 1998;121(pt 8):1557–1563.

	95.	 Schoser BG, Ricker K, Schneider-Gold C, Hengstenberg C, Dürre J, Bült-
mann B, Kress W, Day JW, Ranum LP. Sudden cardiac death in myotonic 
dystrophy type 2. Neurology. 2004;63:2402–2404.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024



Feingold et al

September 26, 2017� Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526e224

	 96.	 Romero NB, Clarke NF. Congenital myopathies. Handb Clin Neurol. 
2013;113:1321–1336. doi: 10.1016/B978-0-444-59565-2.00004-6.

	 97.	 North KN, Wang CH, Clarke N, Jungbluth H, Vainzof M, Dowling 
JJ, Amburgey K, Quijano-Roy S, Beggs AH, Sewry C, Laing NG, 
Bönnemann CG; International Standard of Care Committee for 
Congenital Myopathies. Approach to the diagnosis of congenital my-
opathies. Neuromuscul Disord. 2014;24:97–116. doi: 10.1016/j.nmd. 
2013.11.003.

	 98.	 Ravenscroft G, Laing NG, Bönnemann CG. Pathophysiological concepts 
in the congenital myopathies: blurring the boundaries, sharpening the 
focus. Brain. 2015;138(pt 2):246–268. doi: 10.1093/brain/awu368.

	 99.	 Amburgey K, McNamara N, Bennett LR, McCormick ME, Acsadi G, 
Dowling JJ. Prevalence of congenital myopathies in a representative 
pediatric united states population. Ann Neurol. 2011;70:662–665. doi: 
10.1002/ana.22510.

	100.	 North KN. Clinical approach to the diagnosis of congenital myopa-
thies. Semin Pediatr Neurol. 2011;18:216–220. doi: 10.1016/j.spen. 
2011.10.002.

	101.	 Ryan MM, Schnell C, Strickland CD, Shield LK, Morgan G, Iannaccone ST, 
Laing NG, Beggs AH, North KN. Nemaline myopathy: a clinical study of 
143 cases. Ann Neurol. 2001;50:312–320.

	102.	 Maggi L, Scoto M, Cirak S, Robb SA, Klein A, Lillis S, Cullup T, Feng 
L, Manzur AY, Sewry CA, Abbs S, Jungbluth H, Muntoni F. Congenital 
myopathies: clinical features and frequency of individual subtypes diag-
nosed over a 5-year period in the United Kingdom. Neuromuscul Disord. 
2013;23:195–205. doi: 10.1016/j.nmd.2013.01.004.

	103.	 Skyllouriotis ML, Marx M, Skyllouriotis P, Bittner R, Wimmer M. Nemaline 
myopathy and cardiomyopathy. Pediatr Neurol. 1999;20:319–321.

	104.	 Nakajima M, Shima Y, Kumasaka S, Kuwabara K, Migita M, Fukunaga Y. 
An infant with congenital nemaline myopathy and hypertrophic cardio-
myopathy. J Nippon Med Sch. 2008;75:350–353.

	105.	 Mir A, Lemler M, Ramaciotti C, Blalock S, Ikemba C. Hypertrophic car-
diomyopathy in a neonate associated with nemaline myopathy. Congenit 
Heart Dis. 2012;7:E37–E41. doi: 10.1111/j.1747-0803.2011.00588.x.

	106.	 Gatayama R, Ueno K, Nakamura H, Yanagi S, Ueda H, Yamagishi H, 
Yasui S. Nemaline myopathy with dilated cardiomyopathy in childhood. 
Pediatrics. 2013;131:e1986–e1990. doi: 10.1542/peds.2012-1139.

	107.	 Nagata R, Kamimura D, Suzuki Y, Saito T, Toyama H, Dejima T, Inada H, 
Miwa Y, Uchino K, Umemura S, Shimizu M. A case of nemaline myopathy 
with associated dilated cardiomyopathy and respiratory failure. Int Heart 
J. 2011;52:401–405.

	108.	 Nomura S, Funabashi N, Sekiguchi Y, Masuda S, Kuwabara S, Misawa S, 
Daimon M, Uehara M, Miyaiuchi H, Komuro I, Kobayashi Y. Dilated car-
diomyopathy with centronuclear myopathy in a young male. Int J Cardiol. 
2011;150:213–216. doi: 10.1016/j.ijcard.2011.05.009.

	109.	 Taglia A, D’Ambrosio P, Palladino A, Politano L. On a case of respiratory 
failure due to diaphragmatic paralysis and dilated cardiomyopathy in a 
patient with nemaline myopathy. Acta Myol. 2012;31:201–203.

	110.	 Agrawal PB, Pierson CR, Joshi M, Liu X, Ravenscroft G, Moghadaszadeh 
B, Talabere T, Viola M, Swanson LC, Haliloğlu G, Talim B, Yau KS, Allcock 
RJ, Laing NG, Perrella MA, Beggs AH. SPEG interacts with myotubu-
larin, and its deficiency causes centronuclear myopathy with dilated 
cardiomyopathy. Am J Hum Genet. 2014;95:218–226. doi: 10.1016/j.
ajhg.2014.07.004.

	111.	 Esposito T, Sampaolo S, Limongelli G, Varone A, Formicola D, Diodato 
D, Farina O, Napolitano F, Pacileo G, Gianfrancesco F, Di Iorio G. 
Digenic mutational inheritance of the integrin alpha 7 and the myosin 
heavy chain 7B genes causes congenital myopathy with left ventricu-
lar non-compact cardiomyopathy. Orphanet J Rare Dis. 2013;8:91. doi: 
10.1186/1750-1172-8-91.

	112.	 Şimşek Z, Açar G, Akçakoyun M, Esen Ö, Emiroğlu Y, Esen AM. Left 
ventricular noncompaction in a patient with multiminicore disease. 
J Cardiovasc Med (Hagerstown). 2012;13:660–662. doi: 10.2459/
JCM.0b013e32833cdcd0.

	113.	 Marseglia L, D’Angelo G, Manti S, Salpietro V, Arrigo T, Cavallari V, Gitto 
E. Sudden cardiac arrest in a child with nemaline myopathy. Ital J Pediatr. 
2015;41:20. doi: 10.1186/s13052-015-0124-8.

	114.	 Homayoun H, Khavandgar S, Hoover JM, Mohsen AW, Vockley J, Lacomis 
D, Clemens PR. Novel mutation in MYH7 gene associated with distal 
myopathy and cardiomyopathy. Neuromuscul Disord. 2011;21:219–222. 
doi: 10.1016/j.nmd.2010.12.005.

	115.	 Cullup T, Lamont PJ, Cirak S, Damian MS, Wallefeld W, Gooding R, Tan 
SV, Sheehan J, Muntoni F, Abbs S, Sewry CA, Dubowitz V, Laing NG, 
Jungbluth H. Mutations in MYH7 cause multi-minicore disease (MmD) 

with variable cardiac involvement. Neuromuscul Disord. 2012;22:1096–
1104. doi: 10.1016/j.nmd.2012.06.007.

	116.	 Carmignac V, Salih MA, Quijano-Roy S, Marchand S, Al Rayess MM, 
Mukhtar MM, Urtizberea JA, Labeit S, Guicheney P, Leturcq F, Gautel M, 
Fardeau M, Campbell KP, Richard I, Estournet B, Ferreiro A. C-terminal 
titin deletions cause a novel early-onset myopathy with fatal cardiomy-
opathy [published correction appears in Ann Neurol. 2012;71:728]. Ann 
Neurol. 2007;61:340–351. doi: 10.1002/ana.21089.

	117.	 Yüceyar N, Ayhan Ö, Karasoy H, Tolun A. Homozygous MYH7 R1820W 
mutation results in recessive myosin storage myopathy: scapuloperoneal 
and respiratory weakness with dilated cardiomyopathy. Neuromuscul 
Disord. 2015;25:340–344. doi: 10.1016/j.nmd.2015.01.007.

	118.	 Bushby K, Muntoni F, Urtizberea A, Hughes R, Griggs R. Report on the 
124th ENMC International Workshop: treatment of Duchenne muscular 
dystrophy; defining the gold standards of management in the use of 
corticosteroids. 2-4 April 2004, Naarden, The Netherlands. Neuromuscul 
Disord. 2004;14:526–534. doi: 10.1016/j.nmd.2004.05.006.

	119.	 American Academy of Pediatrics Section on C, Cardiac S. Cardiovascular 
health supervision for individuals affected by Duchenne or Becker mus-
cular dystrophy. Pediatrics. 2005;116:1569–1573.

	120.	 Tawil R, van der Maarel S, Padberg GW, van Engelen BG. 171st ENMC in-
ternational workshop: standards of care and management of facioscapu-
lohumeral muscular dystrophy. Neuromuscul Disord. 2010;20:471–475. 
doi: 10.1016/j.nmd.2010.04.007.

	121.	 Wang CH, Bonnemann CG, Rutkowski A, Sejersen T, Bellini J, Battista 
V, Florence JM, Schara U, Schuler PM, Wahbi K, Aloysius A, Bash RO, 
Béroud C, Bertini E, Bushby K, Cohn RD, Connolly AM, Deconinck 
N, Desguerre I, Eagle M, Estournet-Mathiaud B, Ferreiro A, Fujak A, 
Goemans N, Iannaccone ST, Jouinot P, Main M, Melacini P, Mueller-Felber 
W, Muntoni F, Nelson LL, Rahbek J, Quijano-Roy S, Sewry C, Storhaug K, 
Simonds A, Tseng B, Vajsar J, Vianello A, Zeller R; International Standard 
of Care Committee for Congenital Muscular Dystrophy. Consensus state-
ment on standard of care for congenital muscular dystrophies. J Child 
Neurol. 2010;25:1559–1581. doi: 10.1177/0883073810381924.

	122.	 Narayanaswami P, Weiss M, Selcen D, David W, Raynor E, Carter G, 
Wicklund M, Barohn RJ, Ensrud E, Griggs RC, Gronseth G, Amato AA; 
Guideline Development Subcommittee of the American Academy of 
Neurology; Practice Issues Review Panel of the American Association of 
Neuromuscular & Electrodiagnostic Medicine. Evidence-based guideline 
summary: diagnosis and treatment of limb-girdle and distal dystrophies: 
report of the guideline development subcommittee of the American 
Academy of Neurology and the practice issues review panel of the 
American Association of Neuromuscular & Electrodiagnostic Medicine. 
Neurology. 2014;83:1453–1463. doi: 10.1212/WNL.0000000000000892.

	123.	 The Criteria Committee of the New York Heart Association. Nomenclature 
and criteria for diagnosis of diseases of the heart and great vessels. 
Boston, MA: Little, Brown & Co; 1994:253–225.

	124.	 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.

	125.	 Duboc D, Meune C, Lerebours G, Devaux JY, Vaksmann G, Bécane 
HM. Effect of perindopril on the onset and progression of left ventric-
ular dysfunction in Duchenne muscular dystrophy. J Am Coll Cardiol. 
2005;45:855–857. doi: 10.1016/j.jacc.2004.09.078.

	126.	 Jefferies JL, Eidem BW, Belmont JW, Craigen WJ, Ware SM, Fernbach 
SD, Neish SR, Smith EO, Towbin JA. Genetic predictors and remodel-
ing of dilated cardiomyopathy in muscular dystrophy. Circulation. 
2005;112:2799–2804. doi: 10.1161/CIRCULATIONAHA.104.528281.

	127.	 Ishikawa Y, Bach JR, Minami R. Cardioprotection for Duchenne’s muscu-
lar dystrophy. Am Heart J. 1999;137:895–902.

	128.	 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.

	129.	 Ramaciotti C, Heistein LC, Coursey M, Lemler MS, Eapen RS, Iannaccone 
ST, Scott WA. Left ventricular function and response to enalapril in patients 
with Duchenne muscular dystrophy during the second decade of life. Am 
J Cardiol. 2006;98:825–827. doi: 10.1016/j.amjcard.2006.04.020.

	130.	 Florian A, Rösch S, Bietenbeck M, Engelen M, Stypmann J, Waltenberger J, 
Sechtem U, Yilmaz A. Cardiac involvement in female Duchenne and Becker 
muscular dystrophy carriers in comparison to their first-degree male rela-
tives: a comparative cardiovascular magnetic resonance study. Eur Heart J 
Cardiovasc Imaging. 2016;17:326–333. doi: 10.1093/ehjci/jev161.

	131.	 Saito M, Kawai H, Akaike M, Adachi K, Nishida Y, Saito S. Cardiac dysfunc-
tion with Becker muscular dystrophy. Am Heart J. 1996;132:642–647.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024



Cardiac Involvement in Neuromuscular Diseases

Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526� September 26, 2017 e225

CLINICAL STATEM
ENTS  

AND GUIDELINES

	132.	 Melacini P, Fanin M, Danieli GA, Villanova C, Martinello F, Miorin M, 
Freda MP, Miorelli M, Mostacciuolo ML, Fasoli G, Angelini C, Dalla Volta 
S. Myocardial involvement is very frequent among patients affected with 
subclinical Becker’s muscular dystrophy. Circulation. 1996;94:3168–3175.

	133.	 Maeda M, Nakao S, Miyazato H, Setoguchi M, Arima S, Higuchi I, Osame 
M, Taira A, Nomoto K, Toda H. Cardiac dystrophin abnormalities in 
Becker muscular dystrophy assessed by endomyocardial biopsy. Am Heart 
J. 1995;129:702–707.

	134.	 Melacini P, Fanin M, Danieli GA, Fasoli G, Villanova C, Angelini C, Vitiello 
L, Miorelli M, Buja GF, Mostacciuolo ML. Cardiac involvement in Becker 
muscular dystrophy. J Am Coll Cardiol. 1993;22:1927–1934.

	135.	 Finsterer J, Stöllberger C. Cardiac involvement in Becker muscular dystro-
phy. Can J Cardiol. 2008;24:786–792.

	136.	 Finsterer J, Stöllberger C, Wahbi K. Cardiomyopathy in neurologi-
cal disorders. Cardiovasc Pathol. 2013;22:389–400. doi: 10.1016/j.
carpath.2012.12.008.

	137.	 Bushby K, Muntoni F, Bourke JP. 107th ENMC international workshop: 
the management of cardiac involvement in muscular dystrophy and 
myotonic dystrophy: 7th-9th June 2002, Naarden, the Netherlands. 
Neuromuscul Disord. 2003;13:166–172.

	138.	 Kaspar RW, Allen HD, Ray WC, Alvarez CE, Kissel JT, Pestronk A, Weiss 
RB, Flanigan KM, Mendell JR, Montanaro F. Analysis of dystrophin de-
letion mutations predicts age of cardiomyopathy onset in Becker mus-
cular dystrophy. Circ Cardiovasc Genet. 2009;2:544–551. doi: 10.1161/
CIRCGENETICS.109.867242.

	139.	 Tsuda T, Fitzgerald K, Scavena M, Gidding S, Cox MO, Marks H, Flanigan 
KM, Moore SA. Early-progressive dilated cardiomyopathy in a family 
with Becker muscular dystrophy related to a novel frameshift mutation 
in the dystrophin gene exon 27. J Hum Genet. 2015;60:151–155. doi: 
10.1038/jhg.2014.112.

	140.	 Yoshida K, Ikeda S, Nakamura A, Kagoshima M, Takeda S, Shoji S, 
Yanagisawa N. Molecular analysis of the Duchenne muscular dystrophy 
gene in patients with Becker muscular dystrophy presenting with dilated 
cardiomyopathy. Muscle Nerve. 1993;16:1161–1166. doi: 10.1002/
mus.880161104.

	141.	 Miyashita H, Ikeda U, Shimada K, Natsume T, Arahata K. Becker muscu-
lar dystrophy with early manifestation of left heart failure. Intern Med. 
1993;32:408–411.

	142.	 Doo KH, Ryu HW, Kim SS, Lim BC, Hwang H, Kim KJ, Hwang YS, Chae 
JH. A case of Becker muscular dystrophy with early manifestation of 
cardiomyopathy. Korean J Pediatr. 2012;55:350–353. doi: 10.3345/
kjp.2012.55.9.350.

	143.	 van Bockel EA, Lind JS, Zijlstra JG, Wijkstra PJ, Meijer PM, van den Berg 
MP, Slart RH, Aarts LP, Tulleken JE. Cardiac assessment of patients with late 
stage Duchenne muscular dystrophy. Neth Heart J. 2009;17:232–237.

	144.	 Spurney CF, McCaffrey FM, Cnaan A, Morgenroth LP, Ghelani SJ, 
Gordish-Dressman H, Arrieta A, Connolly AM, Lotze TE, McDonald 
CM, Leshner RT, Clemens PR. Feasibility and reproducibility of echocar-
diographic measures in children with muscular dystrophies. J Am Soc 
Echocardiogr. 2015;28:999–1008. doi: 10.1016/j.echo.2015.03.003.

	145.	 Steare SE, Dubowitz V, Benatar A. Subclinical cardiomyopathy in Becker 
muscular dystrophy. Br Heart J. 1992;68:304–308.

	146.	 Kirchmann C, Kececioglu D, Korinthenberg R, Dittrich S. Echocardiographic  
and electrocardiographic findings of cardiomyopathy in Duchenne and 
Becker-Kiener muscular dystrophies. Pediatr Cardiol. 2005;26:66–72. 
doi: 10.1007/s00246-004-0689-2.

	147.	 Hoogerwaard EM, de Voogt WG, Wilde AA, van der Wouw PA, Bakker E, 
van Ommen GJ, de Visser M. Evolution of cardiac abnormalities in Becker 
muscular dystrophy over a 13-year period. J Neurol. 1997;244:657–663.

	148.	 Silva MC, Meira ZM, Gurgel Giannetti J, da Silva MM, Campos AF, 
Barbosa Mde M, Starling Filho GM, Ferreira Rde A, Zatz M, Rochitte CE. 
Myocardial delayed enhancement by magnetic resonance imaging in pa-
tients with muscular dystrophy. J Am Coll Cardiol. 2007;49:1874–1879. 
doi: 10.1016/j.jacc.2006.10.078.

	149.	 Mori K, Edagawa T, Inoue M, Nii M, Nakagawa R, Takehara Y, Kuroda Y, 
Tatara K. Peak negative myocardial velocity gradient and wall-thickening 
velocity during early diastole are noninvasive parameters of left ventricu-
lar diastolic function in patients with Duchenne’s progressive muscular 
dystrophy. J Am Soc Echocardiogr. 2004;17:322–329. doi: 10.1016/j.
echo.2003.12.016.

	150.	 Mori K, Hayabuchi Y, Inoue M, Suzuki M, Sakata M, Nakagawa R, 
Kagami S, Tatara K, Hirayama Y, Abe Y. Myocardial strain imaging for 
early detection of cardiac involvement in patients with Duchenne’s pro-
gressive muscular dystrophy. Echocardiography. 2007;24:598–608. doi: 
10.1111/j.1540-8175.2007.00437.x.

	151.	 Ryan TD, Taylor MD, Mazur W, Cripe LH, Pratt J, King EC, Lao K, Grenier 
MA, Jefferies JL, Benson DW, Hor KN. Abnormal circumferential strain is 
present in young Duchenne muscular dystrophy patients. Pediatr Cardiol. 
2013;34:1159–1165. doi: 10.1007/s00246-012-0622-z.

	152.	 Giglio V, Puddu PE, Holland MR, Camastra G, Ansalone G, Ricci E, Mela 
J, Sciarra F, Di Gennaro M. Ultrasound tissue characterization does not 
differentiate genotype, but indexes ejection fraction deterioration in 
Becker muscular dystrophy. Ultrasound Med Biol. 2014;40:2777–2785. 
doi: 10.1016/j.ultrasmedbio.2014.06.011.

	153.	 Brunklaus A, Parish E, Muntoni F, Scuplak S, Tucker SK, Fenton M, 
Hughes ML, Manzur AY. The value of cardiac MRI versus echocardiog-
raphy in the pre-operative assessment of patients with Duchenne mus-
cular dystrophy. Eur J Paediatr Neurol. 2015;19:395–401. doi: 10.1016/j.
ejpn.2015.03.008.

	154.	 Moon JC, Reed E, Sheppard MN, Elkington AG, Ho SY, Burke M, Petrou 
M, Pennell DJ. The histologic basis of late gadolinium enhancement car-
diovascular magnetic resonance in hypertrophic cardiomyopathy. J Am 
Coll Cardiol. 2004;43:2260–2264. doi: 10.1016/j.jacc.2004.03.035.

	155.	 Moon JC, Sheppard M, Reed E, Lee P, Elliott PM, Pennell DJ. The histo-
logical basis of late gadolinium enhancement cardiovascular magnetic 
resonance in a patient with Anderson-Fabry disease. J Cardiovasc Magn 
Reson. 2006;8:479–482.

	156.	 Wong TC, Piehler K, Meier CG, Testa SM, Klock AM, Aneizi AA, 
Shakesprere J, Kellman P, Shroff SG, Schwartzman DS, Mulukutla SR, 
Simon MA, Schelbert EB. Association between extracellular matrix ex-
pansion quantified by cardiovascular magnetic resonance and short-
term mortality. Circulation. 2012;126:1206–1216. doi: 10.1161/
CIRCULATIONAHA.111.089409.

	157.	 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 ventricu-
lar systolic function. J Cardiovasc Magn Reson. 2013;15:107. doi: 
10.1186/1532-429X-15-107.

	158.	 Verhaert D, Richards K, Rafael-Fortney JA, Raman SV. Cardiac involve-
ment in patients with muscular dystrophies: magnetic resonance imag-
ing phenotype and genotypic considerations. Circ Cardiovasc Imaging. 
2011;4:67–76. doi: 10.1161/CIRCIMAGING.110.960740.

	159.	 Yilmaz A, Gdynia HJ, Baccouche H, Mahrholdt H, Meinhardt G, Basso 
C, Thiene G, Sperfeld AD, Ludolph AC, Sechtem U. Cardiac involvement 
in patients with Becker muscular dystrophy: new diagnostic and patho-
physiological insights by a CMR approach. J Cardiovasc Magn Reson. 
2008;10:50. doi: 10.1186/1532-429X-10-50.

	160.	 Florian A, Ludwig A, Rösch S, Yildiz H, Sechtem U, Yilmaz A. Myocardial 
fibrosis imaging based on T1-mapping and extracellular volume fraction 
(ECV) measurement in muscular dystrophy patients: diagnostic value 
compared with conventional late gadolinium enhancement (LGE) imag-
ing. Eur Heart J Cardiovasc Imaging. 2014;15:1004–1012. doi: 10.1093/
ehjci/jeu050.

	161.	 Tandon A, Villa CR, Hor KN, Jefferies JL, Gao Z, Towbin JA, Wong BL, 
Mazur W, Fleck RJ, Sticka JJ, Benson DW, Taylor MD. Myocardial fibrosis 
burden predicts left ventricular ejection fraction and is associated with 
age and steroid treatment duration in Duchenne muscular dystrophy. J 
Am Heart Assoc. 2015;4:e001338. doi: 10.1161/JAHA.114.001338.

	162.	 Florian A, Ludwig A, Engelen M, Waltenberger J, Rösch S, Sechtem 
U, Yilmaz A. Left ventricular systolic function and the pattern of late-
gadolinium-enhancement independently and additively predict adverse 
cardiac events in muscular dystrophy patients. J Cardiovasc Magn Reson. 
2014;16:81. doi: 10.1186/s12968-014-0081-1.

	163.	 Hor KN, Kissoon N, Mazur W, Gupta R, Ittenbach RF, Al-Khalidi HR, Cripe 
LH, Raman SV, Puchalski MD, Gottliebson WM, Benson DW. Regional 
circumferential strain is a biomarker for disease severity in Duchenne 
muscular dystrophy heart disease: a cross-sectional study. Pediatr Cardiol. 
2015;36:111–119. doi: 10.1007/s00246-014-0972-9.

	164.	 Thrush PT, Allen HD, Viollet L, Mendell JR. Re-examination of the electro-
cardiogram in boys with Duchenne muscular dystrophy and correlation 
with its dilated cardiomyopathy. Am J Cardiol. 2009;103:262–265. doi: 
10.1016/j.amjcard.2008.08.064.

	165.	 Fayssoil A, Nardi O, Orlikowski D, Annane D. Cardiac asynchrony in 
Duchenne muscular dystrophy. J Clin Monit Comput. 2013;27:587–589. 
doi: 10.1007/s10877-013-9472-3.

	166.	 James J, Kinnett K, Wang Y, Ittenbach RF, Benson DW, Cripe L. 
Electrocardiographic abnormalities in very young Duchenne muscular dys-
trophy patients precede the onset of cardiac dysfunction. Neuromuscul 
Disord. 2011;21:462–467. doi: 10.1016/j.nmd.2011.04.005.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024



Feingold et al

September 26, 2017� Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526e226

	167.	 McNally EM. Duchenne muscular dystrophy: how bad is the heart? Heart. 
2008;94:976–977. doi: 10.1136/hrt.2007.138461.

	168.	 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. 
doi: 10.1007/s00246-014-0929-z.

	169.	 McDonald CM, Abresch RT, Carter GT, Fowler WM Jr, Johnson ER, Kilmer 
DD, Sigford BJ. Profiles of neuromuscular diseases: Duchenne muscular 
dystrophy. Am J Phys Med Rehabil. 1995;74(suppl):S70–S92.

	170.	 Corrado G, Lissoni A, Beretta S, Terenghi L, Tadeo G, Foglia-Manzillo 
G, Tagliagambe LM, Spata M, Santarone M. Prognostic value of elec-
trocardiograms, ventricular late potentials, ventricular arrhythmias, and 
left ventricular systolic dysfunction in patients with Duchenne muscular 
dystrophy. Am J Cardiol. 2002;89:838–841.

	171.	 Sultan A, Fayaz M. Prevalence of cardiomyopathy in Duchenne and 
Becker’s muscular dystrophy. J Ayub Med Coll Abbottabad. 2008;20:7–13.

	172.	 Dittrich S, Tuerk M, Haaker G, Greim V, Buchholz A, Burkhardt B, Fujak A, 
Trollmann R, Schmid A, Schroeder R. Cardiomyopathy in Duchenne mus-
cular dystrophy: current value of clinical, electrophysiological and imag-
ing findings in children and teenagers. Klin Padiatr. 2015;227:225–231. 
doi: 10.1055/s-0034-1398689.

	173.	 Thomas TO, Jefferies JL, Lorts A, Anderson JB, Gao Z, Benson DW, Hor 
KN, Cripe LH, Urbina EM. Autonomic dysfunction: a driving force for 
myocardial fibrosis in young Duchenne muscular dystrophy patients? 
Pediatr Cardiol. 2015;36:561–568. doi: 10.1007/s00246-014-1050-z.

	174.	 Ducceschi V, Nigro G, Sarubbi B, Comi LI, Politano L, Petretta VR, Nardi 
S, Briglia N, Santangelo L, Nigro G, Iacono A. Autonomic nervous system 
imbalance and left ventricular systolic dysfunction as potential candi-
dates for arrhythmogenesis in Becker muscular dystrophy. Int J Cardiol. 
1997;59:275–279.

	175.	 Ammendola E, Russo V, Politano L, Santangelo L, Calabrò R. Is heart 
rate variability a valid parameter to predict sudden death in patients with 
Becker’s muscular dystrophy? Heart. 2006;92:1686–1687. doi: 10.1136/
hrt.2005.082909.

	176.	 Bartels B, Takken T, Blank AC, van Moorsel H, van der Pol WL, de Groot 
JF. Cardiopulmonary exercise testing in children and adolescents with 
dystrophinopathies: a pilot study. Pediatr Phys Ther. 2015;27:227–234. 
doi: 10.1097/PEP.0000000000000159.

	177.	 McDonald CM, Henricson EK, Abresch RT, Florence J, Eagle M, Gappmaier 
E, Glanzman AM, Spiegel R, Barth J, Elfring G, Reha A, Peltz SW; PTC124-
GD-007-DMD Study Group. The 6-minute walk test and other clinical 
endpoints in Duchenne muscular dystrophy: reliability, concurrent valid-
ity, and minimal clinically important differences from a multicenter study. 
Muscle Nerve. 2013;48:357–368. doi: 10.1002/mus.23905.

	178.	 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. doi: 10.1002/ana.24216.

	179.	 Mercuri E, Manzur AY, Jungbluth H, Bonne G, Muchir A, Sewry C, 
Schwartz K, Muntoni F. Early and severe presentation of autosomal 
dominant Emery-Dreifuss muscular dystrophy (EMD2). Neurology. 
2000;54:1704–1705.

	180.	 Mercuri E, Poppe M, Quinlivan R, Messina S, Kinali M, Demay L, Bourke 
J, Richard P, Sewry C, Pike M, Bonne G, Muntoni F, Bushby K. Extreme 
variability of phenotype in patients with an identical missense mutation 
in the lamin A/C gene: from congenital onset with severe phenotype 
to milder classic Emery-Dreifuss variant. Arch Neurol. 2004;61:690–694. 
doi: 10.1001/archneur.61.5.690.

	181.	 Carboni N, Porcu M, Mura M, Cocco E, Marrosu G, Maioli MA, Solla E, 
Tranquilli S, Orrù P, Marrosu MG. Evolution of the phenotype in a family 
with an LMNA gene mutation presenting with isolated cardiac involve-
ment. Muscle Nerve. 2010;41:85–91. doi: 10.1002/mus.21443.

	182.	 Sanna T, Dello Russo A, Toniolo D, Vytopil M, Pelargonio G, De Martino 
G, Ricci E, Silvestri G, Giglio V, Messano L, Zachara E, Bellocci F. Cardiac 
features of Emery-Dreifuss muscular dystrophy caused by lamin A/C gene 
mutations. Eur Heart J. 2003;24:2227–2236.

	183.	 Boriani G, Gallina M, Merlini L, Bonne G, Toniolo D, Amati S, Biffi M, 
Martignani C, Frabetti L, Bonvicini M, Rapezzi C, Branzi A. Clinical relevance 
of atrial fibrillation/flutter, stroke, pacemaker implant, and heart failure in 
Emery-Dreifuss muscular dystrophy: a long-term longitudinal study. Stroke. 
2003;34:901–908. doi: 10.1161/01.STR.0000064322.47667.49.

	184.	 Draminska A, Kuch-Wocial A, Szulc M, Zwolinska A, Styczynski G, 
Kostrubiec M, Hausmanowa-Petrusewicz I, Pruszczyk P. Echocardiographic 
assessment of left ventricular morphology and function in patients with 

Emery-Dreifuss muscular dystrophy. Int J Cardiol. 2005;102:207–210. 
doi: 10.1016/j.ijcard.2004.05.015.

	185.	 Bonne G, Quijano-Roy S. Emery-Dreifuss muscular dystrophy, lami-
nopathies, and other nuclear envelopathies. Handb Clin Neurol. 
2013;113:1367–1376. doi: 10.1016/B978-0-444-59565-2.00007-1.

	186.	 Bouhouch R, Elhouari T, Oukerraj L, Fellat I, Zarzur J, Bennani R, 
Arharbi M. Management of cardiac involvement in neuromuscular dis-
eases: review. Open Cardiovasc Med J. 2008;2:93–96. doi: 10.2174/ 
1874192400802010093.

	187.	 Fishbein MC, Siegel RJ, Thompson CE, Hopkins LC. Sudden death of a 
carrier of X-linked Emery-Dreifuss muscular dystrophy. Ann Intern Med. 
1993;119:900–905.

	188.	 Meune C, Van Berlo JH, Anselme F, Bonne G, Pinto YM, Duboc D. Primary 
prevention of sudden death in patients with lamin A/C gene mutations. 
N Engl J Med. 2006;354:209–210. doi: 10.1056/NEJMc052632.

	189.	 Kirk R, Dipchand AI, Rosenthal DN, Addonizio L, Burch M, Chrisant M, 
Dubin A, Everitt M, Gajarski R, Mertens L, Miyamoto S, Morales D, Pahl E, 
Shaddy R, Towbin J, Weintraub R. The International Society for Heart and 
Lung Transplantation guidelines for the management of pediatric heart 
failure: executive summary [published correction appears in J Heart Lung 
Transplant. 2014;42:1104]. J Heart Lung Transplant. 2014;33:888–909. 
doi: 10.1016/j.healun.2014.06.002.

	190.	 Judge DP. Phenotypic diversity arising from a single mutation. Heart 
Rhythm. 2009;6:1584–1585. doi: 10.1016/j.hrthm.2009.08.008.

	191.	 Ackerman MJ, Priori SG, Willems S, Berul C, Brugada R, Calkins H, 
Camm AJ, Ellinor PT, Gollob M, Hamilton R, Hershberger RE, Judge DP, 
Le Marec H, McKenna WJ, Schulze-Bahr E, Semsarian C, Towbin JA, 
Watkins H, Wilde A, Wolpert C, Zipes DP. HRS/EHRA expert consensus 
statement on the state of genetic testing for the channelopathies and 
cardiomyopathies. Heart Rhythm. 2011;8:1308–1339. doi: 10.1016/j.
hrthm.2011.05.020.

	192.	 Hershberger RE, Lindenfeld J, Mestroni L, Seidman CE, Taylor MR, Towbin 
JA; Heart Failure Society of America. Genetic evaluation of cardiomy-
opathy: a Heart Failure Society of America practice guideline. J Card Fail. 
2009;15:83–97. doi: 10.1016/j.cardfail.2009.01.006.

	193.	 van Spaendonck-Zwarts KY, van Hessem L, Jongbloed JD, de Walle HE, 
Capetanaki Y, van der Kooi AJ, van Langen IM, van den Berg MP, van 
Tintelen JP. Desmin-related myopathy. Clin Genet. 2011;80:354–366. 
doi: 10.1111/j.1399-0004.2010.01512.x.

	194.	 Brescia ST, Rossano JW, Pignatelli R, Jefferies JL, Price JF, Decker JA, 
Denfield SW, Dreyer WJ, Smith O, Towbin JA, Kim JJ. Mortality and 
sudden death in pediatric left ventricular noncompaction in a ter-
tiary referral center. Circulation. 2013;127:2202–2208. doi: 10.1161/
CIRCULATIONAHA.113.002511.

	195.	 Gersh BJ, Maron BJ, Bonow RO, Dearani JA, Fifer MA, Link MS, Naidu SS, 
Nishimura RA, Ommen SR, Rakowski H, Seidman CE, Towbin JA, Udelson 
JE, Yancy CW. 2011 ACCF/AHA guideline for the diagnosis and treatment 
of hypertrophic cardiomyopathy: executive summary: a report of the 
American College of Cardiology Foundation/American Heart Association 
Task Force on Practice Guidelines. Circulation. 2011;124:2761–2796. 
doi: 10.1161/CIR.0b013e318223e230.

	196.	 Spencer CT, Byrne BJ, Bryant RM, Margossian R, Maisenbacher M, 
Breitenger P, Benni PB, Redfearn S, Marcus E, Cade WT. Impaired cardiac 
reserve and severely diminished skeletal muscle O2 utilization mediate 
exercise intolerance in Barth syndrome. Am J Physiol Heart Circ Physiol. 
2011;301:H2122–H2129. doi: 10.1152/ajpheart.00479.2010.

	197.	 Corben LA, Lynch D, Pandolfo M, Schulz JB, Delatycki MB; Clinical 
Management Guidelines Writing Group. Consensus clinical management 
guidelines for Friedreich ataxia. Orphanet J Rare Dis. 2014;9:184. doi: 
10.1186/s13023-014-0184-7.

	198.	 Dutka DP, Donnelly JE, Nihoyannopoulos P, Oakley CM, Nunez DJ. 
Marked variation in the cardiomyopathy associated with Friedreich’s 
ataxia. Heart. 1999;81:141–147.

	199.	 Delatycki MB, Paris DB, Gardner RJ, Nicholson GA, Nassif N, Storey E, 
MacMillan JC, Collins V, Williamson R, Forrest SM. Clinical and genetic 
study of Friedreich ataxia in an Australian population. Am J Med Genet. 
1999;87:168–174.

	200.	 Regner SR, Lagedrost SJ, Plappert T, Paulsen EK, Friedman LS, Snyder ML, 
Perlman SL, Mathews KD, Wilmot GR, Schadt KA, Sutton MS, Lynch DR. 
Analysis of echocardiograms in a large heterogeneous cohort of patients 
with Friedreich ataxia. Am J Cardiol. 2012;109:401–405. doi: 10.1016/j.
amjcard.2011.09.025.

	201.	 Weidemann F, Rummey C, Bijnens B, Störk S, Jasaityte R, Dhooge 
J, Baltabaeva A, Sutherland G, Schulz JB, Meier T; on behalf of the 

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024



Cardiac Involvement in Neuromuscular Diseases

Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526� September 26, 2017 e227

CLINICAL STATEM
ENTS  

AND GUIDELINES

Mitochondrial Protection with Idebenone in Cardiac or Neurological 
Outcome (MICONOS) study group. The heart in Friedreich ataxia: defi-
nition of cardiomyopathy, disease severity, and correlation with neuro-
logical symptoms. Circulation. 2012;125:1626–1634. doi: 10.1161/
CIRCULATIONAHA.111.059477.

	202.	 Anderson LJ, Holden S, Davis B, Prescott E, Charrier CC, Bunce NH, 
Firmin DN, Wonke B, Porter J, Walker JM, Pennell DJ. Cardiovascular T2-
star (T2*) magnetic resonance for the early diagnosis of myocardial iron 
overload. Eur Heart J. 2001;22:2171–2179.

	203.	 Weidemann F, Störk S, Liu D, Hu K, Herrmann S, Ertl G, Niemann M. 
Cardiomyopathy of Friedreich ataxia. J Neurochem. 2013;126(suppl 
1):88–93. doi: 10.1111/jnc.12217.

	204.	 Payne RM, Peverill RE. Cardiomyopathy of Friedreich’s ataxia (FRDA).  
Ir J Med Sci. 2012;181:569–570. doi: 10.1007/s11845-012-0808-7.

	205.	 January CT, Wann LS, Alpert JS, Calkins H, Cigarroa JE, Cleveland JC 
Jr, Conti JB, Ellinor PT, Ezekowitz MD, Field ME, Murray KT, Sacco RL, 
Stevenson WG, Tchou PJ, Tracy CM, Yancy CW. 2014 AHA/ACC/HRS 
guideline for the management of patients with atrial fibrillation: a report 
of the American College of Cardiology/American Heart Association Task 
Force on Practice Guidelines and the Heart Rhythm Society [published 
correction appears in Circulation. 2014;130:e272–e274]. Circulation. 
2014;130:e199–e267. doi: 10.1161/CIR.0000000000000041.

	206.	 Lau JK, Sy RW, Corbett A, Kritharides L. Myotonic dystrophy and the 
heart: a systematic review of evaluation and management. Int J Cardiol. 
2015;184:600–608. doi: 10.1016/j.ijcard.2015.03.069.

	207.	 Bassez G, Lazarus A, Desguerre I, Varin J, Laforêt P, Bécane HM, Meune 
C, Arne-Bes MC, Ounnoughene Z, Radvanyi H, Eymard B, Duboc D. 
Severe cardiac arrhythmias in young patients with myotonic dystrophy 
type 1. Neurology. 2004;63:1939–1941.

	208.	 Bhakta D, Lowe MR, Groh WJ. Prevalence of structural cardiac ab-
normalities in patients with myotonic dystrophy type I. Am Heart J. 
2004;147:224–227. doi: 10.1016/j.ahj.2003.08.008.

	209.	 Phillips MF, Harper PS. Cardiac disease in myotonic dystrophy. Cardiovasc 
Res. 1997;33:13–22.

	210.	 Groh WJ, Groh MR, Saha C, Kincaid JC, Simmons Z, Ciafaloni E, 
Pourmand R, Otten RF, Bhakta D, Nair GV, Marashdeh MM, Zipes DP, 
Pascuzzi RM. Electrocardiographic abnormalities and sudden death in 
myotonic dystrophy type 1. N Engl J Med. 2008;358:2688–2697. doi: 
10.1056/NEJMoa062800.

	211.	 Breton R, Mathieu J. Usefulness of clinical and electrocardiographic data 
for predicting adverse cardiac events in patients with myotonic dystro-
phy. Can J Cardiol. 2009;25:e23–e27.

	212.	 De Ambroggi L, Raisaro A, Marchianó V, Radice S, Meola G. Cardiac 
involvement in patients with myotonic dystrophy: characteristic features 
of magnetic resonance imaging. Eur Heart J. 1995;16:1007–1010.

	213.	 Turkbey EB, Gai N, Lima JA, van der Geest RJ, Wagner KR, Tomaselli GF, 
Bluemke DA, Nazarian S. Assessment of cardiac involvement in myotonic 
muscular dystrophy by T1 mapping on magnetic resonance imaging. 
Heart Rhythm. 2012;9:1691–1697. doi: 10.1016/j.hrthm.2012.06.032.

	214.	 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. doi: 10.1016/j.nmd.2008.03.002.

	215.	 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. doi: 10.1016/j.jacc.2012.12.008.

	216.	 Houde S, Filiatrault M, Fournier A, Dubé J, D’Arcy S, Bérubé D, Brousseau 
Y, Lapierre G, Vanasse M. Deflazacort use in Duchenne muscular dys-
trophy: an 8-year follow-up. Pediatr Neurol. 2008;38:200–206. doi: 
10.1016/j.pediatrneurol.2007.11.001.

	217.	 Khalil ME, Basher AW, Brown EJ Jr, Alhaddad IA. A remarkable medical 
story: benefits of angiotensin-converting enzyme inhibitors in cardiac pa-
tients. J Am Coll Cardiol. 2001;37:1757–1764.

	218.	 Yusuf S, Bitt B, Davis CE, Hood WB, Cohn JN. Effect of enalapril on mor-
tality and the development of heart failure in asymptomatic patients with 
reduced left ventricular ejection fractions [published correction appears 
in N Engl J Med. 1992;327:1768]. N Engl J Med. 1992;327:685–691.

	219.	 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. doi: 10.1016/j.ahj.2007.05.014.

	220.	 Jessup M, Abraham WT, Casey DE, Feldman AM, Francis GS, Ganiats 
TG, Konstam MA, Mancini DM, Rahko PS, Silver MA, Stevenson LW, 

Yancy CW. ACCF/AHA guidelines for the diagnosis and management of 
heart failure in adults. Circulation. 2009;119:1977–2016. doi: 10.1161/
CIRCULATIONAHA.109.192064.

	221.	 Cohn RD, van Erp C, Habashi JP, Soleimani AA, Klein EC, Lisi MT, 
Gamradt M, ap Rhys CM, Holm TM, Loeys BL, Ramirez F, Judge DP, Ward 
CW, Dietz HC. Angiotensin II type 1 receptor blockade attenuates TGF-
beta-induced failure of muscle regeneration in multiple myopathic states 
[published correction appears in Nat Med. 2007;13:511]. Nat Med. 
2007;13:204–210. doi: 10.1038/nm1536.

	222.	 Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, Drazner MH, 
Fonarow GC, Geraci SA, Horwich T, Januzzi JL, Johnson MR, Kasper EK, 
Levy WC, Masoudi FA, McBride PE, McMurray JJV, Mitchell JE, Peterson 
PN, Riegel B, Sam F, Stevenson LW, Tang WHW, Tsai EJ, Wilkoff BL. 2013 
ACCF/AHA guideline for the management of heart failure: a report of the 
American College of Cardiology Foundation/American Heart Association 
Task Force on Practice Guidelines. Circulation. 2013;128:e240–e327. doi: 
10.1161/CIR.0b013e31829e8776.

	223.	 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.

	224.	 Shaddy RE, Tani LY, Gidding SS, Pahl E, Orsmond GS, Gilbert EM, Lemes 
V. Beta-blocker treatment of dilated cardiomyopathy with congestive 
heart failure in children: a multi-institutional experience. J Heart Lung 
Transplant. 1999;18:269–274.

	225.	 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. doi: 10.1016/j.amjcard.2012.02.064.

	226.	 Kwon HW, Kwon BS, Kim GB, Chae JH, Park JD, Bae EJ, Noh CI. The ef-
fect of enalapril and carvedilol on left ventricular dysfunction in middle 
childhood and adolescent patients with muscular dystrophy. Korean Circ 
J. 2012;42:184–191. doi: 10.4070/kcj.2012.42.3.184.

	227.	 Ishikawa Y, Bach JR, Ishikawa Y, Minami R. A management trial for 
Duchenne cardiomyopathy. Am J Phys Med Rehabil. 1995;74:345–350.

	228.	 Ogata H, Ishikawa Y, Ishikawa Y, Minami R. Beneficial effects of beta-
blockers and angiotensin-converting enzyme inhibitors in Duchenne mus-
cular dystrophy [published correction appears in J Cardiol. 2009;53:316]. 
J Cardiol. 2009;53:72–78. doi: 10.1016/j.jjcc.2008.08.013.

	229.	 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. doi: 10.1007/s00246-012-0281-0.

	230.	 Mcneill RS. Effect of a beta-adrenergic-blocking agent, propranolol, on 
asthmatics. Lancet. 1964;2:1101–1102.

	231.	 Salpeter SR, Ormiston TM, Salpeter EE. Cardioselective beta-blockers in 
patients with reactive airway disease: a meta-analysis. Ann Intern Med. 
2002;137:715–725.

	232.	 Salpeter SR, Ormiston TM, Salpeter EE, Poole PJ, Cates CJ. Cardioselective 
beta-blockers for chronic obstructive pulmonary disease: a meta-analysis. 
Respir Med. 2003;97:1094–1101.

	233.	 Blain A, Greally E, Laval S, Blamire A, Straub V, MacGowan GA. Beta-
blockers, left and right ventricular function, and in-vivo calcium influx 
in muscular dystrophy cardiomyopathy. PLoS One. 2013;8:e57260. doi: 
10.1371/journal.pone.0057260.

	234.	 Bauer R, Blain A, Greally E, Bushby K, Lochmuller H, Laval S, Straub V, 
MacGowan GA. Intolerance to ss-blockade in a mouse model of delta-
sarcoglycan-deficient muscular dystrophy cardiomyopathy. Eur J Heart 
Fail. 2010;12:1163–1170.

	235.	 Blain A, Greally E, Laval SH, Blamire AM, MacGowan GA, Straub VW. 
Absence of cardiac benefit with early combination ACE inhibitor and beta 
blocker treatment in mdx mice. J Cardiovasc Transl Res. 2015;8:198–207. 
doi: 10.1007/s12265-015-9623-7.

	236.	 Hayashi M, Tsutamoto T, Wada A, Tsutsui T, Ishii C, Ohno K, Fujii M, 
Taniguchi A, Hamatani T, Nozato Y, Kataoka K, Morigami N, Ohnishi 
M, Kinoshita M, Horie M. Immediate administration of mineralocor-
ticoid receptor antagonist spironolactone prevents post-infarct left 
ventricular remodeling associated with suppression of a marker of 
myocardial collagen synthesis in patients with first anterior acute myo-
cardial infarction. Circulation. 2003;107:2559–2565. doi: 10.1161/01.
CIR.0000068340.96506.0F.

	237.	 Iraqi W, Rossignol P, Angioi M, Fay R, Nuée J, Ketelslegers JM, 
Vincent J, Pitt B, Zannad F. Extracellular cardiac matrix biomarkers  
in patients with acute myocardial infarction complicated by left 

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024



Feingold et al

September 26, 2017� Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526e228

ventricular dysfunction and heart failure: insights from the Eplerenone 
Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival 
Study (EPHESUS) study. Circulation. 2009;119:2471–2479. doi: 10.1161/
CIRCULATIONAHA.108.809194.

	238.	 Zannad F, Alla F, Dousset B, Perez A, Pitt B; on behalf of the RALES 
Investigators. Limitation of excessive extracellular matrix turnover may 
contribute to survival benefit of spironolactone therapy in patients 
with congestive heart failure: insights from the randomized aldactone 
evaluation study (RALES) [published correction appears in Circulation. 
2001;103:476]. Circulation. 2000;102:2700–2706. doi: 10.1161/01.
CIR.102.22.2700.

	239.	 Chapman N, Dobson J, Wilson S, Dahlöf B, Sever PS, Wedel H, Poulter 
NR; on behalf of the Anglo-Scandinavian Cardiac Outcomes Trial 
Investigators. Effect of spironolactone on blood pressure in subjects 
with resistant hypertension. Hypertension. 2007;49:839–845. doi: 
10.1161/01.HYP.0000259805.18468.8c.

	240.	 Jansen PM, Frenkel WJ, van den Born BJ, de Bruijne EL, Deinum J, 
Kerstens MN, Arnoldus JH, Woittiez AJ, Wijbenga JA, Zietse R, Danser 
AH, van den Meiracker AH. Determinants of blood pressure reduction 
by eplerenone in uncontrolled hypertension. J Hypertens. 2013;31:404–
413. doi: 10.1097/HJH.0b013e32835b71d6.

	241.	 Weinberger MH, Roniker B, Krause SL, Weiss RJ. Eplerenone, a selective 
aldosterone blocker, in mild-to-moderate hypertension. Am J Hypertens. 
2002;15:709–716.

	242.	 Rocha R, Martin-Berger CL, Yang P, Scherrer R, Delyani J, McMahon 
E. Selective aldosterone blockade prevents angiotensin II/salt-induced 
vascular inflammation in the rat heart. Endocrinology. 2002;143:4828–
4836. doi: 10.1210/en.2002-220120.

	243.	 Rocha R, Rudolph AE, Frierdich GE, Nachowiak DA, Kekec BK, Blomme 
EA, McMahon EG, Delyani JA. Aldosterone induces a vascular inflam-
matory phenotype in the rat heart. Am J Physiol Heart Circ Physiol. 
2002;283:H1802–H1810. doi: 10.1152/ajpheart.01096.2001.

	244.	 Virdis A, Neves MF, Amiri F, Viel E, Touyz RM, Schiffrin EL. Spironolactone 
improves angiotensin-induced vascular changes and oxidative stress. 
Hypertension. 2002;40:504–510.

	245.	 Pu Q, Neves MF, Virdis A, Touyz RM, Schiffrin EL. Endothelin antago-
nism on aldosterone-induced oxidative stress and vascular remodel-
ing. Hypertension. 2003;42:49–55. doi: 10.1161/01.HYP.0000078357. 
92682.EC.

	246.	 Shah NC, Pringle SD, Donnan PT, Struthers AD. Spironolactone has 
antiarrhythmic activity in ischaemic cardiac patients without car-
diac failure. J Hypertens. 2007;25:2345–2351. doi: 10.1097/HJH. 
0b013e3282e9a72d.

	247.	 Ferrario CM, Schiffrin EL. Role of mineralocorticoid receptor antagonists 
in cardiovascular disease. Circ Res. 2015;116:206–213. doi: 10.1161/
CIRCRESAHA.116.302706.

	248.	 Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, Palensky J, 
Wittes J; for the Randomized Aldactone Evaluation Study Investigators. 
The effect of spironolactone on morbidity and mortality in patients with 
severe heart failure. N Engl J Med. 1999;341:709–717. doi: 10.1056/
NEJM199909023411001.

	249.	 Pitt B. Aldosterone blockade in patients with systolic left ventricular 
dysfunction. Circulation. 2003;108:1790–1794. doi: 10.1161/01.
CIR.0000086776.15268.22.

	250.	 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. doi: 10.1056/NEJMoa1009492.

	251.	 Boccanelli A, Mureddu GF, Cacciatore G, Clemenza F, Di Lenarda A, 
Gavazzi A, Porcu M, Latini R, Lucci D, Maggioni AP, Masson S, Vanasia 
M, de Simone G; AREA IN-CHF Investigators. Anti-remodelling effect 
of canrenone in patients with mild chronic heart failure (AREA IN-CHF 
study): final results. Eur J Heart Fail. 2009;11:68–76. doi: 10.1093/eurjhf/
hfn015.

	252.	 Tsutamoto T, Wada A, Maeda K, Mabuchi N, Hayashi M, Tsutsui T, Ohnishi 
M, Sawaki M, Fujii M, Matsumoto T, Matsui T, Kinoshita M. Effect of 
spironolactone on plasma brain natriuretic peptide and left ventricular 
remodeling in patients with congestive heart failure. J Am Coll Cardiol. 
2001;37:1228–1233.

	253.	 Rafael-Fortney JA, Chimanji NS, Schill KE, Martin CD, Murray JD, Ganguly 
R, Stangland JE, Tran T, Xu Y, Canan BD, Mays TA, Delfín DA, Janssen 
PML, Raman SV. Early treatment with lisinopril and spironolactone pre-
serves cardiac and skeletal muscle in Duchenne muscular dystrophy mice. 
Circulation. 2011;124:582–588.

	254.	 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 [pub-
lished correction appears in Lancet Neurol. 2015;14:135]. Lancet Neurol. 
2015;14:153–161. doi: 10.1016/S1474-4422(14)70318-7.

	255.	 Henricson EK, Abresch RT, Cnaan A, Hu F, Duong T, Arrieta A, Han J, 
Escolar DM, Florence JM, Clemens PR, Hoffman EP, McDonald CM; 
CINRG Investigators. The Cooperative International Neuromuscular 
Research Group Duchenne Natural History Study: glucocorticoid treat-
ment preserves clinically meaningful functional milestones and reduces 
rate of disease progression as measured by manual muscle testing and 
other commonly used clinical trial outcome measures. Muscle Nerve. 
2013;48:55–67. doi: 10.1002/mus.23808.

	256.	 Moxley RT 3rd, Ashwal S, Pandya S, Connolly A, Florence J, Mathews 
K, Baumbach L, McDonald C, Sussman M, Wade C; Quality Standards 
Subcommittee of the American Academy of Neurology; Practice 
Committee of the Child Neurology Society. Practice parameter: cortico-
steroid treatment of Duchenne dystrophy: report of the Quality Standards 
Subcommittee of the American Academy of Neurology and the Practice 
Committee of the Child Neurology Society. Neurology. 2005;64:13–20. 
doi: 10.1212/01.WNL.0000148485.00049.B7.

	257.	 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. doi: 10.1007/s00246-005-0909-4.

	258.	 Silversides CK, Webb GD, Harris VA, Biggar DW. Effects of deflazacort on 
left ventricular function in patients with Duchenne muscular dystrophy. 
Am J Cardiol. 2003;91:769–772.

	259.	 Gulati S, Saxena A, Kumar V, Kalra V. Duchenne muscular dystro-
phy: prevalence and patterns of cardiac involvement. Indian J Pediatr. 
2005;72:389–393.

	260.	 Sherman LG, Liang CS, Baumgardner S, Charuzi Y, Chardo F, Kim 
CS. Piretanide, a potent diuretic with potassium-sparing properties, 
for the treatment of congestive heart failure. Clin Pharmacol Ther. 
1986;40:587–594.

	261.	 Wilson JR, Reichek N, Dunkman WB, Goldberg S. Effect of diure-
sis on the performance of the failing left ventricle in man. Am J Med. 
1981;70:234–239.

	262.	 Patterson JH, Adams KF Jr, Applefeld MM, Corder CN, Masse BR; 
Torsemide Investigators Group. Oral torsemide in patients with chronic 
congestive heart failure: effects on body weight, edema, and electrolyte 
excretion. Pharmacotherapy. 1994;14:514–521.

	263.	 Parker JO; Ibopamine Study Group. The effects of oral ibopamine in pa-
tients with mild heart failure: a double blind placebo controlled compari-
son to furosemide. Int J Cardiol. 1993;40:221–227.

	264.	 Butler J, Forman DE, Abraham WT, Gottlieb SS, Loh E, Massie BM, 
O’Connor CM, Rich MW, Stevenson LW, Wang Y, Young JB, Krumholz 
HM. Relationship between heart failure treatment and development 
of worsening renal function among hospitalized patients. Am Heart J. 
2004;147:331–338. doi: 10.1016/j.ahj.2003.08.012.

	265.	 Gottlieb SS, Brater DC, Thomas I, Havranek E, Bourge R, Goldman 
S, Dyer F, Gomez M, Bennett D, Ticho B, Beckman E, Abraham WT. 
BG9719 (CVT-124), an A1 adenosine receptor antagonist, protects 
against the decline in renal function observed with diuretic therapy [pub-
lished correction appears in Circulation. 2002;106:1743]. Circulation. 
2002;105:1348–1353.

	266.	 Hasselblad V, Gattis Stough W, Shah MR, Lokhnygina Y, O’Connor CM, 
Califf RM, Adams KF Jr. Relation between dose of loop diuretics and 
outcomes in a heart failure population: results of the ESCAPE trial. Eur J 
Heart Fail. 2007;9:1064–1069. doi: 10.1016/j.ejheart.2007.07.011.

	267.	 McCurley JM, Hanlon SU, Wei SK, Wedam EF, Michalski M, Haigney 
MC. Furosemide and the progression of left ventricular dysfunction in 
experimental heart failure. J Am Coll Cardiol. 2004;44:1301–1307. doi: 
10.1016/j.jacc.2004.04.059.

	268.	 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. 2009 Focused update incorporated into 
the ACC/AHA 2005 guidelines for the diagnosis and management of 
heart failure in adults: a report of the American College of Cardiology 
Foundation/American Heart Association Task Force on Practice 
Guidelines [published correction appears in Circulation. 2010;121:e258]. 
Circulation. 2009;119:e391–e479.

	269.	 Lindenfeld J, Albert NM, Boehmer JP, Collins SP, Ezekowitz JA, Givertz 
MM, Katz SD, Klapholz M, Moser DK, Rogers JG, Starling RC, Stevenson 

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024



Cardiac Involvement in Neuromuscular Diseases

Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526� September 26, 2017 e229

CLINICAL STATEM
ENTS  

AND GUIDELINES

WG, Tang WH, Teerlink JR, Walsh MN; Heart Failure Society of America. 
HFSA 2010 comprehensive heart failure practice guideline. J Card Fail. 
2010;16:e1–e194. doi: 10.1016/j.cardfail.2010.04.004.

	270.	 Oechslin EN, Attenhofer Jost CH, Rojas JR, Kaufmann PA, Jenni R. Long-
term follow-up of 34 adults with isolated left ventricular noncompac-
tion: a distinct cardiomyopathy with poor prognosis. J Am Coll Cardiol. 
2000;36:493–500.

	271.	 Chin TK, Perloff JK, Williams RG, Jue K, Mohrmann R. Isolated noncom-
paction of left ventricular myocardium: a study of eight cases. Circulation. 
1990;82:507–513.

	272.	 Ciaccheri M, Castelli G, Cecchi F, Nannini M, Santoro G, Troiani V, 
Zuppiroli A, Dolara A. Lack of correlation between intracavitary 
thrombosis detected by cross sectional echocardiography and sys-
temic emboli in patients with dilated cardiomyopathy. Br Heart J. 
1989;62:26–29.

	273.	 Kyrle PA, Korninger C, Gössinger H, Glogar D, Lechner K, Niessner H, 
Pabinger I. Prevention of arterial and pulmonary embolism by oral anti-
coagulants in patients with dilated cardiomyopathy. Thromb Haemost. 
1985;54:521–523.

	274.	 Dunkman WB, Johnson GR, Carson PE, Bhat G, Farrell L, Cohn JN; V-HeFT 
VA Cooperative Studies Group. Incidence of thromboembolic events in 
congestive heart failure. Circulation. 1993;87(suppl):VI94–V101.

	275.	 Cioffi G, Pozzoli M, Forni G, Franchini M, Opasich C, Cobelli F, Tavazzi L. 
Systemic thromboembolism in chronic heart failure: a prospective study 
in 406 patients. Eur Heart J. 1996;17:1381–1389.

	276.	 Baker DW, Wright RF. Management of heart failure, IV: anticoagulation 
for patients with heart failure due to left ventricular systolic dysfunction. 
JAMA. 1994;272:1614–1618.

	277.	 Jafri SM, Ozawa T, Mammen E, Levine TB, Johnson C, Goldstein S. 
Platelet function, thrombin and fibrinolytic activity in patients with heart 
failure. Eur Heart J. 1993;14:205–212.

	278.	 Sbarouni E, Bradshaw A, Andreotti F, Tuddenham E, Oakley CM, Cleland 
JG. Relationship between hemostatic abnormalities and neuroendocrine 
activity in heart failure. Am Heart J. 1994;127:607–612.

	279.	 Yamamoto K, Ikeda U, Furuhashi K, Irokawa M, Nakayama T, Shimada K. 
The coagulation system is activated in idiopathic cardiomyopathy. J Am 
Coll Cardiol. 1995;25:1634–1640.

	280.	 Cleland JG, Findlay I, Jafri S, Sutton G, Falk R, Bulpitt C, Prentice C, Ford 
I, Trainer A, Poole-Wilson PA. The Warfarin/Aspirin Study in Heart failure 
(WASH): a randomized trial comparing antithrombotic strategies for pa-
tients with heart failure. Am Heart J. 2004;148:157–164. doi: 10.1016/j.
ahj.2004.03.010.

	281.	 Homma S, Thompson JL, Pullicino PM, Levin B, Freudenberger RS, 
Teerlink JR, Ammon SE, Graham S, Sacco RL, Mann DL, Mohr JP, Massie 
BM, Labovitz AJ, Anker SD, Lok DJ, Ponikowski P, Estol CJ, Lip GY, Di 
Tullio MR, Sanford AR, Mejia V, Gabriel AP, del Valle ML, Buchsbaum R; 
WARCEF Investigators. Warfarin and aspirin in patients with heart failure 
and sinus rhythm. N Engl J Med. 2012;366:1859–1869. doi: 10.1056/
NEJMoa1202299.

	282.	 Homma S, Thompson JL, Qian M, Ye S, Di Tullio MR, Lip GY, Mann DL, 
Sacco RL, Levin B, Pullicino PM, Freudenberger RS, Teerlink JR, Graham 
S, Mohr JP, Labovitz AJ, Buchsbaum R, Estol CJ, Lok DJ, Ponikowski 
P, Anker SD; for the WARCEF Investigators. Quality of anticoagula-
tion control in preventing adverse events in patients with heart failure 
in sinus rhythm: Warfarin versus Aspirin in Reduced Cardiac Ejection 
Fraction trial substudy. Circ Heart Fail. 2015;8:504–509. doi: 10.1161/
CIRCHEARTFAILURE.114.001725.

	283.	 Massie BM, Collins JF, Ammon SE, Armstrong PW, Cleland JG, Ezekowitz 
M, Jafri SM, Krol WF, O’Connor CM, Schulman KA, Teo K, Warren SR; 
for the WATCH Trial Investigators. Randomized trial of warfarin, aspi-
rin, and clopidogrel in patients with chronic heart failure: the Warfarin 
and Antiplatelet Therapy in Chronic Heart Failure (WATCH) trial. 
Circulation. 2009;119:1616–1624. doi: 10.1161/CIRCULATIONAHA. 
108.801753.

	284.	 Arola A, Tuominen J, Ruuskanen O, Jokinen E. Idiopathic dilated car-
diomyopathy in children: prognostic indicators and outcome. Pediatrics. 
1998;101(pt 1):369–376.

	285.	 Choi SH, Jeong SI, Yang JH, Kang IS, Jun TG, Lee HJ, Huh J. A single-
center experience with intracardiac thrombosis in children with dilated 
cardiomyopathy. Pediatr Cardiol. 2010;31:264–269. doi: 10.1007/
s00246-009-9602-3.

	286.	 Günthard J, Stocker F, Bolz D, Jäggi E, Ghisla R, Oberhänsli I, Wyler 
F. Dilated cardiomyopathy and thrombo-embolism. Eur J Pediatr. 
1997;156:3–6.

	287.	 Hsu DT, Addonizio LJ, Hordof AJ, Gersony WM. Acute pulmonary em-
bolism in pediatric patients awaiting heart transplantation. J Am Coll 
Cardiol. 1991;17:1621–1625.

	288.	 John JB, Cron SG, Kung GC, Mott AR. Intracardiac thrombi in pediat-
ric patients: presentation profiles and clinical outcomes. Pediatr Cardiol. 
2007;28:213–220. doi: 10.1007/s00246-005-1068-3.

	289.	 Law YM, Sharma S, Feingold B, Fuller B, Devine WA, Webber SA. 
Clinically significant thrombosis in pediatric heart transplant recipients 
during their waiting period. Pediatr Cardiol. 2013;34:334–340. doi: 
10.1007/s00246-012-0451-0.

	290.	 McCrindle BW, Karamlou T, Wong H, Gangam N, Trivedi KR, Lee KJ, 
Benson LN. Presentation, management and outcomes of thrombosis for 
children with cardiomyopathy. Can J Cardiol. 2006;22:685–690.

	291.	 Monagle P, Chan AK, Goldenberg NA, Ichord RN, Journeycake JM, 
Nowak-Gottl U, Vesely SK. Antithrombotic therapy in neonates and 
children: Antithrombotic Therapy and Prevention of Thrombosis, 9th ed: 
American College of Chest Physicians evidence-based clinical practice 
guidelines [published corrections appear in Chest. 2014;146:1422 and 
Chest. 2014;146:1694]. Chest. 2012;141:e737S–e801S. doi: 10.1378/
chest.11-2308

	292.	 Finsterer J, Stöllberger C. Atrial fibrillation/flutter in myopathies. Int J 
Cardiol. 2008;128:304–310. doi: 10.1016/j.ijcard.2007.12.041.

	293.	 Merino JL, Peinado R. Arrhythmias associated with neuromuscular disor-
ders. Card Electrophysiol Rev. 2002;6:132–135.

	294.	 Page RL, Joglar JA, Caldwell MA, Calkins H, Conti JB, Deal BJ, Estes 
NA, 3rd, Field ME, Goldberger ZD, Hammill SC, Indik JH, Lindsay BD, 
Olshansky B, Russo AM, Shen WK, Tracy CM, Al-Khatib SM. 2015 
ACC/AHA/HRS guideline for the management of adult patients 
with supraventricular tachycardia: a report of the American College 
of Cardiology/American Heart Association Task Force on Clinical 
Practice Guidelines and the Heart Rhythm Society [published cor-
rection appears in Circulation. 2016;134:e234–e235]. Circulation. 
2016;133:e506–e574.

	295.	 Priori SG, Blomstrom-Lundqvist C, Mazzanti A, Blom N, Borggrefe M, 
Camm J, Elliott PM, Fitzsimons D, Hatala R, Hindricks G, Kirchhof P, 
Kjeldsen K, Kuck KH, Hernandez-Madrid A, Nikolaou N, Norekval TM, 
Spaulding C, Van Veldhuisen DJ. 2015 ESC guidelines for the manage-
ment of patients with ventricular arrhythmias and the prevention of sud-
den cardiac death. Rev Esp Cardiol (Engl Ed). 2016;69:176.

	296.	 Wright NC, Kilmer DD, McCrory MA, Aitkens SG, Holcomb BJ, Bernauer 
EM. Aerobic walking in slowly progressive neuromuscular disease: effect 
of a 12-week program. Arch Phys Med Rehabil. 1996;77:64–69.

	297.	 Aitkens S, Kilmer DD, Wright NC, McCrory MA. Metabolic syndrome in 
neuromuscular disease. Arch Phys Med Rehabil. 2005;86:1030–1036. 
doi: 10.1016/j.apmr.2004.09.012.

	298.	 Kilmer DD, Zhao HH. Obesity, physical activity, and the metabolic syn-
drome in adult neuromuscular disease. Phys Med Rehabil Clin N Am. 
2005;16:1053–1062, xi. doi: 10.1016/j.pmr.2005.08.014.

	299.	 World Health Organization. Global recommendations on physical activity 
for health. Geneva, Switzerland: World Health Organization; 2010.

	300.	 Piña IL, Apstein CS, Balady GJ, Belardinelli R, Chaitman BR, Duscha BD, 
Fletcher BJ, Fleg JL, Myers JN, Sullivan MJ. Exercise and heart failure: a 
statement from the American Heart Association Committee on Exercise, 
Rehabilitation, and Prevention. Circulation. 2003;107:1210–1225. doi: 
10.1161/01.CIR.0000055013.92097.40.

	301.	 Abresch RT, Han JJ, Carter GT. Rehabilitation management of neuro-
muscular disease: the role of exercise training. J Clin Neuromuscul Dis. 
2009;11:7–21. doi: 10.1097/CND.0b013e3181a8d36b.

	302.	 Aitkens SG, McCrory MA, Kilmer DD, Bernauer EM. Moderate resistance 
exercise program: its effect in slowly progressive neuromuscular disease. 
Arch Phys Med Rehabil. 1993;74:711–715.

	303.	 Han MK, McLaughlin VV, Criner GJ, Martinez FJ. Pulmonary diseas-
es and the heart. Circulation. 2007;116:2992–3005. doi: 10.1161/
CIRCULATIONAHA.106.685206.

	304.	 Mezon BL, West P, Israels J, Kryger M. Sleep breathing abnormalities in 
kyphoscoliosis. Am Rev Respir Dis. 1980;122:617–621. doi: 10.1164/
arrd.1980.122.4.617.

	305.	 Melacini P, Vianello A, Villanova C, Fanin M, Miorin M, Angelini C, 
Dalla Volta S. Cardiac and respiratory involvement in advanced 
stage Duchenne muscular dystrophy. Neuromuscul Disord. 1996;6: 
367–376.

	306.	 Yotsukura M, Miyagawa M, Tsuya T, Ishihara T, Ishikawa K. Pulmonary 
hypertension in progressive muscular dystrophy of the Duchenne type. 
Jpn Circ J. 1988;52:321–326.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024



Feingold et al

September 26, 2017� Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526e230

	307.	 Leung RS, Diep TM, Bowman ME, Lorenzi-Filho G, Bradley TD. Provocation 
of ventricular ectopy by Cheyne-Stokes respiration in patients with heart 
failure. Sleep. 2004;27:1337–1343.

	308.	 Leung RS, Floras JS, Lorenzi-Filho G, Rankin F, Picton P, Bradley TD. 
Influence of Cheyne-Stokes respiration on cardiovascular oscillations in 
heart failure. Am J Respir Crit Care Med. 2003;167:1534–1539. doi: 
10.1164/rccm.200208-793OC.

	309.	 Naughton MT, Benard DC, Liu PP, Rutherford R, Rankin F, Bradley TD. 
Effects of nasal CPAP on sympathetic activity in patients with heart failure 
and central sleep apnea. Am J Respir Crit Care Med. 1995;152:473–479. 
doi: 10.1164/ajrccm.152.2.7633695.

	310.	 Arzt M, Floras JS, Logan AG, Kimoff RJ, Series F, Morrison D, Ferguson K, 
Belenkie I, Pfeifer M, Fleetham J, Hanly P, Smilovitch M, Ryan C, Tomlinson 
G, Bradley TD; for the CANPAP Investigators. Suppression of central sleep 
apnea by continuous positive airway pressure and transplant-free sur-
vival in heart failure: a post hoc analysis of the Canadian Continuous 
Positive Airway Pressure for Patients with Central Sleep Apnea and Heart 
Failure Trial (CANPAP). Circulation. 2007;115:3173–3180. doi: 10.1161/
CIRCULATIONAHA.106.683482.

	311.	 Cowie MR, Woehrle H, Wegscheider K, Angermann C, d’Ortho MP, 
Erdmann E, Levy P, Simonds AK, Somers VK, Zannad F, Teschler H. 
Adaptive servo-ventilation for central sleep apnea in systolic heart failure. 
N Engl J Med. 2015;373:1095–1105. doi: 10.1056/NEJMoa1506459.

	312.	 Cheuk DK, Wong V, Wraige E, Baxter P, Cole A, N’Diaye T, Mayowe 
V. Surgery for scoliosis in Duchenne muscular dystrophy. Cochrane 
Database Syst Rev. 2007;(1):CD005375.

	313.	 Bridwell KH, Baldus C, Iffrig TM, Lenke LG, Blanke K. Process mea-
sures and patient/parent evaluation of surgical management of spinal 
deformities in patients with progressive flaccid neuromuscular scoliosis 
(Duchenne’s muscular dystrophy and spinal muscular atrophy). Spine 
(Phila Pa 1976). 1999;24:1300–1309.

	314.	 Marchesi D, Arlet V, Stricker U, Aebi M. Modification of the original 
Luque technique in the treatment of Duchenne’s neuromuscular scolio-
sis. J Pediatr Orthop. 1997;17:743–749.

	315.	 Cambridge W, Drennan JC. Scoliosis associated with Duchenne muscular 
dystrophy. J Pediatr Orthop. 1987;7:436–440.

	316.	 Miller RG, Chalmers AC, Dao H, Filler-Katz A, Holman D, Bost F. The 
effect of spine fusion on respiratory function in Duchenne muscular dys-
trophy. Neurology. 1991;41:38–40.

	317.	 Galasko CS, Delaney C, Morris P. Spinal stabilisation in Duchenne muscu-
lar dystrophy. J Bone Joint Surg Br. 1992;74:210–214.

	318.	 Galasko CS, Williamson JB, Delaney CM. Lung function in Duchenne 
muscular dystrophy. Eur Spine J. 1995;4:263–267.

	319.	 Velasco MV, Colin AA, Zurakowski D, Darras BT, Shapiro F. Posterior spi-
nal fusion for scoliosis in Duchenne muscular dystrophy diminishes the 
rate of respiratory decline. Spine (Phila Pa 1976). 2007;32:459–465. doi: 
10.1097/01.brs.0000255062.94744.52.

	320.	 Miller F, Moseley CF, Koreska J. Spinal fusion in Duchenne muscular dys-
trophy. Dev Med Child Neurol. 1992;34:775–786.

	321.	 Kinali M, Messina S, Mercuri E, Lehovsky J, Edge G, Manzur AY, Muntoni 
F. Management of scoliosis in Duchenne muscular dystrophy: a large 10-
year retrospective study. Dev Med Child Neurol. 2006;48:513–518. doi: 
10.1017/S0012162206001083.

	322.	 Gayet LE. Surgical treatment of scoliosis due to Duchenne muscular dys-
trophy [in French]. Chirurgie. 1999;124:423–431.

	323.	 Bhakta D, Shen C, Kron J, Epstein AE, Pascuzzi RM, Groh WJ. Pacemaker 
and implantable cardioverter-defibrillator use in a US myotonic dystrophy 
type 1 population. J Cardiovasc Electrophysiol. 2011;22:1369–1375. doi: 
10.1111/j.1540-8167.2011.02200.x.

	324.	 Anselme F, Moubarak G, Savouré A, Godin B, Borz B, Drouin-Garraud V, 
Gay A. Implantable cardioverter-defibrillators in lamin A/C mutation car-
riers with cardiac conduction disorders. Heart Rhythm. 2013;10:1492–
1498. doi: 10.1016/j.hrthm.2013.06.020.

	325.	 van Berlo JH, de Voogt WG, van der Kooi AJ, van Tintelen JP, Bonne 
G, Yaou RB, Duboc D, Rossenbacker T, Heidbüchel H, de Visser M, 
Crijns HJ, Pinto YM. Meta-analysis of clinical characteristics of 299 car-
riers of LMNA gene mutations: do lamin A/C mutations portend a high 
risk of sudden death? J Mol Med (Berl). 2005;83:79–83. doi: 10.1007/
s00109-004-0589-1.

	326.	 Epstein AE, DiMarco JP, Ellenbogen KA, Estes NAM III, Freedman RA, 
Gettes LS, Gillinov AM, Gregoratos G, Hammill SC, Hayes DL, Hlatky MA, 
Newby LK, Page RL, Schoenfeld MH, Silka MJ, Stevenson LW, Sweeney 
MO. ACC/AHA/HRS 2008 guidelines for device-based therapy of cardiac 
rhythm abnormalities: a report of the American College of Cardiology/

American Heart Association Task Force on Practice Guidelines (Writing 
Committee to Revise the ACC/AHA/NASPE 2002 Guideline Update for 
Implantation of Cardiac Pacemakers and Antiarrhythmia Devices) [pub-
lished correction appears in Circulation. 2009;120:e34–e35]. Circulation. 
2008;117:e350–e408.

	327.	 Wagner KR, Lechtzin N, Judge DP. Current treatment of adult Duchenne 
muscular dystrophy. Biochim Biophys Acta. 2007;1772:229–237.

	328.	 Stöllberger C, Finsterer J. Left ventricular synchronization by biventricular 
pacing in Becker muscular dystrophy as assessed by tissue Doppler imag-
ing. Heart Lung. 2005;34:317–320. doi: 10.1016/j.hrtlng.2005.03.003.

	329.	 Fayssoil A, Nardi O, Annane D, Orlikowski D. Successful cardiac resyn-
chronisation therapy in Duchenne muscular dystrophy: a 5-year follow-
up. Presse Med. 2014;43:330–331. doi: 10.1016/j.lpm.2013.04.021.

	330.	 Kono T, Ogimoto A, Nishimura K, Yorozuya T, Okura T, Higaki J. Cardiac 
resynchronization therapy in a young patient with Duchenne muscular 
dystrophy. Int Med Case Rep J. 2015;8:173–175. doi: 10.2147/IMCRJ.
S87512.

	331.	 Andrikopoulos G, Kourouklis S, Trika C, Tzeis S, Rassias I, Papademetriou 
C, Katsivas A, Theodorakis G. Cardiac resynchronization therapy in 
Becker muscular dystrophy. Hellenic J Cardiol. 2013;54:227–229.

	332.	 Russo V, Rago A, Antonio Papa A, Nigro G. Cardiac resynchronization 
improves heart failure in one patient with myotonic dystrophy type 1: a 
case report. Acta Myol. 2012;31:154–155.

	333.	 Kilic T, Vural A, Ural D, Sahin T, Agacdiken A, Ertas G, Yildiz Y, Komsuoglu 
B. Cardiac resynchronization therapy in a case of myotonic dystrophy 
(Steinert’s disease) and dilated cardiomyopathy. Pacing Clin Electrophysiol. 
2007;30:916–920. doi: 10.1111/j.1540-8159.2007.00782.x.

	334.	 Ryan TD, Jefferies JL, Sawnani H, Wong BL, Gardner A, Del Corral M, 
Lorts A, Morales DL. Implantation of the HeartMate II and HeartWare left 
ventricular assist devices in patients with Duchenne muscular dystrophy: 
lessons learned from the first applications. ASAIO J. 2014;60:246–248. 
doi: 10.1097/MAT.0000000000000050.

	335.	 Amodeo A, Adorisio R. Left ventricular assist device in Duchenne cardio-
myopathy: can we change the natural history of cardiac disease? Int J 
Cardiol. 2012;161:e43. doi: 10.1016/j.ijcard.2012.04.009.

	336.	 Iodice F, Testa G, Averardi M, Brancaccio G, Amodeo A, Cogo P. 
Implantation of a left ventricular assist device as a destination therapy 
in Duchenne muscular dystrophy patients with end stage cardiac failure: 
management and lessons learned. Neuromuscul Disord. 2015;25:19–23. 
doi: 10.1016/j.nmd.2014.08.008.

	337.	 Hanke SP, Gardner AB, Lombardi JP, Manning PB, Nelson DP, Towbin JA, 
Jefferies JL, Lorts A. Left ventricular noncompaction cardiomyopathy in 
Barth syndrome: an example of an undulating cardiac phenotype neces-
sitating mechanical circulatory support as a bridge to transplantation. 
Pediatr Cardiol. 2012;33:1430–1434. doi: 10.1007/s00246-012-0258-z.

	338.	 Webb ST, Patil V, Vuylsteke A. Anaesthesia for non-cardiac surgery in pa-
tient with Becker’s muscular dystrophy supported with a left ventricular 
assist device. Eur J Anaesthesiol. 2007;24:640–642.

	339.	 Davies RR, Priest M, Pizarro C. First use of an intra-pericardial continuous 
flow ventricular assist device in a child with muscular dystrophy. Cardiol 
Young. 2015;25:184–186. doi: 10.1017/S1047951113002412.

	340.	 Mudge GH, Goldstein S, Addonizio LJ, Caplan A, Mancini D, Levine 
TB, Ritsch ME Jr, Stevenson LW. 24th Bethesda Conference: Cardiac 
Transplantation: Task Force 3: Recipient Guidelines/Prioritization. J Am 
Coll Cardiol. 1993;22:21–31.

	341.	 Quinlivan RM, Dubowitz V. Cardiac transplantation in Becker muscular 
dystrophy. Neuromuscul Disord. 1992;2:165–167.

	342.	 Wu RS, Gupta S, Brown RN, Yancy CW, Wald JW, Kaiser P, Kirklin NM, 
Patel PC, Markham DW, Drazner MH, Garry DJ, Mammen PP. Clinical 
outcomes after cardiac transplantation in muscular dystrophy pa-
tients. J Heart Lung Transplant. 2010;29:432–438. doi: 10.1016/j.
healun.2009.08.030.

	343.	 Homan DJ, Niyazov DM, Fisher PW, Mandras S, Patel H, Bates M, Parrino 
G, Ventura HO. Heart transplantation for a patient with Kearns-Sayre 
syndrome and end-stage heart failure. Congest Heart Fail. 2011;17:102–
104. doi: 10.1111/j.1751-7133.2011.00211.x.

	344.	 Adwani SS, Whitehead BF, Rees PG, Morris A, Turnball DM, Elliott MJ, 
de Leval MR. Heart transplantation for Barth syndrome. Pediatr Cardiol. 
1997;18:143–145. doi: 10.1007/s002469900135.

	345.	 Steger CM, Höfer D, Antretter H. Cardiac manifestation in muscular dys-
trophies leading to heart transplantation. Eur Surg. 2013;45:245–250.

	346.	 Finsterer J, Bittner RE, Grimm M. Cardiac involvement in Becker’s muscu-
lar dystrophy, necessitating heart transplantation, 6 years before appar-
ent skeletal muscle involvement. Neuromuscul Disord. 1999;9:598–600.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024



Cardiac Involvement in Neuromuscular Diseases

Circulation. 2017;136:e200–e231. DOI: 10.1161/CIR.0000000000000526� September 26, 2017 e231

CLINICAL STATEM
ENTS  

AND GUIDELINES

	347.	 Rees W, Schüler S, Hummel M, Hetzer R. Heart transplantation in pa-
tients with muscular dystrophy associated with end-stage cardiomyopa-
thy. J Heart Lung Transplant. 1993;12:804–807.

	348.	 O’Connor CM, Gattis WA, Uretsky BF, Adams KF Jr, McNulty SE, 
Grossman SH, McKenna WJ, Zannad F, Swedberg K, Gheorghiade M, 
Califf RM. Continuous intravenous dobutamine is associated with an 
increased risk of death in patients with advanced heart failure: insights 
from the Flolan International Randomized Survival Trial (FIRST). Am Heart 
J. 1999;138(pt 1):78–86.

	349.	 Hershberger RE, Nauman D, Walker TL, Dutton D, Burgess D. Care pro-
cesses and clinical outcomes of continuous outpatient support with ino-
tropes (COSI) in patients with refractory endstage heart failure. J Card 
Fail. 2003;9:180–187. doi: 10.1054/jcaf.2003.24.

	350.	 Gorodeski EZ, Chu EC, Reese JR, Shishehbor MH, Hsich E, Starling 
RC. Prognosis on chronic dobutamine or milrinone infusions for 
stage D heart failure. Circ Heart Fail. 2009;2:320–324. doi: 10.1161/
CIRCHEARTFAILURE.108.839076.

	351.	 Geenen SJ, Powers LE, Sells W. Understanding the role of health care 
providers during the transition of adolescents with disabilities and special 
health care needs. J Adolesc Health. 2003;32:225–233.

	352.	 Sawicki GS, Lukens-Bull K, Yin X, Demars N, Huang IC, Livingood W, 
Reiss J, Wood D. Measuring the transition readiness of youth with 
special healthcare needs: validation of the TRAQ: Transition Readiness 
Assessment Questionnaire. J Pediatr Psychol. 2011;36:160–171. doi: 
10.1093/jpepsy/jsp128.

	353.	 Rosen D. Between two worlds: bridging the cultures of child health and 
adult medicine. J Adolesc Health. 1995;17:10–16. doi: 10.1016/1054- 
139X(95)00077-6.

	354.	 Wang G, McGrath BB, Watts C. Health care transitions among youth 
with disabilities or special health care needs: an ecological approach.  
J Pediatr Nurs. 2010;25:505–550. doi: 10.1016/j.pedn.2009.07.003.

	355.	 Davis AM, Brown RF, Taylor JL, Epstein RA, McPheeters ML. Transition care 
for children with special health care needs. Pediatrics. 2014;134:900–
908. doi: 10.1542/peds.2014-1909.

	356.	 Rearick E. Enhancing success in transition service coordinators: use of 
transformational leadership. Prof Case Manag. 2007;12:283–287. doi: 
10.1097/01.PCAMA.0000291427.99728.4b.

	357.	 Clarizia NA, Chahal N, Manlhiot C, Kilburn J, Redington AN, McCrindle 
BW. Transition to adult health care for adolescents and young adults with 
congenital heart disease: perspectives of the patient, parent and health 
care provider. Can J Cardiol. 2009;25:e317–e322.

	358.	 Sawicki GS, Whitworth R, Gunn L, Butterfield R, Lukens-Bull K, Wood 
D. Receipt of health care transition counseling in the national survey 
of adult transition and health. Pediatrics. 2011;128:e521–e529. doi: 
10.1542/peds.2010-3017.

	359.	 Fernandes SM, O’Sullivan-Oliveira J, Landzberg MJ, Khairy P, Melvin P, 
Sawicki GS, Ziniel S, Kenney LB, Garvey KC, Sobota A, O’Brien R, Nigrovic 
PA, Sharma N, Fishman LN. Transition and transfer of adolescents and 
young adults with pediatric onset chronic disease: the patient and par-
ent perspective. J Pediatr Rehabil Med. 2014;7:43–51. doi: 10.3233/
PRM-140269.

	360.	 O’Sullivan-Oliveira J, Fernandes SM, Borges LF, Fishman LN. Transition of 
pediatric patients to adult care: an analysis of provider perceptions across 
discipline and role. Pediatr Nurs. 2014;40:113–120, 142.

	361.	 Dore A, de Guise P, Mercier LA. Transition of care to adult congenital 
heart centres: what do patients know about their heart condition? Can J 
Cardiol. 2002;18:141–146.

	362.	 Heery E, Sheehan AM, While AE, Coyne I. Experiences and outcomes of 
transition from pediatric to adult health care services for young people 

with congenital heart disease: a systematic review. Congenit Heart Dis. 
2015;10:413–427. doi: 10.1111/chd.12251.

	363.	 Wisk LE, Finkelstein JA, Sawicki GS, Lakoma M, Toomey SL, Schuster MA, 
Galbraith AA. Predictors of timing of transfer from pediatric- to adult-
focused primary care. JAMA Pediatr. 2015;169:e150951. doi: 10.1001/
jamapediatrics.2015.0951.

	364.	 Lotstein DS, Inkelas M, Hays RD, Halfon N, Brook R. Access to care for 
youth with special health care needs in the transition to adulthood.  
J Adolesc Health. 2008;43:23–29. doi: 10.1016/j.jadohealth.2007.12.013.

	365.	 Andrews JG, Davis MF, Meaney FJ. Correlates of care for young men with 
Duchenne and Becker muscular dystrophy. Muscle Nerve. 2014;49:21–25.  
doi: 10.1002/mus.23865.

	366.	 Gelfman LP, Kalman J, Goldstein NE. Engaging heart failure clinicians 
to increase palliative care referrals: overcoming barriers, improving tech-
niques. J Palliat Med. 2014;17:753–760. doi: 10.1089/jpm.2013.0675.

	367.	 Shin J, Temel J. Integrating palliative care: when and how? Curr Opin 
Pulm Med. 2013;19:344–349. doi: 10.1097/MCP.0b013e3283620e76.

	368.	 Carter GT, Joyce NC, Abresch AL, Smith AE, VandeKeift GK. Using pal-
liative care in progressive neuromuscular disease to maximize quality of 
life. Phys Med Rehabil Clin N Am. 2012;23:903–909. doi: 10.1016/j.
pmr.2012.08.002.

	369.	 Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, de Ferranti 
SD, Floyd J, Fornage M, Gillespie C, Isasi CR, Jimenez MC, Jordan LC, 
Judd SE, Lackland D, Lichtman JH, Lisabeth L, Liu S, Longenecker CT, 
Mackey RH, Matsushita K, Mozaffarian D, Mussolino ME, Nasir K, Neumar 
RW, Palaniappan L, Pandey DK, Thiagarajan RR, Reeves MJ, Ritchey M, 
Rodriguez CJ, Roth GA, Rosamond WD, Sasson C, Towfighi A, Tsao CW, 
Turner MB, Virani SS, Voeks JH, Willey JZ, Wilkins JT, Wu JHY, Alger HM, 
Wong SS, Muntner P; on behalf of the American Heart Association Statistics 
Committee and Stroke Statistics Subcommittee. Heart disease and stroke 
statistics—2017 update: a report from the American Heart Association 
[published correction appears in Circulation. 2017;135:e646]. Circulation. 
2017;135:e146–e603. doi: 10.1161/CIR.0000000000000485.

	370.	 Krumholz HM, Merrill AR, Schone EM, Schreiner GC, Chen J, Bradley EH, 
Wang Y, Wang Y, Lin Z, Straube BM, Rapp MT, Normand SL, Drye EE. 
Patterns of hospital performance in acute myocardial infarction and heart 
failure 30-day mortality and readmission. Circ Cardiovasc Qual Outcomes. 
2009;2:407–413. doi: 10.1161/CIRCOUTCOMES.109.883256.

	371.	 Brush S, Budge D, Alharethi R, McCormick AJ, MacPherson JE, Reid BB, 
Ledford ID, Smith HK, Stoker S, Clayson SE, Doty JR, Caine WT, Drakos S, 
Kfoury AG. End-of-life decision making and implementation in recipients 
of a destination left ventricular assist device. J Heart Lung Transplant. 
2010;29:1337–1341. doi: 10.1016/j.healun.2010.07.001.

	372.	 Goodlin SJ. Palliative care in congestive heart failure. J Am Coll Cardiol. 
2009;54:386–396. doi: 10.1016/j.jacc.2009.02.078.

	373.	 Feldman D, Pamboukian SV, Teuteberg JJ, Birks E, Lietz K, Moore 
SA, Morgan JA, Arabia F, Bauman ME, Buchholz HW, Deng M, 
Dickstein ML, El-Banayosy A, Elliot T, Goldstein DJ, Grady KL, Jones 
K, Hryniewicz K, John R, Kaan A, Kusne S, Loebe M, Massicotte 
MP, Moazami N, Mohacsi P, Mooney M, Nelson T, Pagani F, Perry W, 
Potapov EV, Eduardo Rame J, Russell SD, Sorensen EN, Sun B, Strueber 
M, Mangi AA, Petty MG, Rogers J; International Society for Heart and 
Lung Transplantation. The 2013 International Society for Heart and 
Lung Transplantation Guidelines for mechanical circulatory support: 
executive summary. J Heart Lung Transplant. 2013;32:157–187. doi: 
10.1016/j.healun.2012.09.013.

	374.	 Fendler TJ, Swetz KM, Allen LA. Team-based palliative and end-of-life 
care for heart failure. Heart Fail Clin. 2015;11:479–498. doi: 10.1016/j.
hfc.2015.03.010.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 1, 2024




