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Keywords:
 Sudden cardiac death (SCD) is a devastating possible outcome of all cardiomyopathies. The risk of SCD is in-
creased in patients with structural heart disease and continues to increase as ventricular dysfunction worsens.
There is, however, a subset of cardiomyopathy, so-called “arrhythmogenic cardiomyopathy” (ACM), that carries
an inherent propensity for arrhythmia in all stages of the disease, even preceding ventricular dysfunction. The
aim of this review is to identify cardiomyopathies, other than ischemic and dilated cardiomyopathies, that are as-
sociatedwith ventricular arrhythmias (VAs) and SCD.Wediscuss prevalence, diagnosis, natural history andman-
agement of arrhythmogenic right ventricular dysplasia/cardiomyopathy, ACM, and exercise-induced
cardiomyopathy, with emphasis on the morbidity and mortality of VAs associated with these cardiomyopathies
and how they can be mitigated through lifestyle modification, medical management, and implantation of
cardioverter defibrillators.
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Introduction

Sudden cardiac death (SCD) is a devastating event. The risk of sud-
den death is increased in patients with structural heart disease. A signif-
icant portion of SCD cases are the result of an underlying
cardiomyopathy.1–3 Individuals with cardiomyopathy of any etiology
are at risk of SCD, particularly as the severity of the cardiomyopathy in-
creases and the left ventricular (LV) ejection fraction (EF; LVEF) de-
clines. The term “arrhythmogenic cardiomyopathy” (ACM) refers to
the subset of cardiomyopathies that can cause cardiac arrhythmias in
all stages of the disease, even preceding ventricular dysfunction. This re-
view article focuses on arrhythmogenic right ventricular dysplasia/car-
diomyopathy (ARVC), ACM, and exercise-induced cardiomyopathy
(EC). We will also review the indications for implantable cardioverter
defibrillator (ICD) implantation, which successfully prevent SCD in
these conditions.4,5

Arrhythmogenic right ventricular cardiomyopathy

In 1982, FrankMarcus reported a case series of 24 patientswith right
ventricular (RV) dysplasia, highlighting the propensity for ventricular
arrhythmias (VAs).6 ARVC is uncommon in the general population,
with prevalence ranging between 1 in 2500 and 5000. In regions of
Italy and Greece the prevalence is at the higher end of this range.7 De-
spite being relatively rare, it is a leading identifiable cause of SCD in
young athletes.2

ARVC is an inherited cardiomyopathy with an autosomal dominant
pattern of inheritance, incomplete penetrance, and variable
expressivity.8 A pathogenicmutation can be identified in approximately
two-thirds of those diagnosed with the disease.9 The mutations most
commonly involve the desmosomal proteins, including plakophilin-2
(PKP2), desmoplakin (DSP), desmoglein-2 (DSG2), desmocollin-2
(DSC2), and plakoglobin (JUP).9 Less commonly, mutations in
nondesmosomal proteins, including alpha-T catenin (CTNNA3),
cadherin-2 (CDH2), phospholamban (PLN), transmembrane protein
43 (TMEM43), sodium voltage-gated channel alpha subunit 1
(SCN5A), lamin A/C (LMNA), desmin (DES), filamin C (FLNC), and titin
(TTN) have been reported.10 The pathological hallmark of ARVC is
myocyte loss with fibrofatty replacement of the myocardium. Forma-
tion of scar begins in epicardial portions of the RV and progresses to
the endocardium.11

Diagnosis

In 1994, an international Task Force defined criteria (TFC) for diag-
nosis of ARVC, and these criteria were modified in 2010.12 Diagnosis is
based on major and minor criteria from six categories: RV structure
and function, RVmyocardial histology, aberrant repolarization, aberrant
depolarization, arrhythmia history, and family history (Table 1). Diag-
nosis of ARVC requires fulfillment of two major, one major and two
minor, or four minor criteria from separate categories. These criteria
are an improvement on the prior 1994 criteria, sensitivity increasing
from 57 to 71% (p = 0.001) and specificity increasing from 92 to 99%
(p = 0.016).13 However, they lack sensitivity in cases where disease
predominantly effects the LV. From the limited data available on diag-
nosis of left-dominant disease, cardiac magnetic resonance imaging
(CMR) has been shown to be effective.14When considering the diagnos-
tic criteria for ARVC, it is important to recognize that there is no single
“gold standard” diagnostic test. Rather, the diagnosis is based on the re-
sults of a comprehensive evaluation including: clinical history, family
history, symptoms, ECG, signal-average ECG, Holter monitor, echocar-
diogram and/or CMR, electrophysiologic testing, genetic testing, and in
very select cases endomyocardial biopsy.
Clinical presentation and natural history

ARVC generally presents in young adults, beyond the age of 12 years.
The initial manifestations of the disease are highly variable including
palpitations, syncope, and SCD. An important subset of patients with
ARVC are diagnosed while asymptomatic as the result of cardiac tests
for other indications or following cascade family screening after diagno-
sis of a family member. A report from the Johns Hopkins and Dutch In-
teruniversity ARVC Registries provides information about clinical
characteristics and presenting symptoms of patients with ARVC. Of
439 index patients, over 99% presented in their mid-teenage years or
later, and the majority (approximately 80%) presented before the age
of 50 years. The average age of presentation was in the fourth decade
(36 ± 14 years). At the time of diagnosis, 95% were symptomatic. Ar-
rhythmia was the most common presenting symptom, 56% of patients
experienced sustained VA, and an additional 11% experienced cardiac
arrest at the time of presentation.9 Other common signs and symptoms
at the time of presentation are syncope, atrial fibrillation, palpitations,
and heart failure (HF).15,16 Previous data showed that symptomatic HF
develops in a modest proportion of patients, approximately one in
eight.9,13 However, a more recent study with longer term follow-up re-
ported development of signs or symptoms of HF in 49% of patients, pri-
marily exertional dyspnea.17 Possible explanations for this dramatic
increase are: 1) that volume overload and canonical signs of left HF
are less common in ARVC, causing HF to be under estimated in previous
studies, 2) improvement in management of ARVC and prevention of
SCD have resulted in patients living longer and experiencing worsening
ventricular dysfunction as the disease progresses.

The RV is nearly universally affected, with a classic phenotype of dis-
ease distribution in the “Triangle of Dysplasia”, originally including the
RV inferior wall, RV outflow tract and RV apex. However, in recent
years the triangle of dysplasia has been redefined, based on CMR data
from 74 patients, to include the RV basal inferior wall, the RV anterior
wall, and the posterolateral LV wall.18 Involvement of the LV is seen
commonly in advanced cases. Data from two autopsy case studies
showed that the LV was involved in 32% and 76% of patients and is pri-
marily the result of disease progression fromRV to biventricular disease,
as opposed to isolated LV disease.19,20

It is important to recognize that ARVC is a progressive disease. No
one is bornwith ARVC; rather, it appears over time. The fact that it is vir-
tually unheard of to diagnose ARVC prior to the age of 12 years, and that
the median age of diagnosis is in the fourth decade strongly supports
the progressive nature of this condition. Echocardiographic evidence
of gradual disease progression was observed in 85 patients who were
followed over a median of 6.4 years. There was significant interpatient
variability in progressive structural dysfunction. RV fractional area
change decreased from 39% (IQR, 33–44%) to 34% (IQR, 24–42%) (p b

0.001) with a median rate of functional decline of −3.3% per 5 years
(IQR, −8.9-1.2%). LVEF decreased from 55% (IQR, 52–60%) to 54%
(IQR, 49–57%) (p = 0.001), median rate of decline was −0.2% per
5 years (IQR,−6.5-1.7%). Progressive decline in RV functionwas associ-
ated with depolarization abnormalities by TFC on baseline



Table 1
2010 task force criteria for diagnosis of ARVC.

Major criteria Minor criteria

RV structure and
function

TEE

• RV akinesia, dyskinesia or aneurysm
AND 1 of the following

- PLAX RVOT ≥32 mm
- PSAX RVOT ≥36 mm
- Fractional area change ≤33%

MRI

• RV akinesia, dyskinesia or dyssynchronous contraction
AND 1 of the following

- RV EDV to BSA ratio ≥ 110 mL/m2 (male), ≥100 mL/m2 (female)
- RV EF ≤40%

RV Angiogram

• RV akinesia, dyskinesia or aneurysm

TEE

• RV akinesia, dyskinesia or aneurysm
AND 1 of the following

- PLAX RVOT ≥29 to b32 mm
- PSAX RVOT ≥32 to b36 mm
- Fractional area change N33 to ≤40%

MRI

• RV akinesia, dyskinesia or dyssynchronous contraction
AND 1 of the following

- RV EDV to BSA ratio ≥ 100 to b110 mL/m2 (male), ≥90 to
b100 mL/m2 (female)

- RV EF N40 to ≤45%

RV myocardial
histology

Endomyocardial biopsy

• Residual myocytes b60%, and fibrous replacement of RV free wall myocardium ±
fatty replacement of myocardium

Endomyocardial biopsy

• Residual myocytes 60–70%, and fibrous replacement of RV free
wall myocardium ± fatty replacement of myocardium

Aberrant
repolarization

Electrocardiogram

• TWI in V1, V2 & V3 in pts. N14 years old

Electrocardiogram

• TWI in V1 & V2 or V4, V5 or V6 in pts. N14 years old
• TWI in V1, V2, V3 & V4 in pts. N14 years old with complete RBBB

Aberrant
depolarization

Electrocardiogram
Epsilon wave in V1, V2 & V3

Signal-average Electrocardiogram

• Filtered QRS ≥114 ms
OR 1 of the following

• Terminal duration of QRS ≥55 ms
• Terminal duration of QRS ≥38 ms (if b40 μV)
• Root-mean-square voltage of terminal 40 ms of QRS b20 μV

Arrhythmia
history

• NSVT or sustained VT with LBBB morphology and superior axis • NSVT or sustained VT LBBB morphology and inferior axis
• N500 PVCs in 24-h period

Family history • 1st degree relative with confirmed ARVC by Task force criteria
• 1st degree relative with pathologic confirmation of ARVC on autopsy
• Known pathogenic mutation

• 1st degree relative with ARVC and undetermined Task force
criteria

• 2nd degree relative with confirmed ARVC by Task force criteria
• 1st degree relative b35 years old with SCD

Major and minor criteria are indicated for the six domains of the 2010 Task Force Criteria for diagnosis of ARVC. Definite ARVC= 2 major or 1 major +2minor or 4 minor criteria from
different categories; Borderline ARVC=1major+1minor or 3minor criteria from different categories; Possible ARVC= 1major or 2minor criteria from different categories. BSA – body
surface area; EDV – end-diastolic volume; NSVT – non-sustained ventricular tachycardia; PLAX – parasternal long axis; PSAX – parasternal short axis; PVC – Premature ventricular con-
tractions; RBBB – Right bundle branch block; RVOT – RV outflow tract; TWI – T wave inversion; VT – Ventricular tachycardia. Modified fromMarcus FI, McKennaWJ, Sherrill D, et al. Di-
agnosis of arrhythmogenic right ventricular cardiomyopathy/dysplasia: proposed modification of the Task Force Criteria. Eur Heart J. 2010;31(7):806–814.
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electrocardiography; all but 1 of the patients with significant RV struc-
tural progression (decrease in RV fractional area changed N10%) had de-
polarization abnormalities on baseline ECG.21 Another study addressing
the issue of disease progression describes the course of 18 patients who
underwent heart transplantation (HT) for ARVC: 13 for advanced HF
and 5 for refractory ventricular tachycardia (VT). Mean ages of initial
presentation and HT were 24 ± 13 and 40 ± 14 years, respectively;
HT occurred 17.6 ± 13.3 years after symptom onset in those who
underwent HT for HF and 14.7 ± 15.9 years after onset in those with
VT predominance. These data show the progression of ARVC and patient
decline takes a course that is generally prolonged.22
Management

Our approach tomanagement involvesfive steps: ensuring the correct
diagnosis, SCD risk stratification, minimizing ICD therapies, preventing
disease progression, and cascade screening of family members.
Correct diagnosis
The first step inmanagement is to be certain the diagnosis is correct.

It is important to be aware of the 2010 diagnostic criteria and common
mimics of ARVC, particularly cardiac sarcoidosis (CS), which has signif-
icant overlap with ARVC in clinical presentation. Common presenting
symptoms of both diseases are palpitations, dyspnea, chest discomfort,
syncope, and VAs. Investigation of 57 patients from the Johns Hopkins
ARVC registry, 42 ARVC probands with desmosomal mutations and 15
patients with definite ARVC by TFC who were later diagnosed with CS,
revealed distinguishing features that may be helpful in differentiating
these two diseases. Compared to patients with ARVC, thosewith CS pre-
sented at a later median age (23 [IQR, 18–29] vs. 4540–47 years), were
more likely to have HF symptoms (0% vs. 33% of patients), PR interval
prolongation (0% vs. 53%), second or third degree atrioventricular
node block (0% vs. 67%), nonspecific intraventricular conduction delay
(0% vs. 27%), reduced LV function (LVEF 63%55–65 vs. 57%35–60), inter-
ventricular septal scar on CMR (11% vs. 42%), or mediastinal lymphade-
nopathy (0% vs. 27%).23
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SCD risk stratification
Once the diagnosis of ARVD is secure, the next item to be addressed

is SCD risk stratification and whether an individual's risk of SCD is suffi-
cient to warrant implantation of an ICD. SCD is a common first presen-
tation and remains a lifelong risk for those with ARVC. Of the 439
index patients in the Hopkins/Dutch cohort, 48 (11%) presented with
SCD.9 The risk of SCD has been shown to at least double in those who
participate in competitive athletics.24 ARVC is also an important cause
of SCD in the general population. Data from Australia and New
Zealand report ARVC accounting for 5% of all cases of SCD.1

ICDs have been shown to be effective in termination of lethal VAs
and improve mortality in patients with ARVC. A study of 132 patients
with ICDs showed a 24% projected improvement in survival, based on
actual patient survival compared to ventricular fibrillation (VF)/flut-
ter-free survival.25 Similarly, Bhonsale and colleagues reported 19% im-
provement in estimated survival.26 The benefit of ICD was also seen in
the Hopkins/Dutch cohort, which reported death from SCD in 11 of
the 63 patients (17%) who did not undergo ICD implantation, while
only 2 of the 335 patients (0.6%) with an ICD died of SCD.9

The current recommendations of the International Task Force strat-
ify patients with ARVC into three risk groups (high, intermediate, low)
as a basis for guiding decision making for ICD implantation. 1) High-
risk patients are those with a history of VT or VF leading to cardiac ar-
rest, the risk of life-threatening VA events in this group is N10% per
year and ICD implantation is recommended (Class I). By means of ex-
trapolation of data for other cardiomyopathies, patients with severe
dysfunction of the RV (RV-Fractional area change/FAC ≤17%) and/or
LV (LVEF ≤35%) should receive an ICD for primary prevention (Class I).
2) Intermediate-risk patients are identified by consensus-established
risk factors. Patients with ≥1 “major” risk factor (syncope, non-
sustained VT [NSVT], RV-FAC 17–24%, or LVEF 36–45%) are reasonable
candidates for ICD (Class IIa). Those with “minor” risk factors (prema-
ture ventricular contractions or PVCs N1000/day, clinical heart failure,
young age, male gender, complex genotype, proband status, inducible
VT on EP study, T-wave inversion in V4, V5, or V6, etc.) may benefit
from ICD placement (Class IIb). 3) The low-risk group is composed of
patients or family members without identifiable risk factors. As these
patients have a rate of life-threatening VA events b1% per year, ICD is
not recommended.27 The 2017 VT guidelines similarly recommend
Fig. 1. Etiology of SCDDue to Cardiovascular Events. Cause of sudden death in 690 young compe
right ventricular cardiomyopathy; AS – Aortic stenosis; CA – Coronary artery; CAD – Coronar
MVP – Mitral valve prolapse; WPW – Wolff-Parkinson-White. Adapted from Maron BJ, Doere
in the United States, 1980–2006. Circulation. 2009;119(8):1085–1092.
ICD for patients with a history of resuscitated SCD, sustained VT, or sig-
nificant RV or LV dysfunction (Class I). Primary prevention ICD is only
recommended in these guidelines for patients with a history of cardiac
syncope (Class IIa).28

A recent individualized risk prediction model has been presented to
calculate predicted 5-year risk of VA (PVA at 5 years) in patientswith ARVC
and no prior history of VA. In this observational study, 528 patients with
definite diagnosis of ARVC from 14 tertiary care centers in 6 countries
were followed for 4.8 years. The primary outcome of sustained VA,
SCD, aborted SCD, or appropriate ICD therapy was met by 146 (27.7%)
patients. Age, sex, cardiac syncope, NSVT, PVCs within 24 h, number of
leads with T-wave inversion on 12 lead ECG, RV dysfunction were iden-
tified as risk predictors and used to develop the following model:

PVA at 5 years ¼ 1–0:801 exp PIð Þ

PI = 0.488*sex – 0.022*age + 0.657*history of recent cardiac syn-
cope + 0.811*history of NSVT + 0.170*ln(24 h PVC count) +
0.113*Sum of TWI in anterior and inferior leads – 0.025*RVEF.

Patients who developed VA were accurately identified with this
model (C-index 0.77, 95% CI 0.73–0.81). Compared to the current Task
Force algorithm, this model appropriately identified the same number
(89.9%) of patients who eventually developed VA while reducing the
total number of ICD implantations by 20.6% (p b 0.001).29 This online
calculator can be accessed at https://arvcrisk.com/.While this calculator
has been shown to be an improvement on the prior means of risk strat-
ification, the results should be interpreted in the clinical context of each
individual patient.

Suppression of ventricular arrhythmias and minimization of ICD therapy
Once ICD implantation has been considered, the next step is to sup-

press VA, by means of beta-blockers, antiarrhythmic medications, and
exercise limitation. The current data regarding the use of antiarrhyth-
mic medications are controversial, but limited data suggest that amio-
darone may be beneficial in decreasing VA.15,30 Our experience is that
beta-blockers and amiodarone can be beneficial in decreasing symp-
tomatic ventricular ectopy and VA. Beta-blockers are recommended
for patients with a history of VA (Class I) and are also reasonable for
titive athleteswho died as consequence of a cardiovascular event. ARVC –Arrhythmogenic
y artery disease; DCM – Dilated cardiomyopathy; HCM – Hypertrophic cardiomyopathy;
r JJ, Haas TS, et al. Sudden deaths in young competitive athletes: analysis of 1866 deaths

https://arvcrisk.com/
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those without history of VA (Class IIa).27,28 Amiodarone is recom-
mended for patients with frequent ICD discharges (Class I) and is rea-
sonable for symptomatic patients with frequent PVCs and/or NSVT
(Class IIa).27 Flecainide may be a promising option for control of VA in
patients with ARVC. Data from a small number of patients with recur-
rent VT showed complete resolution of VT with addition of flecainide
to metoprolol or sotalol.31

Exercise participation is an important risk factor for SCD and ARVC-
associated VT, which has been shown to be catecholamine-mediated.32

ARVC accounts for 4–14% of SCD cases in young athletes in the United
Kingdom and United States.2,33–35 A prospective study from the Veneto,
Italy region showed that 22% of SCD cases in young athletes were due to
ARVC.36 Fig. 1 shows the cause of SCD in the 690 cases confirmed to be
of cardiac etiology. In 2003, another prospective cohort study analyzed
all cases of SCD in young people in the Veneto Region of Italy over a
21-year period. Their results showed that individuals with ARVC were
at increased risk of SCD with participation in sports (RR 5.4, CI 2.5–
11.2; p b 0.0001). They also showed that SCD occurred earlier in individ-
uals with ARVC who participated in sports, compared to those who did
not (22 ± 4 vs. 27 ± 7 years; p=0.02).37 An observational study of 84
patients with ARVC who underwent ICD for primary prevention re-
ported 63% were involved in exercise at the time of their first appropri-
ate ICD discharge.26 A study of exercise history in 37 desmosomal
mutation carriers showed that development of the first episode of VA
was associated with participation in high-intensity athletics in adoles-
cence and higher lifetime exercise accumulation. Those who developed
VA exercised significantlymore (3.5-fold) than the American Heart Asso-
ciation (AHA)-recommended minimum, while those who exercised less
than the AHA-recommended minimum did not experience VA (p =
0.03).38 These data highlight the importance of exercise restriction in pre-
vention of SCDandVAcontrol. Participation in intense exercise is formally
recommended against in patients with ARVC.27,28,39 Exercise should not
exceed the AHA-recommended minimum for healthy adults (12.5 Meta-
bolic equivalent hours per week).28,38 Further study is needed to more
precisely define exercise thresholds for development of disease in muta-
tion carriers and disease progression in those with symptomatic ARVC.

Catheter ablation is considered palliative therapy in patients with
ARVC. Catheter ablation, particularly epicardial ablation, has been
shown to significantly reduce VT burden. However, recurrence rates
were considerable, ranging from29 to 75%.40–44 Catheter ablation is rec-
ommended (Class IIa) for those in whom beta-blockers provide ineffec-
tive symptomatic control.27,28 However, it has not been shown to
decrease the risk of SCD.15
Prevention of disease progression
As described above, ARVC is a progressive disease. The fourth aspect

of management is to prevent, or delay, progression of the disease. Par-
ticipation in sports and vigorous exercise increases the risk of develop-
ment of clinically significant ARVC, earlier age of onset, progression of
disease, HF, need for HT, VA, and SCD. The deleterious effects of exercise
were described in a study of 87 patients from the Johns Hopkins ARVC
registry. Athletes developed symptoms earlier (30 ± 13 vs. 41 ±
21 years) and were more likely to develop VA (34% vs. 0%, p = 0.002),
HF (18% vs. 0%, p = 0.012), and meet TFC (82% vs. 35%, p b 0.001)
than non-athletes.45 Subsequent studies have supported these findings,
showing increased likelihood of meeting TFC, developing symptoms,
biventricular dysfunction, HT, VA and SCD in those who participate in
athletics.24,38,46 Given these findings, exercise limitation should be an
important aspect of both prevention of disease in healthy gene carriers
and controlling disease progression in symptomatic patients.

As beta-blockers reduce wall stress and may delay progression of
myocardial damage in ARVC, they are recommended for all patients
with right or left HF (Class I) and are reasonable for all patients, despite
arrhythmia or HF status (Class IIa).27 For patients with symptomatic
right or left HF, angiotensin-converting-enzyme inhibitors, angiotensin
II receptor blockers, and diuretics are recommended, as per standard
pharmacologic HF therapy.27

Cascade family screening
The final aspect of management is cascade family screening. Clini-

cally significant disease manifests in approximately one-third of first-
degree relatives of ARVC probands.47 It is important to identify these in-
dividuals so appropriate lifestylemodifications can bemade and disease
manifestation/progression can bemonitored. Screening for ARVC is rec-
ommended infirst-degree relatives of probands (Class I).28 In families of
probands who carry a pathogenic mutation, first-degree relatives
should undergo genetic screening. Family members in whom the
same mutation is identified should have an initial cardiac evaluation
at the time of mutation identification, then every 2–3 years. Cardiac
evaluation should include 12 lead ECG, Holtermonitor, and echocardio-
gram or CMR. These individuals should also be counselled on exercise
restriction. In families of probands without an identifiable mutation,
all first-degree family members should have a cardiac evaluation
every 2–3 years. Fig. 2 shows that family members of probands with
identifiable mutations have higher rates of ARVC-related symptoms,
VA, and death than those of probands without identifiable mutations.9

Unanswered questions

While tremendous progress has been made in understanding ARVC
since the first paper by Marcus and colleagues, many questions remain
unanswered. Some of themost pressing questions include: How canwe
improve the diagnostic criteria for ARVC, especially in left-dominant
disease? What is the “safe level” of exercise for ARVC patients? Does a
dramatic reduction in exercise once ARVC is diagnosed reduce the risk
of SCD sufficiently to reduce the need for an ICD?What is the rate of pro-
gression of ARVC and how can it be reduced? How can we improve ap-
proaches to arrhythmia control in ARVC patients with drugs, ablation,
and autonomic modulation? Can a medication be developed that will
prevent development of ARVC?

Arrhythmogenic cardiomyopathy

ACM is new classification of cardiomyopathy, initially proposed by
Sen-Chowdhry and McKenna in 2010, that is yet to be precisely
defined.48,49 ACM is a disorder of the myocardium with predisposition
for early VA and development of cardiomyopathy later in the disease
course.49 Genetic causes of ACM will be discussed in this section. Ge-
netic disorders can be broken down into ARVC and arrhythmogenic
left ventricular cardiomyopathy (ALVC). ARVC is most commonly asso-
ciated with mutations in the desmosomal genes, whereas ALVC is asso-
ciated with a broader spectrum of genetic abnormalities including
mutations in genes encoding lamin A/C, filamin C, phospholamban,
TMEM43, SCN5A, and RBM20.

ARVC is the most well-defined subset of ACM and has been
discussed in detail in the previous section.

ALVC, also termed left-dominant arrhythmogenic cardiomyopathy,
is a disease that originates in the myocardium of the LV, not to be con-
fused with ARVC that has progressed to biventricular cardiomyopathy
in later stages. ALVCwas first reported in 1994 in 2 cases of SCD that re-
vealed fibrofatty replacement of only LVmyocardium.50 An assessment
in 2008 of 42 patients with ALVC provided valuable insight to identifica-
tion of this disease.51 VAwith right bundle branch blockmorphology, T-
wave inversions in the inferolateral leads, and relative preservation of
RV function are points of distinction between ALVC and ARVC.
Subepicardial and intramyocardial late gadolinium enhancement local-
ized to the lateral and septal regions of the LV are characteristic findings
on CMR. It is also notable that the authors of this article suggest that id-
iopathicmyocardial fibrosis, which accounts for 6–16% of causes of SCD,
may be a clinical manifestation of ACM, based on assessment of ante-
mortem imaging and postmortem histology.2,3,33,51



Fig. 2.ARVC Complication-Free Survival. Freedom from ARVC-related symptoms, VA, SCD, and cardiac transplantation in familymembers of probandswith pathogenic mutations (A) and
family members of probands without identifiable mutations (B). Family members with mutations had more symptoms (P= 0.004), sustained VA (P b 0.001), and cardiac death (6 vs. 0
deaths) than family members without mutations. Cardiac transplantation-free survival was not to statistically different between the two groups (P= 0.812). Taken from Groeneweg JA,
Bhonsale A, James CA, et al. Clinical Presentation, Long-Term Follow-Up, and Outcomes of 1001 Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy Patients and Family
Members. Circ Cardiovasc Genet. 2015;8(3):437–446, with permission.
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Identification of a founder mutation (R14del) in the gene encoding
phospholamban (PLN), originating in the Netherlands, was an impor-
tant discovery in the classification of ACM.52 Of 96 patients with ARVC
and 257 with dilated cardiomyopathy (DCM), the R14del mutation
was found in a significant proportion of patients with ARVC (12%) and
DCM (15%). The patients with DCM and R14del mutation were found
to have a higher risk phenotype than counterparts with DCM without
R14del mutation, having more frequent ICD discharges (47 vs. 10%, p
b 0.001) and HT (18 vs. 2%, p b 0.001).52 These findings suggest that
this subset of patients have a different natural history than those with
DCM or ARVC, but no R14del mutation, and may be better categorized
as ACM. Further, this could give a possible explanation for the significant
clinical overlap between ARVC and DCM.

Symptoms in patients who carry the PLN R14del mutation develop
at a mean age of 44–48 years.52,53 The largest study of this cohort to
date found that symptomatic individuals presented with VA (16%) or
resuscitated SCD (4%), unexplained syncope (13%), or symptomatic HF
(16%). Over amean follow-upof 42months, 19%had SCDor appropriate
ICD therapy at a mean age of 47 years, 11% developed end-stage HF at a
mean age of 53 years. Prognosis is poor for these patients, death being
reported in early tomid-adulthood, with the highest mortality between
ages 25 and 35 years.53–55



Fig. 3. Proposed Schema for Evaluation andManagement of Patients with Arrhythmogenic
Cardiomyopathy. Taken from Gacita AM, McNally EM. Genetic Spectrum of
Arrhythmogenic Cardiomyopathy. Circ Heart Fail. 2019;12(3):e005850, with permission.
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Lamin A and lamin C proteins are both encoded by the LMNA gene
and are involved in structural support of the nucleus. LMNA mutations
are a significant cause of familial cardiomyopathy and result in several
distinct phenotypes.56–58 Initial manifestations of cardiac disease in-
clude atrial fibrillation and abnormalities of the conduction system,
which progress to VA and DCM, the two primary causes of morbidity
and mortality.57 In a study of 94 patients with LMNA gene mutations,
60 had phenotypic diseasemanifestations, all with cardiac involvement.
Of these 60 patients, 77% had DCM with atrioventricular block (AVB)
and 20% had DCM with VT/VF.57 Analysis of a general DCM population
showed that LMNA mutation was present in 33% of those with AVB.58

Among patients with cardiac disease involvement, there is a high inci-
dence (46%) of SCD.59,60 A cohort of 269 LMNA mutation carriers re-
vealed male sex, non-missense (insertion, deletion, or truncating)
mutations, LVEF b45%, and NSVT as risk factors for development of
VA.61 Kumar and colleagues showed increased VA risk with accumula-
tion of only 3 risk factors (male sex, LVEF b50%, non-missense muta-
tion); over median follow up of 7 years VA occurred in 28% with 1 risk
factor, 47% with 2 risk factors, and 69% with 3 risk factors.62

Filamin C serves an important role in anchoring sarcomeres to the
plasma membrane of cardiomyocytes. Cardiomyopathy associated
with mutations in the gene encoding filamin C (FLNC) have been impli-
cated, but uncharacterized until recent years.63 In 2016, Ortiz-Genga
and colleagues identified 28 families affected by truncating FLNCmuta-
tions by screening 2877 individuals with inherited cardiomyopathy.
From these families, 82 mutation carriers were identified: 28 probands
and 54 relatives with mutation. Inheritance was in an autosomal domi-
nant pattern and penetrancewas high (N97%). VA, LVdilation, andmyo-
cardial fibrosis were common phenotypic characteristics. There was a
high incidence of SCD, occurring in 40 (49%) individuals (12 probands,
28 relatives) from 21 of 28 families. Mean age of SCD was 44 ±
17 years.64 Similarly, in 2018 Begay and colleagues reported VA or
SCD in 11 of 13 patients identified with truncating FLNC mutations.65

Transmembrane protein 43 (TMEM43) is a nuclear envelope pro-
tein, with a founder mutation originating in Newfoundland, that has
been identified in patients with ARVC and DCM. A study in 2013 of
285 patients affected by the TMEM43mutation showed that important
clinical characteristics were poor R wave progression and LV dilation.
Symptom development (palpitations or presyncope) occurred at a me-
dian age of 40 years inmales andwas followedquickly bydeath at ame-
dian age of 45 years.66 This rapid disease progression is particularly
notable when compared to the slower progression of ARVC. Previous
work has shown ICDs to improve mortality in these patients.67

Subunit alpha of voltage-gated sodiumchannel Nav1.5 is encoded by
the SCN5A gene and plays an important role in cardiac myocyte depo-
larization. Pathologic mutations in this gene were first reported in
1995 and were originally associated with electrical cardiac pathologies,
such as long QT syndrome,68 Brugada syndrome,69 and Lenegre
disease.70 SCN5A-mediated ventricular dysfunction has been reported
in small numbers of patients with DCM,71 ARVC,72 and LV
noncompaction.73 These patients have been shown to be at risk for
both supraventricular and VAs.73,74 Risk stratification of patients with
SCN5A-mediated cardiomyopathy is not addressed in current guide-
lines, but consideration of ICD is recommended by Gacita and McNally
in a recent publication (Fig. 3).75

RNA binding motif protein 20 (RBM20) participates in post-
transcriptional modification of sarcomeric genes and has been impli-
cated as a cause of hereditary cardiomyopathy since 2012 when it was
found to be associated with abnormal titin (TTN) expression and DCM
development.76 Parikh et al. recently published findings from an
RBM20patient registry, consisting of 44 probands and 30mutation pos-
itive family members. They identified locations of mutations in the
RBM20 gene with the highest pathogenicity and provided a clinical de-
scription of RBM20 cardiomyopathy. Family history of SCD (51%) and
cardiomyopathy (72%) was highly prevalent among probands. The age
of diagnosis was 40 ± 12 years. In the complete registry, SCD occurred
in 8% of individuals and appropriate ICD discharge in an additional
28% of individuals. NSVT (36%) and atrial fibrillation (17%) were also
common. Amonga subset of 30 individuals in the cohortwithmutations
in likely pathogenic regions, family history of SCD (93% vs. 51%, p =
0.002) and personal history of arrhythmia (66% vs. 43%, p = 0.04)
were significantly higher compared to the rest of the cohort. When
the probands (n= 44) from the cohort were compared to a large data-
base of individuals with DCM (n=633) and a cohort of those with TTN
cardiomyopathy (n=83), sustained VT (RBM20=20%; DCM=2.2%, p
b 0.0001; TTN = 1.2%, p b 0.0001) and NSVT (RBM20 = 36.0%; DCM
10.6%, p b 0.0001; TTN = 19.3%, p = 0.03) were more common in the
RBM20 group. Finally, the RBM20 probands were compared to a
LMNA cohort (n=122), and the authors found no significant difference
in VT or NSVT.77 These data show that RBM20 cardiomyopathy has a
high risk of arrhythmia that is more similar to LMNA cardiomyopathy
than TTN or all-comers with DCM; therefore, SCD risk stratification
and ICD implantation should be carefully considered for these individ-
uals (Fig. 3). Longitudinal data from this RBM20 registrywill be valuable
in developing a systematic method of SCD risk stratification.

Clinical evaluation, diagnosis, and management

Currently, diagnostic criteria exist only for ARVC, and therefore care-
ful evaluation is required for diagnosis of ACM in patients who do not
meet criteria for ARVC. Given the considerable overlap of genetic muta-
tions associatedwith ARVC, ALVC, and DCM, care should be taken to en-
sure the correct diagnosis. Establishing diagnostic criteria for ALVC will
be important for further study of this disease and its natural history.

As in other cardiomyopathies, thorough patient and family history
are valuable in differentiatingdiseases. Identification of familymembers
with history of cardiomyopathy, SCD, or unexplained premature death,
as well as events and symptoms preceding arrhythmic events, are im-
portant points of evaluation.

12 lead ECG and ambulatory ECGmonitoring are necessary for diag-
nosis and establishment of VA or ventricular ectopy of predominant LV
origin. Other diagnosis-suggestive changes such as PR prolongation or
AVB (LMNAmutation), delayed depolarization or repolarization abnor-
malities (ARVC), T-wave inversions (ARVC or ALVC), low voltage or loss
of precordial Rwaves (PLNR14delmutation) are less clearly defined but
are important to note and follow over time.

Cardiac imaging with echocardiography or CMR is useful for identi-
fying structural abnormalities. CMR is effective in identification of myo-
cardial fibrosis and may be useful in the future for risk stratification of
patients with ACM, but its role is yet to be clearly defined.51,55,78,79

The role of genetic testing is evolving. The current viewpoint is that
genetic testing should be a supplement to clinical diagnosis and only
genes recognized to be associated with specific diseases should be
tested in individuals who meet clinical diagnosis for that disease.80 In
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the case of ACM, identification of high-risk mutations (i.e. LMNA, PLN
R14del, TMEM43, RBM20) can guide further decisions on ICD implanta-
tion for prevention of SCD.

Medical management of ACM consists of management of arrhyth-
mias and HF. Further research is needed for ACM-specific data on both
aspects ofmanagement, so extrapolation fromdata specific to other car-
diomyopathies should be considered at this time. Symptomatic arrhyth-
mias, palpitations and inappropriate ICD therapy may be controlled by
use of beta-blockers and antiarrhythmics, such as amiodarone and
sotalol. Otherwise, guideline-directedmedical therapy is recommended
as described in the HF guidelines.81

In ACM, both left and RV dysfunction have been shown to increase
proportionally with increased exercise.46 Limited data suggest that ex-
ercise may increase risk of arrhythmias for patients with PLN and
FLNC mutations. In patients with PLNmutations who developed malig-
nant VA, 74% of the VAs occurred during exercise.53 A smaller, but not
insignificant, portion of patients with FLNC mutations developed
sustained VA while exercising.64 As with ARVC, it may be reasonable
to also restrict exercise in these patients.

Risk stratification

Recommendation for risk stratification of ACM is incomplete in cur-
rent literature and guidelines. Most of the data regarding risk factors for
SCD come from ARVC and have been discussed in the respective section
of this article. For patients with ALVC, ICD is recommended as secondary
prevention for those who have experienced sustained VA or resuscitated
SCD (Class I).28 Those with LVEF b35% and symptomatic HF (NYHA Class
II-III) should receive an ICD for primary prevention (Class I).28,81 ICD is
also reasonable for primary prevention in patients with a LMNAmutation
and ≥ 2 risk factors: male sex, nonmissense (insertion, deletion, or trun-
cating)mutations, LVEF b45%, andNSVT (Class IIa).28,61 Given the high in-
cidence of VA in patients with FLNC mutations, ICD is recommended by
Ortiz-Genga et al., but not yet formally recommended in guidelines.64

The recent elucidation of high propensity for arrhythmia in patients
with RBM20 cardiomyopathybeckons carefulmonitoring for arrhythmias
and evaluation for ICD until further data are available to guide risk strati-
fication of these patients. Risk stratification of ALVC due to other muta-
tions is not yet formally defined.

Exercise-induced cardiomyopathy

As discussed in the ARVC section, exercise participation is not only asso-
ciated with increased arrhythmic events and disease progression, but also
with diagnosis of ARVC in individuals that did not previously have disease
or identifiablemutations associatedwithdisease.24,45While it is established
that exercise unmasks and exacerbates ARVC, extreme exercise may itself
lead to development of EC, a pathologic condition that parallels ARVC,
and yet is a distinct entity. Establishment of EC as an independent
Fig. 4. Contribution of Genetics and Exercise to Development of EC. Representation of the propos
for development of clinically significant RV cardiomyopathy. The far-left column represents d
Modified from Sawant AC, Bhonsale A, te Riele AS, et al. Exercise has a disproportionate role
patients without desmosomal mutations. J Am Heart Assoc. 2014;3(6):e001471.
classification of cardiomyopathy is an emerging concept that requires fur-
ther validation, the available data are summarized in this section.

Exercise has been shown to have greater effect on the RV than the
LV, causing wall stress on the RV many times greater than that of the
LV, resulting in RV remodeling over time.82,83 RV dilation, RV dysfunc-
tion, and elevation in cardiac biomarkers have been shown to occur
acutely in endurance athletes after prolonged exercise.84,85 These
acute and chronic, stress-induced changes to the RV myocardium may
result in the formation of an arrhythmogenic substrate.

In 2003, Heidbuchel and colleagues reported findings from 46 en-
durance athletes, the majority being cyclists. All were high-level ath-
letes, participating in exercise for at least 2 h a day, 3 times a week, for
5 or more years. Most of these individuals sought medical care for eval-
uation of palpitations, syncope or presyncope. Only 1 individual had a
family history of VA. On initial evaluation, 37% had sustained VT, 52%
had NSVT, and the remaining 11% had PVCs. The majority (80%) of ven-
tricular ectopy had LBBBmorphology, indicative of RV origin of arrhyth-
mia. CMR was performed on 28 individuals, only 2 of whom showed
infiltration of fat in the RV wall. When 2010 TFC for diagnosis of ARVC
were applied to this population, 59% met criteria for definite ARVC
and an additional 30% met criteria for probable ARVC. ICDs were im-
planted in 9 individuals. These 46 athletes were followed for a median
of 4.7 years and 18 (39%) had arrhythmic events, 9 had SCD, 6 received
appropriate ICD shocks, and 3 experienced sustained VT.86 These data
show evidence of development of arrhythmogenic disease in highly
trained athletes, meeting criteria for ARVC in nearly 89% of individuals,
despite the absence of themost typical hallmarks of ARVC, fibrofatty in-
filtration of the RV and familial disease, in all but a few individuals.

Subsequent work by these investigators in 2010 added genetic evi-
dence to support the hypothesis of “exercise-induced right ventricular
cardiomyopathy”. Forty-seven athletes, whosemean exercise participa-
tion was 14 ± 9 h weekly for 19 ± 9 years, were studied. TFC for diag-
nosis of ARVCwasmet by 87% (51% definite, 36% probable). Yet, genetic
testing of these individuals showed pathogenic desmosomal mutations
in only 6 (12.8%) individuals, far below the previously published rate of
mutation identification of 40% in patients with ARVC.87 Members of the
cohort without mutation exercised more than those with mutations
(14.3± 8.9 vs. 9.2 ± 2.3 h per week, p=0.005); nomembers of the co-
hort who exercised more than the mean (14 h per week) carried a mu-
tation, but all met probable or definite clinical criteria for ARVC.88 It is
proposed that stress on the myocardium brought on by excessive
amounts of exercise may compromise intracellular attachments with-
out desmosomal mutations.

Sawant et al. added to these findings in 2014 by comparing the ef-
fects of exercise in 82 ARVC probands, 39 with desmosomal mutations
and 43 without. This report supports previous findings that patients
without desmosomal mutations exercised significantly more than
those with mutations. Patients who participated in the top quartile of
exercise intensity had significantly more structural disease and lower
VT/VF-free survival.89
ed contribution of both genetic predisposition and quantity of exercise tomeet a threshold
esmosomal ARVC and the far-right column represents exercise-induced cardiomyopathy.
in the pathogenesis of arrhythmogenic right ventricular dysplasia/cardiomyopathy in
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There are twoways to interpret these observations. The first is that EC
is a distinct entity from conventional ARVC. The secondperspective is that
these patients represent amutation-negative and family history-negative
subset of ARVC. Analysis of our data, based on the Johns Hopkins ARVC
registry, has found that the clinical course of patients with EC have a sim-
ilar clinical course to patients with inherited ARVC.89 What remains un-
clear is why some individuals develop EC and others do not. We suspect
that there is an unknown factor that predisposes them to development
of this cardiomyopathy. Fig. 4 illustrates the proposed concept of desmo-
somal ARVC and EC representing extremes of a spectrum of genetic pre-
disposition and exercise contribution to development of a
phenotypically similar disease. While the number of patients who partic-
ipate in elite levels of exercise is high, it is most unusual to develop a car-
diomyopathy. What differs between elite athletes who do and do not
develop a cardiomyopathy remains to be determined.

Conclusions

ARVC is a well-established inherited cardiomyopathy. Although rel-
atively rare, it accounts for a considerable portion of SCD. Given the pro-
pensity for arrhythmia and SCD, risk stratification is paramount. A novel
risk calculator has been shown to be superior to the use of task force
identified risk factors, however this should be externally validated.
ACM and EC are new classifications of cardiomyopathy that have been
presented in recent years. Further investigation is necessary to establish
formal diagnostic criteria and a risk stratification model for ACM and
validate the concept of EC.

Statement of conflict of interest

None of the authors have any conflicts of interestswith regard to this
publication.

References

1. Bagnall RD,Weintraub RG, Ingles J, et al. A prospective study of sudden cardiac death
among children and young adults. N Engl J Med 2016;374:2441-2452.

2. FinocchiaroG, PapadakisM, Robertus JL, et al. Etiologyof suddendeath in sports. Insights
From a United Kingdom Regional Registry J Am Coll Cardiol 2016;67:2108-2115.

3. Hookana E, Junttila MJ, Puurunen VP, et al. Causes of nonischemic sudden cardiac
death in the current era. Heart Rhythm 2011;8:1570-1575.

4. Lin G, Nishimura RA, Gersh BJ, et al. Device complications and inappropriate implant-
able cardioverter defibrillator shocks in patients with hypertrophic cardiomyopathy.
Heart 2009;95:709-714.

5. O'Mahony C, Lambiase PD, Quarta G, et al. The long-term survival and the risks and
benefits of implantable cardioverter defibrillators in patients with hypertrophic car-
diomyopathy. Heart 2012;98:116-125.

6. Marcus FI, Fontaine GH, Guiraudon G, et al. Right ventricular dysplasia: a report of 24
adult cases. Circulation 1982;65:384-398.

7. Thiene G, Corrado D, Basso C. Arrhythmogenic right ventricular cardiomyopathy/dys-
plasia. Orphanet J Rare Dis 2007;2:45.

8. Hoorntje ET, Te Rijdt WP, James CA, et al. Arrhythmogenic cardiomyopathy: pathol-
ogy, genetics, and concepts in pathogenesis. Cardiovasc Res 2017;113:1521-1531.

9. Groeneweg JA, Bhonsale A, James CA, et al. Clinical presentation, long-term follow-
up, and outcomes of 1001 arrhythmogenic right ventricular dysplasia/cardiomyopa-
thy patients and family members. Circ Cardiovasc Genet 2015;8:437-446.

10. James CA, Calkins H. Arrhythmogenic right ventricular cardiomyopathy: progress to-
ward personalized management. Annu Rev Med 2018.

11. Basso C, Thiene G, Corrado D, Angelini A, Nava A, Valente M. Arrhythmogenic right
ventricular cardiomyopathy. Dysplasia, dystrophy, or myocarditis? Circulation
1996;94:983-991.

12. Marcus FI, McKenna WJ, Sherrill D, et al. Diagnosis of arrhythmogenic right ventricu-
lar cardiomyopathy/dysplasia: proposed modification of the task force criteria. Eur
Heart J 2010;31:806-814.

13. Protonotarios N, Anastasakis A, Antoniades L, et al. Arrhythmogenic right ventricular
cardiomyopathy/dysplasia on the basis of the revised diagnostic criteria in affected
families with desmosomal mutations. Eur Heart J 2011;32:1097-1104.

14. El Ghannudi S, Nghiem A, Germain P, Jeung MY, Gangi A, Roy C. Left ventricular in-
volvement in arrhythmogenic right ventricular cardiomyopathy - a cardiac magnetic
resonance imaging study. Clin Med Insights Cardiol 2014;8:27-36.

15. Mazzanti A, Ng K, Faragli A, et al. Arrhythmogenic right ventricular cardiomyopathy:
clinical course and predictors of arrhythmic risk. J Am Coll Cardiol 2016;68:2540-
2550.

16. Dalal D, Nasir K, Bomma C, et al. Arrhythmogenic right ventricular dysplasia: a United
States experience. Circulation 2005;112:3823-3832.
17. Gilotra NA, Bhonsale A, James CA, et al. Heart failure is common and under-recog-
nized in patients with arrhythmogenic right ventricular cardiomyopathy/dysplasia.
Circ Heart Fail 2017;10.

18. Te Riele AS, James CA, Philips B, et al. Mutation-positive arrhythmogenic right ven-
tricular dysplasia/cardiomyopathy: the triangle of dysplasia displaced. J Cardiovasc
Electrophysiol 2013;24:1311-1320.

19. Tabib A, Loire R, Chalabreysse L, et al. Circumstances of death and gross and micro-
scopic observations in a series of 200 cases of sudden death associated with arrhyth-
mogenic right ventricular cardiomyopathy and/or dysplasia. Circulation 2003;108:
3000-3005.

20. Corrado D, Basso C, Thiene G, et al. Spectrum of clinicopathologic manifestations of
arrhythmogenic right ventricular cardiomyopathy/dysplasia: a multicenter study. J
Am Coll Cardiol 1997;30:1512-1520.

21. Mast TP, James CA, Calkins H, et al. Evaluation of structural progression in arrhythmo-
genic right ventricular dysplasia/cardiomyopathy. JAMA Cardiol 2017;2:293-302.

22. Tedford RJ, James C, Judge DP, et al. Cardiac transplantation in arrhythmogenic right
ventricular dysplasia/cardiomyopathy. J Am Coll Cardiol. Vol 59. United States2012:
289–290.

23. Philips B, Madhavan S, James CA, et al. Arrhythmogenic right ventricular dysplasia/
cardiomyopathy and cardiac sarcoidosis: distinguishing features when the diagnosis
is unclear. Circ Arrhythm Electrophysiol 2014;7:230-236.

24. Ruwald AC, Marcus F, Estes 3rd NA, et al. Association of competitive and recreational
sport participationwith cardiac events in patientswith arrhythmogenic right ventricular
cardiomyopathy: results from the North American multidisciplinary study of arrhyth-
mogenic right ventricular cardiomyopathy. Eur Heart J 2015;36:1735-1743.

25. Corrado D, Leoni L, Link MS, et al. Implantable cardioverter-defibrillator therapy for
prevention of sudden death in patients with arrhythmogenic right ventricular cardio-
myopathy/dysplasia. Circulation 2003;108:3084-3091.

26. Bhonsale A, James CA, Tichnell C, et al. Incidence and predictors of implantable
cardioverter-defibrillator therapy in patients with arrhythmogenic right ventricular
dysplasia/cardiomyopathy undergoing implantable cardioverter-defibrillator im-
plantation for primary prevention. J Am Coll Cardiol 2011;58:1485-1496.

27. Corrado D, Wichter T, Link MS, et al. Treatment of Arrhythmogenic right ventricular
cardiomyopathy/dysplasia: an international task force consensus statement. Circula-
tion 2015;132:441-453.

28. Al-Khatib SM, Stevenson WG, Ackerman MJ, et al. 2017 AHA/ACC/HRS Guideline for
Management of PatientsWith Ventricular Arrhythmias and the Prevention of Sudden
Cardiac Death: A Report of the American College of Cardiology/American Heart Asso-
ciation Task Force on Clinical Practice Guidelines and the Heart Rhythm Society. J Am
Coll Cardiol. 2018;72:e91-e220.

29. Cadrin-Tourigny J, Bosman LP, Bourfiss M, et al. Individualized arrhythmic risk pre-
diction in a primary prevention arrhythmogenic right ventricular cardiomyopathy
(ARVC) population: a transatlantic multinational collaboration B-AB 12-01. Heart
Rhythm 2018;15:S29.

30. Marcus GM, Glidden DV, Polonsky B, et al. Efficacy of antiarrhythmic drugs in ar-
rhythmogenic right ventricular cardiomyopathy: a report from the North American
ARVC Registry J Am Coll Cardiol 2009;54:609–615.

31. Ermakov S, Gerstenfeld EP, Svetlichnaya Y, ScheinmanMM. Use of flecainide in com-
bination antiarrhythmic therapy in patients with arrhythmogenic right ventricular
cardiomyopathy. Heart Rhythm 2017;14:564-569.

32. Philips B, Madhavan S, James C, et al. High prevalence of catecholamine-facilitated
focal ventricular tachycardia in patients with arrhythmogenic right ventricular dys-
plasia/cardiomyopathy. Circ Arrhythm Electrophysiol 2013;6:160-166.

33. de Noronha SV, Sharma S, Papadakis M, Desai S,Whyte G, SheppardMN. Aetiology of
sudden cardiac death in athletes in the United Kingdom: a pathological study. Heart
2009;95:1409-1414.

34. Maron BJ, Doerer JJ, Haas TS, Tierney DM, Mueller FO. Sudden deaths in young com-
petitive athletes: analysis of 1866 deaths in the United States, 1980-2006. Circulation
2009;119:1085-1092.

35. Harmon KG, Asif IM, Maleszewski JJ, et al. Incidence, cause, and comparative fre-
quency of sudden cardiac death in national collegiate athletic association athletes:
a decade in review. Circulation 2015;132:10-19.

36. Corrado D, Basso C, Schiavon M, Thiene G. Screening for hypertrophic cardiomyopa-
thy in young athletes. N Engl J Med 1998;339:364-369.

37. Corrado D, Basso C, Rizzoli G, Schiavon M, Thiene G. Does sports activity enhance the
risk of sudden death in adolescents and young adults? J Am Coll Cardiol 2003;42:
1959-1963.

38. Sawant AC, Te Riele AS, Tichnell C, et al. Safety of American Heart Association-
recommended minimum exercise for desmosomal mutation carriers. Heart Rhythm
2016;13:199-207.

39. Maron BJ, Ackerman MJ, Nishimura RA, Pyeritz RE, Towbin JA, Udelson JE. Task force
4: HCM and other cardiomyopathies, mitral valve prolapse, myocarditis, and Marfan
syndrome. J Am Coll Cardiol 2005;45:1340-1345.

40. Philips B, Madhavan S, James C, et al. Outcomes of catheter ablation of ventricular
tachycardia in arrhythmogenic right ventricular dysplasia/cardiomyopathy. Circ
Arrhythm Electrophysiol 2012;5:499-505.

41. Philips B, te Riele AS, Sawant A, et al. Outcomes and ventricular tachycardia recur-
rence characteristics after epicardial ablation of ventricular tachycardia in arrhyth-
mogenic right ventricular dysplasia/cardiomyopathy. Heart Rhythm 2015;12:716-
725.

42. Souissi Z, Boule S, Hermida JS, et al. Catheter ablation reduces ventricular tachycardia
burden in patients with arrhythmogenic right ventricular cardiomyopathy: insights
from a north-western French multicentre registry. Europace 2018;20:362-369.

43. Dalal D, Jain R, Tandri H, et al. Long-term efficacy of catheter ablation of ventricular
tachycardia in patients with arrhythmogenic right ventricular dysplasia/cardiomyop-
athy. J Am Coll Cardiol 2007;50:432-440.

http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0005
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0005
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0010
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0010
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0015
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0015
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0020
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0020
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0020
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0025
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0025
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0025
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0030
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0030
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0035
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0035
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0040
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0040
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0045
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0045
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0045
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0050
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0050
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0050
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0055
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0055
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0055
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0060
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0060
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0060
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0065
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0065
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0065
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0070
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0070
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0070
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0075
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0075
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0080
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0080
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0080
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0085
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0085
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0085
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0090
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0090
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0090
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0090
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0095
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0095
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0095
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0100
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0100
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0105
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0105
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0105
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0110
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0110
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0110
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0110
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0115
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0115
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0115
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0120
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0120
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0120
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0120
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0125
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0125
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0125
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0130
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0130
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0130
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0130
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0135
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0135
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0135
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0140
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0140
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0140
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0145
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0145
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0145
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0150
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0150
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0150
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0155
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0155
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0155
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0160
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0160
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0165
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0165
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0165
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0170
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0170
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0170
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0175
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0175
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0175
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0180
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0180
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0180
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0185
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0185
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0185
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0185
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0190
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0190
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0190
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0195
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0195
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0195


226 Z.D. Goff, H. Calkins / Progress in Cardiovascular Diseases 62 (2019) 217–226
44. Santangeli P, Zado ES, Supple GE, et al. Long-term outcome with catheter ablation of
ventricular tachycardia in patients with arrhythmogenic right ventricular cardiomy-
opathy. Circ Arrhythm Electrophysiol 2015;8:1413-1421.

45. James CA, Bhonsale A, Tichnell C, et al. Exercise increases age-related penetrance and
arrhythmic risk in arrhythmogenic right ventricular dysplasia/cardiomyopathy-
associated desmosomal mutation carriers. J Am Coll Cardiol 2013;62:1290-1297.

46. Saberniak J, Hasselberg NE, Borgquist R, et al. Vigorous physical activity impairs myo-
cardial function in patients with arrhythmogenic right ventricular cardiomyopathy
and in mutation positive family members. Eur J Heart Fail 2014;16:1337-1344.

47. te Riele AS, James CA, Groeneweg JA, et al. Approach to family screening in arrhyth-
mogenic right ventricular dysplasia/cardiomyopathy. Eur Heart J 2016;37:755-763.

48. Sen-Chowdhry S,Morgan RD, Chambers JC, McKennaWJ. Arrhythmogenic cardiomy-
opathy: etiology, diagnosis, and treatment. Annu Rev Med 2010;61:233-253.

49. Sen-Chowdhry S, McKenna WJ. Reconciling the protean manifestations of arrhyth-
mogenic cardiomyopathy. Circ Arrhythm Electrophysiol. Vol 3. United States2010:
566–570.

50. Collett BA, Davis GJ, Rohr WB. Extensive fibrofatty infiltration of the left ventricle in
two cases of sudden cardiac death. J Forensic Sci 1994;39:1182-1187.

51. Sen-Chowdhry S, Syrris P, Prasad SK, et al. Left-dominant arrhythmogenic cardiomy-
opathy: an under-recognized clinical entity J Am Coll Cardiol 2008;52:2175–2187.

52. van der Zwaag PA, van Rijsingen IA, Asimaki A, et al. Phospholamban R14del muta-
tion in patients diagnosed with dilated cardiomyopathy or arrhythmogenic right
ventricular cardiomyopathy: evidence supporting the concept of arrhythmogenic
cardiomyopathy. Eur J Heart Fail 2012;14:1199-1207.

53. van Rijsingen IA, van der Zwaag PA, Groeneweg JA, et al. Outcome in phospholamban
R14del carriers: results of a large multicentre cohort study. Circ Cardiovasc Genet
2014;7:455-465.

54. Haghighi K, Kolokathis F, Gramolini AO, et al. A mutation in the human phospholam-
ban gene, deleting arginine 14, results in lethal, hereditary cardiomyopathy. Proc Natl
Acad Sci U S A 2006;103:1388-1393.

55. Posch MG, Perrot A, Geier C, et al. Genetic deletion of arginine 14 in phospholamban
causes dilated cardiomyopathy with attenuated electrocardiographic R amplitudes.
Heart Rhythm 2009;6:480-486.

56. Rankin J, Ellard S. The laminopathies: a clinical review. Clin Genet 2006;70:261-274.
57. Pasotti M, Klersy C, Pilotto A, et al. Long-term outcome and risk stratification in di-

lated cardiolaminopathies. J Am Coll Cardiol 2008;52:1250-1260.
58. Arbustini E, Pilotto A, Repetto A, et al. Autosomal dominant dilated cardiomyopathy

with atrioventricular block: a lamin A/C defect-related disease. J Am Coll Cardiol
2002;39:981-990.

59. Becane HM, Bonne G, Varnous S, et al. High incidence of sudden death with conduc-
tion system andmyocardial disease due to lamins A and C genemutation. Pacing Clin
Electrophysiol 2000;23:1661-1666.

60. van Berlo JH, de Voogt WG, van der Kooi AJ, et al. Meta-analysis of clinical character-
istics of 299 carriers of LMNA gene mutations: do lamin A/C mutations portend a
high risk of sudden death? J Mol Med (Berl) 2005;83:79-83.

61. van Rijsingen IA, Arbustini E, Elliott PM, et al. Risk factors for malignant ventricular
arrhythmias in lamin a/c mutation carriers. a European cohort study J AmColl Cardiol
2012;59:493-500.

62. Kumar S, Baldinger SH, Gandjbakhch E, et al. Long-term arrhythmic and
nonarrhythmic outcomes of Lamin A/C mutation carriers. J Am Coll Cardiol
2016;68:2299-2307.

63. VorgerdM, van der Ven PF, Bruchertseifer V, et al. A mutation in the dimerization do-
main of filamin c causes a novel type of autosomal dominant myofibrillar myopathy.
Am J Hum Genet 2005;77:297-304.

64. Ortiz-Genga MF, Cuenca S, Dal Ferro M, et al. Truncating FLNC mutations are associ-
ated with high-risk dilated and Arrhythmogenic cardiomyopathies. J Am Coll Cardiol
2016;68:2440-2451.

65. Begay RL, Graw SL, Sinagra G, et al. Filamin C truncation mutations are associated
with arrhythmogenic dilated cardiomyopathy and changes in the cell-cell adhesion
structures. JACC Clin Electrophysiol 2018;4:504-514.

66. Hodgkinson KA, Connors SP, Merner N, et al. The natural history of a genetic subtype
of arrhythmogenic right ventricular cardiomyopathy caused by a p.S358L mutation
in TMEM43. Clin Genet 2013;83:321-331.
67. Hodgkinson KA, Parfrey PS, Bassett AS, et al. The impact of implantable cardioverter-
defibrillator therapy on survival in autosomal-dominant arrhythmogenic right ven-
tricular cardiomyopathy (ARVD5). J Am Coll Cardiol 2005;45:400-408.

68. Wang Q, Shen J, Splawski I, et al. SCN5A mutations associated with an inherited car-
diac arrhythmia, long QT syndrome. Cell 1995;80:805-811.

69. Chen Q, Kirsch GE, Zhang D, et al. Genetic basis and molecular mechanism for idio-
pathic ventricular fibrillation. Nature 1998;392:293-296.

70. Schott JJ, Alshinawi C, Kyndt F, et al. Cardiac conduction defects associate with muta-
tions in SCN5A. Nat Genet 1999;23:20-21.

71. Bezzina CR, Rook MB, Groenewegen WA, et al. Compound heterozygosity for muta-
tions (W156X and R225W) in SCN5A associated with severe cardiac conduction dis-
turbances and degenerative changes in the conduction system. Circ Res 2003;92:
159-168.

72. Perez Riera AR, Antzelevitch C, Schapacknik E, Dubner S, Ferreira C. Is there an over-
lap between Brugada syndrome and arrhythmogenic right ventricular cardiomyopa-
thy/dysplasia? J Electrocardiol. Vol 38. United States2005:260–263.

73. Shan L, Makita N, Xing Y, et al. SCN5A variants in Japanese patients with left ventric-
ular noncompaction and arrhythmia. Mol Genet Metab 2008;93:468-474.

74. McNair WP, Sinagra G, Taylor MR, et al. SCN5A mutations associate with arrhythmic
dilated cardiomyopathy and commonly localize to the voltage-sensing mechanism. J
Am Coll Cardiol 2011;57:2160-2168.

75. Gacita AM, McNally EM. Genetic spectrum of arrhythmogenic cardiomyopathy. Circ
Heart Fail 2019;12, e005850.

76. Guo W, Schafer S, Greaser ML, et al. RBM20, a gene for hereditary cardiomyopathy,
regulates titin splicing. Nat Med 2012;18:766-773.

77. Parikh VN, Caleshu C, Reuter C, et al. Regional variation in RBM20 causes a highly
penetrant arrhythmogenic cardiomyopathy. Circ Heart Fail 2019;12, e005371.

78. Sepehrkhouy S, Gho J, van Es R, et al. Distinct fibrosis pattern in desmosomal and
phospholamban mutation carriers in hereditary cardiomyopathies. Heart Rhythm
2017;14:1024-1032.

79. NormanM, Simpson M, Mogensen J, et al. Novel mutation in desmoplakin causes ar-
rhythmogenic left ventricular cardiomyopathy. Circulation 2005;112:636-642.

80. Mogensen J, van Tintelen JP, Fokstuen S, et al. The current role of next-generation
DNA sequencing in routine care of patients with hereditary cardiovascular condi-
tions: a viewpoint paper of the European Society of Cardiology working group on
myocardial and pericardial diseases and members of the European Society of
Human Genetics. Eur Heart J 2015;36:1367-1370.

81. Yancy CW, Jessup M, Bozkurt B, et al. 2013 ACCF/AHA guideline for the management
of heart failure: a report of the American College of Cardiology Foundation/American
Heart Association Task Force on Practice Guidelines. J AmColl Cardiol. 2013;62:e147–
239.

82. La Gerche A, Heidbuchel H, Burns AT, et al. Disproportionate exercise load and re-
modeling of the athlete's right ventricle. Med Sci Sports Exerc 2011;43:974-981.

83. Prakken NH, Velthuis BK, Teske AJ, Mosterd A, Mali WP, Cramer MJ. Cardiac MRI ref-
erence values for athletes and nonathletes corrected for body surface area, training
hours/week and sex. Eur J Cardiovasc Prev Rehabil 2010;17:198-203.

84. Douglas PS, O'Toole ML, Hiller WD, Reichek N. Different effects of prolonged exercise
on the right and left ventricles. J Am Coll Cardiol 1990;15:64-69.

85. Neilan TG, Januzzi JL, Lee-Lewandrowski E, et al. Myocardial injury and ventricular
dysfunction related to training levels among nonelite participants in the Boston mar-
athon. Circulation 2006;114:2325-2333.

86. Heidbuchel H, Hoogsteen J, Fagard R, et al. High prevalence of right ventricular in-
volvement in endurance athletes with ventricular arrhythmias. Role of an electro-
physiologic study in risk stratification. Eur Heart J 2003;24:1473-1480.

87. Sen-Chowdhry S, Syrris P, McKenna WJ. Role of genetic analysis in the management
of patients with arrhythmogenic right ventricular dysplasia/cardiomyopathy. J Am
Coll Cardiol 2007;50:1813-1821.

88. La Gerche A, Robberecht C, Kuiperi C, et al. Lower than expected desmosomal gene
mutation prevalence in endurance athletes with complex ventricular arrhythmias
of right ventricular origin. Heart 2010;96:1268-1274.

89. Sawant AC, Bhonsale A, te Riele AS, et al. Exercise has a disproportionate role in the
pathogenesis of arrhythmogenic right ventricular dysplasia/cardiomyopathy in pa-
tients without desmosomal mutations. J Am Heart Assoc 2014;3, e001471.

http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0200
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0200
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0200
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0205
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0205
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0205
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0210
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0210
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0210
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0215
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0215
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0220
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0220
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0225
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0225
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0230
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0230
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0230
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0230
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0235
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0235
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0235
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0240
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0240
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0240
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0245
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0245
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0245
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0250
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0255
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0255
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0260
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0260
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0260
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0265
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0265
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0265
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0270
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0270
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0270
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0275
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0275
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0275
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0280
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0280
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0280
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0285
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0285
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0285
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0290
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0290
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0290
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0295
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0295
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0295
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0300
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0300
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0300
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0305
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0305
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0305
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0310
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0310
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0315
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0315
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0320
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0320
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0325
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0325
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0325
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0325
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0330
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0330
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0335
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0335
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0335
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0340
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0340
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0345
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0345
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0350
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0350
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0355
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0355
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0355
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0360
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0360
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0365
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0365
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0365
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0365
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0365
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0370
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0370
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0375
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0375
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0375
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0380
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0380
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0385
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0385
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0385
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0390
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0390
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0390
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0395
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0395
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0395
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0400
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0400
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0400
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0405
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0405
http://refhub.elsevier.com/S0033-0620(19)30073-8/rf0405

	Sudden death related cardiomyopathies – Arrhythmogenic right ventricular cardiomyopathy, arrhythmogenic cardiomyopathy, and...
	Introduction
	Arrhythmogenic right ventricular cardiomyopathy
	Diagnosis
	Clinical presentation and natural history
	Management
	Correct diagnosis
	SCD risk stratification
	Suppression of ventricular arrhythmias and minimization of ICD therapy
	Prevention of disease progression
	Cascade family screening

	Unanswered questions

	Arrhythmogenic cardiomyopathy
	Clinical evaluation, diagnosis, and management
	Risk stratification

	Exercise-induced cardiomyopathy
	Conclusions
	Statement of conflict of interest
	References


