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Abstract
This international multidisciplinary document is intended to guide
electrophysiologists, cardiologists, other clinicians, and health
care professionals in caring for patients with arrhythmic complica-
tions of neuromuscular disorders (NMDs). The document presents
an overview of arrhythmias in NMDs followed by detailed sections
on specific disorders: Duchenne muscular dystrophy, Becker
muscular dystrophy, and limb-girdle muscular dystrophy type 2;
myotonic dystrophy type 1 and type 2; Emery-Dreifuss muscular
dystrophy and limb-girdle muscular dystrophy type 1B; faciosca-
pulohumeral muscular dystrophy; and mitochondrial myopathies,
including Friedreich ataxia and Kearns-Sayre syndrome, with an
emphasis on managing arrhythmic cardiac manifestations. End-
of-life management of arrhythmias in patients with NMDs is also
covered. The document sections were drafted by the writing com-
mittee members according to their area of expertise. The recom-
mendations represent the consensus opinion of the expert
writing group, graded by class of recommendation and level of ev-
idence utilizing defined criteria. The recommendations were made
available for public comment; the document underwent review by
the Heart Rhythm Society Scientific and Clinical Documents Com-
mittee and external review and endorsement by the partner and
collaborating societies. Changes were incorporated based on these
reviews. By using a breadth of accumulated available evidence, the
document is designed to provide practical and actionable clinical
information and recommendations for the diagnosis and manage-
ment of arrhythmias and thus improve the care of patients with
NMDs.
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Top 10 take-home messages
1. Shared decision-making among patients, their families, and

clinicians is essential whenever diagnostic studies or ther-
apies, particularly those that are invasive, are being utilized
or contemplated. Counseling and education may result in
patients’ refusal or withdrawal of such measures if incon-
sistent with their goals of care, and this should be respected.

2. Cardiac testing is appropriate in most patients with neuro-
muscular disorders to evaluate cardiac involvement. The
type of cardiac test and the need for and frequency of
repeat testing are governed by the underlying disorder, re-
sults of previous or new studies, and the patient’s symp-
tomatic status. It should be noted that skeletal muscle
impairment may mask or confound cardiovascular symp-
toms, requiring heightened vigilance to cardiac involve-
ment and modification of testing.

3. Previously published guideline-based indications for car-
diovascular implantable electronic device (CIED) use,
including cardiac resynchronization therapy, and for man-
agement of cardiomyopathy and heart failure may be
applied in patients with neuromuscular disorders. For
some indications, the level of evidence and/or class of
recommendation in the current document have been modi-
fied from prior guidelines to reflect the underrepresentation
of patients with neuromuscular disorders in past studies.

4. A patient’s overall prognosis may be affected by the
impact of their underlying neuromuscular condition.
Condition-specific technical challenges including body
habitus (such as kyphoscoliosis), respiratory muscle
weakness, and sedation-related risks may influence clin-
ical management. These effects may dominate a patient’s
clinical picture and prognosis, possibly attenuating the

benefit of arrhythmia therapy, particularly CIED implan-
tation, when compared with other patient populations.

5. Patients with Duchenne muscular dystrophy, Becker
muscular dystrophy, and recessive forms of limb-girdle
muscular dystrophy rarely develop bradyarrhythmias,
but cardiomyopathy, heart failure, and ventricular ar-
rhythmias may occur with increased frequency. When
indicated, CIED therapy in these patients may pose tech-
nical challenges and limited benefit, particularly in those
with advanced neuromuscular impairment.

6. In addition to established indications, pacemaker implanta-
tion, or, in selected individuals, pacing-capable implantable
cardioverter-defibrillator placement, is indicated in patients
with myotonic dystrophy type 1 or type 2 who have evi-
dence of abnormal atrioventricular (AV) conduction,
marked by PR interval �240 ms, QRS duration �120
ms, and/or HV interval�70 ms, even when asymptomatic.

7. Patients with Emery-Dreifuss muscular dystrophy or limb-
girdle muscular dystrophy type 1B with abnormal AV con-
duction, including PR interval �230 ms or HV interval
�70 ms, are at higher risk of arrhythmic events including
sudden death, even when asymptomatic. Transvenous (or
equivalent pacing-capable) implantable cardioverter-
defibrillator placement is indicated in such patients.

8. Patients with mitochondrial myopathies, such as Kearns-
Sayre syndrome, are susceptible to developing advanced
distal conduction disease. Pacemaker implantation is indi-
cated in these patients who demonstrate AV conduction
abnormalities, particularly if progressive, including
fascicular block.

9. Initiation of oral anticoagulation in patients with neuro-
muscular disorders who develop atrial fibrillation should
be based on established risk criteria (eg, CHA2DS2-
VASc and HAS-BLED in adults). Individuals with Em-
ery-Dreifuss muscular dystrophy or limb-girdle muscular
dystrophy type 1B and atrial fibrillation should be treated
with oral anticoagulation regardless of CHA2DS2-VASc
score because of the association with atrial standstill and
suspected heightened risk of thromboembolism.

10.Early but limited experiencewith genemodification in some
heritable diseases has been promising and is now being em-
ployed in patients with neuromuscular disorders. The hope
for additional advancesmust be tempered by the complexity
of these therapeutics and the small number of patients with
neuromuscular disorders who qualify for such treatment.

Section 1 Introduction
1.1. Document scope and rationale
Technological advances and progress in the diagnosis and
treatment of neuromuscular disorders (NMDs) have
increased patient longevity and the prevalence of associated
arrhythmia risk. This multidisciplinary expert consensus
statement led by the Heart Rhythm Society (HRS), in collab-
oration with the American Academy of Physical Medicine
and Rehabilitation (AAPM&R), the American Association

References ......................................................... e107
Appendix 1 Author disclosure table .............. e113
Appendix 2 Reviewer disclosure table ........... e119
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of Neuromuscular & Electrodiagnostic Medicine (AANEM),
the American College of Cardiology (ACC), the American
Heart Association (AHA), the American Society of Anesthe-
siologists (ASA), the Asia Pacific Heart Rhythm Society
(APHRS), the Child Neurology Society (CNS), the European
Heart Rhythm Association (EHRA), the Heart Failure Soci-
ety of America (HFSA), the Japanese Heart Rhythm Society
(JHRS), the Latin American Heart Rhythm Society
(LAHRS), the Pediatric and Congenital Electrophysiology
Society (PACES), and the Sociedade Brasileira de Arritmias
Cardíacas (SOBRAC), is intended to guide electrophysiolo-
gists, cardiologists, neurologists, and other clinicians in car-
ing for patients with arrhythmic complications of NMDs.

The document presents an overview of arrhythmias in
NMDs followed by detailed sections on specific disorders
with an emphasis on arrhythmic cardiac manifestations. Con-
ditions with similar clinical presentations and demonstrated
cardiac involvement are grouped into sections: Duchenne
muscular dystrophy (DMD), Becker muscular dystrophy
(BMD), and limb-girdle muscular dystrophy (LGMD) type
2 (LGMD2) (see Section 3.1, Table 4 for additional nomen-
clature); myotonic dystrophy (DM) type 1 (DM1) and type 2
(DM2); Emery-Dreifuss muscular dystrophy (EDMD) and
LGMD type 1B (LGMD1B); facioscapulohumeral muscular
dystrophy (FSHD); and mitochondrial myopathies, including
Friedreich ataxia (FA) and Kearns-Sayre syndrome. It is
noted that the 229th European Neuromuscular Centre
(ENMC) workshop1 has suggested a reclassification and
revised nomenclature for LGMD, in which autosomal domi-
nant type 1 LGMD is classified as specific myopathies or as
LGMDD (dominant) variants (D1–D4) and autosomal reces-
sive LGMD2 is renamed LGMD R1–R24 in addition to
descriptive names for some of the recessive variants. In this
revised nomenclature, LMNA-associated myopathies
(LGMD1B, Emery-Dreifuss muscular dystrophy type 2
[EDMD2], and Emery-Dreifuss muscular dystrophy type 3
[EDMD3]) are named EDMD. In this document, we have re-
tained the LGMD1B and EDMD naming convention. Each
section covers general concepts specific to that disorder fol-
lowed by condition-specific recommendations. These sec-
tions are further categorized into diagnostic testing and risk
stratification, bradycardias/conduction disease and the use of
pacing and cardiac resynchronization therapy (CRT), atrial ar-
rhythmias, and ventricular arrhythmias/sudden cardiac death
and the use of implantable cardioverter-defibrillators (ICDs).
A framework and recommendations for end-of-life manage-
ment of arrhythmias in patients with NMDs are also covered.

Where possible, recommendations put forth in this docu-
ment are based on published evidence with the understanding
that NMDs are rare and the referenced evidence base is
largely observational. Studies using small sample sizes and
larger randomized controlled trials (RCTs) marked by under-
representation of patients with NMDs were frequently
encountered throughout this document’s development.
Although summaries of clinical conditions are presented,
this document is not a comprehensive review; rather, it serves

to provide practical and actionable clinical information and
management recommendations, with the goal of improving
overall patient care. As with many guideline statements,
this document is designed to help guide shared decision-
making with the individual patient and is not intended to
dictate management.

Throughout this document, the term “clinical status” is
used to refer to a patient’s overall level of functioning and
may include objective and subjective measures of ambula-
tory capability, level of respiratory impairment, and degree
of frailty, as examples.2 This is a particularly germane
concept, as the noncardiac consequences of NMDs may
dominate a patient’s clinical picture and prognosis, influ-
encing clinical decision-making. Clinical status also encom-
passes a patient’s age; children, in particular, require special
consideration. Many recommendations, particularly those
involving ICD implantation and anticoagulation for atrial ar-
rhythmias, are based on research conducted in adult individ-
uals. Although applying these studies in the care of children
may be reasonable in some circumstances, extrapolating such
evidence in all children is not appropriate and calls for clini-
cian discretion and careful discussion. The recommendations
should therefore be tempered by the clinician’s judgment
regarding the expected impact and appropriateness of a
particular intervention while taking into account mitigating
factors that may affect its benefit.

This consensus document provides recommendations for
care of these complex patients based on current evidence
for best practice in the assessment and management of
arrhythmia risk in patients with NMDs. When evidence
was lacking or contradictory, a consensus expert opinion
was developed. For both adult and pediatric patients, the
health benefits, side effects, and risks were comprehensively
considered in formulating the recommendations. The docu-
ment is intended to provide practical guidance and advice
for management and is expected to improve the quality of
care. Adherence to recommendations can be enhanced by pa-
tient engagement and a shared decision-making process. Rec-
ommendations are not a replacement for clinical judgment
and are not intended to dictate management.

1.2. Organization of the writing committee
The writing committee consisted of internationally recog-
nized experts from 12 countries in the fields of cardiac elec-
trophysiology, cardiology, pediatric cardiology, neurology,
physical medicine and rehabilitation, congestive heart fail-
ure, and anesthesiology, representing AANEM, AAPM&R,
ACC, AHA, APHRS, ASA, CNS, EHRA, HFSA, HRS,
JHRS, LAHRS, PACES, and SOBRAC, and selected accord-
ing to each society’s procedures. The HRS strives to ensure
diversity in formation of the writing group. Disclosure of
any relationships with industry and other entities (RWIs)
was required from the writing committee members
(Appendix 1) and from the peer reviewers (Appendix 2), in
accordance with the HRS policies; of the 38 committee mem-
bers, 20 (53%) had no relevant RWIs. Sections with
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recommendations were drafted by the writing committee
members who did not have relevant RWIs. The HRS policy
on relationships with industry can be found at https://www.
hrsonline.org/sites/default/files/2020-06/HRS_Code-of-
Ethics.pdf.

1.3. Methodology and evidence review
The HRS Scientific and Clinical Documents Committee es-
tablishes, reviews, and updates clinical practice document
methodology, with the aim to align with Institute of Medicine
standards.3 This document was developed in accordance with

the processes detailed in the HRS Clinical Document Devel-
opment Methodology Manual and Policies.4 To ensure that
clinical practice documents remain current, new data are re-
viewed on an ongoing basis, and the full documents are
formally reviewed every 5 years.

Consensus statements are evidence based, and recommen-
dations are derived from the synthesis of published data or
from a consensus of expert opinion when data are not avail-
able. Members of the writing committee conducted compre-
hensive literature searches of electronic databases, including
MEDLINE (via PubMed) and Google Scholar; key evidence

Table 1 ACC/AHA recommendation system: Applying class of recommendation and level of evidence to clinical strategies,
interventions, treatments, and diagnostic testing in patient care (updated May 2019)*

Reprinted with permission from the American College of Cardiology (ACC) and the American Heart Association (AHA).
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was summarized in standardized evidence tables (Appendix
3), with attention to the study type, size, inclusion criteria,
and key findings. RCTs were prioritized, if available, and
meta-analyses or systematic reviews and descriptive observa-
tional studies and case series were included. Search terms
included, but were not limited to, muscular dystrophy,
DMD, Becker muscular dystrophy, limb girdle muscular dys-
trophy, myotonic dystrophy, Steinert, PROMM, DM1, DM2,
cardiac, arrhythmia, ECG, electrocardiogram, echocardio-
gram, Holter, pacemaker, ICD, sudden death, atrial fibrilla-
tion, atrioventricular block, ventricular tachycardia,
ventricular fibrillation, Emery Dreifuss, lamin, cardiac arrest,
implantable cardioverter-defibrillator, Emery-Dreifuss and
heart, Limb-Girdle, dystrophy, neuromuscular disease, lamin
A/C, emerin, laminopathy, conduction, atrial standstill,
guidelines, anesthesia, stroke, facioscapulohumeral, facio-
scapulo-humeral, heart, syncope, loop recorder, mexiletine,
cardiac resynchronization therapy, risk stratification, cardiac
involvement, conduction disease, mitochondrial myopathies,
genetic testing, GAA repeat frataxin gene, cardiac resynchro-
nization, atrial arrhythmias, ventricular arrhythmias, indica-
tions for defibrillators, mitochondrial myopathies, end of
life decision-making, end of life care, and palliative care.
Searches were limited to human subjects, and no time limits
or language restrictions were required. Listed references are
representative and not necessarily inclusive. Both literature
searches and initial drafts were written by writing committee
members free of relevant RWIs. Writing committee members
were asked to weigh the strength of evidence for or against a
particular diagnostic or management option and consider the
range of potential outcomes, including variations due to pa-
tient comorbidities or preferences.

Recommendations and explicative text are presented in a
modular knowledge chunk format, with each chunk
including a table of recommendations, a brief synopsis,
recommendation-specific supportive text, and flow diagrams
or tables as appropriate. All recommendations were dis-
cussed by the writing committee before voting. Initial failure
to reach consensus was resolved by subsequent discussions,
revisions as needed, and re-voting. Although the consensus
threshold was set at 67%, the mean consensus over all recom-
mendations was 99%. A quorum of two-thirds of the writing
committee was met for all votes.4 Recommendations are con-
structed to be accessible and implementable at the point of
care. When feasible, recommendations are formatted to allow
for audit and monitoring of quality of care. Due to the paucity
of data for this population of patients with rare disorders, cost
or resource analysis was not practicable.

The recommendations were formulated according to the
ACC/AHA class of recommendation (COR) and level of evi-
dence (LOE) system (Table 1).5 The COR denotes the strength
of the recommendation based on a careful assessment of the
estimated magnitude and certainty of the benefit in proportion
to the risk; COR 1 indicates that the benefit of the intervention
strongly exceeds the risk; COR 2a indicates that the benefit of
the interventionmoderately exceeds the risk; COR2b indicates
that the benefit weakly exceeds the risk; andCOR3 recommen-

dations are subdivided into two categories: the benefit is equal
to the risk (No benefit) or the risk exceeds the benefit (Harm).
The LOE reflects the quality of the evidence that supports the
recommendation based on type, quantity, and consistency of
data from clinical trials and other sources. LOE A is derived
from high-quality RCTs; LOE B-R is derived from
moderate-quality RCTs; LOE B-NR is derived from well-
designed nonrandomized studies; LOE C-LD is derived from
randomized or nonrandomized studies with limitations of
design or execution; and LOE C-EO indicates that a recom-
mendation was based on expert opinion.5 Case reports were
included in the evaluation of evidence due to the limited ran-
domized data available for the NMD patient population. For
each recommendation, the COR and LOE were critically
appraised to account for the unique features of patients with
NMDs to resolve the disparity between published evidence
and its applicability to the populationwithmuscular dystrophy.

Table 2 Relevant clinical practice documents

Title Publication year

2019 AHA/ACC/HRS Focused Update of
the 2014 AHA/ACC/HRS Guideline for
the Management of Patients with
Atrial Fibrillation6

2019

2018 ACC/AHA/HRS Guideline on the
Evaluation and Management of
Patients with Bradycardia and Cardiac
Conduction Delay7

2019

2017 AHA/ACC/HRS Guideline for
Management of Patients with
Ventricular Arrhythmias and the
Prevention of Sudden Cardiac Death8

2017

Management of Cardiac Involvement
Associated with Neuromuscular
Diseases: A Scientific Statement from
the American Heart Association9

2017

2017 ACC/AHA/HFSA Focused Update of
the 2013 ACCF/AHA Guideline for the
Management of Heart Failure10

2017

2016 ESC Guidelines for the Diagnosis
and Treatment of Acute and Chronic
Heart Failure11

2016

2014 AHA/ACC/HRS Guideline for the
Management of Patients with Atrial
Fibrillation12

2014

2013 ACCF/AHA Guideline for the
Management of Heart Failure13

2013

2012 ACCF/AHA/HRS Focused Update
Incorporated into the ACCF/AHA/HRS
2008 Guidelines for Device-Based
Therapy of Cardiac Rhythm
Abnormalities14

2013

HRS Expert Consensus Statement on the
Management of Cardiovascular
Implantable Electronic Devices
(CIEDs) in Patients Nearing End of Life
or Requesting Withdrawal of
Therapy15

2010
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1.4. Document review and approval
The draft document underwent review by the HRS Scientific
and Clinical Documents Committee and was approved by the
writing committee. The recommendations were subject to a
period of public comment. The entire document underwent
rigorous peer review by each of the participating societies
and revision by the document chairs before endorsement.

1.5. Relevant clinical practice documents
Table 2 lists pertinent guidelines and consensus statements
that the writing committee considered for this document.
The included documents contain relevant information for
the diagnosis and treatment of patients with NMDs.

Section 2 General principles for arrhythmic risk
in neuromuscular disorders
2.1. Cardiac manifestations
NMDs often involve the cardiovascular system and can limit
life expectancy in affected patients. Cardiac manifestations
are varied and may include cardiomyopathy, bradyarrhyth-
mias, or tachyarrhythmias. When present, dilated cardiomy-
opathy is most common, but hypertrophic cardiomyopathy
has been described in conditions such as FA. Arrhythmias
are commonplace in these rare diseases and may be primary
or the consequence of an associated cardiomyopathy. Atrial
and ventricular arrhythmias as well as sudden cardiac death
have been observed. Importantly, many of these patients
are disproportionately affected by conduction system disease
requiring pacing.

The cardiovascular presentation and management of pa-
tients with NMDs is dependent on the specific disorder.
This document focuses on the muscular dystrophies exhibit-
ing prominent cardiac and arrhythmic manifestations,
including DMD, BMD, LGMD2 and LGMD1B, DM1 and
DM2, EDMD, FSHD, and mitochondrial myopathies
including FA and Kearns-Sayre syndrome. The genetic basis
and cardiac manifestations of these disorders are shown in
Table 3.

The care of NMD patients requires a team of practi-
tioners, often led by a neurologist or physical medicine
and rehabilitation physician, with input from experts in
cardiology, electrophysiology, pulmonary medicine,
gastroenterology, endocrinology, and orthopedic and gen-
eral surgery. It is important that the treatment of cardiac
complications of NMDs accounts for the coexistence of
other potentially life-limiting comorbidities. As an
example, much of this document details procedural care
typically requiring moderate sedation. The use of even
mild sedatives can result in respiratory impairment in
these patients due to skeletal muscle weakness, which
may in turn cause significant pulmonary and procedure-
related complications.16,17 Therefore, the importance of
involving pulmonologists and anesthesiologists in the pre-
procedural setting as well as in the intraprocedural and
postprocedural care of NMD patients cannot be over-
stated, such as with diagnostic electrophysiological
testing, catheter ablation, and cardiovascular implantable
electronic device (CIED) implantation.

Table 3 Genetics, cardiovascular complications, and neuromuscular disorders

Neuromuscular
disorder Section Heritance

Gene
locus

Disease
protein

Cardiac manifestations

CM
Conduction
abnormality

Ventricular
arrhythmia

Atrial
arrhythmia

DMD 3 XL Xp21 Dystrophin 111 1 11 1

BMD 3 XL Xp21 Dystrophin 111 1 11 1

LGMD2* 3 AR Various Various 111 1 11 11

DM1 4 AD 19q13 DMPK 1 111 1 11

DM2 4 AD 3q21 ZNF9 Rare 1 1 1

EDMD 5 XL Xq28 Emerin 11 111 111 11

LGMD1B* 5 AD 1q11-
21

Lamin A/C 1 11 111 11

FSHD 6 AD 4q
D4Z4

DUX4 Rare Rare Rare Rare

FA 7 AR 9q21.11 Frataxin 111 (HCM) 111 111 1

Kearns-Sayre syndrome 7 AD mtDNA Various 1 111 1 11

The table includes the section of the document that covers the specific neuromuscular disorder. The relative frequencies of the type of cardiac manifestation
are included. The type of cardiomyopathy is dilated unless otherwise indicated.9 *A reclassification and revised nomenclature for LGMD has been suggested by the
229th European Neuromuscular Centre workshop, with recessive LGMD2 renamed LGMD R1–R24 (see Table 4) in addition to descriptive names for some of the
recessive variants and with LMNA-associated myopathies (LGMD1B, EDMD2, and EDMD3) named EDMD.1 1115 high,115 moderate, and15 low relative
frequency of cardiac manifestations; AD5 autosomal dominant; AR5 autosomal recessive; BMD5 Becker muscular dystrophy; CM5 cardiomyopathy; DM15
myotonic dystrophy type 1; DM2 5 myotonic dystrophy type 2; DMD 5 Duchenne muscular dystrophy; DMPK 5 myotonic dystrophy protein kinase; DUX4 5
double homeobox 4; EDMD5 Emery-Dreifuss muscular dystrophy; FA5 Friedreich ataxia; FSHD5 facioscapulohumeral muscular dystrophy; HCM5 hypertrophic
cardiomyopathy; LGMD5 limb-girdle muscular dystrophy; LGMD1B5 limb-girdle muscular dystrophy type 1B; LGMD25 limb-girdle muscular dystrophy type 2;
mtDNA 5 mitochondrial DNA; XL 5 X-linked; ZNF9 5 zinc finger 9.
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2.2. Genetic testing and counseling
The NMDs included in the consensus statement are inherited
and have defined genetic causes. This document targets car-
diac and arrhythmia management. Therefore, recommenda-
tions specific to genetic testing and counseling are not
included, as they are beyond the intended scope of this docu-
ment. Most decisions on genetic testing and counseling will
be made by other members of the multidisciplinary team
rather than the cardiologist or cardiac electrophysiologist.
However, the cardiology care providers may field questions
from patients and families regarding genetic testing and
counseling and will make management decisions on appro-
priate cardiac evaluation based on those results. Thus, the
cardiologist or cardiac electrophysiologist should understand
the genetic basis of different NMDs, as well as the appro-
priate timing and candidates for genetic testing and coun-
seling. This section provides a brief overview. In addition,
a review of the genetic basis of each disorder is provided in
the introductory paragraphs preceding the recommendations.
Table 3 includes the inheritance, genes, and protein(s)
involved in NMDs.

It should be noted that when genetic testing is referenced,
the words “and counseling” typically follow or are presumed
to be included. A genetic counselor is a key member of the
multidisciplinary care team who assists patients, families,
and other members of the team in making the initial decisions
on whether testing is warranted and the interpretation and
consequences of test results.

In the X-linked recessive disorders, DMD and BMD, ge-
netic testing is reliable and definitive and has replaced more
invasive measures such as skeletal muscle biopsy.18 Genetic
testing may inform the decisions on benefits of specific thera-
pies.19 Cascade screening of family members through genetic
testing may also be informative. Such testing should be
directed toward at-risk male relatives of patients with geneti-
cally confirmed DMD or BMD and male relatives of mothers
of DMD and BMD patients. As DMD typically presents at an
early age, screening younger brothers of a patient and their
mother can yield diagnostic and prognostic information and
provide a basis for management and counseling. Families
affected by DMD and BMD typically include females who
are asymptomatic carriers. Their identification can allow for
preconception genetic testing, counseling, and cardiac testing
as female carriers can develop late cardiac disease.20-22

Genetic testing in autosomal recessive LGMD2 can both
provide a diagnosis and identify the specific genetic abnor-
mality.1,23 There are at least 25 genetic variants encompass-
ing the broad category of recessive LGMD2. Some of the
variants rarely have cardiac involvement, whereas others
have the potential for significant cardiac morbidity and mor-
tality. Genetic classification is required to make informed de-
cisions on the type and frequency of cardiac testing and
therapy.

Patients with a clinical diagnosis of autosomal dominant
DM1 or DM2 should undergo genetic confirmation. In addi-
tion to providing a definitive diagnosis for symptomatic
patients, screening of appropriate relatives through genetic
testing and counseling can identify those at preclinical stages
of disease and allow for decisions on surveillance. In DM1,
CTG repeat length predicts status and progression of neuro-
muscular impairment and, in the majority of studies, cardiac
involvement.24-27 In DM2, the CCTG repeat length does not
correlate with disease severity. Cascade screening based on
genetic test results assures that affected relatives are
identified.

EDMD is classically inherited in an X-linked recessive
fashion, but there is heterogeneity with families that fit an
X-linked dominant, autosomal dominant, or autosomal reces-
sive inheritance pattern. LGMD1B, with a cardiac phenotype
similar to that of EDMD, is inherited in an autosomal domi-
nant mode. Patients with EDMD and LGMD1B are at high
risk for cardiac disease, often identified with initially asymp-
tomatic abnormalities on electrocardiogram (ECG). Genetic
testing in affected patients with appropriate cascade
screening of relatives, with or without symptoms, allows
proper surveillance and treatment and, in some case series,
improves clinical outcomes.28 The type of mutation is a pre-
dictor of sudden death—specifically, truncation (nonsense)
mutations in LMNA.29,30 X-linked EDMD confers a higher
risk for sudden death, as well.31,32

FSHD is inherited in an autosomal dominant fashion.33

Genetic testing and cascade screening can identify affected
individuals. Cardiac involvement in FSHD is rare, and ge-
netic testing does not predict risk.

FA is inherited in an autosomal recessive fashion. An
earlier age of symptom onset, increasing severity of neuro-
logical symptoms, and worsening left ventricular hypertro-
phy are observed in patients in whom genetic testing shows
a greater expansion of the GAA triplet repeat in frataxin
(FXN).34,35 Therefore, genetic testing of patients and their
siblings is appropriate. It does not appear, however, that
transformation to dilated cardiomyopathy correlates with
the size of the repeat expansion.

Mitochondrial disorders are heterogenous with variable
inheritance.36,37 Mitochondrial DNA is inherited mater-
nally and mitochondrial disorders are transmitted from a
mother to children of both sexes. The penetrance and ex-
pressivity of the maternally inherited diseases can be
affected by the presence of more than one mitochondrial
DNA type, termed heteroplasmy. The genetic variability
of these disorders is further enhanced by other modes
of inheritance, such as X-linked or autosomal, while spo-
radic occurrences are also observed. Decisions on genetic
testing in these disorders will be typically made in
consultation with a medical geneticist and/or neuromus-
cular specialist.
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2.3. Pediatric considerations
The pediatric patient with NMD raises special consider-
ations, as these individuals have been largely excluded
from the arrhythmia-management literature. The document
mentions this discordance, for example, when using criteria
developed for adults to assess thromboembolic risk due to
atrial arrhythmias. A significant portion of the document,
however, deals with the use of CIEDs. CIED implantation
may be readily performed in an adult with NMD, but such
surgery may have significantly greater consequences in a
child, including the possible need for epicardial approach,
frequent system modifications, psychosocial implications,
and, in the case of ICD implantation, the specter of inappro-
priate shock.38 These concerns are also underscored by the
potentially limited benefit in children with NMDs, as the
vast majority of evidence pertaining to CIED use (and
arrhythmia management in general) has been conducted in
adult patients without NMDs. Through collaboration with
pediatric cardiology societies, the document aims to balance
these perspectives, making arrhythmia-related care available
to children with NMDs based on existing evidence and
experience while emphasizing the importance of shared
decision-making and clinician judgment, coupled with the
understanding that some interventions may not always be
appropriate or desired in some pediatric patients. It is ex-
pected that further research and experience will provide
greater clarity regarding arrhythmia care in the pediatric
NMD patient.

Section 3 Duchenne, Becker, and recessive limb-
girdle muscular dystrophies
3.1. General principles of Duchenne, Becker, and
recessive limb-girdle muscular dystrophies
DMD, BMD, and recessive LGMD2 are X-linked and auto-
somal recessive disorders involving genes encoding dystro-
phin, those associated with the dystrophin-glycoprotein
complex, and sarcomeric proteins. Disruption of the dystro-
phin complex underlies the degeneration of cardiac and skel-
etal muscles. DMD and BMD both arise from a mutation in

the dystrophin gene but differ in that DMD is characterized
by near absence of dystrophin, whereas in BMD, dystrophin
is reduced in size and/or amount. DMD is typically diagnosed
in early childhood and affects 1 of every 5,000 live male
births. Without medical intervention, boys with DMD typi-
cally die in their teens. Glucocorticoid use prolongs ambula-
tion in DMD and is associated with improved
cardiopulmonary outcomes; however, there are significant
accompanying side effects, such as obesity, metabolic syn-
drome, delayed puberty, and osteoporosis. With steroid use
and increased use of noninvasive respiratory support, males
with DMD are living into their 20s and 30s,39 and the use
of angiotensin-converting enzyme (ACE) inhibitors in
conjunction with steroids may further extend their life
span. With this extended life span and enhanced respiratory
care, cardiomyopathy has become an increasing cause of
morbidity and mortality. In contrast, BMD and recessive
LGMD2 present at varying ages, from adolescence to adult-
hood. Dilated cardiomyopathy can occur with all these
muscular dystrophy subtypes without direct correlation to
the severity of skeletal muscle involvement.40-47 Because
not all forms of LGMD2 are associated with development
of cardiomyopathy, genetic testing in these conditions is
critical. Further delineation of LGMD2 associated with
cardiomyopathy can be found in Table 4. Maternal genetic
carriers of DMD and BMD have been found to have cardio-
myopathy as well, although the typical time of onset and pro-
gression are currently under investigation.20

Patients with DMD, BMD, and LGMD2 were largely
excluded from significant enrollment in clinical trials
where the benefits of CIED therapy, such as ICD and car-
diac resynchronization therapy with pacemaker (CRT-P)
implantation, were established. Their underrepresentation
in these analyses raises the question as to whether they
can expect comparable benefits from such interventions,
as demonstrated in more representative study populations.
Individuals diagnosed with one of these forms of muscular
dystrophy are generally younger and often have extracar-
diac comorbidities that may impact survival and subse-
quent CIED benefit.

Table 4 Recessive forms (type 2) of limb-girdle muscular dystrophies associated with cardiomyopathy, listed according to the
subtype nomenclature used in this document, with the new classification system in parentheses1

Subtype (prior name) Gene Protein Cellular localization

LGMD2D (LGMD R3) SGCA48 a-Sarcoglycan Sarcolemma
LGMD2E (LGMD R4) SGCB49,50 b-Sarcoglycan Sarcolemma
LGMD2C (LGMD R5) SGCG51 g-Sarcoglycan Sarcolemma
LGMD2F (LGMD R6) SGCD52 d-Sarcoglycan Sarcolemma
LGMD2G (LGMD R7) TCAP53 Telethonin Sarcomere
LGMD2I (LGMD R9) FKRP54 Fukutin-related protein Golgi apparatus
LGMD2J (LGMD R10) TTN Titin Sarcomere
LGMD2N (LGMD R14) POMT2 Protein

O-mannosyltransferase 2
Endoplasmic reticulum

LGMD2Q (LGMD R17) PLEC Plectin Intermediate filament

LGMD 5 limb-girdle muscular dystrophy; LGMD2 5 limb-girdle muscular dystrophy type 2.

e70 Heart Rhythm, Vol 19, No 10, October 2022



3.2. Diagnostic testing and risk stratification in
Duchenne, Becker, and recessive limb-girdle
muscular dystrophies

Synopsis
As the survival of patients with muscular dystrophies has
improved, the diagnostic and therapeutic approaches of the
multidisciplinary care teams have shifted to more anticipa-
tory and proactive strategies. Furthermore, a clear underlying
diagnosis obtained through clinical evaluation and genetic
testing, as described in Section 2.2, are required for prescrib-
ing disease-specific therapy, prognostic assessment, and
counseling. Identification of the causative neuromuscular
condition will also guide the nature, timing, and frequency
of cardiovascular treatment and testing. In many cases, muta-
tion identification may influence clinical management.

Recommendation-specific supportive text

1. Centers with multidisciplinary specialty experience in man-
aging patients with NMDs are best equipped to manage pa-
tients with DMD, BMD, or LGMD2, including those with
pulmonary/respiratory and documented or suspected car-
diac involvement. Given the multiorgan system involve-
ment in patients with DMD, BMD, or LGMD2, a
multidisciplinary team is crucial to improve the care of pa-
tients. Several case series have demonstrated the benefits of
a multispecialist approach to care in DMD patients, argu-
ably the most vulnerable patients in this category of
NMDs.39,55-57,73 It stands to reason that this approachwould
yield similar benefits in those with BMD or LGMD2.

2. As respiratory care has improved, death due to cardiovascular
disease is more prevalent. Given the overlap of respiratory,
cardiovascular, and neurological symptoms, the identification
of heart failure and treatment optimization can be challenging
in DMD, and possibly in BMD and LGMD2, patient

populations. It is important to start an ACE inhibitor in
DMDas early as possible in the ambulatory stage and no later
than 10 years of age to prevent the development of cardiomy-
opathy and clinical heart failure.58 In a small, randomized,
double-blind study, DMDpatients withmild cardiomyopathy
who were treated with an angiotensin II receptor blocker had
equivalent improvement in left ventricular function as those
treated with an ACE inhibitor.74 Therefore, therapy with
angiotensin II receptor blockers are an option for DMD pa-
tients who are intolerant of ACE inhibitors. The role of nepri-
lysin inhibition to prevent the development or progression of
cardiomyopathy has not been studied and is an area for future
research. In the late ambulatory stage of DMD, symptoms of
heart failuremay be subtle due to the complications ofNMDs,
such as weakness and limited mobility, favoring heightened
surveillance strategies to detect ventricular systolic dysfunc-
tion and aggressive medical interventions prior to the devel-
opment of manifest heart failure. In BMD, there are no data
regarding the prophylactic initiation of an ACE inhibitor prior
to evidence of cardiac dysfunction, although the small size of
this populationmakes it difficult to conduct studies to address
this question. Small studies have shown that aldosterone and
eplerenone have a similarly protective effect in patients with
DMD prior to the development of overt left ventricular
dysfunction.75,76 Management of BMD is extrapolated from
the DMD data given the shared pathological mecha-
nisms.39,77 In all cases, guideline-directed medical therapy
is indicated in patients with DMD, BMD, or LGMD2 when
systolic dysfunction (left ventricular ejection fraction
[LVEF] �40%) is observed, particularly when symptoms
are present.10,13

Recommendations for diagnostic testing and risk stratification in Duchenne, Becker, and recessive limb-girdle muscular dystrophies

COR LOE Recommendations References

1 B-NR
1. Coordinated care of patients with DMD, BMD, or LGMD2 should be conducted in a

medical setting where there is access to expertise in the neurological, cardiac,
arrhythmic, pulmonary, and genetic manifestations of these disorders.

55-57

1 B-NR 2. In patients with DMD, BMD, or LGMD2, guideline-directed evaluation and therapy for
heart failure is recommended.

58

1 B-NR

3. In patients with DMD, BMD, or LGMD2, cardiac evaluation including physical
examination, ECG, ambulatory ECG, and cardiac imaging (echocardiography or cardiac
magnetic resonance imaging [CMR]) at diagnosis with periodic retesting is
recommended even in the absence of cardiac symptoms.

40-44,46,47,59-69

1 B-NR
4. In females who are carriers of a pathogenic or likely pathogenic variant for DMD or

BMD, screening cardiac imaging (echocardiography or CMR) is recommended in
adulthood even in the absence of cardiac symptoms.

20-22,70,71

2a C-LD 5. In patients with DMD, BMD, or LGMD2 who have symptoms of conduction disorder or
arrhythmias without an obvious cause, implantable cardiac monitoring is reasonable.

59,65,72
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3. Arrhythmias are seen with all dystrophin-associated
muscular dystrophies, and worsening left ventricular
function correlates with higher-grade arrhythmias. Data
suggest that late gadolinium enhancement on CMR is
independently predictive of mortality, cardiovascular
events, and ventricular arrhythmias. Its predictive value
may persist even in those with relatively mild left ventric-
ular dysfunction and even preserved left ventricular func-
tion, suggesting additive prognostic value beyond
echocardiography.69,78

4. Women who are carriers of disease-causing DMD or
BMDmutations have a low but measurable risk of cardio-
myopathy.20-22,70,71 Early data suggest that CMR may be

superior in identifying myocardial scar even with normal
ventricular function, although an echocardiogram is suit-
able to screen for cardiovascular involvement. This infor-
mation can be of particular benefit in women
and adolescent females who are of childbearing
age.20,22,70,71

5. Insertable loop recorder implantation and emerging
mobile/smart phone–based applications may assist in
determining the frequency and burden of arrhythmias
in patients with concerning symptoms and where
noninvasive strategies have not been diagnostic. This
may be particularly useful in those with unexplained
syncope.72

3.3. Bradycardias, conduction disorders, and use
of pacing or cardiac resynchronization therapy in
Duchenne, Becker, and recessive limb-girdle
muscular dystrophies

Synopsis
Clinically relevant sinus bradycardia and AV block are not
frequently encountered with DMD, BMD, and
LGMD2.64,89 Therefore, no condition-specific recommenda-
tions are made in favor of applying traditional pacing indica-
tions. Pacemaker implantation may pose special challenges
in patients with DMD, BMD, or LGMD2, rendering a rela-
tively less favorable outlook with such interventions.81

This may be particularly germane when asymptomatic or
minimally symptomatic individuals are encountered, where
deferral of pacing may be appropriate depending on the pa-
tient’s goals of care.

CRT may be appropriate in patients with DMD, BMD,
or LGMD2 with usual criteria for such treatment in the
face of maximally tolerated guideline-directed medical
therapy. Large studies examining CRT in patients with
NMDs have not been published, and it is unlikely that
available trials enrolling subjects with these conditions in
significant numbers exist. Data from available studies are

therefore carefully extrapolated to patients with DMD,
BMD, or LGMD2. Clinical scenarios for the management
of pacemaker implantation in these populations are dis-
cussed in Table 5.

Recommendation-specific supportive text

1. Bradyarrhythmias are relatively rare in patients with
DMD or BMD, and if they occur, they are typically in
conjunction with cardiomyopathy.61 Traditional practice
patterns based on expert opinion are thereby used to guide
decision-making for permanent pacemaker implantation
with the device type governed by clinical features and
operator discretion.7 The patient’s overall clinical status
and goals of care may modify a selected treatment
approach. Procedural risks in this population are often
higher owing to complications arising from the use of sed-
atives and anesthesia accompanied by a patient’s compro-
mised ventilatory status, justifying assistance from

Recommendations for bradycardias, conduction disorders, and use of pacing or cardiac resynchronization therapy in Duchenne, Becker,
and recessive limb-girdle muscular dystrophies

COR LOE Recommendations References

1 B-NR
1. In patients with DMD, BMD, or LGMD2with documented symptomatic bradycardia due to

any degree of sinus node dysfunction or AV block, permanent pacemaker implantation
is indicated if concordant with the patient’s goals of care and clinical status.

79-82

1 B-NR
2. In patients with DMD, BMD, or LGMD2 and third-degree or advanced second-degree AV

block at any anatomical level, with or without symptoms, permanent pacemaker
implantation is indicated if concordantwith thepatient’s goals of care and clinical status.

79-81

2a B-NR

3. In patients with DMD, BMD, or LGMD2 with an LVEF £35% despite guideline-directed
medical therapy with a combination of sinus rhythm, left bundle branch block (LBBB),
QRS duration ‡150 ms, and New York Heart Association (NYHA) class II to class IV
symptoms, or in those with suspected right ventricular pacing–induced cardiomyopathy
or anticipated right ventricular pacing ‡40%, CRT is reasonable if concordant with the
patient’s goals of care and clinical status.

83-88
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Table 5 Clinical scenarios for the management of arrhythmias in Duchenne muscular dystrophy, Becker muscular dystrophy, and
recessive limb-girdle muscular dystrophy type 2

Clinical scenario Management strategies Key points

DMD
1. A 27-year-old man with DMD is found

to have progressive left ventricular
dysfunction (most recent LVEF 29%)
despite maximally tolerated
guideline-directed medical therapy
for.1 year. ECG shows sinus rhythm,
PR interval 140 ms, QRS duration 100
ms, and a prominent R wave in lead
V1. He requires a power wheelchair
and full assistance for daily needs.
Mechanical ventilation via
tracheostomy is required, and
nutrition is provided through
enterostomy due to recurrent
aspiration pneumonitis.
Hospitalization for heart failure has
not been observed.

� Management options considered
included primary prevention ICD
implantation.

� Continued cardiovascular medical
therapy was recommended regardless
of arrhythmia management strategy.

� Values elicited in discussion included
current quality of life, actual
anticipated benefit of ICD
implantation, and expected surgical
risks and recovery.

� Deferral of ICD implantation was
ultimately recommended and
preferred due to unfavorable risk–
benefit of device insertion.

� Limited quality of life was raised as
the main driver of the final
management decision.

� Lack of representation of patient
substrate in previously published
trials was noted.

� Likely nonarrhythmic mechanism of
death limits the benefit of ICD
implantation.

� Technical/procedural aspects of ICD
implantation—kyphoscoliosis,
sedation-related risks including
respiratory infection, and possible
prolonged recovery—were cited as
additional determinants to defer ICD
implantation.

BMD

2. A 31-year-old man with BMD is found
to have stable left ventricular
dysfunction (most recent LVEF 32%)
despite maximally tolerated
guideline-directed medical therapy
for .1 year. He has exertional
dyspnea and fatigue corresponding
to NYHA function class III. He
ambulates most of the day, uses a
wheelchair for long distance
mobility, and has a service animal to
assist with activities of daily living.
ECG shows sinus rhythm with LBBB
with PR interval 160 ms, and QRS
duration 150 ms.

� Management options discussed
included continued medical therapy,
implantation of CRT-P, or
implantation of CRT-D.

� Values elicited in discussion included
options to improve quality of life
through treatment of heart failure
symptoms and desire for protection
against ventricular arrhythmias.

� CRT-D implantation was successfully
performed to address the above
issues.

� CRT-D was indicated based on
traditional guideline-based criteria.

� Risk of sudden death due to VT or VF
and ventricular dyssynchrony due to
LBBB was addressed by CRT-D
implantation. Relatively mild
neuromuscular impairment, patient
preference, and young age all lend
themselves well to CRT-D (as opposed
to CRT-P) implantation.

� Following lengthy discussion, CRT-D
was deemed compatible with patient’s
goals of care by all stakeholders.

LGMD2
3. A 38-year-old woman with LGMD2

reports several episodes of recurrent,
unprovoked syncope, some resulting
in minor injury. ECG shows sinus
rhythm and right bundle branch
block. Echocardiogram shows normal
LVEF with biatrial dilation. The 30-
day event recorder shows sinus
pauses with ventricular asystole
(2.5–4.0 seconds) with overall heart
rate range 60–110 bpm. She
ambulates with assistance from her
husband and the use of a rolling
walker.

� Management options discussed
included observation, loop recorder
insertion, and pacemaker
implantation (leadless, transvenous
single-chamber versus dual-
chamber).

� Values elicited in discussion included
desire to avoid recurrent syncope and
injury, simplicity of treatment, and
preference for quick recovery.

� Leadless pacemaker was chosen by the
patient to provide protection against
arrhythmia recurrence and the most
likely cause of syncope and associated
injury.

� Relatively simple procedures
(pacemaker implantation) may be
associated with a higher rate of
complications or prolonged recovery
in this and similar populations.

� Dual-chamber pacemaker implantation
with atrial lead implantation for
underlying sinus node dysfunction is
unlikely to provide significant
additional benefit but may be
accompanied by a higher frequency of
procedural risks and prolonged recovery
(such as infectious and respiratory
complications, including
pneumothorax).

� Therapies targeting quality of life
remain the primary focus in patients
with advanced neuromuscular
involvement.

BMD5 Becker muscular dystrophy; bpm = beats per minute; CRT-D5 cardiac resynchronization therapy with defibrillator; CRT-P5 cardiac resynchronization therapy
withpacemaker; DMD5Duchennemuscular dystrophy; ECG5 electrocardiogram; ICD5 implantable cardioverter-defibrillator; LBBB5 left bundlebranchblock; LGMD25
limb-girdle muscular dystrophy type 2; LVEF5 left ventricular ejection fraction; NYHA5 New York Heart Association; VF5 ventricular fibrillation; VT5 ventricular tachy-
cardia.
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pulmonologists and anesthesiologists even when mild or
moderate sedation is anticipated.81 Although no direct
data are available, when compared with DMD and
BMD bradyarrhythmias, conduction disturbances in
particular are felt to occur with relatively lower frequency
in individuals with LGMD2.7,89

2. Advanced second-degree (2:1 block or two or more consec-
utivenonconductedPwaves) andmost formsof third-degree
AV block are associated with adverse prognosis, even in
asymptomatic individuals. The level of conduction impair-
ment may be surmised with reasonable accuracy through
noninvasive means such as 12-lead ECG. While these
rhythm disturbances are not observed with a significantly
higher frequency in patients with DMD, BMD, or
LGMD2 when compared with the general population, the
prognosis associated with this type of AV conduction
impairment in patients with these NMDs is felt to be similar
to that observed in other patient series.79,80 As expected, the
indications for permanent pacing in patients with DMD,

BMD, or LGMD2 mirror those in the general population
with the qualifier that the patient’s overall clinical status
and goals of care may mitigate (or modify) the treatment
approach.7 The special procedural considerations outlined
above also apply in this circumstance, possibly warranting
additional specialty expertise in the perioperative setting

3. Case reports and series have evaluated the use of CRT-P in
the DMD and BMD patient populations, and their results
are felt to be applicable to patients with LGMD2.83,90

Studies specifically addressing the benefit and outcome of
CRT-P in these populations are lacking and are unlikely
to be performed with a significantly large number of sub-
jects. However, CRT-P is still felt to offer similar benefit
and advantages in appropriately selected candidates, as
has been seen in conventional study populations.84-88

Although some patients with QRS duration 120–149 ms
may also derive benefit from CRT, a QRS duration �150
ms is utilized because the evidence for clinical benefit
from CRT is strongest for this threshold cutoff.91

3.4. Atrial arrhythmias in Duchenne, Becker, and
recessive limb-girdle muscular dystrophies

Synopsis
AF and AFL have been reported in DMD, BMD, and
LGMD2.64When seen, their occurrence appears to be closely
associated with the development of cardiomyopathy.89 The
natural history of atrial arrhythmias has not been well docu-
mented, and studies specifically evaluating thromboembolic
risk in this population are lacking.95

Recommendation-specific supportive text

1. There are no known contraindications or increased risks
with anticoagulant use in DMD, BMD, and LGMD2
populations; therefore, standard treatment guidelines
for management of atrial arrhythmias including preven-
tion of thromboembolic complications are applicable in
this population.6,12 The clinical context in which this
decision arises must also be considered, factoring in
items such as patient age, dosing of anticoagulants
particularly in children, patient frailty, and limitations
in thromboembolic and bleeding risk assessment in
patients not well represented in studies where these
criteria were determined. The risk for thromboembolic

complications is based on well-established CHA2DS2-
VASc risk criteria that were validated in an older pa-
tient cohort with more comorbidities than what would
be expected in the typically younger DMD, BMD,
and LGMD2 patient subset with fewer expected risk
factors.92 Nevertheless, while this algorithm is deemed
appropriate for use in adults with DMD, BMD, or
LGMD2, these patients are less likely to meet criteria
for anticoagulant therapy.95 Though uncommon, chil-
dren with DMD, BMD, or LGMD2 who develop atrial
arrhythmias present a special circumstance where evi-
dence and experience with oral anticoagulants are lack-
ing. Traditional algorithms including CHA2DS2-VASc
and HAS-BLED, the latter to determine hemorrhagic
risk, comprise several risk factors that are wholly absent
in children. The decision to initiate anticoagulation in a
child is based on clinician judgment incorporating their
best assessment of a patient’s thromboembolic and
bleeding risks, patient and family preferences, and an
understanding that evidence in this area is absent,
largely due to the infrequency of this situation.

Recommendations for atrial arrhythmias in Duchenne, Becker, and recessive limb-girdle muscular dystrophies

COR LOE Recommendations References

1 B-NR

1. In patients with DMD, BMD, or LGMD2, anticoagulation according to established
guidelines and clinical context is recommended for atrial fibrillation (AF) or atrial
flutter (AFL) taking into consideration the risks of thromboembolism and bleeding on
oral anticoagulation.

64,92-94
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3.5. Ventricular arrhythmias, sudden cardiac
death, and use of implantable cardioverter-
defibrillators in Duchenne, Becker, and recessive
limb-girdle muscular dystrophies

Synopsis
As patients with muscular dystrophies, specifically DMD, are
living longer due to improved respiratory care, more attention
is directed to cardiac failure and arrhythmias. Sudden death
and ventricular arrhythmias have been reported in DMD,
BMD, and LGMD2 and attributed to both respiratory and
cardiac etiologies.67,98 The exact incidence of sudden cardiac
death is not fully known, although it appears to be low, and
the role of ICD implantation requires further evaluation.99

Specific procedural risks, in particular those associated with
sedative use and anesthesia, are similarly applicable when
ICD implantation is anticipated and are described in
Section 3.3. The decision as to whether ICD implantation
should be considered may be far less straightforward in this
patient subgroup, and examples highlighting these complex-
ities are included in Table 5.77,81 An algorithm outlining the
relevant concepts and decision making with regard to CIED
implantation is shown in Figure 1.

Recommendation-specific supportive text

1. Although the morbidity of implantation and the success of
ICDs in terminating ventricular arrhythmias in DMD,
BMD, and LGMD2 have not been well documented, there
is expert consensus that secondary prevention ICD im-
plantation is appropriate in survivors of spontaneously
occurring significant ventricular arrhythmias or cardiac
arrest, provided this is accepted by the patient and consis-
tent with their goals of care.8,96,100

2. Current treatment guidelines support the widely accepted
practice of primary prevention ICD implantation in pa-
tients with nonischemic cardiomyopathy (LVEF �35%)
on guideline-directed medical therapy.8,10,13,91,100 The
supportive data for this recommendation are predomi-
nantly derived from the Sudden Cardiac Death in Heart
Failure Trial (SCD-HeFT) that enrolled patients with
median age 60 years and included those with ischemic

cardiovascular substrate.97 Although published data
regarding the prevention of sudden death through ICD im-
plantation in patients may possibly be generalized to the
BMD and LGMD2 populations whose clinical features
are similar to typical ICD recipients, it is unclear if these
results and documented benefit can be readily extrapo-
lated to the much younger dystrophin-associated muscular
dystrophy population, particularly those with DMD.77

There are further data from the Pediatric Cardiomyopathy
Registry and other similar series that demonstrate a very
low rate of sudden arrhythmic death in the pediatric pop-
ulation in contrast to their adult counterparts.68,98,99

Consequently, it is unclear at what age the incidence of
sudden arrhythmic death increases and when ICD implan-
tation is most beneficial. Although the threshold age of
ICD benefit in DMD, BMD, and LGMD2 is unknown,
available data may be more applicable to adults, particu-
larly those with relatively limited neuromuscular and res-
piratory impairment and fewer associated comorbidities
(ie, patients with BMD or LGMD2) rendering a lower
risk of nonarrhythmic death and therefore a higher likeli-
hood of ICD benefit in such patients. Previously published
studies indicated a benefit from primary prevention ICD
implantation in patients with mild heart failure symptoms
based on NYHA functional class. However, this classifi-
cation scheme is less reliable in patients with neuromus-
cular impairment; hence, heart failure status is omitted
from this recommendation. Additional considerations
include the difficulties of ICD implantation brought about
by varying body habitus including severe kyphoscoliosis,
accompanying respiratory muscle weakness, and
sedation-related complications. Pulmonary function
studies typically demonstrate a pattern of restrictive
dysfunction, often further increasing sedation-related
risks. The importance of shared decision-making is once
again emphasized.

Recommendations for ventricular arrhythmias, sudden cardiac death, and use of implantable cardioverter-defibrillators in Duchenne,
Becker, and recessive limb-girdle muscular dystrophies

COR LOE Recommendations References

1 B-NR
1. In patients with DMD, BMD, or LGMD2 with spontaneously occurring hemodynamically

significant sustained ventricular tachycardia (VT) or ventricular fibrillation (VF), ICD
therapy is indicated if concordant with the patient’s goals of care and clinical status.

96

2a B-NR
2. In patients with DMD, BMD, or LGMD2 with an LVEF £35% despite guideline-directed

medical therapy, ICD therapy is reasonable if concordant with the patient’s goals of
care and clinical status.

68,97-99
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Figure 1 Flowchart for rhythm management and cardiovascular implantable electronic device implantation in patients with Duchenne muscular dystrophy
(DMD), Becker muscular dystrophy (BMD), or recessive limb-girdle muscular dystrophy type 2 (LGMD2) and left ventricular dysfunction. *Patients with stan-
dard indications for pacemaker or secondary prevention implantable cardioverter-defibrillator (ICD) may be managed based on previously published recommen-
dations. 1Physical examination, electrocardiogram, ambulatory electrocardiogram, and cardiac imaging (echocardiography or cardiac magnetic resonance
imaging) at diagnosis with periodic retesting. Colors correspond to the class of recommendation (COR) in Table 1. CRT-D5 cardiac resynchronization therapy
with defibrillator; CRT-P5 cardiac resynchronization therapy with pacemaker; GDMT5 guideline-directed medical therapy; LBBB5 left bundle branch block;
LVEF 5 left ventricular ejection fraction; NYHA 5 New York Heart Association; PPM 5 permanent pacemaker; RV 5 right ventricular.
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Section 4 Myotonic dystrophy types 1 and 2
4.1. General principles for myotonic dystrophy
types 1 and 2

DM1 (Latin name dystrophica myotonica type 1, also known
as Steinert disease or MD1) is the most common inherited
NMD in adults, with a worldwide prevalence of 1:8,000
(reaching 1:500 in eastern Canada due to a founder effect).101

DM1 is an autosomal dominant disorder caused by the
expansion of a (CTG) triplet repeat in the untranslated 30 re-
gion of the myotonic dystrophy protein kinase (DMPK) gene.
Greater expansion of the CTG triplet repeat typically occurs
in successive generations—a phenomenon termed anticipa-
tion. The disease involves the skeletal muscles, as well as
the respiratory, cardiac, endocrine, ocular, and central ner-
vous systems. Life expectancy is greatly shortened due to
sudden death that occurs in up to one-third, presumably
from AV conduction disturbances and ventricular arrhyth-
mias, although catastrophic nonarrhythmic causes may also
be implicated. Progressive respiratory failure is also a com-
mon mechanism of death.102-104 At the molecular level, the
pathophysiology of DM1 relies on a toxic RNA gain of
function: DMPK mutant RNAs with expanded CTG repeats
are retained in the nuclei as discrete aggregates or foci and
cause alternative splicing deregulation of a subset of pre-
mRNAs. Abnormal splicing of SCN5A with subsequent car-
diac sodium channel dysfunction has been identified as an
important contributor to the genesis of arrhythmias in
DM1.105 Cardiac manifestations of DM1 include conduction
system disease (prevalence of first-degree AV block, 28.2%–

45.0%; prevalence of bundle branch block, 16.5%–19.9%),
supraventricular arrhythmias (prevalence, 5.0%–12.5%),

and nonsustained and sustained VT (prevalence, 2.2%–

4.1% and 1.0%–2.7%, respectively).104,106,107

Genotype–phenotype correlation studies have shown that
larger CTG amplification size is associated with a higher
prevalence of all cardiac manifestations of the disease; how-
ever, it is noteworthy that life-threatening cardiac events can
also occur in patients with smaller expansions.24,25

In pediatric patients with DM1, a higher prevalence of
heart disease than in the general population has been
observed in a Danish nationwide study with standardized
prevalence ratios of 19.4 (95% CI, 4.92–52.7).108 One series
showed that pediatric patients with DM1 can present with
atrial arrhythmias and, to a lower extent, with sustained
VT, after the age of 10 years.109 Third-degree AV block
has thus far not been reported in DM1 patients aged ,18
years. In most cases, supraventricular and ventricular ar-
rhythmias were triggered by exercise.109 At the present
time, the recommendations for cardiovascular evaluation
provided in this section are the same for both pediatric and
adult DM patients.

DM2 (also called MD2 in some literature), also known as
proximal myotonic myopathy, is caused by a CCTG expan-
sion in the zinc finger 9 (ZNF9) gene and has a prevalence
of 1:20,000. Patients with DM2 present with cardiac manifes-
tations similar to those in DM1, although they are less prev-
alent and appear in older age.110-113 While similar
cardiovascular and arrhythmic events are seen in DM2,
they appear to occur less frequently than in DM1. The
proposed arrhythmia management of DM1 is hereby
extrapolated to those with DM2. Further studies may yield
management and risk stratification approaches specific to
DM2.

4.2. Diagnostic testing and risk stratification in
myotonic dystrophy types 1 and 2

Recommendations for diagnostic testing and risk stratification in myotonic dystrophy types 1 and 2

COR LOE Recommendations References

1 C-EO
1. Coordinated care of patients with DM1 or DM2 should be conducted in a medical setting

where there is access to expertise in the neurological, cardiac, arrhythmic, pulmonary,
and genetic manifestations of these disorders.

1 B-NR
2. In patients with DM1 or DM2, cardiac evaluation including physical examination, ECG,

ambulatory ECG, and cardiac imaging (echocardiography or CMR) at diagnosis with
periodic retesting is recommended even in the absence of cardiac symptoms.

24,26,104,106,108,

110,114,115

1 C-LD
3. In patients with DM1 or DM2 and cardiac conduction disorder, close monitoring for

arrhythmic complications is recommended when using mexiletine (or other sodium
channel blockers).

116-119

2a B-NR

4. In patients with DM1 or DM2 with symptoms consistent with bradycardia and with ECG
evidence of mild to moderate conduction disorder and when noninvasive testing is
nondiagnostic, electrophysiological testing is reasonable for risk stratification for AV
block and sudden cardiac death.

26,120-123

2b B-NR
5. In patients with DM1 or DM2 with symptoms suggestive of ventricular

tachyarrhythmias and when noninvasive testing is nondiagnostic, electrophysiological
testing to assess the risk of sustained arrhythmias may be considered.

120,123-126
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Synopsis
The main objective of diagnostic testing in DM1 and DM2 is
the assessment of sudden death risk. A noninvasive 12-lead
and/or ambulatory ECG-based approach in search of severe
ECG abnormality or an invasive strategy using 12-lead
ECG and electrophysiological study106,120,123 has been uti-
lized to stratify this risk. Ultimately, such testing assists in
deciding which patients are potentially eligible for prophy-
lactic permanent pacing or primary prevention ICD. The pre-
dictive utility, comparative effectiveness, and cost-
effectiveness of these two approaches have not been system-
atically compared; hence, at the present time, these ap-
proaches are comparable. Annual follow-up and arrhythmia
evaluation, even in asymptomatic patients, may detect sub-
clinical progression of arrhythmic manifestations that are
known to occur. This progression may occur in an unpredict-
able manner, underscoring the importance of regular vigilant
follow-up.24,108 Genetic testing and counseling, as outlined
in Section 2.2, can also be of clinical value and guide man-
agement.

Recommendation-specific supportive text

1. Centers with multidisciplinary specialty experience in
managing patients with NMDs are best equipped to
manage DM1 and DM2 patients, including those with pul-
monary/respiratory, ophthalmologic, endocrine, gastroin-
testinal, and documented or suspected cardiac
involvement. Recognition of DM1 and DM2 patients
who are at high risk for serious cardiovascular complica-
tions, in particular malignant arrhythmias, requires famil-
iarity with cardiac manifestations of NMDs.

2. The ECG is a powerful tool to detect conduction system
disease (especially prolonged PR interval and QRS dura-
tion, and LBBB) or non-sinus rhythm on 12-lead ECG, all
of which are predictive of sudden cardiac death in
DM1.106,107,115 Echocardiogram and ambulatory ECG
monitoring are useful for the diagnosis of left ventricular
systolic dysfunction, paroxysmal supraventricular and
ventricular arrhythmias, and paroxysmal advanced AV
block.104 Echocardiogram and ambulatory ECG moni-
toring are generally reserved for patients with symptoms
or evidence of conduction system disease, as most obser-
vational studies showed that these modalities rarely
demonstrated significant abnormalities aside from these
two indications; however, there are circumstances where
initial screening and subsequent repeated evaluations
would be indicated in asymptomatic patients without
known conduction system disease, such as in patients
over the age of 40 years.24 Serial imaging and ECG eval-
uation may be of highest yield when identifying progres-
sion of cardiovascular disease, particularly if symptoms
develop or worsen.

3. Concern has been raised regarding the safety of Vaughan-
Williams class I antiarrhythmic drugs in DM1, especially
mexiletine, which is frequently used to treat skeletal muscle
myotonia. These medications may increase loss of function

of the cardiac sodium channel, resulting in cardiac arrhyth-
mias in DM1 patients. Intravenous injections of flecainide
or ajmaline can trigger severe ventricular tachyarrhythmias
or unmask type 1 Brugada pattern in DM1.117,127 While
widespread data are lacking, small series have demon-
strated benefit from use of mexiletine in the treatment of
myotonia without apparent arrhythmic complication or
ECG changes, but with only limited follow-up duration
(�7 weeks).116,118 Although not formally studied, reason-
able monitoring strategies to confirm safety when initiating
such drugs include inpatient telemetry monitoring or, alter-
natively, serial outpatient ECG over several days, for
example, with comparison to baseline QRS morphology
and duration in particular, in carefully selected patients.
The presence of a previously implanted pacemaker or
ICD may also influence the need and type of monitoring,
although this scenario has also not been widely studied.
Inpatient monitoring may be preferred in those with evi-
dence of AV conduction impairment including prolonged
PR interval and/or bundle branch block, while outpatient
monitoring may suffice for those without significant base-
line ECG abnormalities.119

4. Invasive electrophysiological testing is generally used
when arrhythmic risk is not fully characterized by results
of noninvasive studies or when a high index of suspicion
for elevated arrhythmic risk persists despite normal or
minimally abnormal findings.While patients with PR inter-
val�240ms orQRS duration�120ms are at higher risk of
sudden death, the risk carried by patients with evidence of
mild to moderate AV conduction impairment, for example,
with PR interval or QRS duration of 200–240 ms and 100–
120 ms, respectively, especially when coupled with symp-
toms suggestive of bradycardia, is uncertain.104,106 Electro-
physiological testing may therefore help characterize such
patients’ susceptibility to future serious arrhythmic events.
A prolonged HV interval, for instance, may indicate that a
patient is at increased risk for complete AV block and sud-
den death.26 In one prospective study including 49 patients
with DM1, patients with anHV interval�70ms (mean HV
interval, 796 11 ms; range, 70–125 ms) had an incidence
of advanced AV block or sinus node dysfunction of 51.0%
over a mean follow-up of 4.4 years.120,123 Serial electro-
physiological testing in DM1 patients was examined in
one retrospective study where mean prolongation of the
HV interval of 1.2 ms/y was reported in those undergoing
two or more electrophysiological studies. Predictors of HV
interval prolongation were development of cardiac symp-
toms or significant prolongation of conduction intervals
on 12-lead ECG during follow-up. In these situations,
repeat electrophysiological testing could possibly be
avoided in favor of proceeding to device-based therapy.122

5. While induction of ventricular arrhythmias including
bundle branch reentrant ventricular tachycardia (BBRVT)
has been observed in DM1 patients, the predictive value
of programmed ventricular stimulation has not been thor-
oughly evaluated in patients with DM1 but may be helpful

e78 Heart Rhythm, Vol 19, No 10, October 2022



in patients with symptoms of unexplained syncope, presyn-
cope, or palpitations. Stimulation protocols favoring induc-
tion of BBRVT have been described and may be utilized in
this setting.26,124,125,128,129 Unlike with other substrates, no
data exist regarding appropriateness of ICD implantation in

DM1 and DM2 patients who are found to have inducible
ventricular arrhythmias, although inducibility in carefully
selected patients suggests the presence of substrate prone
to developing future VT or VF. Further studies are required
to better clarify this issue.124,125,128,129

4.3. Bradycardias, conduction disorders, and use
of pacing or cardiac resynchronization therapy in
myotonic dystrophy types 1 and 2

Synopsis
The annual incidence of sudden death in DM1 and DM2 is
between 0.53% and 1.16% and is most often attributed to ma-
lignant bradyarrhythmias resulting from advanced conduc-
tion system disease.104 However, the observation of sudden
death in pacemaker and even ICD recipients suggests that
other mechanisms may be involved, such as ventricular
tachyarrhythmias including BBRVT or noncardiac causes
such as pulmonary embolism.2,104,106,132,133 Based on nonin-
vasive or invasive criteria, prophylactic pacemaker implanta-
tion is historically performed in patients with evidence of
conduction system disease prior to the development of
advanced or complete AV block. Utilization of a documented
multidisciplinary evaluation of global disease severity with
estimation of survival probability by a specific survival score
may help identify candidates in whom a pacemaker may be of
greatest yield.2 Clinical scenarios for pacemaker implanta-
tion in patients with DM1 and DM2 are shown in Table 6.

Recommendation-specific supportive text

1. One recent study showed echocardiographic benefit from
increased implementation and tolerance of guideline-

directed medical therapy following CRT.130 However,
this study was conducted in a small number of DM1 pa-
tients with relatively limited follow-up and end points.
Additionally, assigning symptoms due to heart failure
rather than underlying neuromuscular impairment may
prove challenging. Nevertheless, while criteria used for
determining CRT eligibility have been established
through studies conducted in the general population, these
approaches may be reasonably implemented in patients
with DM1 and DM2.91 While some patients with QRS
duration 120–149 ms may also derive benefit from
CRT, a QRS duration�150 ms is utilized as the evidence
for clinical benefit fromCRT is strongest for this threshold
cutoff.91

2. Criteria for permanent pacing in patients with symptom-
atic bradycardia in the general population are similarly
applied in DM1 andDM2 patients, despite the lack of pub-
lished evidence. Although not specifically studied, pace-
maker implantation in DM1 patients with second-degree
or third-degree AV block, even when asymptomatic, is
likely to offer the highest likelihood of benefit against sud-
den death (see further discussion below).7,14,104,106,123,132

Recommendations for bradycardias, conduction disorders, and use of pacing or cardiac resynchronization therapy in myotonic
dystrophy types 1 and 2

COR LOE Recommendations References

1 B-R

1. In patients with DM1 or DM2 with LVEF £35%, sinus rhythm, LBBB with QRS duration
‡150 ms, and NYHA class II to class IV symptoms, or suspected right ventricular
pacing–induced cardiomyopathy despite guideline-directed medical therapy, CRT is
recommended if concordant with the patient’s goals of care and clinical status.

84-88,130

1 B-NR
2. In patients with DM1 or DM2 and documented symptomatic bradycardia due to any

degree of sinus node dysfunction or AV block, permanent pacemaker implantation is
indicated if concordant with the patient’s goals of care and clinical status.

79,80,82,131

1 B-NR
3. In patients with DM1 or DM2 and third-degree or advanced second-degree AV block at

any anatomical level, with or without symptoms, permanent pacemaker implantation
is indicated if concordant with the patient’s goals of care and clinical status.

104,106

2a B-NR

4. In patients with DM1 or DM2 andmarked first-degree AV block (PR interval ‡240ms) or
intraventricular conduction delay (native QRS duration ‡120 ms), permanent
pacemaker implantation is reasonable if concordant with the patient’s goals of care
and clinical status.

106

2a B-NR
5. In patients with DM1 or DM2 with HV interval ‡70 ms on electrophysiological study,

permanent pacemaker implantation is reasonable if concordant with the patient’s
goals of care and clinical status.

120,123-126
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3. Patients with DM1 or DM2 and third-degree or advanced
second-degree AV block are at dramatically higher risk
for sudden death, even in the absence of symptoms.104,106

These forms of AV block are felt to represent the most
concerning findings in DM1 and DM2 patients owing to
their association with unreliable, unstable escape rhythms
that may precede asystole, bradycardia-mediated ventric-
ular arrythmias, and sudden death. Nevertheless, recogni-
tion of significant bradycardia in a DM1 or DM2 patient is
suggestive of advanced, likely infra-His conduction dis-
ease and indicates a circumstance where sudden death
can possibly be prevented.7,106,120,123

4. While conduction defects on 12-lead ECG in individuals
with DM1 have a prevalence of up to 45% at diagnosis, per-
manent pacemaker implantation is not indicated in all DM1
patients who demonstrate such findings. Published
threshold values of PR interval�240 ms and QRS duration
�120 ms, indicating increased risk of sudden death, repre-
sent a reasonable compromise to identify the maximum
number of patients who may benefit from pacing while

possibly minimizing unnecessary pacemaker implantation.
Along with these criteria, rhythm other than sinus, second-
degree or third-degree AV block had sensitivity of 74.1%
for the prediction of sudden death, with specificity of
61.7%, positive predictive value of 12.1%, and negative
predictive value of 97.1%.106,110 It should be noted that
these criteria have only been examined in adults; hence,
with the knowledge that this degree of conduction impair-
ment in children is relatively uncommon, their application
may be deemed too aggressive in children.

5. In a retrospective observational study, the use of an electro-
physiological study followed by implantation of a pace-
maker in patients with DM1 with an HV interval �70 ms
was associated with an improvement in overall survival
(adjusted hazard ratios ranging from 0.47 [95% CI, 0.26–
0.84; P 5 .01] to 0.61 [95% CI, 0.38–0.99; P 5 .047])
and reduction of sudden death (adjusted hazard ratios
ranging from 0.24 [95% CI, 0.10–0.56; P 5 .001] and
0.28 [95% CI, 0.13–0.61; P 5 .001]) compared with pa-
tients followed by ECG assessment alone.123

4.4. Atrial arrhythmias in myotonic dystrophy
types 1 and 2

Synopsis
Atrial arrhythmias, including AF, AFL, and atrial tachycardia,
are present in 5%–12% of patients at presenta-
tion.2,106,107,123,134 Supraventricular arrhythmias can occur in
patients without significant atrial remodeling. AF with rapid
AV conduction and accompanying syncope can occur in young
patients andmay be the first sign of cardiovascular involvement
in DM1 or DM2.134,135 As in all patients, the risks of bleeding
must be counterbalanced against the risk of thromboembolism.
While difficult to objectively characterize, frailty, fall risk, and
patient tolerance of such risksmay influence the decision to pre-
scribe anticoagulant therapy, as in Table 6, clinical scenario 4.

Recommendation-specific supportive text

1. It remains unclear whether DM1 or DM2 patients with
atrial arrhythmias have the same risk for thromboembolic
events as those in the general population. Given the lack
of such data, at the present time, the indications for preven-
tion of thromboembolic complications and assessment of
bleeding risk are the same as in the general
population.6,12,93,95 The clinical context in which this

decision arises must also be considered, factoring in items
such as patient age, dosing of anticoagulants particularly
in children, patient frailty, and limitations in thromboem-
bolic and bleeding risk assessment in patients not well rep-
resented in studies where these criteria were determined.
Though uncommon, children with DM1 or DM2 who
develop atrial arrhythmias present a special circumstance
where evidence and experience with oral anticoagulants
are lacking. Traditional algorithms including CHA2DS2-
VASc andHAS-BLED, the latter to determine hemorrhagic
risk, comprise several risk factors that are wholly absent in
children. The decision to initiate anticoagulation in a child
is based on clinician judgment incorporating their best
assessment of a patient’s thromboembolic and bleeding
risks, patient and family preferences, and an understanding
that evidence in this area is absent, largely due to the infre-
quency of this situation. Finally, independent of thrombo-
embolic risk, AF and AFL have been associated with a
higher risk of sudden death in one large series of DM1 pa-
tients, although the exact mechanism of this increased risk
and mitigation strategies have yet to be elucidated.106

Recommendations for atrial arrhythmias in myotonic dystrophy types 1 and 2

COR LOE Recommendations References

1 B-NR
1. In patients with DM1 or DM2, anticoagulation according to established guidelines and

clinical context is recommended for AF or AFL, taking into consideration the risks of
thromboembolism and the risks of bleeding on oral anticoagulation.

92-94
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4.5. Ventricular arrhythmias, sudden cardiac
death, and use of implantable cardioverter-
defibrillators in myotonic dystrophy types 1 and 2

Synopsis
Fibrotic foci, fatty infiltration, and delayed conduction in the
His–Purkinje system may lead to ventricular arrhythmias
includingBBRVT inDM1 andDM2patients.133 The incidence
of sustained VT was 2.3% in a large cohort of unselected DM1
and DM2 patients during 12-year follow-up, and nonsustained
VT was the only independent predictor of sustained VT.104

Identifying asymptomatic DM1 and DM2 patients at high risk
of sudden death can be challenging, and debate continues
regarding the most effective means to protect against its occur-
rence. A screening history, ECG, and a combination of electro-
physiological testing and pacemaker and ICD implantationmay
be employed to evaluate and address this risk, as outlined in
Figure 2. DM1 and DM2 patients with traditional guideline-
based indications for CIED implantation may be managed
accordingly.10,13 The decision to proceed with ICD implanta-
tionmay be quite complex in patients withDM1orDM2, as co-
morbidities, clinical status, and patient wishes need to be
considered. Based on these features, attenuation of overall
benefit from ICD implantation may also be observed. Finally,
the potential need for permanent pacing also deserves consider-
ation, as a transvenous (or pacing-capable) ICD system can pro-
vide pacing support not achievable with currently available
subcutaneous ICD systems. Utilization of available diagnostic
information regarding conduction system integrity, clinician
expertise, and patient preference may provide guidance and
help determine appropriateness for the type of CIED to be im-
planted. See Table 6 for clinical scenarios describing manage-
ment decisions for patients with DM1.

Recommendation-specific supportive text

1. Patients with DM1 or DM2 and evidence of cardiac
involvement are known to be at higher risk of sudden death,

generally due to bradyarrhythmias and tachyarrhyth-
mias.104,106,110,121,132 While evidence of AV conduction
impairment is predictive of sudden death, pacemaker im-
plantation provides incomplete protection against this event,
indicating a coexisting susceptibility to both types of these
rhythm disturbances once cardiac involvement is
confirmed.121,132 Therefore, once ICD implantation is
indicated, due to either due to induced/spontaneously occur-
ring ventricular arrhythmias or left ventricular dysfunction,
the risk for serious bradyarrhythmias is elevated, even in pa-
tients who do not demonstrate evidence for significant AV
conduction disease at the time of device implantation.
Considering this, and the known progressive nature of car-
diac disease in DM1 and DM2, an ICD system capable of
providing rate support is the most protective.110,121,132

2. Specific studies evaluating the benefit of secondary preven-
tion ICD implantation in DM1 and DM2 patients are lack-
ing, and it is unlikely that such studies will be conducted.
Hence, the implementation of data from studies conducted
in the general population and their extrapolation to patients
with DM1 or DM2 is felt to be appropriate.8,96,100

3. Specific studies evaluating the benefit of primary prevention
ICD implantation in DM1 and DM2 patients with systolic
ventricular dysfunction and heart failure have yet to be pub-
lished. However, the risk of sudden arrhythmic death asso-
ciated with systolic left ventricular dysfunction of
nonischemic etiology iswell established.10,13Hence, the im-
plementation of data from studies conducted in the general
population and their extension to patients with DM1 or
DM2 is felt to be appropriate.8,97,100 Previously published
studies indicated a benefit from primary prevention ICD im-
plantation in patients with mild heart failure symptoms
based on NYHA functional class. However, this

Recommendations for ventricular arrhythmias, sudden cardiac death, and use of implantable cardioverter-defibrillators in myotonic
dystrophy types 1 and 2

COR LOE Recommendations References

1 B-NR 1. In patients with DM1 or DM2 in whom ICD therapy is planned, an ICD system with
permanent pacing capability is recommended.

104,106,110,121,132

1 B-NR
2. In patients with DM1 or DM2 who are survivors of spontaneously occurring

hemodynamically significant sustained VT or VF, ICD therapy is indicated if concordant
with the patient’s goals of care and clinical status.

96,104,132,133

1 B-NR
3. In patients with DM1 or DM2 and an LVEF £35% despite guideline-directed medical

therapy, ICD therapy is indicated if concordant with the patient’s goals of care and
clinical status.

97,132

1 B-NR
4. In patients with DM1 or DM2 in whom clinically relevant ventricular arrhythmias are

induced during electrophysiological study, ICD therapy is recommended if concordant
with the patient’s goals of care and clinical status.

110,124-126,132,133

2b B-NR
5. In patients with DM1 or DM2 in whom permanent pacemaker implantation is indicated,

ICD therapy may be considered if concordant with the patient’s goals of care and
clinical status.

106,121,132
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classification scheme is less reliable in patients with neuro-
muscular impairment; hence, heart failure status is omitted
from this recommendation.

4. The induction of clinically relevant ventricular arrhyth-
mias, most notably monomorphic VT, during electro-
physiological study in DM1 and DM2 patients is felt
to be indicative of scarring due to myocardial fibrosis,
providing a substrate for future development of spon-
taneously occurring VT or VF leading to sudden
death. This is further supported by the occurrence of
sudden death due to presumed ventricular tachyar-
rhythmias in a subset of pacemaker recipients with
DM1, who are similarly felt to have myocardial
fibrosis of AV conduction structures.26,106,110,132,133

Risk predictors for sudden death and future VT or
VF in DM1 and DM2 are limited; however, it is often
the case that multiple known predictors of sudden
death and ventricular arrhythmias in DM1 and DM2
patients such as LBBB, nonsustained VT, and AV
conduction abnormalities104 do not occur in isolation.
The occurrence of BBRVT in DM1 and DM2 is
well known.133 Though BBRVT can be effectively
cured with catheter ablation, those with this rhythm
disturbance are felt to have the substrate (ie, myocar-
dial infiltration/scar) that may lead to other rhythm dis-
turbances including AV conduction disturbances and
intramyocardial reentry. The former is underscored
by the observation of residual, prolonged HV interval

in patients with BBRVT. Additionally, Wahbi et al104

demonstrated the presence of LBBB as an independent
predictor for sudden death in those with DM1. LBBB
is arguably almost uniformly present in patients with
DM1 and BBRVT; therefore, while ablation may elim-
inate BBRVT, some element of increased risk may
still be apparent, which is best addressed by ICD im-
plantation. However, cautiously avoiding ICD implan-
tation may be justified in DM1 and DM2 patients in
whom no further ventricular arrhythmias are induced
with comprehensive ventricular stimulation following
successful curative catheter ablation of BBRVT,
without other indicators of arrhythmic risk. Pacemaker
implantation or observation as deemed appropriate per
the clinician’s discretion and patient’s preferences may
be employed thereafter in this situation.

5. The benefit of ICD therapy for sudden death prevention
in DM1 and DM2 has not been conclusively determined.
However, pacemaker-eligible patients with accompa-
nying conduction disease, particularly those with HV in-
terval �70 ms, are felt to have the substrate to develop
ventricular arrhythmias that may only be addressed by
ICD. This theory is underscored by the observation of
sudden death in pacemaker recipients.106,110,121,132

Detection of nonsustained VT on ambulatory ECG
may similarly indicate the presence of arrhythmogenic
substrate where pacemaker alone may provide insuffi-
cient protection against sudden death.104,106

Table 6 Clinical scenarios for the management of arrhythmias in myotonic dystrophy type 1

Clinical scenario Management strategies Key points

1. A 63-year-old man with DM1 and
minimal neuromuscular impairment
presents with a single episode of
unprovoked syncope and facial
injury. ECG shows sinus rhythm, PR
interval 180 ms, and RBBB (QRS
duration 140 ms). Echocardiogram
shows global LVEF 50% and mild
mitral regurgitation.

� Management options discussed included useof
further noninvasive and invasive diagnostic
strategies versus empiric arrhythmia therapies
as follows:
B Prolonged ambulatory monitoring or loop

recorder insertion
B Empiric pacemaker implantation given

evidence of conduction system disease
B EP testing to assess AV conduction and

evaluate the inducibility of ventricular
arrhythmias, followed by CIED insertion

� Values elicited in discussion included
likelihood of recurrence with further injuries,
potential for life-threatening brady- and
tachyarrhythmias as causative etiology, and
favorable functional status with reasonable
expected longevity.

� Given age, high functional status, and
potentially serious causative arrhythmias, EP
testing was performed. Pacemaker
implantation was planned with possible ICD
insertion if clinically relevant ventricular
arrhythmias were induced.

� Age, high functional status, and
serious nature of syncope with injury
prompted aggressive evaluation.

� Empiric pacemaker implantation
without further testing could be
considered given existing RBBB.

� Normal LVEF suggests absence of
significant myocardial involvement.

� Clinical benefit of empiric ICD
implantation in this situation remains
uncertain.

� EP study was primarily utilized to
determine the suitability of ICD
implantation, as pacemaker
implantation was appropriate with
clinical features at presentation.
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Table 6 (Continued )

Clinical scenario Management strategies Key points

2. A 52-year-old man with DM1 and mild
neuromuscular impairment reports
limiting exertional dyspnea when
ambulating and climbing stairs. ECG
and 48-Holter monitor show sinus
rhythm with 3:2 and 4:3 type 1
second-degree AV block
(Wenckebach type), and RBBB.
Echocardiogram demonstrates LVEF
39% with global hypokinesis and
mild to moderate mitral
regurgitation. He is normotensive on
losartan with avoidance of beta-
adrenergic blockade due to
bradycardia.

� Management options discussed included
implantation of dual-chamber pacemaker,
biventricular pacemaker (CRT-P), and
biventricular ICD (CRT-D) implantation.

� Values elicited in discussion included desire
for improved functional capacity, reduction
of symptoms attributed to bradycardia and
left ventricular dysfunction, and prevention
of sudden death due to malignant brady- and
tachyarrythmias.

� The decision was made to proceed with
biventricular ICD (CRT-D) implantation, as
this would address all the relevant
cardiovascular issues described.

� Restoration of AV synchrony with
alleviation of related symptoms was
accomplished by permanent pacing.

� Anticipated right ventricular pacing
�40% coupled with moderate
preexisting left ventricular dysfunction
warrants implantation of CRT device.

� ICD implantation may be considered
in DM1 patients who require pacing
due to ongoing risk of sudden death,
possibly due to ventricular
arrhythmias.

� Moderate left ventricular dysfunction
indicates myocardial involvement/
infiltration due to DM1.

� Beta-adrenergic blockade for left
ventricular dysfunction may be safely
used following device insertionwithout
concern for aggravating bradycardia.

3. A 72-year-old woman with DM1 and
significant skeletal muscle weakness
presents with recurrent dizziness and
falling over the past year. ECG shows
sinus rhythm, PR interval 260 ms, and
LBBB (QRS 160 ms). Echocardiogram
shows LVEF 52% without wall motion
abnormality. The 30–day event
recorder shows sinus rhythm,
occasional multiform premature
ventricular complexes, and no
symptomatic episodes.

� Management options discussed included use
of further noninvasive and invasive
diagnostic strategies versus preemptive
arrhythmia therapies as follows:
B Prolonged arrhythmia monitoring with

loop recorder insertion
B EP testing to assess AV conduction and

evaluate the inducibility of ventricular
arrhythmias, followed by CIED insertion

B Empiric pacemaker implantation
B Empiric transvenous ICD implantation

� Values elicited in discussion included desire
to avoid complications from symptomatic
episodes, most expeditious management
strategy, and focus on quality of life.

� Although several risk indicators for sudden
death were present (PR interval 260 ms and
LBBB), the most likely serious etiology for
observed episodes remained
bradyarrhythmias due to high-grade AV
block. Advanced functional impairment and
primary emphasis on quality of life led to
the decision to pursue empiric pacemaker
implantation.

� Age, significant functional
impairment, patient wishes, and
suggestive clinical features were key
points in determining ultimate
management strategy.

� Transvenous ICD would accomplish
protection against brady- and
tachyarrhythmias, but limited
evidence, possible longer adjustment
(compared to pacemaker), and
patient wishes favored pacemaker
implantation.

4. A 68-year-old woman with DM1 and
advanced neuromuscular impairment
resulting in repeated falls is found to
have asymptomatic rate-controlled
AF during hospitalization for
trochanteric fracture. She is expected
to be confined to bed indefinitely.
Other comorbidities include diabetes
and chronic kidney disease stage 2.
She has never had stroke/
thromboembolism or serious
bleeding. Ventricular function is
normal; she has intact cognition and
reports favorable quality of life with
frequent family visitation.

� Management options discussed included
prescribing direct oral anticoagulant/
warfarin, left atrial appendage occlusion,
and avoidance of anticoagulation
altogether.

� Values elicited in discussion included
reduced though acceptable quality of life,
desire to avoid preventable life-
threatening/life-altering medical
complications, preference for noninvasive
therapy, increased thromboembolic risk
balanced by limited bleeding risk using
conventional risk calculators, and limited
fall risk given bed-confined status.

� With CHA2DS2-VASc and HAS-BLED risk scores
of 3 and 2, respectively, oral anticoagulation
was recommended and accepted.

� Conventional risk calculators are
recommended for use in DM1 patients
and support the use of oral
anticoagulation here.

� Fall risk and frailty are difficult to
quantify but must be considered when
considering anticoagulation.

� Patient wishes to avoid serious
preventable complications through
noninvasive means were heeded;
anticoagulation will reduce the risk of
systemic thromboembolism due to AF.

Scenarios cover different degrees of muscle impairment. AF5 atrial fibrillation; AV5 atrioventricular; CIED5 cardiovascular implantable electronic device;
CRT 5 cardiac resynchronization therapy; CRT-D 5 cardiac resynchronization therapy with defibrillator; CRT-P 5 cardiac resynchronization therapy with pace-
maker; DM15myotonic dystrophy type 1; ECG5 electrocardiogram; EP5 electrophysiological; ICD5 implantable cardioverter-defibrillator; LBBB5 left bundle
branch block; LVEF 5 left ventricular ejection fraction; RBBB 5 right bundle branch block.
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Figure 2 Flowchart for rhythm management and cardiovascular implantable electronic device implantation in patients with myotonic dystrophy type 1 (DM1) or
myotonic dystrophy type 2 (DM2) with normal ventricular function, with a focus on the risk stratification for the prevention of sudden death. *Patients with indications
for pacemaker or implantable cardioverter-defibrillator (ICD) implantation, including cardiac resynchronization therapy, based on recommendations from previously
published guidelines are not represented in this flow diagram. 1Physical examination, electrocardiogram (ECG), ambulatory ECG, and cardiac imaging (echocardiog-
raphy or cardiac magnetic resonance imaging) at diagnosis with periodic retesting. 2The purpose of electrophysiological (EP) testing for risk stratification for sudden
death is to assess the integrity of atrioventricular conduction, in particular the His–Purkinje system with measurement of the HV interval, as well as to determine the
inducibility of clinically significant ventricular arrhythmias. A suggested stimulation protocol used in DM1 patients has been published,26 and other protocols primarily
used in patients with ischemic heart disease may also be useful.128,129 The discussion of device implantation should be carried out prior to electrophysiological testing to
confirm the patient’s preference and willingness to undergo cardiovascular implantable electronic device implantation. 3Mild to moderate conduction disorder is defined
as PR interval 200–240 ms and/or QRS duration 100–120 ms. 4Noninvasive testing includes 12-lead ECG, telemetry recordings, ambulatory ECG, or insertable loop
recorder. Colors correspond to the class of recommendation (COR) in Table 1. AV 5 atrioventricular; VF 5 ventricular fibrillation; VT 5 ventricular tachycardia.

e84 Heart Rhythm, Vol 19, No 10, October 2022



Section 5 Emery-Dreifuss and limb-girdle type
1B muscular dystrophies
5.1. General principles for Emery-Dreifuss and
limb-girdle type 1B muscular dystrophies
EDMD is inherited in an X-linked or autosomal dominant
pattern—Emery-Dreifuss muscular dystrophy type 1
(EDMD1) and Emery-Dreifuss muscular dystrophy type
2 (EDMD2), respectively. Similarly, limb-girdle muscular
dystrophy 1B (LGMD1B) is inherited in an autosomal
dominant pattern, which is in contrast to LGMD2 (see
Section 3). The 229th European Neuromuscular Centre
workshop in 2017 suggested a reclassification and revised
nomenclature for LGMD; this document retains previous
nomenclature.1 Autosomal dominant LGMD1B is classi-
fied as specific myopathies or as LGMD D (dominant) var-
iants (D1–D4). Autosomal recessive LGMD2 is renamed
as LGMD R1–R24 in addition to descriptive names for
some of the recessive variants.1 EDMD1 results from mu-
tations in the STA gene (Xq28), which encodes the nuclear
membrane protein emerin. In contrast, EDMD2 and
LGMD1B are due to LMNA mutations (1q21-q23
[EDMD2] and 1q11-21 [LGMD1B] loci). Each encodes
lamin A/C proteins, which are components of the inner

nuclear membrane.30,136,137 Both forms of EDMD are
characterized by juvenile-onset joint contractures (eg,
Achilles tendon, spine, and elbows), with progressive hu-
meroperoneal muscle weakness.138 LGMD1B can be
distinguished from EDMD by predominant proximal
myopathy and lack of early contractures. EDMD and
LGMD1B both confer a high risk of progressive conduc-
tion system disease, sudden cardiac death due to ventricu-
lar arrhythmias, and dilated cardiomyopathy.139-141

Characteristic early ECG changes in EDMD1 include
bradycardia, with low-amplitude P waves, and a prolonged
PR interval.89,142 As the disease advances, there are char-
acteristic histopathologic myocardial changes (ie, atrial
thinning and apoptosis), and arrhythmias including AF,
AFL, and complete heart block may develop. One of the
hallmarks of EDMD1 is atrial standstill.143 LMNA muta-
tions confer high risk for AV block, often in concert
with dilated cardiomyopathy (Figure 3). Patients with
EDMD2 and LGMD1B are at exceedingly high risk of
sudden death, likely higher than patients with EDMD1.
Given the genetic overlap in EDMD2 and LGMD1B,
and the similar cardiac manifestations with EDMD1, the
following recommendations pertain to all three conditions.

5.2. Diagnostic testingandriskstratificationinEmery-
Dreifuss and limb-girdle type 1B muscular dystrophies

Synopsis
EDMD (types 1 and 2) and LGMD1B are associated with
a high risk of cardiac involvement, particularly arrhyth-
mias and sudden cardiac death. LMNA-related heart dis-
ease is associated with myopathy and malignant
arrhythmias. In addition, there is considerable phenotypic
variation and penetrance; some patients with EDMD or

LGMD1B may present with only cardiac or musculoskel-
etal manifestations. As such, there are relatively aggres-
sive recommendations regarding definitive diagnosis
(including genetic testing) and the treatment of arrhyth-
mias and cardiomyopathy. It is critical to recognize that
cardiac manifestations may develop at any age and are
often independent of the severity and degree of NMD.

Recommendations for diagnostic testing and risk stratification in Emery-Dreifuss and limb-girdle type 1B muscular dystrophies

COR LOE Recommendations References

1 C-EO
1. Coordinated care of patients with EDMD or LGMD1B should be conducted in a medical

setting where there is access to expertise in the neurological, cardiac, arrhythmic,
pulmonary, and genetic manifestations of these disorders.

1 B-NR
2. In patients with EDMD or LGMD1B, cardiac evaluation including physical examination,

ECG, ambulatory ECG, and cardiac imaging (echocardiography or CMR) at diagnosis with
periodic retesting is recommended even in the absence of cardiac symptoms.

29,139,144-151

1 B-NR
3. First-degree relatives of patients with genetically confirmed EDMD or LGMD1B who do

not have access to or have opted out of genetic testing should be screened with ECG and
cardiac imaging (echocardiography or CMR).

137,145,146,152-154

2a C-EO

4. In patients with EDMD or LGMD1B who have symptoms of conduction disorder or
arrhythmias, implantable cardiac monitoring is reasonable, even in the setting of a
normal 12-lead ECG, normal ambulatory ECG monitoring, and/or normal transthoracic
echocardiogram.

2b C-LD

5. In patients with EDMD or LGMD1B with symptoms consistent with bradycardia and ECG
evidence of mild to moderate conduction disorder, or symptoms consistent with
ventricular tachyarrhythmias, and when noninvasive testing is nondiagnostic,
electrophysiological testing may be considered for risk stratification for sustained
arrhythmias, AV block, and sudden cardiac death.

124-126,137,141,155
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Genetic screening is the foundation for diagnosis
(Table 7, clinical scenario 3). Once disease is established,
cardiovascular testing should be performed and repeated
periodically, even in the absence of symptoms suggestive
of arrhythmia or heart failure (Figure 3). Furthermore,
first-degree relatives should undergo genetic screening
and initial cardiovascular testing (eg, ECG and/or echo-
cardiogram). Details of genetic testing in EDMD and
LGMD1B are further discussed in Section 2.2. Resting
and ambulatory electrocardiography are the cornerstone
of the evaluation. Cardiac imaging, specifically transtho-
racic echocardiography, should be used to assess left ven-
tricular function, although there is a growing role for
CMR. Electrophysiological testing with programmed
electrical stimulation is sometimes performed in select pa-
tients to assess the risk of ventricular tachyarrhythmias
(Table 7, clinical scenario 4).

Recommendation-specific supportive text

1. Centers with multidisciplinary specialty experience in
managing patients with NMDs are best equipped to
manage EDMD and LGMD1B patients, including those
with pulmonary/respiratory, musculoskeletal, and docu-
mented or suspected cardiac involvement. Recognition
of EDMD and LGMD1B patients who are at high risk
for serious cardiovascular complications, particularly car-
diomyopathy and malignant arrhythmias, requires famil-
iarity with cardiovascular manifestations of NMDs.

2. A longitudinal cohort study of 94 patients followed for
a median of 57 months found that dilated cardiomyop-
athies caused by pathogenic variants of LMNA are
highly penetrant, adult-onset, malignant diseases char-
acterized by a high rate of heart failure and life-
threatening arrhythmias.145 In a longitudinal series of
122 patients with pathogenic variants of LMNA, there
was an increase in the frequency of ECG findings on
a median 7-year follow-up.146 Specifically, there was
an increase in AV block (46% to 57%) as well as atrial
(39% to 63%) and ventricular (16% to 34%) arrhyth-
mias. Ongoing surveillance for arrhythmia after the in-
dex evaluation is of paramount importance with
EDMD and LGMD1B. One meta-analysis of 299 pa-
tients with pathogenic variants of LMNA found that
sudden death was the most frequently reported mode
of death (46%), and arrhythmias were reported in
92% of patients after the age of 30 years.139 This is
consistent with other reports in which the majority of
patients developed severe AV block requiring pace-
makers after age 35 years.147,148,156 One retrospective
cohort of 78 patients with pathogenic variants of
LMNA found that most presented with cardiac symp-
toms prior to 50 years of age.149 Overall, cardiac
involvement occurred earlier in patients with
EDMD2 than in those with LGMD1B; the age at

ICD or permanent pacemaker implantation was lower
for patients with EDMD2 (39.6 6 10.8 years) than
for those with LGMD1B (48.4 6 8.3 years). Another
longitudinal cohort study followed 21 patients with
pathogenic variants of LMNA over 6 years; over
70% had bradyarrhythmias, the median age of the first
evidence of cardiac compromise was 40 years, and the
median age of detection of severe signs of cardiac
involvement was 48 years.150

3. Cascade genetic testing can identify family members at
risk of EDMD and LGMD1B and inform cardiac eval-
uation. Family members in whom one of the patho-
genic variants of EDMD or LGMD has been
identified benefit from longitudinal screening for car-
diac involvement, both cardiomyopathy and arrhyth-
mias, often with echocardiography and ECG.157

There is considerable variability in the phenotypic
expression of EDMD2 and LGMD. Some patients
have isolated cardiac involvement, and this could be
the only manifestation in first-degree relatives. Bonne
et al137 described the variability in the phenotype of
pathogenic variants in autosomal dominant EDMD2,
in which 12 of 53 patients demonstrated only cardiac
involvement, with many needing permanent pacing.
Other studies also describe the protean manifestations
of laminopathies, which can present antecedent to, or
in the absence of any, neuromuscular symp-
toms.146,152,158 One longitudinal study of X-linked
and autosomal dominant EDMD2 in 18 patients with
30-year follow-up showed that the majority developed
bradyarrhythmias and AF or AFL; however, there was
no correlation between neuromuscular impairment and
cardiac manifestations.152 In addition, patients with X-
linked EDMD1 may manifest atrial and ventricular
tachyarrhythmias without skeletal muscle involve-
ment.152-154

4. Long-term cardiac monitoring may be needed to identify
subclinical conduction system disease or tachyarrhyth-
mias. External event recorders and Holter monitoring
are limited in this capacity, and longer-duration implant-
able loop monitoring increases the diagnostic yield. There
are considerable data supporting the use of implantable
loop recorders in unexplained syncope.72,159 Further-
more, there is strong evidence of benefit in patients with
syncope and in detecting occult AF.160 However, there
is a paucity of evidence directly measuring the efficacy
of implantable cardiac monitoring in patients with
EDMD and LGMD1B. Not identifying subclinical ar-
rhythmias, especially AF and AFL, in these patients
may lead to adverse outcomes. Indeed, atrial standstill is
a common feature in EDMD1, and patients are at risk
for thromboembolism.152

5. Patients with pathogenic variants of LMNA have a high
risk of ventricular tachyarrhythmia and often receive
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ICDs, especially when there is an indication for a pace-
maker for bradyarrhythmia. While electrocardiographic
criteria indicative of abnormal AV conduction, such as
PR interval �230 ms, and abnormal intraventricular
conduction are predictive of serious arrhythmias, pa-
tients with LMNA mutations who demonstrate mild to
moderately abnormal ECG abnormalities (PR interval
200–230 ms or QRS duration 100–120 ms), accompa-
nied by symptoms of unexplained syncope, presyncope,
or palpitations, warrant more aggressive evalua-
tion.139,144-146 Electrophysiological testing evaluating
the integrity of AV conduction, in particular the HV
interval, is well suited for this purpose. While studies
have not demonstrated a high correlation between the
incidence of clinical ventricular arrhythmias and
inducibility during electrophysiological testing,
programmed ventricular stimulation in this setting may
possibly provide additive information regarding a
patient’s future arrhythmic risk and is generally
adjunctive to invasive AV conduction system
assessment.141,155 One prospective series followed 19
patients with pathogenic variants of LMNA (9 with

EDMD2 and 1 with LGMD1B) who received an ICD.
Over a mean of 34 months, 8 (42%) received appropriate
shocks; 6 of these patients were found to have VF, and
ICD therapies were not correlated with inducible VT
or VF.141 Furthermore, programmed electrical stimula-
tion in the setting of catheter ablation for VT poses chal-
lenges and does not clearly improve outcomes. In one
series of 25 patients with pathogenic variants of
LMNA referred for catheter ablation for VT, inducibility
of nonclinical VT was seen in 50% and persistent induc-
ibility of clinical VT was seen in only 12.5%.155 Stimu-
lation protocols used during electrophysiological testing
and interpretation of test results are largely extrapolated
from published data in other clinical substrates, mainly
coronary artery disease and survivors of myocardial
infarction. Induction of sustained, hemodynamically
significant monomorphic VT is of greatest clinical sig-
nificance, while initiation of polymorphic VT and/or
VF may be nonspecific. Interpretation of electrophysio-
logical study results and their predictive value for future
arrhythmic events including sudden death ultimately
falls to operator discretion.124,125,128,129

5.3. Bradycardias, conduction disorders, and use
of pacing or cardiac resynchronization therapy in
Emery-Dreifuss and limb-girdle type 1B muscular
dystrophies

Synopsis
CRT has demonstrated clinical benefit in patients who
have developed or are at risk for worsening heart failure
due to intraventricular dyssynchrony despite maximally
tolerated guideline-directed medical therapy.14 Such ben-
efits include improvement in symptoms due to heart fail-
ure, reduction in heart failure hospitalization, objective
improvement in measures of ventricular function, and,
possibly, reduced mortality.84-88 Implantation of cardiac
resynchronization therapy with defibrillator (CRT-D) in
selected individuals may provide further mortality

benefit.8 Although there is a paucity of literature demon-
strating the efficacy and outcomes in patients with
EDMD and LGMD1B who have received a CRT-D,
there are no compelling reasons to believe that such in-
dividuals would not receive the same benefit as others
who meet criteria for resynchronization (Table 7, clinical
scenario 3).

Recommendation-specific supportive text

1. EDMD and LGMD1B are commonly associated with
dilated cardiomyopathy. There is a large evidence base

Recommendations for bradycardias, conduction disorders, and use of pacing or cardiac resynchronization therapy in Emery-Dreifuss and
limb-girdle type 1B muscular dystrophies

COR LOE Recommendations References

1 B-NR

1. In patients with EDMD or LGMD1B with an LVEF £35% despite guideline-directed
medical therapy, with a combination of sinus rhythm, LBBB, QRS duration ‡150 ms,
and NYHA class II to class IV symptoms, or in those with suspected right ventricular
pacing–induced cardiomyopathy or anticipated right ventricular pacing ‡40%, CRT is
recommended if concordant with the patient’s goals of care and clinical status.

84-88

1 C-EO
2. In patients with EDMD or LGMD1B in whom pacing is indicated and ICD therapy is not

concordant with the patient’s goals of care and clinical status, a permanent pacemaker or, if
appropriate, CRT-P implantation is recommended.
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and clinical guidelines to support the use of CRT in terms
ofmortality benefit in patientswith heart failure due to left
ventricular systolic dysfunction taking guideline-directed
medical therapy, LBBB with a wide QRS duration, or
need for frequent pacing.8,10,13 While benefit may be
observed with QRS duration 120–150 ms, the clearest
benefit is in patients with longer QRS durations (�150
ms). Patients with EDMD and LGMD1B are not specif-
ically addressed in these studies but by extrapolation
may be appropriate candidates for CRT or CRT-
D.11,84-88,100 However, there are no prospective random-
ized trials in these patients.

2. Patients with EDMD and LGMD1B are susceptible to ma-
lignant AV conduction disturbances and may also demon-
strate ventricular dysfunction. Given the progressive nature
of cardiac disease, involvement of the cardiac conduction
system resulting in bradycardia may precede development
of cardiomyopathy and/or elevated risk of ventricular ar-
rhythmias. While transvenous (or pacing-capable) ICD im-
plantation will potentially address all arrhythmic issues,
patient wishes and clinical circumstances may favor pace-
maker over ICD implantation. Patients and families may
be guided in making these decisions with the assistance
of counseling and decision tools.7,100,141,148,152,161-163

5.4. Atrial arrhythmias in Emery-Dreifuss and
limb-girdle type 1B muscular dystrophies

Synopsis
Clinical practice guidelines are unequivocally supportive of
anticoagulation for the prevention of thromboembolism in
patients with AF or AFL, and risk stratification scores such
as CHA2DS2-VASc have been developed to identify patients
whose risk of stroke would be reduced by oral anticoagu-
lants.6 Patients with EDMD (especially EDMD1) and
LGMD1B are at high risk of developing AF or AFL associ-
ated with atrial thinning and apoptosis.95 One of the hall-
marks of EDMD1 is atrial standstill,143,164 which imparts a
highly thrombogenic substrate given sluggish blood flow in
the left atrium and left atrial appendage from the loss of effec-
tive atrial systole (akin to AF or AFL).165 Atrial standstill,
which is estimated to be present in 30% of patients with
EDMD,166 can develop at any time and may be clinically si-
lent. Stroke is often the first presentation of EDMD, often at a
young age.167 The risk of stroke in these patients subsequent
to AF or AFL is exceedingly high. With atrial standstill, anti-
coagulation should be initiated irrespective of the risk identi-
fied by traditional risk factors (eg, CHA2DS2-VASc)
(Table 7, clinical scenario 1).

Recommendation-specific supportive text

1. In one small series of patients with genetically confirmed
EDMD (aged 42.8 6 9.6 years), 11 of 18 (61%) devel-

oped AF or AFL during 1- to 30-year follow-up, 7 had
X-linked EDMD, and 4 had autosomal dominant
EDMD with LMNA mutations.152 Four patients (3 with
LMNA mutations) with a history of permanent AF or
AFL developed a stroke, and none were on anticoagula-
tion prior to the event. In a separate series, AFwith brady-
cardic ventricular response was observed in young adults
several years prior to their being diagnosed with EDMD,
underscoring the occurrence of cardiac involvement prior
to manifest neurologic involvement and the need for
heightened suspicion for NMD, particularly EDMD, in
young patients with apparent lone AF.135 Children with
EDMD or LGMD1Bwho develop atrial arrhythmias pre-
sent a special circumstance where evidence and experi-
ence with oral anticoagulants are lacking. Traditional
algorithms including CHA2DS2-VASc and HAS-
BLED, the latter to determine hemorrhagic risk, comprise
several risk factors that are wholly absent in children. The
decision to initiate anticoagulation in a child is based on
clinician judgment incorporating their best assessment
of a patient’s thromboembolic and bleeding risks, patient
and family preferences, and an understanding that evi-
dence in this area is absent, largely due to the infrequency
of this situation. A lower threshold to begin anticoagula-
tion may be present in carefully selected children with
EDMD or LGMD1B due to reports of stroke in younger

Recommendations for atrial arrhythmias in Emery-Dreifuss and limb-girdle type 1B muscular dystrophies

COR LOE Recommendations References

1 B-NR 1. In patients with EDMD or LGMD1B, anticoagulation is recommended for AF or AFL,
taking into consideration the risk of bleeding on oral anticoagulation.

152

1 B-NR 2. In patients with EDMD, anticoagulation is recommended for atrial standstill, taking
into consideration the risk of bleeding on oral anticoagulation.

152
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patients and the well-documented occurrence of atrial
standstill.152,167

2. In the small series noted previously, with genetically
confirmed EDMD, atrial standstill occurred in 5 of
18 patients after the development of paroxysmal AF
or AFL.152 Of the 4 patients who suffered a stroke,
2 had atrial standstill at the time of the event. Another
series reported atrial standstill in 2 young adults (,40
years of age) who were ultimately diagnosed with
EDMD associated with low-voltage electrograms
with right atrial mapping and absence of right atrial
capture with high-output pacing and noted during elec-
trophysiological study.135 Atrial standstill may there-
fore represent an end-stage manifestation following

the natural progression of atrial arrhythmias in these
patients due to underlying myocardial fibrosis and
infiltration.168 Though apparently uncommon in chil-
dren, the relationship between atrial arrhythmias/atrial
standstill and stroke underscores the importance of an-
ticoagulation when these conditions are observed.
While rare, children who develop AF or AFL or atrial
standstill are appropriate candidates for oral anticoagu-
lation when prescribed in conjunction with shared de-
cision making. Finally, while experience and data are
limited, the presence of atrial standstill may render
left atrial appendage occlusion less effective in pre-
venting thromboembolic complications. An illustrative
case is presented in Table 7, clinical scenario 3.

5.5. Ventricular arrhythmias, sudden cardiac
death, and use of implantable cardioverter-
defibrillators in Emery-Dreifuss and limb-girdle
type 1B muscular dystrophies

Synopsis
ECG and electrophysiological testing identify high-risk
features suggesting the need for permanent pacing (ie,
prolonged PR and HV intervals and advanced AV/infra-

nodal block). When patients with EDMD or LGMD1B
are candidates for a permanent pacemaker, they often
receive a transvenous (or comparable pacing-capable)
ICD system as an initial device (Table 7, clinical scenario

Recommendations for ventricular arrhythmias, sudden cardiac death, and use of implantable cardioverter-defibrillators in Emery-
Dreifuss and limb-girdle type 1B muscular dystrophies

COR LOE Recommendations References

1 B-NR 1. In patients with EDMD or LGMD1B in whom ICD therapy is planned, an ICD system with
permanent pacing capability is recommended.

141,148,161-163,169

1 B-NR
2. In patients with EDMD or LGMD1B who are survivors of spontaneously occurring

hemodynamically significant sustained VT or VF, ICD therapy is indicated if concordant
with the patient’s goals of care and clinical status.

96,162,163

1 B-NR
3. In patients with EDMD or LGMD1B with at least one of the following: second-degree or

third-degree AV block, PR interval ‡230 ms, or spontaneous HV ‡70 ms, ICD therapy is
recommended if concordant with the patient’s goals of care and clinical status.

141,148,161-163

1 B-NR
4. In patients with EDMD or LGMD1B with an LVEF £35% despite guideline-directed

medical therapy, ICD therapy is indicated if concordant with the patient’s goals of care
and clinical status.

141,162

1 B-NR
5. In patients with EDMD or LGMD1B in whom clinically relevant ventricular arrhythmias

are induced during electrophysiological study, ICD therapy is recommended if
concordant with the patient’s goals of care and clinical status.

124-126,141,155

2a B-NR 6. In patients with EDMD or LGMD1B with LVEF ,45% and nonsustained VT, an ICD is
reasonable if concordant with the patient’s goals of care and clinical status.

29,146

2a C-LD

7. In patients with EDMD or LGMD1B with at least one of the following: LBBB, right bundle
branch block (RBBB), or AF or AFL with slow ventricular response (ventricular rate,50
bpm), ICD therapy is reasonable if concordant with the patient’s goals of care and
clinical status.

141,148,161,163

2b C-LD
8. In patients with EDMD or LGMD1B with symptomatic sinus node dysfunction or sinus

bradycardia with heart rate ,40 bpm, ICD therapy may be considered if concordant
with the patient’s goals of care and clinical status.

170,171
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2). This is primarily due to the concomitant risk of sud-
den death. The data for device therapy for sinus node
dysfunction are less clear. Subcutaneous ICDs are not
an optimal choice for patients with EDMD or LGMD1B
given the high likelihood of needing atrial/ventricular
pacing or antitachycardia pacing. Similarly, CRT may
prevent development or worsening of left ventricular
dysfunction in circumstances when frequent ventricular
pacing is anticipated (Figure 3).

Recommendation-specific supportive text

1. Patients with EDMD and LGMD1B are at high risk for
potentially lethal ventricular tachyarrhythmia. However,
they are at high risk for bradyarrhythmias as well. There is
a significant body of evidence supporting implantation of a
transvenous ICD when there is an indication for permanent
pacing. While the subcutaneous ICD has a high efficacy for
treating VT and VF,172,173 when transvenous access is avail-
able, a subcutaneous ICD is a suboptimal choice given the
high likelihood that pacingwould be needed.Data are limited
on subcutaneous ICDs in patients with NMDs, but the need
for pacing for malignant bradyarrhythmias that may lead to
sudden death and associated risk of bradycardia/pause-
dependent VT or VF strongly favors transvenous ICD over
subcutaneous ICD.141,148,161,162 As noted above, a prospec-
tive cohort study showed that in lamin A/C patients, conduc-
tion system disease was significantly associated with the
development ofVTorVF.163EDMDandLGMD1Bpatients
with otherCRTcriteriawhodevelop left ventricular dysfunc-
tion can benefit from an upgrade to a CRT-D system (ie, up-
grading fromapreexisting transvenous ICDwould avoid ade
novo transvenous implant).169

2. As in the general population, patients with EDMD or
LGMD1B who have experienced spontaneously occur-
ring ventricular arrhythmias are at risk for recurrent VT
or VF and sudden death.96 This is further supported by
the observation of appropriate, and at times recurrent,
shock delivery in EDMD and LGMD1B patients with ex-
isting ICDs.155,162,163 While limited published evidence
exists, adjunctive therapies such as antiarrhythmic drugs
and catheter ablation may also be required for further
management of repeated VT/VF episodes.155

3. Patients with LMNA mutations are at high risk for AV
block, supraventricular arrhythmias, and ventricular ar-
rhythmias. One observational study of 41 patients with
LMNA mutations (5 with LGMD1B and 4 with
EDMD) explored ECG predictors associated with ven-
tricular arrhythmias.161 Of the 21 patients with ventric-
ular arrhythmias, a PR interval �230 ms was able to
robustly discriminate between those with and without
ventricular arrhythmias, with both sensitivity and spec-
ificity of 87%. Eight patients with VT or VF uniformly
had concomitant AV block with a markedly prolonged

PR interval (310 6 71 ms), and a high frequency of
AF (5 of 8 [63%]).161 Another study described the re-
sults of 8 of 10 patients with EDMD who underwent
an electrophysiological study based on abnormalities
on ECG and/or Holter monitoring.148 A pacemaker
was implanted in 3 patients, all of whom had pro-
longed HV intervals. None of the patients who were
asymptomatic with normal or nonspecific ECG find-
ings received a pacemaker.148 One prospective series
found that of 19 patients with LMNA mutations who
received an ICD when referred for permanent pace-
maker, 8 (42%) received appropriate shocks over a
mean 34-month follow-up.141 A prospective cohort
study evaluated 47 patients for permanent pacemakers
based on the presence of bradycardia, or PR interval
�240 ms with either LBBB or nonsustained VT. Of
21 patients who received a prophylactic ICD in lieu
of permanent pacemakers, 11 (52%) received appro-
priate ICD therapy during 62-month medical follow-
up.163 Nonsustained VT occurred in 8 of 10 patients
who had no other evidence of malignant ventricular
arrhythmia. Inappropriate shocks occurred in 7 of 21
(33%); none of the patients had sudden death. The
presence of significant conduction disease (primarily
second- or third-degree but also first-degree AV block
and slowly conducted AF) was significantly correlated
with the development of VT or VF. LBBB was predic-
tive of sudden death only when seen in conjunction
with first-degree AV block. Whether RBBB, bifascicu-
lar block, or isolated fascicular block is predictive of
sudden death in the absence of any other conduction
impairment is unknown and deserves further study,
underscoring the limited data available in patients
with these conditions. One case series of 15 patients
with EDMD2 with known LMNA mutations reported
8 cases of sudden cardiac death, most in the context
of left ventricular dysfunction and documented ventric-
ular arrhythmias, 3 of which occurred after pacemaker
implantation.162 Finally, based on the evidence that
catheter ablation of ventricular arrhythmias in patients
with LMNA mutations may be of limited benefit,155

ICDs are of special importance in this population.
4. Consistent with other recommendations from clinical

practice guidelines,8 patients with EDMD and
LGMD1B are eligible to receive an ICD for the
same indications as patients with nonischemic cardio-
myopathy on guideline-directed medical ther-
apy.10,13,97,174 While specific randomized trials are
lacking, one prospective series found that of 19 pa-
tients with LMNA mutations141 who received an ICD
when referred for permanent pacemaker, 8 (42%)
received appropriate shocks over a mean 34-month
follow-up. One case series of 15 patients162 with
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EDMD2 with known LMNA mutations reported 8
cases of sudden cardiac death, most in the context of
left ventricular dysfunction and documented ventricu-
lar arrhythmias, 3 of which occurred after pacemaker
implantation. Previously published studies indicated a
benefit from primary prevention ICD implantation in
patients with mild heart failure symptoms based on
NYHA functional class. However, this classification
scheme is less reliable in patients with neuromuscular
impairment; hence, heart failure status is omitted from
this recommendation.

5. Inducibility of clinically relevant ventricular arrhyth-
mias, most notably monomorphic VT, is felt to have
a predictive value of future arrhythmic risk in patients
with EDMD or LGMD1B, even in light of limited ev-
idence, by identifying individuals with an arrhythmo-
genic cardiac substrate that may lead to sudden
death.141,155 ICD implantation is the most effective
means to prevent death in patients found to have
elevated risk of ventricular arrhythmias.124-126,128,129

6. Two large cohort studies show that a mild decrease in
left ventricular systolic function is a risk factor associ-
ated with ventricular arrhythmias and sudden cardiac
death in patients with LMNA mutations.29,146 In the
largest of these studies, analysis included nonsustained
VT on ambulatory monitoring, and this was found to be
an independent risk factor associated with malignant
ventricular arrhythmias.29 The presence of both left
ventricular systolic dysfunction and nonsustained VT
was additive. The largest study used an LVEF cutoff
of ,45%. Both studies also found that male sex and a
non-missense LMNA mutation were independent risk
factors. However, if either or both male sex and an
LMNA non-missense mutation were not accompanied
by left ventricular systolic dysfunction or nonsustained
VT, no ventricular arrhythmia events occurred.29 The
recommendation is consistent with the 2019 HRS
Expert Consensus Statement on Evaluation, Risk Strat-
ification, and Management of Arrhythmogenic Cardio-
myopathy.175 It is important to note that entry into
these studies required only the presence of an LMNA
mutation and not muscular dystrophy. Only 15%–20%
of patients had a diagnosis or family history of muscular
dystrophy. The presence of muscular dystrophy was not
an independent risk factor for ventricular arrhythmias in
these LMNA mutation carriers.

7. Objective markers of advanced AV conduction impair-
ment such as prolonged PR interval and HV interval

are clearly associated with sudden death and ventricu-
lar arrhythmias in patients with EDMD and
LGMD1B.161-163 A PR interval �240 ms in
conjunction with LBBB was significantly associated
with VT or VF in one series, though the effect of
isolated LBBB remains unclear.163 Along these lines,
the implications of RBBB and bifascicular block
have not been established. However, as these types
of conduction delays are indicative of some level of
AV conduction system involvement due to myocardial
fibrosis, their occurrence, particularly in younger pa-
tients with EDMD or LGMD1B, is felt to be signifi-
cant and associated with a degree of increased
sudden death risk, either to malignant bradyarrhyth-
mias or to VT and VF. These concerns are further
amplified when considering the progressive nature of
conduction disturbances in this population.148 Simi-
larly, AF and AFL are observed with increased fre-
quency in EDMD and LGMD1B patients due to
atrial thinning, myocyte apoptosis, and eventual
fibrosis.95,163 This same cascade of events is felt to
result in damage to the AV conduction system and,
later, ventricular myocytes.161 The increased risk of
sudden death in EDMD and LGMD1B is therefore
extrapolated to those patients with slowly conducted
atrial arrhythmias. As described before, patients with
EDMD or LGMD1B demonstrating findings sugges-
tive of AV conduction system impairment are more
suited to ICD implantation, as pacemaker implantation
appears to offer incomplete protection in preventing
sudden death.141,148,161,163

8. One case report describes an asymptomatic 27-year-old
man who received a prophylactic pacemaker due to PR
interval �240 ms, incomplete RBBB, and left anterior
fascicular block.170 The electrophysiological study
showed an HV interval of 60 ms and normal sinus
node recovery time. The number of bradycardia epi-
sodes with sinus pauses on pacer interrogation
increased from 6 at the beginning to 39 at the end
of the 3-year observation.170 Another case report de-
scribes the follow-up study of a boy who underwent
pacemaker implantation for PR interval prolongation
and sick sinus syndrome at 9 years of age and who
ultimately died of heart failure at age 26 years.171 Dif-
ficulty in achieving successful atrial pacing may be
observed owing to significant atrial scarring and asso-
ciated standstill, or even previously undetected “fine”
AF.168
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Figure 3 Flowchart for rhythm management and cardiovascular implantable electronic device implantation in patients with Emery-Dreifuss muscular dystro-
phy (EDMD) or limb-girdle muscular dystrophy type 1B (LGMD1B). *Patients with indications for pacemaker or implantable cardioverter-defibrillator (ICD)
implantation, including cardiac resynchronization therapy, based on recommendations from previously published guidelines are not represented in this flow di-
agram. 1Physical examination, electrocardiogram (ECG), ambulatory ECG, and cardiac imaging (echocardiography or cardiac magnetic resonance imaging) at
diagnosis with periodic retesting. 2The purpose of electrophysiological (EP) testing is to assess the integrity of atrioventricular (AV) conduction, in particular the
His–Purkinje system and HV interval, and inducibility of clinically significant ventricular arrhythmias. The discussion of device implantation should be carried
out prior to electrophysiological testing to confirm a patient’s preference, desire, and willingness to undergo implantation. 3Mild to moderate conduction disorder
is defined as PR interval 200–230 ms and/or QRS duration 100–120 ms. 4Noninvasive testing includes 12-lead ECG, telemetry recordings, ambulatory ECG, or
implantable loop recorder. 5ICD system with permanent pacing capability. Colors correspond to the class of recommendation (COR) in Table 1. AF 5 atrial
fibrillation; AFL5 atrial flutter; bpm = beats per minute; LBBB5 left bundle branch block; LVEF5 left ventricular ejection fraction; PPM5 permanent pace-
maker; RBBB 5 right bundle branch block; VA 5 ventricular arrhythmia; VF 5 ventricular fibrillation; VT 5 ventricular tachycardia.
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Table 7 Clinical scenarios for the management of arrhythmias in Emery-Dreifuss muscular dystrophy and limb-girdle muscular
dystrophy type 1B

Clinical scenario Management strategies Key points

EDMD
1. A 25-year-old man presents with left

upper extremity weakness and difficulty
speaking. The neurological findings
resolve spontaneously in the emergency
department over a period of 1 hour.
The patient has a history of elbow and
ankle contractures since childhood and
a presumptive diagnosis of EDMD. There
are no other family members with a
similar phenotype. ECG reveals sinus
bradycardia, low-amplitude P waves, a
PR interval of 260 ms, and nonspecific
intraventricular conduction delay with a
QRS duration of 110 ms. Transthoracic
echocardiogram reveals biatrial dilation,
left ventricle chamber size at the upper
limits of normal, moderate mitral and
tricuspid regurgitation, and an LVEF
of 55%.

� Acute management included brain
magnetic resonance imaging and
computed tomography to evaluate the
presumptive transient ischemic attack;
empiric anticoagulation was initiated, as
intracerebral hemorrhage and other
contraindications were absent.

� Cardiac magnetic resonance imaging and
electrophysiological testing with
programmed ventricular stimulation were
performed to assess myocardial involvement
and conduction system disease, and to
determine ventricular arrhythmic risk. The
patient may be a candidate for a primary
prevention ICD with pacing capability, if
significant conduction disease or ventricular
arrhythmias are observed.

� Because the patient was young and
otherwise functional with presumptive
transient ischemic attack, long-term
management included anticoagulation,
in the absence of contraindications, with
periodic assessment
of left ventricular function and surveillance
for brady- or tachyarrhythmias.

� EDMD is associated with chamber
dilation, especially atrial.

� AF and atrial standstill with an
increased risk of thromboembolic
complications including stroke in
EDMD are well known.

� Low-normal LVEF with AV valve
incompetence may reflect mild left
ventricular dysfunction in this
context.

� A directed assessment of arrhythmic
risk is warranted in this patient
population based on presenting
symptoms, physical findings, and
clinical index of suspicion for serious
rhythm disturbances.

2. A 64-year-old man with EDMD2 presents
to the clinic to discuss ICD generator
change. He was diagnosed with EDMD2
when he was 25 years old, after
developing elbow and Achilles joint
contractures and progressive
humeroperoneal muscle weakness.
Genetic testing confirmed an LMNA
mutation (1q21-q23 locus). He
underwent implantation of a dual-chamber
ICD 15 years ago after developing
significant symptomatic bradycardia in the
setting of high-grade AV block. He has
never had shocks from his device. His
interrogation reveals normal device
function and stable lead parameters. His
ventricular pacing frequency is ,0.1%.
His ICD is now at elective replacement
indicator, and generator change is
scheduled in 1 month. His neuromuscular
symptoms have been progressively
worsening, and he expresses reluctance to
have his generator replaced.

� Management options discussed centered
on the risks and benefits of the generator
exchange procedure and the alternatives
to not having generator change.

� EDMD2 puts him at high risk for the
development of potentially lethal
ventricular tachyarrhythmias.

� The patient had not had any shocks, and
his pacing requirements were minimal.

� Discussion of his reluctance for ICD
generator exchange centered on the risk
and on the risks and benefits of the
procedure and the alternatives to not
having generator change.

� ICD generator change was ultimately
deferred based on shared decision making.

� Patients with EDMD2 are at high risk
for the development of potentially
lethal ventricular tachyarrhythmias.

� Patients with NMDs who have
implantable devices need to be
counseled about the need for device
and long-term maintenance prior to
implantation.

� Eliciting the patient’s overall medical
care goals and preferences with
consideration of the individual’s
neuromuscular prognosis is
recommended when the option of
discontinuing device therapy is
present.

� Generator change presents an
opportunity to discuss goals of care
and patient preferences including
their desire to downgrade or avoid
CIED therapy.

(Continued )
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Table 7 (Continued )

Clinical scenario Management strategies Key points

3. A 12-year-old boy with EDMD, whose
father required transplant due to EDMD-
related cardiomyopathy, presented with
frequent episodes of nonsustained atrial
tachycardia at 10 years of age. His
arrhythmia burden wasw14% with a
maximum rate of 241 bpm. At that time,
his LVEF was normal and his baseline
ECG demonstrated a PR interval of 202
ms and a QRS duration of 92 ms. Despite
medical therapy, he developed incessant atrial
tachycardia with periods of brady
cardia due to variable AV conduc-tion.
He underwent an electrophysiology study
at 12 years of age. He was found to have
diffuse scarring of both atria. He had
multiple arrhythmia circuits. His HV
interval was 50 ms in tachycardia. Control
of the atrial tachycardia was not achieved with
ablation attempts. Subsequent ambulatory
monitoring demonstrated periods of high-
grade AV block with pauses up to 3 seconds
with continued underlying atrial tachycardia.

� Management options discussed included
anticoagulation and device placement
(ICD versus pacemaker) due to AV block.

� Continued cardiovascular medical therapy
was recommended regardless of arrhythmia
management strategy due to risk of
cardiomyopathy.

� Values elicited in discussion included
options to preserve quality of life and
desire for protection against stroke and
sudden cardiac death.

� Therapy with warfarin was begun with
plans for ICD placement.

� Upon arrival for ICD placement, the patient
was in complete AV block. ICD implantation
was successfully performed.

� Due to lack of representation of
pediatric patients with NMDs in
previously published trials of
anticoagulation for atrial arrhythmias
and single-chamber ICD placement,
extrapolation of data from adults was
required in conjunction with clinical
decision making.

� Family history of progression of EDMD
to cardiomyopathy requiring
transplant at 17 years of age was
factored into decision making.

� Anticoagulation is warranted due to
scarred atria with incessant
arrhythmia and poor atrial transport
as a nidus for thrombus.

� As direct oral anticoagulants are not
approved for use in children, warfarin
was prescribed.

LGMD1B
4. A 42-year-old woman is admitted after

a transient episode of sudden loss of
consciousness. She has a history of ankle
contractures since adolescence. Over the
past 5 years, she has developed progres
sive muscle weakness with difficulty
climbing stairs. She had an older sister
with similar muscular disease and heart
disease who died at age 38 years after
complications of a stroke. Genetic
testing revealed a missense mutation in
LMNA. Her ECG revealed sinus tachycardia
with a PR interval of 300 ms, incomplete
RBBB, and left axis deviation. Transthora
cic echocardiogram revealed left ventricle
dilation with reduced function and an
estimated LVEF of 40%. Ambulatory ECG
recording revealed atrial tachycardia with
3:1 and 4:1 conduction.

� Management options discussed included
an aggressive evaluation of syncope and
consideration of ICD implantation because
of the patient’s cardiac involvement—both
conduction system disease and dilated
cardiomyopathy—in the setting of LGMD1B.

� Values elicited included patient preference
for pacemaker over ICD.

� She was treated with hydralazine, beta-
blockers, and diuretics. After discussion
with the patient and her family, a CRT-P
pacemaker was placed.

� Syncope in this context is a serious
symptom and mandates aggressive
evaluation.

� Dilated cardiomyopathy in this
context requires treatment of left
ventricular dysfunction and heart
failure.

� Biventricular pacing is used if the
burden of ventricular pacing is
expected to be significant.

� Shared decision making is important
in consideration of the type of device
to be implanted.

5. A 35-year-old man with LGMD1B presents
to the clinic to discuss the possibility of
pacemaker placement. He was suspected
to have LGMD1B when he was 15 years
old, after developing proximal muscle
weakness, in the absence of contractures.
Genetic testing confirmed an LMNA
mutation (1q11-21 locus). Since that
time, he has had progressive
lightheadedness. His 12-lead ECG and
recent Holter monitoring are normal,
and transthoracic echocardiography was
unremarkable.

� Management options discussed included
periodic assessment for brady- or
tachyarrhythmias and the high risk of
conduction disease and sudden death
associated with LGMD1B that could require
device implantation.

� The absence of documented abnormalities
on ECG and especially symptom-rhythm
correlation on ambulatory monitoring
supported avoiding empiric CRM device
implantation in favor of long-term cardiac
rhythm monitoring.

� Patients with LGMD1B are at high risk
for both conduction disease and
sudden death.

� Symptoms are often the main driver of
long-term monitoring, in the absence
of arrhythmia or high-risk features on
ECG or ambulatory ECG monitoring.

� PR interval�240 ms and LBBB or
fascicular block are known to be risk
factors for future need for pacemaker or
ICD.

� Electrophysiological testing can be
employed for patients where there is
high suspicion of conduction disease,
with consideration of programmed
ventricular stimulation.

AF 5 atrial fibrillation; AV 5 atrioventricular; bpm = beats per minute; CIED 5 cardiovascular implantable electronic device; CRM 5 cardiac rhythm man-
agement; CRT-P 5 cardiac resynchronization therapy with pacemaker; ECG 5 electrocardiogram; EDMD 5 Emery-Dreifuss muscular dystrophy; EDMD2 5 Em-
ery-Dreifuss muscular dystrophy type 2; ICD 5 implantable cardioverter-defibrillator; LBBB 5 left bundle branch block; LGMD1B 5 limb-girdle muscular
dystrophy type 1B; LVEF 5 left ventricular ejection fraction; NMD 5 neuromuscular disorder.
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Section 6 Facioscapulohumeral muscular
dystrophy
6.1. General principles for facioscapulohumeral
muscular dystrophy
FSHD is the third most common muscular dystrophy, with a
prevalence of 1:15,000–1:20,000 using a diagnosis based on
clinical phenotype with genetic confirmation.33 FSHD is
characterized by an initial regional distribution of weakness
involving facial, periscapular, and humeral muscles. FSHD
symptoms typically develop in the second decade of life
but can begin at any age from infancy to late adulthood.
FSHD typically progresses slowly. About 20% of individ-
uals become wheelchair dependent after 50 years of age.
Respiratory compromise may occur. Life expectancy is not
reduced.

Two genetically distinct but clinically indistinguish-
able forms of FSHD occur. More than 95% of patients
have FSHD type 1 (FSHD1), characterized by contrac-
tion of D4Z4 repeats on the long arm of chromosome
4. Patients with fewer D4Z4 repeats have a more severe
phenotype, including earlier symptom onset. FSHD1 is
inherited as autosomal dominant, but up to 30% of cases

are sporadic. A minority of patients have FSHD type 2
(FSHD2), caused by a combined heterozygous mutation
in the SMCHD1 gene on the short arm of chromosome
18 and a permissive double homeobox 4 (DUX4) allele
on chromosome 4. FSHD2 is inherited in a digenic
fashion. Both FSHD1 and FSHD2 have a common
downstream mechanism resulting in hypomethylation in
the D4Z4 region and transcriptional de-repression of
DUX4 in muscle, believed to cause disease through a
toxic gain-of-function mechanism.176

Compared to many of the other muscular dystrophies, sig-
nificant cardiac involvement in FSHD is rare. It has not been
proven that cardiac findings in patients with FSHDare attribut-
able to the pathophysiology of the disease. FSHD is included
in the consensus document because it is a common muscular
dystrophy and cardiologists or electrophysiologists might be
asked to evaluate the FSHD patient. Patients with FSHD can
be older, and cardiac disease may be present due to other
causes. The recommendation provided addresses baseline
diagnostic testing in these patients. Guidelines apply to
FSHD patients as in any general population in the diagnosis
and management of cardiac arrhythmias.

6.2. Diagnostic testing and risk stratification in
facioscapulohumeral muscular dystrophy

Synopsis
There are only a moderate number of cardiac studies in pa-
tients with FSHD. The studies showed mild to moderate
ECG abnormalities in about one-half of patients, most
commonly the presence or development of incomplete or
complete RBBB. In general, the ECG changes were not asso-
ciated with progressive conduction system disease or the
development of structural cardiomyopathy over a moderate
duration of follow-up.179,180 In a series of 100 FSHD pa-
tients, 1 patient was observed to develop symptomatic
high-grade AV block.177 The presence of symptomatic sup-
raventricular tachycardia associated with palpitations has
been noted. In a series of 83 patients, there was evidence
for arrhythmias (primarily supraventricular tachycardia) in
12% of patients with FSHD, half of whom experienced pal-
pitations. Whether the ECG changes and arrhythmias are
more common than in an age-matched general population

has not been determined. Genetic testing and counseling
may be used for diagnostic and screening purposes, as
described in Section 2.2.

Recommendation-specific supportive text

1. The limited literature notes a moderate prevalence of ECG
abnormalities and possibly arrhythmias, and baseline car-
diac evaluation in FSHD is reasonable. The diagnostic yield
of echocardiography may be low in asymptomatic FSHD
patients. There are indications that CMR may provide use-
ful information about myocardial involvement.183 Whether
the abnormalities detected are clinically relevant is uncer-
tain. In the absence of cardiovascular symptoms or other
findings, the value of serial cardiovascular testing in
FSHD is likely limited. Until new evidence suggests other-
wise, a directed evaluation at the clinician’s discretion is
appropriate.179,180

Recommendations for diagnostic testing and risk stratification in facioscapulohumeral muscular dystrophy

COR LOE Recommendations References

2a B-NR
1. In patients with FSHD, cardiac evaluation including examination, ECG, ambulatory ECG,

and cardiac imaging (echocardiography or CMR) at diagnosis with periodic retesting are
reasonable even in the absence of cardiac symptoms.

177-183
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Section 7 Mitochondrial myopathies including
Friedreich ataxia
7.1. General principles for mitochondrial
myopathies including Friedreich ataxia
7.1.1. Mitochondrial myopathies
Mitochondrial myopathies, encephalomyopathies, and respi-
ratory chain disorders are a group of diseases resulting from
abnormalities in mitochondrial DNA or nuclear DNA
involved in mitochondrial function.36 Mitochondrial myopa-
thies can be inherited maternally or autosomally. Tissue with
a high respiratory workload, including brain, skeletal muscle,
extraocular muscle, retinal, and cardiac muscle, is primarily
affected.

Mitochondrial disorders that have cardiac and arrhythmia
manifestations include several clinical phenotypes.37,184

Chronic progressive external ophthalmoplegia is characterized
by involvement of the extraocular and oropharyngeal muscles.
Kearns-Sayre syndrome, a subtype of chronic progressive
external ophthalmoplegia, is characterized by ocular myop-
athy, pigmentary retinopathy, and onset before age 20 years.
Cardiac involvement, when observed, is typically character-
ized by advanced, distal AV conduction impairment, with
heart failure and sudden death also being reported.184 Myoc-
lonus epilepsy with red ragged fibers (MERRF) is character-
ized by myoclonus, seizures, ataxia, dementia, and skeletal
muscle weakness. Mitochondrial encephalomyopathy, lactic
acidosis, and stroke-like episodes (MELAS) is the most com-
mon form of the maternally inherited mitochondrial disorders.
MERRF and MELAS are typically associated with hypertro-
phic (symmetric or asymmetric) cardiomyopathy, but dilated
cardiomyopathy and rarely arrhythmogenic histiocytoid car-
diomyopathy have been observed. Preexcitation can be
observed in MELAS. Leber hereditary optic neuropathy
causes subacute blindness, primarily in young men. It can be
associated with hypertrophic cardiomyopathy and a short PR
interval or preexcitation syndromes. Other mitochondrial point

mutation disorders including NARP syndrome (neuropathy,
ataxia, and retinitis pigmentosa) and Leigh syndrome (sub-
acute necrotizing encephalomyelopathy) cause neurodegener-
ative disorders primarily in children. Point mutations are
associated with hypertrophic or dilated cardiomyopathy, often
in children. Barth syndrome is a rare X-linked recessive mito-
chondrial diseasemanifested by hypotonia, growth retardation,
cyclic neutropenia, and 3-methylglutaconic aciduria in chil-
dren. It is associated with left ventricular noncompaction and
endocardial fibroelastosis or hypertrophic or dilated cardiomy-
opathy. Heart failure and ventricular arrhythmias occur, often
in young children.185,186

7.1.2. Friedreich ataxia
FA is grouped with mitochondrial myopathies due to their
shared mitochondrial pathology. FA is the most common
form of inherited ataxia and is due to a GAA triplet repeat
expansion in intron 1 of the frataxin gene that is inherited as
an autosomal recessive trait.187 A minority of FA patients
have a different mutation on the other frataxin allele (com-
pound heterozygous) in addition to a GAA expansion.188

The normal GAA repeat size is ,30 repeats, but affected
individuals typically have a repeat size �70. The genetic
defect encoding frataxin leads to deficiency in the synthesis
of iron–sulfur clusters and subsequent mitochondrial iron
accumulation and free radical accumulation.189 The
severity of the clinical manifestations in FA has been corre-
lated with the smaller of the 2 expanded GAA repeats.34,190

Clinical manifestations include progressive cerebellar
dysfunction, scoliosis, diabetes mellitus, impaired speech,
and loss of vision and hearing. Cardiac manifestations are
found in the majority of FA patients and include left ven-
tricular hypertrophy that can progress to heart failure
with reduced ejection fraction. Associated arrhythmias
occur in .50% of FA patients, predominantly in those
with structural cardiac abnormalities.

7.2. Diagnostic testing and risk stratification in
mitochondrialmyopathies including Friedreich ataxia

Synopsis
Given the often silent and progressive nature of cardiac
involvement, screening ECGs and echocardiography can
identify subclinical cardiac involvement and patients at

risk for cardiovascular events, regardless of neurological
status. Serial testing may have additive value when
changes in symptomatology are observed.34 Screening
ambulatory ECG monitoring may provide further

Recommendations for diagnostic testing and risk stratification in mitochondrial myopathies including Friedreich ataxia

COR LOE Recommendations References

1 B-NR
1. Coordinated care of patients with mitochondrial myopathies including FA should be

conducted in a medical setting where there is access to expertise in the neurological,
cardiac, arrhythmic, pulmonary, and genetic manifestations of these disorders.

34,184

1 B-NR

2. In patients with mitochondrial myopathies including FA, cardiac evaluation including
examination, ECG, ambulatory ECG, and cardiac imaging (echocardiography or CMR) at
diagnosis with periodic retesting is recommended even in the absence of cardiac
symptoms.

34,184
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information even in asymptomatic patients, particularly in
those demonstrating ECG changes. Serious arrhythmias
may develop unpredictably in previously asymptomatic
individuals and are a cause of death in mitochondrial
myopathy and FA patients.9 CMR is a useful means of
detecting early cardiac fibrosis. CMR-derived T2* relaxa-
tion time can be employed to quantitate iron overload in
FA; however, not all patients have access to CMR.35,191

Arrhythmias are observed in FA patients with ventricular
hypertrophy and are attributed as a cause of death in
w10% of FA patients, but are less common than in other
genetic causes of hypertrophic cardiomyopathy.192 Pa-
tients with decreased left ventricular systolic function
(LVEF �35%) are at higher risk of sudden death.91,97

Ventricular arrhythmias have been described in patients
with normal left ventricular function, underscoring the
need for monitoring in patients who present with palpita-
tions, syncope, or other symptoms suggestive of arrhyth-
mias, with careful screening in asymptomatic patients
(Figure 4).193 AF has also been found to be common as
cardiac disease progresses.6,12 An increased prevalence
of ECG preexcitation has been reported in mitochondrial
disorders, especially in MELAS, but is rarely associated
with symptomatic arrhythmias.37,194,195 The principles of
genetic evaluation of the mitochondrial disorders may
be complex and are further discussed in Section 2.2.

Recommendation-specific supportive text

1. Centers with multidisciplinary specialty experience in
managing patients with NMDs are best equipped to
manage mitochondrial myopathies and FA patients,
including those with pulmonary/respiratory and docu-
mented or suspected cardiac involvement. Patients with
mitochondrial myopathies and FA might not have cardiac
symptoms even with significant cardiac involvement due
to physical limitations from their underlying NMD. Car-
diac disease does not correlate with the degree of skeletal
muscle disease in these populations. Patients with mito-
chondrial myopathies may have unique sensitivity to anes-
thesia, especially volatile anesthetics.196 Therefore, a
multidisciplinary approach involving neurology, cardiol-
ogy, and other knowledgeable consultants is desirable
from the onset of disease diagnosis.34,184

2. In mitochondrial myopathies, the rate of progression of
cardiac disease does not correlate with the severity of pe-
ripheral muscular disease, and cardiac involvement can be
mildly symptomatic or asymptomatic. A high index of
suspicion is required whenever patients describe or pre-
sent with even mild arrhythmia symptoms or findings.
The nature and frequency of surveillance monitoring is
at the discretion of the treating provider, as no studies
have clearly demonstrated the best diagnostic strategy,
particularly in asymptomatic individuals.34,184

7.3. Bradycardias, conduction disorders, and use of
pacing or cardiac resynchronization therapy in
mitochondrialmyopathies including Friedreich ataxia

Recommendations for bradycardias, conduction disorders, and use of pacing or cardiac resynchronization therapy in mitochondrial
myopathies including Friedreich ataxia

COR LOE Recommendations References

1 B-NR

1. In patients with mitochondrial myopathies including FA and documented symptomatic
bradycardia due to sinus node dysfunction or any degree of AV block, permanent
pacemaker implantation is indicated if concordant with the patient’s goals of care and
clinical status.

79,80,82,197-199

1 B-NR

2. In patients with mitochondrial myopathies including FA and third-degree or advanced
second-degree AV block at any anatomical level, with or without symptoms, permanent
pacemaker implantation is indicated if concordant with the patient’s goals of care and
clinical status.

79,80,184

2a B-NR

3. In patients with FA with an LVEF £35% despite guideline-directed medical therapy,
with a combination of sinus rhythm, LBBB, QRS duration ‡150 ms, and NYHA class II to
class IV symptoms, or in those with suspected right ventricular pacing–induced
cardiomyopathy or anticipated right ventricular pacing ‡40%, CRT is reasonable if
concordant with the patient’s goals of care and clinical status.

84-88,200

2a B-NR

4. In patients with mitochondrial myopathies including FA with progressive ECG
conduction disorder including any degree of AV or fascicular block, permanent
pacemaker implantation is reasonable if concordant with the patient’s goals of care
and clinical status.

184,197-199
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Synopsis
In chronic progressive external ophthalmoplegia, most
commonly in the Kearns-Sayre syndrome variant, cardiac
involvement manifests primarily as conduction abnormalities
including sinus node dysfunction and progressive AV
block.184,197-199,201-203 In Kearns-Sayre syndrome, AV block
is observed usually after the onset of eye involvement. The
HV interval is prolonged, consistent with distal conduction
disease. Advanced conduction impairment can be observed
in asymptomatic individuals. Other mitochondrial disorders
generally have a lower risk of conduction disease. Conduction
disease with progression to complete heart block is not com-
mon in FA, although when seen, it is generally accompanied
by progression of left ventricular hypertrophy or the onset of
dilated cardiomyopathy. An algorithm to guide rhythm man-
agement and pacemaker implantation in patients with mito-
chondrial disorders including FA is shown in Figure 4.

Recommendation-specific supportive text

1. The development of bradycardia symptoms in patients with
mitochondrial myopathies may serve as a sentinel event,
signaling the development of potentially life-threatening
bradycardia. Those with mitochondrial myopathies are
much more susceptible to developing symptomatic AV
(particularly infranodal) conduction disturbances rather
than sinoatrial node dysfunction, with the former generally
being considered more severe and associated with progres-
sion.184,197,199,203 Discovery of significant bradycardia
following the onset of mild or transient symptoms, particu-
larly that due to AV block, may therefore provide a critical
opportunity to offer early pacemaker implantation to a

patient with mitochondrial myopathy, possibly avoiding
the occurrence of more serious symptoms and even death
from evolution to advanced persistent AV block.

2. Patients with mitochondrial myopathies or FA are known
to develop symptomatic bradycardia most seriously due to
advanced, distal conduction disease. Pacemaker implanta-
tion may not only lead to symptomatic improvement but
may provide prognostic benefit.184,197-199,201-203

3. CRT has not been specifically studied inmitochondrial my-
opathies or FA, although evidence derived from the CRT
literature has been extrapolated to these conditions with
appropriate cardiovascular substrate, clinical features, and
guideline-directed medical therapy.10,13,84,85,200

Competing comorbidities can limit the functional benefit
of resynchronization. AQRS duration of�150ms is where
the greatest benefit is expected. In these mitochondrial dis-
orders, especially FA, judging the severity of heart failure
class can be difficult due to the underlying neuromuscular
limitations. Many patients are nonambulatory, and that sta-
tus cannot aid in assessing heart failure class.

4. Advanced distal conduction disease may occur in mito-
chondrial diseases, especially Kearns-Sayre syndrome,
and can be observed without premonitory symptoms. Pro-
gressive AV conduction impairment may lead to brady-
cardia, asystole, and sudden death in an unpredictable
manner. Aside from traditional ECG findings, no addi-
tional clinical features or markers have been discovered
to improve risk stratification in affected individuals. The
severity of conduction disease at which pacing should
be instituted is not clear but should reflect a significant
burden or progression of impairment.184,197-199,201-203

7.4. Atrial arrhythmias in mitochondrial
myopathies including Friedreich ataxia

Synopsis
AF has been observed in patients with mitochondrial disor-
ders primarily in chronic progressive external ophthalmople-
gias and FA, and its presence may signify progression of
underlying structural cardiac involvement.95 Atrial arrhyth-
mias are more common in FA patients who have ventricular
hypertrophy.9 However, no studies specifically examining
the risk of thromboembolic events complicating AF in mito-
chondrial disorders or FA are available, and existing guide-
lines and evidence are therefore referenced.6,93

Recommendation-specific supportive text

1. The CHA2DS2-VASc risk score has been shown to apply
across a wide range of AF patients to decrease the risk of
stroke. Indicators of bleeding risk with anticoagulation are
also applicable with the knowledge that those with neuro-
muscular impairment may be at heightened risk of fall-
related bleeding complications.92-94 Accordingly, the
clinical context in which this decision arises must also be
considered, factoring in items such as patient age, dosing

Recommendations for atrial arrhythmias in mitochondrial myopathies including Friedreich ataxia

COR LOE Recommendations References

1 B-NR

1. In patients with mitochondrial myopathies including FA, anticoagulation according to
established guidelines and clinical context is recommended for AF or AFL, taking into
consideration the risks of thromboembolism and the risks of bleeding on oral
anticoagulation.

92-94
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of anticoagulants particularly in children, patient frailty, and
limitations in thromboembolic and bleeding risk assessment
in patients not well represented in studies where these
criteria were determined. Children with mitochondrial
myopathies including FA who develop atrial arrhythmias
present a special circumstance where evidence and
experience with oral anticoagulants are lacking.
Traditional algorithms including CHA2DS2-VASc and

HAS-BLED, the latter to determine hemorrhagic risk,
comprise several risk factors that are wholly absent in chil-
dren. The decision to initiate anticoagulation in a child is
based on clinician judgment incorporating their best assess-
ment of a patient’s thromboembolic and bleeding risks, pa-
tient and family preferences, and an understanding that
evidence in this area is absent, largely due to the infrequency
of this situation.

7.5. Ventricular arrhythmias, sudden cardiac
death, and use of implantable cardioverter-
defibrillators in mitochondrial myopathies
including Friedreich ataxia

Synopsis
Premature ventricular contractions and nonsustained

VT have been observed in a small percentage of patients
with mitochondrial disorders. Sudden death of unknown
cause is responsible for 6% of deaths (1.5 sudden deaths
per 1,000 person-years) in a middle-aged population with
genetically verified mitochondrial diseases.184 Although
placement of an ICD in a single patient with Kearns-
Sayre syndrome presenting with wide complex tachy-
cardia who was noninducible during electrophysiological
study has been reported, larger studies evaluating the
benefit of primary and secondary prevention ICDs in
mitochondrial myopathies are absent.203 Premature ven-
tricular complexes, distal conduction disease, left ventric-
ular hypertrophy on echocardiography, and diabetes have
been found to be independent risk factors for nonarrhyth-
mic and arrhythmic cardiac events. The risk of ventricular
arrhythmias and sudden death in patients with cardiac
conduction disturbances treated with pacemakers appears
to be low.184

Patients with FA typically have an underlying substrate
of hypertrophic cardiomyopathy.192 Systolic dysfunction
is less common but can be observed. Ventricular arrhyth-
mias and decreased left ventricular systolic function
(LVEF �35%) are associated with an elevated risk of sud-
den cardiac death91,97 A diagram to facilitate ICD decision

making in patients with mitochondrial myopathies and FA is
provided in Figure 4. A case scenario for a patient with FA is
outlined in Table 8.

Recommendation-specific supportive text

1. Patients with underlying cardiac disease who develop
spontaneous sustained ventricular arrhythmias have an
increased risk of subsequent sudden death, and ICD im-
plantation has a demonstrated survival benefit.96,204,205

It is acknowledged that no studies specific to FA or
mitochondrial myopathy patients have been published
demonstrating survival benefit from primary or secondary
prevention ICDs. Results and conclusions from device
trials are extrapolated to these conditions. Although the
majority of evidence proving this benefit is derived from
patients with ischemic cardiomyopathy, published studies
enrolled a modest proportion of subjects with nonische-
mic cardiomyopathy.

2. The risk of sustained ventricular arrhythmias resulting
in sudden death is increased with the development of
ventricular dysfunction in FA patients. While left ven-
tricular dysfunction is less common in other mitochon-
drial myopathies, a higher risk of ventricular
arrhythmias would be expected with its development,
as seen in other substrates. Therefore, existing criteria

Recommendations for ventricular arrhythmias, sudden cardiac death, and use of implantable cardioverter-defibrillators in
mitochondrial myopathies including Friedreich ataxia

COR LOE Recommendations References

1 B-NR
1. In patients with mitochondrial myopathies including FA with spontaneously occurring

VF or sustained hemodynamically significant VT, ICD therapy is indicated if concordant
with the patient’s goals of care and clinical status.

96,204,205

2a B-NR
2. In patients with mitochondrial myopathies including FA with an LVEF £35% despite

guideline-directed medical therapy, ICD therapy is reasonable if concordant with the
patient’s goals of care and clinical status.

97
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for primary prevention ICD implantation are appro-
priate in patients with either FA or mitochondrial myop-
athy who develop cardiomyopathy with LVEF �35% in
the setting of guideline-directed medical therapy.
Furthermore, previously published studies indicate a
benefit from primary prevention ICD implantation in
patients with heart failure symptoms based on NYHA

functional class. However, assessment of NYHA func-
tional class is typically less reliable in patients with
neuromuscular impairment; hence, heart failure status
is omitted from this recommendation. Similarly, the po-
tential limitations of benefits due to competing comor-
bidities have led to assigning primary prevention ICD
implantation a 2a COR.10,13,97
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Figure 4 Flowchart for rhythm management and cardiovascular implantable electronic device implantation in patients with mitochondrial myopathies including
Friedreich ataxia (FA). *Some patients with indications for pacemaker implantation or secondary prevention implantable cardioverter-defibrillator (ICD) based on
recommendations from previously published guidelines may not be represented in this flow diagram. 1Physical examination, electrocardiogram, ambulatory electro-
cardiogram, and cardiac imaging (echocardiography or cardiac magnetic resonance imaging) at diagnosis with periodic retesting. Colors correspond to the class of
recommendation (COR) in Table 1. AV5 atrioventricular; CRT-D5 cardiac resynchronization therapy with defibrillator; CRT-P5 cardiac resynchronization ther-
apywith pacemaker; GDMT5 guideline-directedmedical therapy; LBBB5 left bundle branch block; LVEF5 left ventricular ejection fraction; NYHA5NewYork
Heart Association; PPM 5 permanent pacemaker; RV 5 right ventricular; VF 5 ventricular fibrillation; VT 5 ventricular tachycardia.
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Section 8 Shared decision-making and end-of-
life care
8.1. General principles for shared decision-making
and end-of-life care
This expert consensus statement details the management of ar-
rhythmias in the most common NMDs. The recommendations
describe the evaluation and treatment of arrhythmias and the
useofpacemakers and ICDs, for bothpreventionand treatment.
All NMDs have prominent nonarrhythmic manifestations that
can limit both quality and quantity of life. As patients approach
the end stages of the disease process, they and their families
may not wish for therapies that further prolong life, especially
if they are subject to the discomfort of ICD shocks. Some may
not desire the risks associated with device implantation, espe-
cially given the respiratory muscular involvement common in
many of the diseases that can be exacerbated by procedural
sedation. In addition, the natural history of the NMD may

impact the decisions that patients and families make regarding
arrhythmia therapy even prior to an advanced disease state.
Every reasonable attempt shouldbemade to respect their desire
not to pursue, continue, or evenwithdraw care. Themajority of
the recommendations in this document call for thoughtful pa-
tient and family counseling and shared decision making.
Open and periodic discussions should take place with the pa-
tient and, if appropriate, their family, regarding the diagnosis
and treatment of arrhythmias and placement and deactivation
of pacemakers or ICDs. The discussion takes place in the
context of the patients’ preferences and goals of care. The dia-
loguewill need to be recurring as goals of care evolve. Engage-
ment with consultants specializing in palliative or hospice care
is often useful. This section synthesizes the recommendations
regarding end-of-life decisions that apply to all the previously
reviewed diseases. Table 9 reviews these diseases and the
most commonmanifestations that can impact quality and quan-
tity of life.

Table 8 Clinical scenarios for management of patients with Friedreich ataxia

Clinical scenario Management strategies Key points

A 30-year-old man with FA is referred
for consideration of primary
prevention ICD from general
cardiology. FA diagnosis occurred at
age 15 years with the slow
progression of skeletal muscle
weakness until the patient became
nonambulatory at age 25 years.
Echocardiogram at age 25 years
showed concentric hypertrophy.
Echocardiogram 10 months before
the current visit showed dilated
cardiomyopathy with calculated
ejection fraction 32%. The patient
was initiated on GDMT. Repeat
echocardiography at 4 months before
the current visit showed no
improvement in LVEF. The patient
remained asymptomatic from a
cardiac standpoint. He is
independent, lives alone with a
service dog, and is employed as a
clerk at a medical facility. He has
ongoing family support.

� The consensus from neurology, general
cardiology, and pulmonary medicine was that
the patient is currently stable with reasonable
prognosis at least for the next several years.

� A discussion with the patient and his
accompanying father was held to review the
risks and benefits of a primary prevention ICD in
FA. The risk of sudden cardiac death was
discussed and shared decision making was
carried out to elicit the medical care goals.

� Options discussed included ongoing heart
failure therapy with or without ICD placement.

� Values elicited included the patient’s desire for
protection against sudden death in light of
young age and satisfactory functional capacity.

� The patient and family elected to proceed with a
single-chamber ICD.

� The procedure was performed without
complications. The postprocedural hospital stay
was prolonged due to slow recovery, with
eventual return to baseline functioning after a
10-day acute rehabilitation stay.

� Two years following ICD placement, the patient
was doing well. The patient was no longer
employed due to difficulty with transportation.
No ICD therapies for ventricular arrhythmias
occurred since implantation. ICD interrogation
revealed episodes of irregular tachycardia in a
monitoring zone consistent with asymptomatic
atrial fibrillation. A 14-day event monitor
showed atrial fibrillation episodes lasting up to
24 hours with rates of 80–160 bpm. The patient
was placed on anticoagulation, and the
beta-blocker dosage was increased.

� Progressive loss of muscle function
with wheelchair dependence 10–20
years after symptom onset is common.

� Concentric hypertrophy is often
observed. It does not increase the risk
of sudden death as in other genetic
causes of hypertrophic
cardiomyopathy.

� About 10% of patients develop left
ventricular systolic dysfunction. The
role of GDMT in limiting the
progression of left ventricular systolic
dysfunction has not been studied but
is extrapolated from other
populations.

� Left ventricular systolic dysfunction
increases the risk of atrial and
ventricular arrhythmias like in other
disease states.

� Eliciting the overall goals of care and
preferences led to the patient’s
decision to move ahead with primary
prevention ICD.

� Patients with NMDs can have
protracted admissions at CIED
placement due to underlying skeletal
muscle dysfunction including
respiratory involvement. Therapy to
return patients to preimplant level of
functioning is necessary.

� Progressive noncardiac issues
typically limit the quality and
duration of life.

bpm 5 beats per minute; CIED 5 cardiovascular implantable electronic device; FA 5 Friedreich ataxia; GDMT5 guideline-directed medical therapy; ICD 5
implantable cardioverter-defibrillator; LVEF 5 left ventricular ejection fraction; NMD 5 neuromuscular disorder.
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8.2. Shared decisionmaking and end-of-life
decisions

Table 9 The neuromuscular disorders, use of pacemakers and implantable cardioverter-defibrillators, shared decision-making
principles, and end-of-life care decisions

Neuromuscular disorder

Frequency of
pacemaker
implant

Typical pacemaker
indications

Likelihood of
pacemaker
dependency

Frequency of
ICD implant Typical ICD indications

Typical issues affecting
nonarrhythmic quality of
life and mortality

Duchenne muscular
dystrophy

Infrequent Symptomatic
bradycardia, heart
block

Infrequent Infrequent Primary prevention due to
cardiomyopathy

Respiratory failure
Heart failure

Becker muscular
dystrophy, limb-
girdle muscular
dystrophy type 2

Infrequent Symptomatic
bradycardia, heart
block

Infrequent Moderate Primary prevention due to
cardiomyopathy

Respiratory failure
Heart failure

Myotonic dystrophy
type 1

Frequent Primary prevention
due to heart block
risk

Symptomatic
bradycardia

Moderate Moderate Primary prevention due to
ventricular arrhythmia
risk

Respiratory failure
Heart failure

Myotonic dystrophy
type 2

Moderate Primary prevention
due to heart block
risk

Symptomatic
bradycardia

Infrequent Infrequent Primary prevention due to
ventricular arrhythmia
risk

Normal general
population causes

Emery-Dreifuss
muscular dystrophy,
limb-girdle muscular
dystrophy type 1B

Moderate Primary prevention
due to heart block
risk

Frequent Frequent Primary prevention due to
ventricular arrhythmia
risk

Heart failure

Facioscapulohumeral
muscular dystrophy

Rare Normal general
population
indications

Rare Rare Normal general
population indications

Normal general
population causes

Mitochondrial
myopathies

Moderate Primary prevention
due to heart block
risk

Symptomatic
bradycardia

Moderate Rare Primary prevention due to
left ventricular
dysfunction

Respiratory failure
Heart failure

Friedreich ataxia Rare Symptomatic
bradycardia

Infrequent Moderate Primary prevention due to
left ventricular
dysfunction

Heart failure
Respiratory failure

ICD 5 implantable cardioverter-defibrillator.

Recommendations for shared decision-making and end-of-life decisions

COR LOE Recommendations References

1 C-EO
1. In patients with NMDs who are considering or have a pacemaker or ICD, education on

function including deactivation should be periodically discussed with the patient,
their family members, and/or health care decision makers.

1 C-EO
2. In patients with NMDs in whom the presence of conduction disorder portends a risk of

ventricular arrhythmias, the decision of whether to implant a pacemaker or ICD should
be concordant with the patient’s overall medical care goals and clinical status.

1 C-EO
3. In patients with NMDs who are considering ICD replacement and are undertaking

advanced care planning, discussing the options of deferring ICD replacement
is recommended.

1 C-EO 4. In patients with NMDs who have an ICD and are undertaking advanced care planning,
discussing the option of deactivation of ICD shock therapy is recommended.

1 C-EO

5. In patients with NMDs who have an ICD and are experiencing ventricular arrhythmias with
shocks refractory to available therapies, discussion of management of ICD therapy
including shock deactivation is recommended, with careful attention to the patient’s
goals of care.

2a C-EO

6. In patients with NMDs who have a pacemaker or ICD and are nearing the end of life, if
the patient or their health care decision maker requests pacing inactivation, it is
reasonable to comply after education on the consequences of inactivation, with careful
attention to the patient’s goals of care.
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Synopsis
The six recommendations on end-of-life decisions focus on ed-
ucation and goals of care in patients with NMDs who are
considering or have a pacemaker or ICD. The evidence is
graded as expert opinion due to limited nonrandomized obser-
vational data evaluating end-of-life decisions in pacemaker and
ICD patients, and the problems associated with extrapolating
available information to the special circumstances accompa-
nyingNMDs. It is important that patients and their families un-
derstand their autonomy in making decisions regarding health
care, including care for arrhythmias. Education, at appropriate
levels, regarding what therapies are available, how they work,
their impact on quality and quantity of life, and options for
changingordeactivatingare topics thatmaybegermane for dis-
cussion. It is important that discussions regarding the patient’s
autonomy in managing their arrhythmia care be initiated as
early as possible, ideally prior to implantation. Advanced
care planning will limit the misperceptions that can occur later
in the course of illness. The ethical and legal tenets behind car-
diac device management at end of life are covered in the 2010
HRS Expert Consensus Statement on the Management of Car-
diovascular Implantable Electronic Devices (CIEDs) in Pa-
tients Nearing End of Life or Requesting Withdrawal of
Therapy.15 Clinical scenarios for end-of-life decisions in pa-
tients with NMDs are provided in Table 10.

Recommendation-specific supportive text

1. The education of patients and their health care decision
makers on the functions, benefits, and limitations of pace-
makers and ICDs should occur prior to and periodically af-
ter implantation. The educational session may be led by the
physician or another knowledgeable member of the care
team. The discussion should include the options for pro-
gramming changes to adjust or limit therapies. Patients
and care providers should understand that programming
can continue some device functions (eg, bradycardia pacing
support) but inactivate other device functions (eg, tachyar-
rhythmia therapies). Concepts of shared decision making
and patient autonomy on care should be emphasized.

2. PatientswithDM,EDMD,orLGMD1Boften develop con-
duction disease that increases the risk of advanced heart
block and ventricular arrhythmias, both of which can lead
to sudden death. Primary prevention pacemakers or ICDs
are often used in these conditions. The pre–device implan-
tation conversation is an opportunity to enlighten patients
and their families regarding the risks andbenefits of therapy.
Similarly, it provides an opportunity for the implanting
clinician to obtain the patient’s long-term goals of care
and preferences.206 This discussion, coupled with known
information on expectations of quality of life, prognosis
specific to the underlying NMD, and the relative risks of
advanced heart block versus ventricular arrhythmias, can
facilitate device selection (specifically pacemaker versus
ICD) and further counseling. Ideally, the care team, patient,
family members, and/or health care decision makers will

have a discussion regarding advance planning prior to a de-
cision about device therapy. However, specific information
and education related to the pacemaker or ICD remains the
responsibility of the implanting electrophysiologist.

3. Discussion prior to ICD generator change provides an op-
portunity to reeducate and counsel patients regarding op-
tions pertaining to ICD programming, deactivation, and
replacement. Patients may be unaware, for example, that
deferring ICD replacement is acceptable if they desire and
that programmed therapies can be noninvasively adjusted
in the future if their goals of care change.207-209 This issue
is most germane in patients with limitations due to
significant NMD and in those with advanced heart failure
who are not candidates for specialized therapies such as
ventricular assist device insertion or cardiac transplantation.

4. NMDs can lead to progressive skeletal muscle dysfunction
typicallymanifesting as respiratory failure in the later stages
of illness.Cardiac involvement can lead toprogressive heart
failure. In addition, other diseases (cancer, dementia, etc)
can impact a patient’s quality of life or shorten life span.
The advancement in disease state can prompt a recognition
that the end of natural life is approaching and further lead to
dialogue onwhatmedical care the patient desires. A discus-
sion when advanced care directives are being planned is
another key opportunity to reeducate patients regarding
ICD programming options and deactivation and that ICD
therapies can be noninvasively adjusted or deactivated in
the future should their goals of care change.207-209

Involvement of hospice medicine and palliative care
specialists may be of particular benefit in these situations.

5. Patients with NMDsmay experience refractory ventricular
arrhythmias resulting in multiple ICD shocks, and in some
patients, traditional options such as ablation, drug therapy,
or transplantation and further steps such as cervical sympa-
thectomy and radiation ablationmay not be viable or effec-
tive. A significant number of ICD patients receive shocks
in the final weeks of their lives.210,211 In patients with
ICDs particularly those who have received multiple
shocks, ICD therapies for ventricular arrhythmias may no
longer be perceived as beneficial.210,212,213 As the end-
of-life situation is recognized and goals of care shift to
quality of life and patient comfort, it is important for pa-
tients and their families to understand their options
regarding reprogramming and deactivation of ICD thera-
pies and the generally painless manner of death from un-
treated ventricular arrhythmias.210,212,214

6. Pacemaker dependence may be present in several of the
NMDs. In comparison to inactivation of cardioversion/
defibrillation function, inactivation of pacing may be
immediately life-threatening and thus has distinct implica-
tions and ethical concerns. Requests for inactivation of
pacing are fortunately an uncommon scenario and require
attention and further education on an individual basis. Pa-
tients and family may misunderstand that ongoing pacing
may prolong suffering and will not allow for a natural
death. Guidance from palliative care and hospice medicine
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Table 10 Clinical scenarios for end-of-life management in patients with neuromuscular disorders

Clinical scenario Management strategies Key points

1. A 62-year-old woman with DM1,
nonischemic cardiomyopathy (LVEF
24%), left bundle branch block, and
previous biventricular ICD implantation
is admitted with recurrent aspiration
pneumonitis. She uses a wheelchair for
all mobility, has a tracheostomy from
prior pneumonia requiring prolonged
mechanical ventilation, and had an
enterostomy inserted 1 year ago. End-of-
life management and planning is
discussed.

� Acute management options included patient
preference for enteral feeds, medical
management of aspiration pneumonitis, and
escalation of care if further deterioration was
observed.

� ICD management options discussed included
unchanged programming and inactivation of
tachyarrhythmia therapies with or without
inactivation of pacing/CRT function.

� Values elicited in discussion include decision for
do-not-resuscitate status versus comfort
measures with hospice referral.

� Decision was made to continue nutrition via
enterostomy, administering intravenous
antibiotics with supplemental oxygen and
inactivating tachyarrhythmia therapies, and
maintaining pacing/CRT programming.

� Do-not-resuscitate status was requested in
keeping with focus on quality of life.

� Advanced neuromuscular impairment
and associated medical conditions
negatively impact quality of life.

� Given poor overall prognosis, focus
was shifted to maintaining quality
over quantity of life.

� Therapies targeting acute and
possible reversible medical conditions
were planned with avoidance of care
escalation given unlikely benefit from
aggressive measures and maintaining
palliative therapies such as pacing/
CRT.

� Involvement of hospice medicine and
palliative care specialists may be
helpful in guiding and/or leading
these discussions, with a focus on
shared decision making.

2. A 39-year-old woman with EDMD1, atrial
fibrillation, and a history of lower
extremity arterial thromboembolism is
hospitalized following traumatic
intracranial hemorrhage associated with
an accidental fall while on warfarin
therapy. At baseline, she required
assistance with activities of daily living
and ambulated with a walker or
wheelchair only. She remains lethargic
and noncommunicative.

� Management options discussed included
resumption of oral anticoagulation with
warfarin or direct oral anticoagulant, left atrial
appendage occlusion when appropriate, or
observation without further intervention.

� Values elicited in discussion included
addressing preventable causes of morbidity and
mortality and minimizing/avoidance of
complications from medical/surgical
thromboembolism prevention.

� Patient’s family declined resuming oral
anticoagulation and deferred left atrial
appendage indefinitely in favor of monitoring
for further clinical neurological improvement
given preference for conservative management.

� Traditional appropriate management
strategies may be fraught with an
increased risk of complications in
patients with neuromuscular
conditions.

� Invasive strategies may be poorly
tolerated, associated with increased
procedural risk, and less appropriate
in patients with advanced
neuromuscular impairment and
associated complexities.

� The benefit of commonly indicated
therapies may be overshadowed by
comorbidities related to the
underlying condition.

3. A 17-year-old adolescent male with DMD
was admitted with heart failure,
increasing dyspnea, nausea, and
peripheral edema. He had undergone
primary prevention, single-lead ICD
implantation for left ventricular
dysfunction and premature ventricular
contractions with a dilated left ventricle
with an ejection fraction of 22% 4 years
earlier. He has been wheelchair bound
for the past 8 years for progressive
muscle weakness. He has been treated
with aspirin, metoprolol, angiotensin
receptor neprilysin inhibitor, and
furosemide. His LVEF on this admission is
estimated to be 20%, and he has
developed an intraventricular
conduction delay with a QRS duration of
130 ms. He was treated with intravenous
milrinone with modest improvement of
symptoms. An upgrade of the ICD to a
CRT-D was discussed with the patient
and his parents. The patient was
reluctant despite the urging of his
parents. He was discharged to home with
intravenous milrinone in addition to his
admission heart failure medical regimen.

� Management options included upgrade from ICD
to CRT-D in a patient with advanced heart failure
in the setting of progressive DMD. Other possible
therapies included mechanical support devices
and transplantation.

� Values elicited in discussion were the role of the
patient (still a minor) and parents in the shared
decision-making, and assessment of the balance
of benefit of more aggressive device therapy.

� Decision for management and rationale were
driven by the progressive nature of the
neuromuscular disorder complicated with heart
failure. The use of intravenous inotropes
afforded the patient some improvement in heart
failure symptoms.

� Although upgrade of an ICD in most
contexts is reasonably safe, this was
not the case here.

� Shared decision-making should
include the patient even if he/she is a
minor.

� Optimization of quality of life, even if
limited in time, is paramount.
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Table 10 (Continued )

Clinical scenario Management strategies Key points

4. A 46-year-old woman with DM1 and
severe neuromuscular impairment
(nonambulatory, nocturnal oxygen
supplementation) presents for first
cardiac electrophysiological evaluation
with referral from neurology service. No
symptoms attributable to cardiac
involvement or arrhythmias are noted.
The ECG shows sinus rhythm, PR interval
260 ms, right bundle branch block, and
left anterior fascicular block with QRS
duration 140 ms. Echocardiogram shows
LVEF 55% without other significant
abnormalities.

� Referral for evaluation by pulmonary medicine
showed restrictive pulmonary function testing
consistent with severe respiratory muscle
involvement.

� Coordinated care of patient was conducted with
discussion with neurology, pulmonary medicine,
and cardiac electrophysiology regarding
neuromuscular prognosis. Consensus that the
likelihood of poor cardiac or respiratory
outcome over the next 2–4 years was high.

� Conference with the patient and husband held to
elicit the medical care goals. The discussion
included the high risk for both cardiac and
pulmonary complications of DM1. The risk of
sudden cardiac death was discussed based on
the severe cardiac conduction disease on the
ECG. Included in the discussion was a review of
the potential benefit of a primary prevention
pacemaker or ICD. An option discussed included
ongoing follow-up without device implantation.

� The patient and family elected to proceed with a
dual-chamber pacemaker implantation.

� The procedure was done with anesthesia support
and required intubation. Pacemaker was
implanted without complications. However,
there was failure to wean off the ventilator post-
procedure. The patient remained in the
intensive care unit for 2 weeks due to
neuromuscular-related respiratory failure.

� Despite marginal respiratory status, the patient
was able to wean off the ventilator with
nocturnal bi-level positive airway pressure
support, and the patient was discharged 3 weeks
post-implantation.

� At 6-month follow-up after pacemaker
implantation, complete heart block was observed
with pacing suppression. No escape rhythm was
observed with pacing at 30 beats/min.

� The patient had progressive respiratory
insufficiency and succumbed to pneumonia 2
years after pacemaker implantation.

� The husband sent a thank you note to the care
team for providing his wife with additional time
to spend with him and their son who had
congenital DM1.

� Poor functional status portends the
high risk for poor mid- to long-term
outcomes.

� Empiric pacemaker implantation
without further testing is reasonable
given the ECG with severe conduction
disease.

� Clinical benefit of empiric ICD
placement remains uncertain and
would be potentially less
advantageous as long-term outcome
in the patient is poor.

� Eliciting the overall goals of care and
preferences led to the patient’s
decision to go ahead with pacemaker
implantation.

� Coordinated care between neurology,
pulmonary medicine, cardiac
electrophysiology, and
anesthesiology led to a procedure
with the anticipated issues but overall
favorable outcome.

CRT5 cardiac resynchronization therapy; CRT-D5 cardiac resynchronization therapy with defibrillator; DM15myotonic dystrophy type 1; DMD5 Duchenne
muscular dystrophy; ECG 5 electrocardiogram; EDMD1 5 Emery-Dreifuss muscular dystrophy type 1; ICD 5 implantable cardioverter-defibrillator; LVEF 5 left
ventricular ejection fraction.
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specialists to help lead these discussions may be helpful.
However, if, after full discussion of the consequences of
turning off versus continuing pacing, a patient and/or their
health care decision makers request cessation of pacing,
the patient’s autonomy in medical decision making re-
mains the primary directive. If a provider has ethical con-
cerns in carrying out the patient’s request, referral to
another provider is appropriate.15

Section 9 Future directions and studies
9.1. Optimal therapy for heart failure
Clinical evidence regarding the use of heart failure therapies
in NMDs is generally lacking. Antifibrotic therapies (ACE
inhibitors and angiotensin II receptor blockers) alone, or in
combination with beta-blockers or corticosteroids, seem to
have a beneficial impact on prohibiting disease progression,
improving cardiac function and survival in DMD and
BMD.215 Selective aldosterone receptor antagonism also ap-
pears effective for cardiac protection in DMD.76 Further pro-
spective studies are necessary to investigate the utility and
optimal timing for use of standard and novel heart failure
medications to prevent or delay the onset of myocardial
impairment in NMDs.216 The role of CRT that has been
proven to be effective in treating ischemic cardiomyopathy
and dilated cardiomyopathy remains unclear for NMDs. To
date, very few studies have reported cardiac resynchroniza-
tion in DMD and BMD83,90,217,218 and DM1.219-221 There
are no data regarding His bundle or left bundle pacing in
patients with NMDs, which are both promising strategies to
minimize perioperative risks while potentially preserving
the benefits of CRT. Early resynchronization in patients
with LBBB or wide QRS complex inferring His–Purkinje
disease may eliminate the detrimental effects of desynchron-
ized ventricular conduction and further deterioration of
LVEF. However, the diffuse nature of conduction system dis-
ease in NMDs may limit and even preclude the benefit of
such approaches. The utility and ethics of mechanical circu-
latory support and cardiac transplantation in advanced heart
failure due to NMDs remain undefined.

9.2. Risk stratification and prevention of sudden
death
The risk of arrhythmic sudden death in many of the NMDs is
not as closely related to left ventricular function as in other
causes of cardiomyopathy. For example, the severity of under-
lying conduction disease is a risk factor for sudden death in
many of the NMDs independent of left ventricular function.89

The best methodology to risk stratify patients with NMDs for
ventricular arrhythmias and sudden death remains unclear in
most of the NMDs.222 Studies are needed to determine the
optimal timing of electrophysiological study, the threshold
HV interval for prophylactic pacing in some NMDs, the utility
of procainamide or other drug infusions to examine latent con-
duction disease, and the role ofVT induction in the guidance of
decisions on ICD placement. National or international regis-

tries should strongly be considered to further evaluate cardiac
and arrhythmia therapies in NMDs.

Sleep disorders, such as sleep apnea, are common in
NMDs and can modulate arrhythmia susceptibility. An
ongoing observational prospective cohort clinical trial
(NCT02375087) is investigating the relationship between
the severity of oxygen desaturations during sleep and
nocturnal arrhythmias and the specific proarrhythmic role
of sleep disorders in DM1 patients.223

Imaging of the myocardial substrate, including late gado-
linium delayed enhancement for focal fibrosis and T1 map-
ping for assessment of diffuse fibrosis in the setting of non-
NMD cardiomyopathies, has been helpful for identification
of arrhythmia susceptibility. Several clinical trials are exam-
ining the prognostic value of CMR in the presence of NMDs
and the clinical impact of myocardial fibrosis in various
NMD states.224-226 Substrate ablation could play a role in
decreasing sudden cardiac death if extensive fibrosis is
determined to be a significant risk factor.224-226

9.3. Gene therapy
Genome engineering tools, including targeted gene editing,
exon skipping, and gene regulation, have become available
to correct the underlying genetic mutations that cause some
of the NMDs.227-231 Genome engineering can target RNA,
and this is accomplished via antisense oligonucleotides,
which are synthetic single-stranded strings of nucleic acids.
Alternatively, systemic delivery of gene editing tools, which
can target DNA or RNA, holds tremendous promise for treat-
ment of NMDs. There are three antisense oligonucleotides—
eteplirsen, golodirsen, vitolarsen—approved by the U.S.
Food and Drug Administration to treat specific mutations in
DMD, and additional agents are being evaluated in clinical tri-
als. There are also multiple strategies in preclinical or clinical
testing to target the primary defect and/or mitigate secondary
and downstream pathological mechanisms.232 Preclinical
studies of gene therapy inDMD andBMDpatients extensively
explored the role of adeno-associated virus (AAV) vector–
mediated delivery of microdystrophin in halting dystrophic
progression and restoring muscle function.233 There are three
ongoing in-human clinical trials of AAV-delivered micrody-
strophin in DMD males.234-236 PF-06939926
(NCT03362502),236 SGT-001 (NCT03368742),235 and SRP-
9001 (NCT03375164)234 are investigational recombinant
AAV capsids carrying an internally truncated or shortened
version of the human dystrophin gene (microdystrophin) under
the control of a humanmuscle-specific promoter, which is also
expected to be expressed in the heart. In DM1, antisense oligo-
nucleotides that bind to and neutralize mutant RNA appear
promising but require methods to gain better entry into muscle
and heart.237 The tri- or tetranucleotide expansions that cause
DM1 and DM2, respectively, lead to long RNA sequences of
(CUG)n or (CCUG)n. These abnormal RNA molecules cause
toxic effects through RNA-binding proteins such as
muscleblind-like protein 1 and CUG-binding protein 1.238

Downstream effects include disruption of alternative splicing,
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which contributes to multiple features of DM1 including ar-
rhythmias. Splice-switching oligonucleotides are short, syn-
thetic, antisense, modified nucleic acids that base pair with
pre-RNA and disrupt the normal splicing of a transcript by
blocking the RNA–RNAbase pairing or protein–RNAbinding
interaction that occur between components of the splicing ma-
chinery and pre-RNA. Splice-switching oligonucleotides may
be utilized in the future to specifically correct alternative
splicing changes linked to DM-related disease manifesta-
tions.239

9.4. Clinical science
Future advances in mechanistic, clinical, and therapeutic
research in NMDs must surmount challenges posed by rare
diseases. By necessity, NMD clinical trials enroll small sample
sizes and, when combined with individual variability in clin-
ical course, diminish study power to detect important clinical
attributes and effect sizes. Thus, alternative trial designs and
statistical techniques that maximize data from a small and het-
erogeneous group of subjects are necessary. Additionally, the
geographic dispersion of enrolled patients, small numbers of
adequately trained investigators, and significant variability in
clinical practices limit the generalizability of results and homo-
geneity of pooled data. Thus, future efforts to effectively
consolidate resources, homogenize treatment plans and data
measurement practices, minimize biases, and streamline
research efforts are necessary. We propose the following
investigational priorities to increase the understanding of
NMD disease- and mutation-specific arrhythmia pathogenesis
and potential therapeutic targets:

� Increase worldwide NMD expert center collaborations
with prospective disease-specific enrollment, data collec-
tion and processing through registry participation, multi-
disciplinary (myologists, geneticists, neurologists,
cardiologists, and cardiac electrophysiologists) disease
management, and follow-up protocols.

� Increase knowledge of the prevalence and impact of NMDs
and their associated conditions through campaigns generating
patient awareness and enhanced research support, financial
and otherwise, from government and private sources.

� Enhance awareness of the need and requirements for
training to develop the next generation of NMD
arrhythmia providers and investigators.

Appendix 3
Supplementary data
Supplementary data (Appendix 3) associated with this article
can be found in the online version at https://doi.org/10.1016/
j.hrthm.2022.04.022.
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