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Arrhythmogenic cardiomyopathy (ACM) is now commonly used to describe any form of non-hypertrophic,

progressive cardiomyopathy characterised by fibrofatty infiltration of the ventricular myocardium. Right ven-

tricular (RV) involvement refers to the classical arrhythmogenic right ventricular cardiomyopathy, but left

ventricular, or bi-ventricular involvement are now recognised. ACM is mostly hereditary and associated with

mutations in genes encoding proteins of the intercalated disc. ACM classically manifests as ventricular arrhyth-

mias, and sudden death may be the first presentation of the disease. Heart failure is seen with advanced stages of

the disease. Diagnosis can be challenging due to variable expressivity and incomplete penetrance, and is guided

by established Taskforce criteria that incorporate electrical features (12-lead electrocardiography (ECG), features

of ventricular arrhythmias), structural features (on imaging via echo and cardiac magnetic resonance imaging

[MRI]), tissue characteristics (via biopsy), and familial/genetic evaluation. Electrical abnormalities may precede

structural alterations, which also make diagnosis challenging, especially in differentiating ACM from other

conditions such as benign right ventricular arrhythmias, channelopathies such as Brugada, or the Athlete’s

Heart. Genetic testing is critical in identifying familial mutations and initiating cascade testing, but finds a

pathogenic mutation in only �50% of patients. Some critical genotype-phenotype correlations do exist and may

help guide risk stratification and give clues to disease progression. Therapeutic strategies include restriction

from high endurance and competitive sports, ß-blockers, antiarrhythmic drugs, heart failure medications,

implantable cardioverter-defibrillators and combined endocardial/epicardial catheter ablation. Ablation has

emerged as the treatment of choice for recurrent ventricular arrhythmias in ACM. This state-of-the-art review

outlines the pathogenesis, diagnosis and treatment of ACM in the contemporary era.
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Introduction
Arrhythmogenic right ventricular cardiomyopathy (ARVC)

is an inherited cardiomyopathy that predominantly affects

the right ventricle (RV). Given the recent recognition of left

dominant and biventricular forms, the term ARVC has been

replaced by arrhythmogenic cardiomyopathy (ACM), which

encompasses all the phenotypical expressions of the disease

[1]. Pathologically, there is progressive myocyte loss with

fibrofatty myocardial infiltration, leading to clinical manifes-

tations of ventricular arrhythmias (VA), impaired ventricular

systolic function, heart failure (HF) and sudden cardiac death

(SCD). Mutation in genes that encode proteins of the inter-

calated disc, the desmosome as well as non-desmosomal

mutations in calcium regulating genes, growth factors and

other structural genes underlie the genetic basis of the dis-

ease [1–3]. A genetic mutation cannot be identified in up to

50% of ACM patients. However, disease modifiers such as

excessive exercise, may play a critical role in phenotypic

expression in patients who demonstrate genetic mutations.

Indeed, as only 50% of patients have a genetically confirmed

disease, it is plausible that the disease may be genetically

enabled with other triggers (e.g. inflammation, excessive

exercise) perpetuating phenotypic expression, such as viral

inflammation and intense exercise [2]. The diagnosis of ACM

is difficult due to absence of specific unique diagnostic crite-

ria, its variable expressivity, and its incomplete penetrance in

relatives. Taskforce criteria (TFC) incorporating abnormali-

ties detected in cardiac structure (via imaging), histology (via

tissue biopsy), myocardial depolarisation and repolarisation

(via 12-lead electrocardiograph [ECG]), presence of ventric-

ular arrhythmias, and familial genetic evaluation can

increase the specificity of the diagnosis, but it still lacks

sensitivity, especially in the early stages of the disease [4].

For the same reason, risk stratification of a proband or

asymptomatic relatives is therefore challenging. Left domi-

nant ACM does not follow classic TFC and diagnosis may be

entirely genetically mediated. Emerging diagnostic tools in

imaging, non-invasive and invasive cardiac mapping, and

high throughput genetic sequencing may increase diagnostic

yield for early stage disease [1]. Once a symptomatic patient

is identified, advocated treatment includes restriction of vig-

orous or high-intensity exercise, beta blockade, heart failure

treatment, prevention of SCD via implantable cardioverter

defibrillator (ICD), treatment of recurrent VT with anti-

arrhythmic drugs (AAD) with endocardial � epicardial cath-

eter ablation, and familial evaluation [4]. Although disease

progression is thought to occur, the concept lacks clinical

evidence as most patients likely do not progress rapidly, and

scar progression is thought not to occur [5]. As recently

recognised, a combination of endocardial and epicardial

ablation in experienced hands, with abolition of all inducible

VTs and extensive substrate endo/epicardial modification is

a safe and highly effective approach in achieving long-term

VT-free survival with limited need for AADs, particularly

amiodarone in most patients [6–9]. In particular, as scar

progression is thought to be unlikely, this may additionally
contribute to the therapeutic efficacy of catheter ablation [5].

The purpose of this state-of-the-art review is to summarise

our current understanding and treatment paradigm for

ACM.
Epidemiology
The population prevalence of ACM is 1:5,000, however it is

reported to be 1:2,000 in some European countries, such as

Germany and Italy [2]. In Italy, ACM is the leading cause of

death in young athletes, though this is not consistent in other

countries, such as the United States or Australia [10]. The

prevalence of ACM suggests it is a disease of post-pubertal

adults (majority diagnosed at 20–50 years of age; however, age

at diagnosis can be highly variable (12–63 years in one study)

[11], and diagnosis in the elderly has been recognised. Pheno-

typicexpression ismorecommon inmales (2:3–1) [12]; putative

reasons include influence of sex hormones on mechanisms

involved in the phenotypic expression of disease, or sex-based

difference in exercise intensity as a disease modifier [2,3].
Pathogenesis
Progressive loss of ventricular myocardium and fibrofatty

infiltration are distinct pathophysiologic features of ACM.

Fibro-fatty infiltration has an epicardial to endocardial pro-

gression [3]. In its classic sense, ACM involves the RV (right-

dominant ACM) with fibrofatty infiltration leading to wall

thinning, regional dilatation and aneurysm formation in the

classic ‘triangle of dysplasia’ region bounded by the RV

inflow tract (sub-tricuspid region), outflow tract (infundib-

ular RV) and the RV apex, with septal sparing. Although the

RV apex may become aneurysmal, there is rarely extensive

scarring and, more importantly, VT from the RV apex is

extremely rare[13]. Indeed, some studies show that the RV

apex is rarely affected in RV ACM [13,14]. Left-dominant is

a distinct form of ACM, characterised by the early left

ventricular (LV) involvement where arrhythmias precede

gross structural alterations, and when global RV function is

preserved [2]. Biventricular ACM is characterised by early

involvement of both ventricles with disease progression

characterised by systolic impairment and biventricular dila-

tion, with clinical features of global congestive heart failure,

and ventricular arrhythmias originating from either ventri-

cle at an early stage [2]. Although LV dysfunction, left-sided

abnormalities on cardiac magnetic resonance imaging

(cMRI) and voltage abnormalities are common (30%) with

left dominant or biventricular forms of ACM, LV-related VT

is indeed rare, and experience with these subtypes of the

disease is still limited—mainly because the diagnosis can no

longer be based on TFC and, rather, relies on genetic diag-

nosis. Recently, it has been suggested that the basal pos-

terolateral LV should be included within the ‘triangle of

dysplasia’, reflecting left dominant or biventricular forms of

ACM [15].
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Arrhythmogenic cardiomyopathy is caused by mutations

in genes that encode proteins of the intercalated disc. The

majority (�80%) of the reported ACM-causing mutations are

in desmosomal proteins; although non-desmosomal protein

mutations have also been recently implicated [1]. Various

types of mutations (missense, nonsense, splice site, frame-

shift and large deletions) are reported, and most are private

mutations. Desmosomes provide cell-cell adhesion and play

an important role in maintaining structural integrity of tis-

sues subjected to mechanical stress such as the heart and

skin. The desmosomal complex comprise of (a) the trans-

membrane proteins (cadherins) desmocollin-2 (DSC2) and

desmoglein-2 (DSG2); (b) desmoplakin (DSP) and (c) the

linker armadillo proteins plakoglobin (JUP) and plakophi-

lin-2 (PKP2), which are mediators between the cadherins and

DSP (Figure 1) [2].

Mutations in PKP2, DSP, and DSG2 are identified in �80%

of confirmed pathogenic mutations. PKP2 accounts for 36–

92% of mutations identified in desmosomal genes [2]. Muta-

tions in desmosomes change their 3D structure, their length

and the total amount within the intercalated disc. This may

trigger intercalated disc remodelling, altering mechanical

stability and electrical coupling between cells, and altering

nuclear signalling and transcriptional activity, particularly
Figure 1 Genetic mutations associated with ACM.
Abbreviations: Plakophilin-2 (PKP2); Desmoglein-2 (DSG2); Des
Alpha-T-catenin (CTNNA3); N-cadherin (CDH2); LUMA (TME
Phospholamban (PLN); Ryanodine receptor type 2 (RYR2); Nav1
with permissions from Gandjbakhch et al. [1] (license no. 44443
through pathways regulated by beta-catenin, resulting in

increased expression of adipogenic and fibrogenic genes

which contribute to the development of fibrofatty myocardial

scarring [3]. Fibrofatty myocardial replacement leads to

development of slow and circuitous conduction through

channels of preserved myocardium within scar, providing

the relevant electrophysiological substrate for re-entrant ven-

tricular tachycardia (VT), with the mechanism resembling

that of post-infarction VT [16].

Ventricular arrhythmia may also be attributed to a mecha-

nism occurring at a molecular and cellular level. Desmo-

somes, sodium channels, and gap-junction proteins

interact synergistically in a coordinated network of proteins

at the intercalated disc, termed the connexome, that regulate

adhesion, excitability, and myocyte coupling [3]. Loss of

desmosomal protein expression within the connexome

may lead to altered amplitude and kinetics of the sodium

current, and reduction and restriction of connexin 43, a gap

junction protein, contributing to ventricular arrhythmogen-

esis. In ACM, excessive physical exertion, which increases

pressure, afterload and wall stress disproportionately to a

greater extent in the RV than the LV, may aggravate mechan-

ical uncoupling of myocytes, leading to disease progression

and malignant VAs [1–3].
moplakin (DSP); Desmocollin-2 (DSC2); Plakoglobin (JUP);
M43); Lamin A/C (LMNA); Desmin (DES); titin (TTN);
.5 (SNC5A); P63 (TP63); TGF-beta 3 (TGFB3). Reproduced,
20976348).
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Genetics
Arrhythmogenic cardiomyopathy is usually of autosomal

dominant inheritance. Desmosomal mutations classically

exhibit low penetrance, as only one third of mutation-carry-

ing relatives fulfil Taskforce criteria [17]. Recessive mutations

lead to severe forms of ACM, such as Naxos disease and

Carvajal syndrome. Naxos disease is a plakoglobin mutation

(JUP) leading to phenotypic co-segregation of abnormalities

of the heart (ACM), skin (palmoplantar keratosis), and hair

(woolly hair). A recessive mutation in the DSP gene can cause

another cardio-cutaneous syndrome, the Carvajal syndrome

[3]. Gene testing reveals a pathogenic mutation in 50–60% of

ACM patients. To date, 16 genes have been associated with

ACM [1].

PKP2 mutations account for the vast majority of ACM,

leading to the conventional RV dominant ACM phenotype.

DSP mutations may have phenotypic expression with either

RV dominant, isolated LV or biventricular ACM with a

proclivity to a more severe phenotype characterised by high

risk of VA, SCD, high level of LV involvement, and cardio-

cutaneous syndromes. Truncating DSP mutations are classi-

cally associated with higher risk of end stage heart failure

(HF) [1]. DSG2 mutation carriers are characterised by fre-

quent biventricular involvement (20–50%), and a possibly

higher risk of end stage HF and transplantation than PKP2

carriers. Mutations in JUP and DSP present with cardio-

cutaneous manifestations and frequent right or biventricular

ACM phenotypes. In up to 20% of ACM patients, compound

or digenic heterozygosity may be present. Along with homo-

zygous mutations, patients with a complex genetic status

present with a more severe phenotype, with higher pene-

trance, earlier onset VA, higher SCD risk, more frequent LV

involvement and higher risk of HF [1].

A number of non-desmosomal genes have been associated

with the ACM phenotype. These are worthyof discussion due to

their classic presentation, geographical predilection and over-

lapping phenotypes with cardiomyopathic or channelopathic

phenotypes [1]. Briefly, these include (a) mutations in CTNNA3

(coding for alpha-T-catenin) reported in Italian families; (b)

CDH2 (coding for N-cadherin) reported in South African fami-

lies; (c) TMEM43 (founder mutation p.S358L from Newfound-

land, Canada encoding the nuclear envelope protein LUMA)

which has high penetrance, high risk of SCD, heart failure

(especially in men) with poor R-wave progression and frequent

LV dilatation, in whom prophylactic ICD implantation should

be strongly considered; (d) mutations in LMNA (encoding the

nuclear envelope protein Lamin) and DES (encoding the inter-

mediate filament desmin) presenting with biventricular cardio-

myopathy or right dominant ACM, with frequent conduction

system disease (sinus and/or AV nodal dysfunction), frequent

VA,and/ormusculardystrophyandsevereHF; (e)mutations in

PLN (founder mutation p.R14del, particularly in the Dutch

population encoding the calcium regulatory protein phospho-

lamban) presenting as arrhythmogenic biventricular or right

dominant ACM; (f) SCN5A mutations (encoding the sodium

channel NaV1.5) presenting with a ACM phenotype with
prolonged QRS duration generally with no QT or Brugada

pattern on ECG, but overlapping phenotype between Brugada

and right dominant ACM has been reported; and (g) mutations

in RYR2 (coding for classic catecholaminergic polymorphic

ventricular tachycardia [CPVT]) in patients with exercise-

induced polymorphic ventricular arrhythmias and RV cardio-

myopathy in a borderline phenotype with CPVT [1].
Clinical Presentation
Classical right-sided ACM or ARVC can be thought of as

occurring in four distinct phases. Initially, there is an

asymptomatic or concealed phase characterised by mini-

mal or no structural abnormalities, whereby patients are

often undiagnosed, but SCD may be the first presentation

of the disease. The electrical phase is the most common

clinical presentation with palpitations, exertional syn-

cope in a young adult (age, 20–40 years) with T wave

inversion in the right precordial leads (V1-V4), VA with a

LB pattern in lead V1 and right ventricular structural

abnormalities on imaging (Figure 2). Ventricular arrhyth-

mias are characteristically triggered by adrenergic stim-

ulation, and can range from frequent premature

ventricular contractions, sustained monomorphic VT or

ventricular fibrillation. Imaging reveals global dilatation

and dysfunction and regional wall-motion abnormalities

such as systolic akinesia or dyskinesia or diastolic bulg-

ing. Ventricular tachycardia with a left bundle (LB) pat-

tern in lead V1 is the classic pattern of VT seen, and this

can be mistaken for the more benign VT originating from

the RV outflow tract (RVOT), which has an inferior axis in

the limb leads. The presence of a LB superior axis, should

raise suspicion of right dominant ACM. Ventricular

tachycardias with a RB morphology can be the first pre-

sentation of left dominant or biventricular ACM. End

stage RV and/or biventricular failure may develop with

long standing disease. As mentioned previously, DSP

mutations may present with a severe left dominant

ACM which may exceed or precede any RV abnormali-

ties. Biventricular and LV dominant ACM are again char-

acterised by a significant risk of SCD and the same clinical

symptoms. In biventricular variant ACM, there is

involvement of both ventricles at the same time. Typi-

cally, regional RV dysfunction occurs along with apical-

lateral and basal inferior fibrofatty infiltration in the LV,

without reduced LV systolic function [18,19]. Patients

with LV dominant ACM have only mild RV abnormalities

and show regional LV impairment with mid-wall or sub-

epicardial fibrofatty infiltration [18,19]. Premature ven-

tricular complexes or sustained VT typically have a RBBB

appearance, originating from the left ventricle [20]. Unex-

plained inferolateral T-wave inversion can be present.

The LV dominant form of ACM is likely to be under-

recognised or misdiagnosed, due to the lack of diagnostic

criteria and because it can easily be mistaken for myocar-

ditis or sarcoidosis [20].



Figure 2 Intra-cardiac voltage mapping, 12-lead ECG and mapping characteristics of a patient with classic RV-ACM.
Classic features of RV-ACM (arrhythmogenic right ventricular cardiomyopathy) in a patient with a PKP-2 mutation.
Endocardial (endo) and epicardial (epi) intra-cardiac voltage mapping demonstrates low voltage scar (green, yellow, blue
and red areas) affecting the RV outflow tract, peri-pulmonic and peri-tricuspid endocardial and epicardial RV. ECG
demonstrates TWI V1-V6 and epsilon waves (inset). Multiple inducible VTs were present of LB inferior and superior axes
(VT1-5).
Abbreviations: LB, left bundle; TWI, T wave inversions; RV, right ventricular; ECG, electrocardiograph; ACM, arrhythmo-
genic cardiomyopathy; VT, ventricular tachycardia
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Diagnostic Tools
Despite our increasing knowledge about the disease, ACM

still presents a significant diagnostic challenge. The con-

cealed, asymptomatic phase of the disease, varying pheno-

typical expression, and in some cases, only subtle differences

from other conditions such as Brugada syndrome, dilated

cardiomyopathy, myocarditis, and cardiac sarcoid all play a

part in this diagnostic challenge. Diagnostic challenges also

include distinguishing right dominant ACM from an

athlete’s heart or benign RV outflow tract ectopy. Cur-

rently, diagnosis of ACM is based on information derived

from six diagnostic categories (divided into major and minor

subtypes within each category), constituting the revised 2010

Taskforce Criteria (TFC; Table 1) [4]. Categories include (i)

global and/or regional myocardial dysfunction and struc-

tural abnormalities; (ii) histological characterisation; (iii)

repolarisation abnormalities on 12-lead ECG; (iv)
depolarisation abnormalities on 12-lead ECG; (v) ventricular

arrhythmias and (vi) family history and genetics. A definite

diagnosis can be made with two major criteria, one major and

two minor criteria, or four minor criteria from different

categories; ‘borderline’ diagnosis is made with one major

and one minor criterion, or three minor criteria and a

‘possible’ diagnosis is made if one major criterion or two

minor criteria are present. A higher ACM risk score (two

points for major, one point for minor) correlates with higher

frequency of major adverse events such cardiovascular

death, heart failure hospitalisation, and sustained VA [21].

Despite the classic TFC, other diagnostic tools, particularly

additional analyses on 12-lead ECG, imaging, genetics and

an use of electroanatomic voltage mapping, may aid diagno-

sis (Table 2) [1]. However, TFC and additional diagnostic

tools do have limitations, particularly if patients present with

the left dominant ACM. An important point to note is that left

dominant and biventricular forms of the disease may not



Table 1 Taskforce Criteria for ARVC as published by Marcus et al. [4].

Criteria for diagnosis: definite diagnosis: Two major or 1 major and 2 minor criteria or 4 minor from different categories;
borderline: One major and 1 minor or 3 minor criteria from different categories; possible: One major or 2 minor criteria from
different categories.

I. Global or regional dysfunction and structural alterations

Major 2D TTE

Regional RV akinesia, dyskinesia or aneurysm and 1 of the following criteria (end diastole):

� PLAX RVOT �32 mm (PLAX/BSA] �19 mm/m2)

� PSAX RVOT �36 mm (PSAX/BSA] �21 mm/m2)

� or RV fractional area change �33%

CMR

Regional RV akinesia, dyskinesia, or dyssynchronous RV contraction and 1 of the following criteria (end diastole):

� RV end-diastolic volume/BSA �110 mL/m2 (male) or �100 mL/m2 (female)

� or RV ejection fraction �40%

RV Angiography

� Regional RV akinesia, dyskinesia or aneurysm

Minor 2D TTE

Regional RV akinesia, or dyskinesia and 1 of the following criteria (end diastole):

� PLAX RVOT �29–31 mm ([PLAX/BSA] �16–18 mm/m2)

� PSAX RVOT �32–35 mm ([PSAX/BSA] �18–20 mm/m2)

� RV fractional area change >33–39%

CMR

Regional RV akinesia, dyskinesia or dyssynchronous RV contraction and 1 of the following criteria (end diastolic):

� RV end-diastolic volume/BSA �100–109 mL/m2 (male) or �90–99 mL/m2 (female) or RV ejection fraction >40–44%

II. Histological characterisation

Major Residual myocytes <60% by morphometric analysis (or <50% if estimated), with fibrous replacement of the RV free wall

myocardium �1 sample, with or without fatty replacement

Minor Residual myocytes 60–75% by morphometric analysis (or 50–65% if estimated), with fibrous replacement of the RV free

wall �1 sample, with or without fatty replacement

III. Repolarisation abnormalities

Major T-wave inversions V1–3 or beyond (in absence of complete RBBB)

Minor T-wave inversions V1–2 or V4–6 (in absence of complete RBBB)

T-wave inversions V1–4, if complete RBBB present

IV. Depolarisation abnormalities

Major Epsilon wave (reproducible low-amplitude signals between end of QRS complex to onset of the T wave) in V1–3

Minor Signal-averaged ECG with late potentials (if QRS on standard surface ECG <110 ms)

V. Ventricular arrhythmias

Major Non-sustained or sustained ventricular tachycardia (VT) of LBBB morphology with superior axis

Minor Non-sustained or sustained VT of RVOT configuration, LBBB morphology with inferior axis or of unknown axis

>500 VES per 24 h (Holter)

VI. Family History and genetics

Major ARVC/D in a first-degree relative who meets current Taskforce Criteria

ARVC/D confirmed pathologically at autopsy or surgery in a first-degree relative

Identification of a pathogenic mutation categorised as associated with ARVC/D in index patient

Minor Suspected ARVC/D in a first-degree relative (current Taskforce criteria cannot be determined)

Premature SCD ( <35 years of age) due to suspected ARVC/D in a first-degree relative

ARVC/D confirmed pathologically or by current Taskforce Criteria in second-degree relatives

Abbreviations: RVOT, right ventricular outflow tract; RV, right ventricular; 2D, two dimensional; TTE, transthoracic echocardiograph; CMR, cardiac magnetic

resonance; RBBB, right bundle branch block; LBBB, left bundle branch block; ECG, electrocardiograph; ARVC, arrhythmogenic right ventricular cardiomyopathy;

SCD, sudden cardiac death; ARVD, arrhythmogenic right ventricular dysplasia.
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Table 2 Emerging Diagnostic tools for ACM. Derived from Gandjbakhch et al. [1].

ECG Imaging Ventricular Arrhythmias Tissue

Pathology

Genetics

QRS fragmentation Hypertrophic trabecular or

hyper-reflective moderator

band

Morphology of VAs: QRSd lead

I >120 ms, QRS notching,

transition �V5

Voltage map

guided biopsy

High-throughput

sequencing and

large

panels of genes

V1V2V3 QRS duration

�110 <ms

Decreased TAPSE and peak

systolic RV annular velocity

VAs (PVC, NSVT, VT)

originating from multiple RV

sites

V1 + V2 + V3/V4 + V5 + V6

widths �1.2

Intra-myocardial fat

infiltration in the RV wall

VAs triggered by

catecholaminergic stress

V1V2V3 QRS width �25 ms

of V6 (parietal block)

LGE of the RV wall Low sub-epicardial voltage areas

in the right ventricle

S-wave upstroke �55 ms Low peak systolic RV strain Isoproterenol test

QRS fragmentation TTE speckle tracking RV electroanatomic voltage map

Inverted T waves in inferior

leads (LV extension)

MRI feature tracking

RBBB with R’/S ratio <1 in

V1

MDCT and 4D-cine CT

Abbreviations: TTE, transthoracic echocardiograph; RV, right ventricular; MRI, magnetic resonance imaging; MDCT, multi-dimensional computed tomography;

CT, computed tomography; RBBB, right bundle branch block; LV, left ventricular; LGE, late gadolinium enhancement; VA, ventricular arrhythmia; TAPSE,

tricuspid annular plane systolic excursion; PVC, premature ventricular contraction; NSVT, non-sustained ventricular tachycardia
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exhibit classic TFC and diagnosis may heavily rely on a

pathogenic mutation combined with cMRI and voltage

abnormalities.

Structural Abnormalities on Imaging
Non-invasive imaging (echo or cMRI) plays a key role in

diagnosis of ACM. Major challenges with imaging are accu-

rate detection of abnormities (which requires significant

expertise) and in detection of early disease [1]. Diagnosis

is made on visual assessment of RV segmental motion abnor-

malities (akinesia or dyskinesia or dyssynchronous RV con-

traction) which form a major criterion, and chamber

dimension (RVOT dimension, which form another major

criterion) and volume, RV fractional area or ejection fraction

(extent of reduction determines whether it is a major or a

minor criterion (Table 1)) [4]. Other imaging features sug-

gestive of RV ACM include lower tricuspid annular plane

systolic excursion and peak systolic RV annular velocity (in

advanced RV ACM), and lower peak systolic strain and

greater RV mechanical dispersion on speckle tracking echo-

cardiography (which may be useful for early disease detec-

tion), which are less well validated (Table 2) [1].

Cardiac MRI is the gold standard for assessing ventricular

volumes and regional function independent of geometric

assumption, and with high intra-observer and interobserver

reproducibility, and for exclusion of other RV ACM mimics.

Whilst, initially, cMRI focussed on detection of fat and
fibrosis (noted as late gadolinium enhancement [LGE]) as

a diagnostic tool for RV ACM, this is technically difficult due

to the thin RV wall in terms of the achievable spatial resolu-

tion of MRI, fat being a non-specific finding in ACM, and

LGE being non-specific (also seen in myocarditis/sarcoido-

sis). Therefore, cMRI ACM diagnosis is based on demon-

strating the consequence of fibrofatty RV replacement

manifesting as static morphological abnormalities (aneu-

rysm, bulging) and dynamic morphology (akinesia, dyski-

nesia, or asynchrony). When mutation-positive ACM

patients are examined by cMRI, 96% reveal an abnormal

RV with basal inferior RV and basal anterior RV dyskinesia

the most prevalent (87–94% of patients); LV involvement

(posterolateral LV) was seen in 52% of patients, therefore

extending the classic ‘triangle of dysplasia’ to the LV [15]. A

normal cMRI has excellent negative predictive value (99%)

for adverse events, whereas an abnormal cMRI has poor

predictive value for adverse events (21%); however multiple

cumulative abnormalities (morphology, wall motion abnor-

malities, and fat/fibrosis) independently predicted adverse

events [22]. Newer techniques such as regional strain abnor-

malities on feature-tracking MRI hold promise for early

disease detection (Table 2).

ECG Changes
Resting 12-lead ECG is abnormal in most patients with ACM,

reflecting progressive loss of RV subepicardial myocytes and
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altered conduction; minor abnormalities are present in early

stage disease which may progress over time. Electrocardio-

graph alterations depend on the extent and location of the

disease and can be divided into repolarisation and depolar-

isation abnormalities:

(i) Repolarisation abnormalities: T-wave inversions (TWI)

in the right precordial leads are present in up to 87% of

adult patients with RV dominant ACM, are directly

related to RV dilatation and may extend to the left

precordium with time. Inferior lead TWI are related

to LV dominant ACM. Notably up to 30% of patients

with morphologic criteria for ACM will not have any

ECG changes (‘ECG concealed’ form); this finding is

supported by electroanatomic mapping studies show-

ing that marked voltage abnormalities may exist with-

out repolarisation changes on ECG [23]. Extent of TWI is

related to the extent of low voltage scar on electroana-

tomic mapping. For example, TWI extending beyond V3

is associated with larger endocardial and epicardial scar

compared to TWI in V1-V3 [23].

(ii) Depolarisation abnormalities (QRS notching, wider QRS,

larger S waves, epsilon waves, late potentials, and incom-

plete, complete or atypical right bundle branch block

[RBBB]) correspond to the influence of RV scar on caus-

ing delayed RV activation [24]. Epsilon waves corre-

spond to delayed epicardial perivalvular activation.

Wider S wave duration reflects delayed endocardial acti-

vation in the perivalvular and RV infundibulum. A RBBB

block reflects exit block out of the RB as a consequence of

scar [24]. Downsloping elevated ST-segment pattern in

V1 and V2 is associated with more advanced transmural

RV disease [23].

Ventricular Arrhythmias
Typically, ACM manifests as re-entrant VT of LB morphol-

ogy with superior axis; when LB inferior axis forms occur,

differentiation from benign RVOT VT is challenging. A point

scoring system based on sinus rhythm anterior TWI V1-V3

(three points), QRS duration in lead I �120 ms (two points),

notching on any QRS complex (two points), and QRS transi-

tion in V5 or later (one point) is useful for differentiating

ACM from benign RVOT VT. A score �5 is able to distin-

guish between the conditions with a sensitivity of 84%,

specificity of 100%, positive predictive value of 100%, and

negative predictive value of 91% [25]. Polymorphic prema-

ture ventricular contractions with �1 couplet, or sustained or

non-sustained VT with a LB morphology (excluding an

RVOT tachycardia), in response to a continuous infusion

of isoproterenol (45 m g/min) for 3 minutes is a useful test

for differentiating RV ACM from non ACM-related VT with a

sensitivity, specificity, positive, and negative predictive val-

ues of 91.4%, 88.9%, 43.2%, and 99.1%, respectively [26].

Biopsy
The diagnostic contribution of endomyocardial biopsy for

ACM is generally low due to the patchy nature of fibrofatty
replacement (yielding false negative results), subepicardial

location of early disease and septal sparing (where the biopsy

is generally directed) [1,2]. However, it is useful in excluding

other diseases (e.g. sarcoidosis, myocarditis).

Genetic Testing
Guidelines recommend that genetic testing be performed to

confirm ACM in patients fulfilling TFC; may be considered in

patients with possible ACM (one major or two minor criteria)

and in family members and appropriate relatives following

the identification of the ACM-causative mutation in an index

case. It is not recommended in patients with only a single

minor TFC [27]. Genotype/phenotype correlations can be

useful for prognostication of future risk of SCD or HF. A

classic example is this the TMEM43 p.S358L (Newfoundland)

mutation, which is a fully penetrant mutation with a high risk

of lethal VAs, especially in males, which may prompt early

prophylactic ICD mutation [2]. Whilst testing for desmo-

somal mutations will explain the majority of classic RV

ACM, the presence of severe or biventricular presentation,

or atypical concurrent features (conduction disturbances,

early atrial arrhythmias, subclinical or clinical muscular dys-

trophy, polymorphic VA, LV VA) should prompt search for

non-desmosomal gene mutations and lead to broader genetic

screening [1]. Due to low penetrance and variable expressiv-

ity, clinical diagnosis of relatives is challenging. Moreover,

relatives demonstrate age-dependent phenotypic expression

such that phenotypically negative relatives can develop

symptoms and present years after initial screening [28,29].

Identification of a genetic mutation in the proband with ACM

is critical, to allow identification of relatives at risk of devel-

oping or transmitting the disease and to facilitate genetic

counselling. However, testing can be negative in up to 50% of

ACM. Therefore, a negative gene test does not exclude ACM.

Repeated phenotypic screening of asymptomatic relatives is

recommended, regardless of genotype status, as late expres-

sion of disease is not rare [29]. Advances in genetics such as

newer throughput genetic sequencing tools (e.g. whole

exome sequencing, whole genome sequencing, or targeted

capture sequencing), with integration of global integration of

large databases and the development of new bioinformatics

tools may result in increased diagnostic yield of genetic

testing and better understanding of disease pathogenesis.

Voltage Mapping
Although not included in the TFC, there is some evidence

that high density endocardial voltage mapping may aid the

diagnosis and risk stratification of RV ACM [30–33]. Late

gadolinium enhancement on cMRI may miss small scars;

indeed one study showed that mapping may be more sensi-

tive than LGE in detecting scars, especially small scars that

occupy <20% of the RV area [31]. Mapping may also aid risk

stratification. Demonstration and quantification of bipolar

RV scar area, and extent of scar-related fractionated electro-

gram may predict subsequent arrhythmic events [31,32].

However, voltage mapping is invasive, expensive, and
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highly operator dependent. Interpretation as low voltage,

due to suboptimal contact, may lead to misdiagnosis of scar,

and is thus not routinely recommended in the diagnosis of

ARVC.
Risk Stratification
The mechanism of SCD in ACM is sustained VT or VF, and

may be the first presentation of disease. Real world estimates

suggest that overall mortality in ACM is likely <1% per year;

higher rates have been reported by tertiary referral centres

(up to 3.6%/year) who may have the highest risk patients

[34]. A recent meta-analysis reported arrhythmic events from

45 published studies (median 70 patients, median follow-up

5 years). Arrhythmic events occurred in 10.6%/year in

patients with definite ACM, 10.0%/year in patients with

borderline ACM, and 3.7%/year with mutation carriers

[35] Prior cardiac arrest and sustained VT are thought to

be the highest risk predictors, along with unexplained syn-

cope, non-sustained VT and severe RV and LV dysfunction

[3,34,35]. Other predictors of VA appear to be population

dependent: male gender, T wave inversion in lead >V3, RV

dysfunction and prior non-sustained VT/VF were consis-

tently predictive in patients with definite ACM. In borderline

ACM, additional predictors were inducibility during electro-

physiology study and strenuous exercise; in mutation car-

riers, ventricular ectopy, multiple pathogenic mutations, LV

dysfunction and pre-syncope were predictors [35]. Other

predictors identified are young age at time of diagnosis,

extent of scar on electroanatomic mapping, low QRS ampli-

tude and extent of QRS fragmentation [34]. A useful risk

stratification schema is shown in Figure 3 [3].
Figure 3 Risk Stratification for ACM.
Patients can be broadly classified into those with high, intermedia
ICD implantation. Derived from Corrado et al. [3].
Abbreviations: ACM, arrhythmogenic cardiomyopathy; VA,
defibrillator.
Treatment

General Principles
Treatment of ACM has the following goals: (i) reduction of

arrhythmic and heart-failure related death; (ii) prevention of

disease progression that leads to RV, LV or biventricular

heart failure; (iii) improvement of quality of life by reducing

symptomatic arrhythmic events (palpitations, defibrillator

therapies); and, (iv) identification of at-risk individuals in

families and prevention of events in high risk individuals

[34].

Treatment strategies include lifestyle changes, pharmaco-

logical treatment, catheter ablation, ICD, and heart

transplantation.

Non-Ablative Approaches

Exercise Restriction
There is strong evidence that intense exercise in ACM

patients leads to markedly increased risk of SCD and disease

progression. Disease progression is thought to be related to

repeated mechanical stress from exercise that may accelerate

myocyte cell death due to defective myocyte cell-cell adhe-

sion [34]. Guidelines recommend cessation of competitive

and endurance sports in patients with definite ACM (Class I)

with the possible exception of recreational low-intensity

sports (Class IIa). Restriction from competitive sports may

be considered in phenotype-negative family members with a

known pathogenic mutation (IIa) or an unknown genotype

(IIb) [34]. In general, patients are encouraged to refrain from

vigorous high intensity exercise, but up to modest exercise is

probably reasonable.
te and low risk for recurrent VA, to help guide decision for

 ventricular arrhythmia; ICD, implanted cardioverter
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Beta Blockers
As VA in ACM are related to adrenergic stress, ß-blockers are

recommended for patients with recurrent VT and in patients

with supraventricular or atrial arrhythmias (Class I). Prophy-

lactic use in asymptomatic patients for avoiding disease

progression is not strong (Class IIa) and is not recommended

in healthy gene carriers (Class IIb) [34].

Anti-Arrhythmic Drugs
Given the efficacy of catheter ablation for recurrent VA, the

role of anti-arrhythmic agents should be increasingly

thought of as adjunctive therapy. Generally, given the young

age of patients with ACM, high frequency of arrhythmic

events, toxicity profile and poor tolerance of these drugs,

they are likely temporising agents to suppress symptoms

related to frequent ventricular ectopy, or appropriate defi-

brillator discharges. No randomised trial data comparing

drugs vs. ablation in ACM exist, but clinical experience

suggests that breakthrough VA is likely to occurs despite

adequate drug therapy. Amiodarone and sotalol are gener-

ally used for arrhythmia suppression, though neither should

be used prophylactically [34].

Heart Failure Treatment
If RV or LV failure develops, standard drug therapy with

angiotensin-converting-enzyme inhibitors (ACE-I), angio-

tensin II receptor blockers (ARB), b-blockers, and diuretics

is recommended (Class I). Prophylactic ACE-I or ARB may be

recommended for asymptomatic RV and LV dysfunction

(Class IIb) [34].

Implanted Cardioverter Defibrillator
Estimates suggest that 48–78% of ACM ICD patients receive

appropriate therapy during a mean follow-up of 2–7 years.

However, it is notable that lead-related complications and inap-

propriateICDtherapiesoccurbetween3.7–4.4%/year.Therefore,

a decision for ICD implant should be made after careful risk/

benefit assessment [34]. High risk patients are anticipated to have

an arrhythmic event rate of >10%/year (sustained VA, resusci-

tated cardiac arrest, and patients with asymptomatic severe RV

dysfunction [RV fractional area change �17% or RV ejection

fraction, EF �35%] or LV dysfunction (LVEF �35%) should

receive an ICD). Low risk patients such as probands and relatives

without risk factors as well as healthy gene carriers should not

receive an ICD.[34] The decision for prophylactic ICD implanta-

tion in the intermediate risk group is more difficult. By expert

consensus, syncope, non-sustained VT, moderate RV dysfunc-

tion (RV fractional area change between 17–24% or RV EF 36-

40%), or LV dysfunction (LV EF 36–45%) are ‘major’ risk factors

that probably justify a prophylactic ICD. Other risk factors are

considered insufficiently strong to justify prophylactic ICD, and

an individualised decision should be made (Figure 3) [34].
Catheter Ablation Of ACM
In ACM, fibrofatty myocardial infiltration supports scar-

related macro-re-entrant VT, akin to that observed in post-
infarction VT, which is suitable for mapping and interruption

by catheter ablation (CA) [6–9,14,16,36–38]. Whilst, initially,

CA was considered as a palliative treatment for VT in ACM, a

number of factors now support CA as the treatment of choice.

The disappointing early results of CA (VT recurrence of up to

91% in 3-year follow-up), were predominantly based on

endocardial-only approaches to VT [37,38]. Anti-arrhythmic

efficacy for VT in ACM is poor and drugs are poorly toler-

ated. Moreover, advances in our understanding of disease

pathogenesis, appreciation of the role of epicardial ablation

and advances in gaining epicardial access, high density

mapping and ablation technologies have made CA a safer

and more efficacious procedure for ACM. Combined endo-

cardial-epicardial ablation, elimination of all inducible VTs,

and modification of both endocardial and epicardial sub-

strate leads to improved long-term VT-free survival with

minimal requirement for anti-arrhythmic drugs, especially

amiodarone, in most patients [7–9]. In a recent study of 62

consecutive patients with ACM and recurrent VT undergo-

ing catheter ablation with a minimum follow-up of 1 year,

long-term freedom from VT was 71% at 56 � 44 months after

the last ablation; only 9% of patients experienced a single VT

episode after ablation. Endocardial and epicardial ablation

was performed in 63% of patients. Before ablation, 87% of

patients had failed a mean of 2.4 antiarrhythmic drugs,

including amiodarone in 47% of patients. At last follow-up

after ablation, 64% of patients were on a ß-blocker or no

treatment, and only two patients were on amiodarone for a

short time as a bridge to cardiac transplant for refractory

right heart failure [9].

Pre-procedural imaging such as computed tomography

(CT) or MRI may aid substrate identification (via LGE on

cMRI, especially in LV dominant ACM), identification of

fibrofatty infiltration (via contrast-enhanced multi-detector

computed tomography) and direct visualisation of the coro-

nary arteries for avoidance during epicardial ablation [39,40].

General anaesthesia is preferred due to anticipated long

procedure duration and need for epicardial access. Real time

image-integration with intra-cardiac echo and 3D mapping

(CARTOSOUND, Biosense Webster, La Jolla, CA, USA)

allows complete reconstruction of endocardial and epicardial

geometry and identification and delineation of endocavitary

structures even before catheter mapping begins. It also facil-

itates tissue contact, and monitoring for complications.

Epicardial access may be obtained at the outset, or after

endocardial mapping, although up-front access is the pre-

ferred option. The needle-in-needle technique of telescoping

a small 21 gauge (G) micro-puncture needle that gains access

to the pericardial space over a larger 18G Cook needle for

stability may improve safety of access by reducing the rate of

pericardial bleeding [41]. Due to a dilated RV, a posterior

approach is preferred due to risks associated with an anterior

needle entry.

Induction of VT is generally performed first using pro-

grammed ventricular stimulation with a drive train of 350–

400 ms, and 1–4 extra-stimuli introduced at progressively

shorter coupling intervals until they do not capture the



Figure 4 Identifying conducting channels during substrate mapping.
Epicardial voltage map (bottom, larger heart model) of a patient with RV ACM. Dotted lines represent a conducting channel
identified during substrate mapping in sinus rhythm with red areas representing dense scar, purple areas representing
normal voltage and blue/green/yellow areas representing the border zone between scar and normal voltage. In sinus
rhythm, epicardial isolated late potentials (left panel) are tracked (arrows) showing early-to-late, to even later, activation
followed by convergence to progressively earlier activation relative to the tall electrogram (EG). This represents signals
recorded along a conducting channel with EG1-7 correlating with sites marked 1-7 on the voltage map. VT was induced
(right panel) and activation map (small heart model at top of figure) showed that the VT exit site (converge of red, yellow,
and blue signals) was at the top of the channel identified during sinus rhythm (yellow dot on the large heart model). Ablation
here abolished the induced VT. Derived from Fernandez-Armenta et al, with permissions [14] (license number
4444331076595).
Abbreviations: EG, electrogram; LAT, local activation time; Ao, aorta; VT, ventricular tachycardia
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myocardium (refractoriness). This allows confirmation of the

diagnosis of VT, and establishment of endpoints and to

facilitate ablation targets. Some groups do not routinely

perform VT induction, instead using high density substrate

mapping for scar channel identification and abolishment of

substrate as the primary endpoint with at least equivalent

outcomes compared with routine induction [14,42]. A num-

ber of mapping approaches are feasible: Activation mapping

where the entire VT circuit is mapped whilst the patient

remains in sustained VT during the procedure, with the

intention of interrupting the re-entrant VT within a critical

area of slowed conduction (the ‘‘diastolic isthmus”); and,

entrainment mapping, where pacing manoeuvres are per-

formed to determine the critical area of slowed conduction
through the circuit, which is used to complement activation

mapping and to identify a small region serving as the ‘‘criti-

cal isthmus” where energy can be delivered to interrupt the

VT [16]. However, VTs in ACM may not be haemodynami-

cally tolerated for sufficiently long periods under general

anaesthesia to allow activation mapping. Inducibility may

be unreliable, one VT may change to another, and sometimes

no VT is inducible at the outset. These factors limit the utility

of activation and entrainment mapping alone.

Due to the limitations outlined above, the most widely

used method for VT ablation in ACM in the contemporary

era is substrate mapping. Substrate mapping refers to iden-

tification of critical electrophysiologic substrate for VT in

stable sinus or paced rhythm, using qualitative and
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quantitative features of electrical signals recorded during

intra-cardiac mapping. These components represent surviv-

ing myocytes within fibro-fatty infiltration that are capable of

slow conduction that supports re-entry. Voltage mapping

allows identification of scar versus normal tissue based on

electrical signal amplitude (electrograms) recorded directly

underneath a catheter roved within the heart (bipolar map-

ping with a mapping catheter). Areas of bipolar low voltage

scar (<0.5 millivolts [mV]), scar border zone (0.5–1.5 mV)

with normal tissue (>1.5 mV) are identified on a 3D recon-

struction of RV or LV chamber geometry using a 3D mapping

system (Figure 2, 4). These bipolar scar areas occur under the

endocardial surface. Mid-myocardial or epicardial scar can

be inferred indirectly using unipolar recordings using volt-

age cut-offs of 5.5 mV and 8.3 mV for the RV and LV, respec-

tively [43,44]. Epicardial mapping follows the same strategy,

however scar is defined as voltage <1.0 mV [45]. Qualita-

tively, abnormal electrograms represent areas of slow con-

duction, which may be critical components of one or more re-

entrant VT circuits (Figure 4). Abnormal electrograms

include fractionated potentials and late potentials (signals

recorded after the end of the QRS complex) [46] which tend to

cluster within scar or scar border zones, but may be evident

within normal voltage tissue. High density mapping allows

the conducting channels within scar that may support VT to

be identified (Figure 4) [7]. Pace mapping is an additional

technique that complements substrate mapping, and is used

to localise VT isthmii [47]. A recorded 12-lead ECG of the

induced VT is used as a reference. Pacing the heart within the

scar, border zones, and/or at sites of fractionated or late

potentials may produce a 12-lead ECG morphology that

resembles the clinical or inducible VT(s). Sites where pacing

has a delay, between the electrical stimulus and the QRS

onset, suggests local slow conduction that may represent

potential substrates for re-entrant VT [47].

After mapping data is collected, a number of ablation

strategies are feasible: Targeting of fractionated and late

potentials or other abnormal electrograms, and/or sites of

long stimulus to QRS delays and/or conduction channels

using linear or clustered lesions; linear lesions may be

anchored to the valve annulus or normal myocardium. A

similar strategy is used in the epicardium, taking care to

avoid the coronary arteries (angiographic localisation) and

the phrenic nerve (pace mapping to avoid targeting areas of

phrenic nerve capture before ablation). Radiofrequency is

the energy source applied, using irrigated tip catheters with

power of 30–40 Watts for 30–60 seconds at each site. Abla-

tion within 1 cm of an epicardial coronary is avoided during

epicardial ablation. Extensive ablation may be necessary

due to the thickened RV endocardium. Some VT circuits

can be entirely constrained within the epicardial surface [48]

and cannot be abolished with endocardial ablation alone,

hence combined endocardial and epicardial ablation yields

good outcomes [6–9]. Intra-pericardial steroids (triamcino-

lone) can be given to avoid pericarditis. Acute procedural

success is assessed by repeating the same initial pro-

grammed ventricular stimulation. Inducibility of the clinical
VT is deemed procedural failure, and complete non-

inducibility of any VT deemed complete success, with abo-

lition of the clinical VT with residual non-clinical VT

deemed as incomplete success. This directly relates to future

clinical outcome with best prognosis noted in those without

any inducible VT. Non-invasive programmed stimulation

performed through the ICD in the days following ablation

may identify patients at high risk of recurrence that may

need more extensive future ablation [49,50]. Generally, anti-

arrhythmic drugs are discontinued after successful ablation,

but ß-blockers may be continued as per general manage-

ment guidelines [34].
Conclusions
Arrhythmogenic cardiomyopathy is a genetic form of pro-

gressive non-ischaemic cardiomyopathy characterised by

fibrofatty replacement of the ventricular myocardium pro-

gressing from the epicardial to endocardial RV (right domi-

nant ACM), LV (left dominant ACM) or both ventricles

(biventricular ACM). ACM is inherited in an autosomal

dominant fashion, but classic cardio-cutaneous forms are

recognised. Fibrosis predisposes to slow conduction and

ventricular arrhythmias which may precede overt structural

change, predisposing to sudden death. Diagnosis can be

challenging and should be made by contextualising system-

atic phenotyping data using the TFC. Newer imaging tech-

niques such as strain imaging and cMRI may improve

phenotypic detection of asymptomatic or minimal symptom-

atic patients. Genetic testing yields a pathogenic mutation in

only 50% of patients, with PKP2 being the most common

mutation recognised. Classical genotype-phenotype correla-

tion does exist, allowing early identification of the disease.

Treatment goals are restriction of high intensity exercise,

ß-blockade, assessing sudden death risk, risk stratification

for ICD implantation for prevention of sudden death. Recur-

rent VT can be temporised with anti-arrhythmic drugs,

although recent advances in catheter mapping and ablation

mean that ablation is feasible, safe and effective, and is

generally preferred over anti-arrhythmic drugs which tend

to be poorly tolerated in this young population. Outcomes

are optimised by combined endocardial and epicardial abla-

tion approaches. Further advances in genomics may allow

better understanding of the disease pathogenesis and

progression.
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