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Abstract: Arrhythmogenic cardiomyopathy (ACM) is an inheritable heart muscle disease charac-
terised pathologically by fibrofatty myocardial replacement and clinically by ventricular arrhythmias
(VAs) and sudden cardiac death (SCD). Although, in its original description, the disease was believed
to predominantly involve the right ventricle, biventricular and left-dominant variants, in which
the myocardial lesions affect in parallel or even mostly the left ventricle, are nowadays commonly
observed. The clinical management of these patients has two main purposes: the prevention of SCD
and the control of arrhythmic and heart failure (HF) events. An implantable cardioverter defibrillator
(ICD) is the only proven lifesaving treatment, despite significant morbidity because of device-related
complications and inappropriate shocks. Selection of patients who can benefit the most from ICD
therapy is one of the most challenging issues in clinical practice. Risk stratification in ACM patients
is mostly based on arrhythmic burden and ventricular dysfunction severity, although other clinical
features resulting from electrocardiogram and imaging modalities such as cardiac magnetic resonance
may have a role. Medical therapy is crucial for treatment of VAs and the prevention of negative
ventricular remodelling. In this regard, the efficacy of novel anti-HF molecules and drugs acting on
the inflammatory pathway in patients with ACM is, to date, unknown. Catheter ablation represents
an effective strategy to treat ventricular tachycardia relapses and recurrent ICD shocks. The present
review will address the current strategies for prevention of SCD and treatment of VAs and HF in
patients with ACM.

Keywords: arrhythmogenic cardiomyopathy; risk stratification; drug therapy; implantable car-
dioverter defibrillator; catheter ablation; treatment

1. Introduction
1.1. Definition and Classification

Arrhythmogenic cardiomyopathy (ACM) is a genetically determined heart muscle
disease characterised pathologically by fibrofatty replacement of right and left ventricular
myocardium and clinically by ventricular arrhythmias (VAs) and arrhythmic sudden
cardiac death (SCD) [1].

Although the fibrofatty tissue is usually considered the hallmark lesion of ACM, it
should be more properly regarded as a marker of advanced stages of the disease [2]. Exper-
imental studies on transgenic animal models showed a histologic pattern consistent with
acute myocarditis in the early stages of the disease [3]. The pathological process progresses
from the epicardium to the endocardium, leading to wall thinning and aneurysm formation,
typically localised at the inferior wall, apex, and infundibulum of the right ventricle (RV)
(the so called “triangle of dysplasia”) [2,4]. Indeed, in its original description, the disease
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was characterised by a predominant involvement of the RV (“Arrhythmogenic right ven-
tricular cardiomyopathy, ARVC”), with left ventricular deterioration occurring later in the
history of the disease. However, autopsy investigations, genotype-phenotype correlation
studies, and the increasing use of contrast-enhanced cardiac magnetic resonance (CMR)
led to the discovery of biventricular and left-dominant variants, in which the myocardial
lesions do not remain confined to the RV, but affect in parallel or even predominantly the
left ventricle (LV) [5]. When the LV, whose wall is thicker than that of the RV, is involved
in the disease process, the fibrofatty scar tends to remain confined to the subepicardial
layers, sparing the sub-endocardium, which mostly contribute to myocardial thickening [6].
Indeed, LV lesions do not determine wall thinning nor wall motion abnormalities, making
the diagnosis more challenging (Figure 1).

Figure 1. Cardiac magnetic resonance in a patient with a desmosomal gene related biventricular ACM showing the
typical LV LGE pattern. (A) Short axis view demonstrating subepicardial LGE at the LV mid-inferolateral segments. (B)
Three-chamber view exhibiting extensive LGE stria at the LV posterolateral wall. ACM = arrhythmogenic cardiomyopathy;

LGE = late gadolinium enhancement; LV = left ventricle.

The disease is phenotypically classified in three variants: “right dominant”, charac-
terised by the predominant RV involvement, with no LV abnormalities; “biventricular”
with involvement of both the RV and LV; and “left dominant” (also referred to as “Ar-
rhythmogenic left ventricular cardiomyopathy, ALVC”) characterised by a predominant
LV involvement, with no RV abnormalities. The broader term “Arrhythmogenic cardiomy-
opathy, ACM” is currently used to encompass the whole spectrum of the abovementioned
disease phenotypic expressions [7]. This term should not be confused with the one of
“arrhythmogenic cardiomyopathies”, which has been proposed to comprise a series of
different conditions that share non-ischemic myocardial scarring and the propensity to
scar-related VAs [7]. In the present review, the term ACM refers to the phenotypic vari-
ants of a genetically determined cardiomyopathy whose hallmark lesion is the fibrofatty
replacement, which can localise in the RV (ARVC), LV (ALVC) or both ventricles (biventric-
ular ACM).
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1.2. Genetic Background

Arrhythmogenic cardiomyopathy is generally transmitted as an autosomal dominant
trait that is age-related, with incomplete penetrance and variable expressivity. For the clas-
sic right-dominant variant, the mutant genes are those encoding for desmosomal proteins,
such as plakoglobin (JUP), plakophilin-2 (PKP2), desmoplakin (DSP), desmoglein (DSG2),
and desmocollin (DSC2) [8-12]. In addition, genes encoding for adherent junctional pro-
teins, such as «-T-catenin (CTNNA3) and N-cadherin (CDH2), have also arose as potentially
relevant in the pathogenesis of ACM [13,14]. Desmosomes and adherens junctions provide
cellular-mechanical integration, the sodium channels facilitate the initiation of the electrical
impulse, and gap junctions mediate the impulse propagations. Altogether, these protein
complexes compose structures known as intercalated discs, which ultimately interconnect
cardiomyocytes to each other, being responsible for both intercellular electromechanical
connections and intracellular signalling cascades (Wnt-f3 catenin signalling pathway) [15].
A disturbed desmosomal organisation ends in cell death and scarring. However, VAs and
SCD can occur before the overt disease [16], as a consequence of purely electrical changes.
Indeed, because of a mutation-induced gap junction remodelling, the sodium current can be
reduced and cause polymorphic VAs by a mechanism similar to that observed in Brugada
Syndrome [17]. Besides the mentioned genes, biventricular and left-dominant forms are
usually associated with mutations in non-desmosomal genes encoding for transmembrane
protein 43 (TMEM 43), lamin A/C (LMNA), desmin (DES), filamin C (FLNC), titin (TTN),
sodium voltage-gated channel alpha subunit 5 (SCN5A), phospholamban (PLN), the car-
diac ryanodine receptor-2 (RYR2) and transforming growth factor beta-3 (TGF3-3) [18-23].
Genotyping is not only useful for diagnostic purposes, but also for prognostic reasons.
Indeed, some mutant genes in ACM have been associated with a higher risk of SCD and
heart failure (HF). In particular, mutations of TMEM43 p.S358L are characterised by higher
disease penetrance and risk of SCD. FLNC, DES and PLN mutations have been associated
with peculiar patterns of LV fibrosis and arrhythmic propensity, with higher risk of VAs
and SCD [24-31].

1.3. Role of Inflammation in Arrhythmogenic Cardiomyopathy

The presence of inflammatory infiltrates (mainly T-cells) among dying myocytes has
been demonstrated in histopathologic analysis of ventricular myocardium at postmortem
or in experimental studies on transgenic animals, raising questions about the role of the
immune system in the pathogenesis of the disease [2,3]. Arrhythmogenic cardiomyopathy in
its early stages may present with acute chest pain and troponins release (“hot phase”), which
resembles the infarct-like manifestation of some clinically suspected myocarditis [2,32-34].
The presence of autoantibodies has been reported in ACM patients and in their relatives,
with a positive status being more frequent in a familial than in a sporadic pattern [35,36].
Whether inflammation is the cause or a consequence of cardiomyocytes apoptosis in ACM
remains to be established. The increasing interest in the role of the immune system in the
pathogenesis of the disease has translated into pharmacologic research targeting the biologic
pathway involved in myocardial inflammation.

1.4. Diagnosis

It is important to underline that in ACM the diagnosis is multiparametric. In 1994, an
International Task Force (TF) developed the first diagnostic scoring system for the disease,
consisting of major and minor criteria grouped into different categories. A “definite” ACM
diagnosis was made when multiple criteria (two major criteria, or one major and two minor
criteria, or four minor criteria from different categories) were met because no diagnostic test
was considered specific enough to reach a final diagnosis. If the number of criteria was not
sufficient to satisfy a “Definitive” diagnosis, the disease diagnosis could be downgraded
as “borderline” (one major criterion and one minor criterion, or three minor criteria), or
“possible” (one major criterion alone, or two minor criteria) [37]. In later years, clinical
studies demonstrated that these criteria were highly specific, but lacked sensitivity in mild



J. Clin. Med. 2021, 10, 2750

40f17

forms of the disease (for example, in the early diagnosis of family members). Consequently,
the revised 2010 TF criteria included new electrocardiographic parameters and quantitative
measurements in echocardiogram and CMR imaging to increase this scarce diagnostic
sensitivity. Notably, the demonstration of a pathogenic variant in ACM-related genes
became a major diagnostic criterion [38]. However, the 2010 TF criteria still had limitations.
In 2019, an International Expert Report provided an extensive critical review of their
clinical performance, pointing out that the main limitation of the 2010 TF criteria was the
absence of specific criteria for the diagnosis of ALVC. In particular, tissue characterisation
provided by CMR, which allows the identification of the fibrofatty scar at the LV level to
increase the diagnostic sensitivity, was not included [39]. Starting from 2010, there has
been growing knowledge of biventricular and left-dominant variants, and in 2017, the term
“ Arrhythmogenic Cardiomyopathy” was used to give a new definition of the disease [1].
In this context, the 2020 International Expert consensus document provided upgraded
criteria (“the Padua Criteria”) for the diagnosis of the entire spectrum of ACM phenotypes,
especially the left-sided forms, emphasising the use of myocardial tissue characterisation
by CMR for diagnosis [40,41].

2. Management

Sudden cardiac death, due to ventricular electrical instability, and HF, as a result of
progressive ventricular dilatation and dysfunction, represent the most feared outcomes
in ACM. The main objectives in ACM management are: the management of VAs, the
prevention of SCD, the attenuation of arrhythmic and HF symptoms, and the slowdown of
disease progression. To reach these goals, the patient’s risk profile and symptoms must be
assessed, and the most appropriate therapy should be chosen accordingly.

2.1. Prevention of Sudden Cardiac Death
2.1.1. Risk Stratification

Because ACM patients are often young with a life expectancy of many years, it is of
utmost importance to decide whether the patient’s risk of SCD is sufficiently high to justify
aggressive therapy, including the insertion of an implantable cardioverter defibrillator
(ICD).

Risk stratification in ACM patients is mostly based on the severity of arrhythmias and
ventricular dysfunction. Several clinical predictors of poor outcome have been described
over the years. Independent predictors of poor prognosis, found in at least one published
multivariable analysis, referred as “major” risk factors, are the following: malignant
arrhythmic events including SCD, cardiac arrest (CA) due to ventricular tachycardia
(VT)/fibrillation (VF), appropriate ICD interventions, or ICD therapy on fast VT /VF;
unexplained syncope; non-sustained VT on 24-h Holter monitoring; and RV /LV systolic
dysfunction, either severe (RV fractional area change <17% or RV EF < 35% for the RV and
LV EF < 35% for the LV) or moderate (RV fractional area change between 24 and 17% or
RV EF between 40 and 36% for the RV and LV EF between 45 and 36% for the LV). “Minor”
risk factors associated with adverse events include: male gender; compound genotype;
young age at the time of diagnosis; proband status; inducible VT/VF at programmed
ventricular stimulation (PVS); extent of electroanatomic scar and fragmented electrograms
on RV voltage mapping; extent of T-wave inversion across precordial and inferior leads;
low QRS amplitude and QRS fragmentation, [42]. Some genetic defects have also been
associated with a worse arrhythmic outcome. The TMEM43 p.S358L founder mutation has
an almost complete disease penetrance and a high risk of SCD among male carriers [18].
Digenic and compound genotypes are independent predictors of life-threatening VAs and
SCD [43].

A flow chart of the treatment of patients with ACM is reported in Figure 2.
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Figure 2. Flow chart of treatment of patients with ACM. Both healthy gene carriers and ACM patients should avoid intense

sport activity, to prevent exercise-induced arrhythmic events and disease development or progression. Betablockers, since

they prevent arrhythmic events and lower right ventricular wall stress, are essential drugs to be used in all clinically affected

individuals. In patients suffering from VAs, AA drugs give the opportunity to improve symptoms. Catheter ablation is

an interventional option for patients with episodes of sustained monomorphic VT. Patients for whom the implantation

of an ICD is most often indicated are those with history of VF or sustained VT. In advanced stages of the disease, when
HF occurs, betablockers and other HF drugs are indicated. AA drugs = antiarrhythmic drugs; ACM = arrhythmogenic
cardiomyopathy; HF = heart failure; ICD = implantable cardioverter defibrillator; Vas = ventricular arrhythmias; VT =

ventricular tachycardia; VF = ventricular fibrillation.

Three categories of arrhythmic risk (“high”, “moderate” and “low” risk) have been
identified by the 2015 Task Force consensus document on treatment of ACM (Figure 3).
The “high-risk” category comprises patients with a history of CA or hemodynamically
unstable VT or those with severe ventricular dysfunction, either right (RV fractional area
change <17% or RV ejection fraction <35%) or left (LV ejection fraction <35%). The
“intermediate risk” category includes patients with >1 “major” risk factors, such as syncope,
non-sustained VT, or moderate right (RV fractional area change 17-24% or RV ejection
fraction 36—40%) and/or left (LV ejection fraction 36—45%) ventricular dysfunction and
patients with >1 “minor” risk factors. Asymptomatic patients with no risk factors and
healthy gene carriers have a low risk of malignant VAs (“low-risk” category) [42]. Figure 3

illustrates risk categories in patients affected by ACM [44].
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Major Arrhythmic Events

Cardiac arrest due to ventricular
fibrillation
Sustained ventricular tachycardia

Major Risk Factors

Unexplained syncope
Nonsustained ventricular tachycardia
Severe right or left ventricular

dysfunction Intermediate
Risk
Minor Risk Factors 1-10%/yr

Proband status, male sex

Frequent PVBs (=1000/24 hr)

Inducibility on electrophysiological
study

Extent of negative T waves

Amount of right ventricular fibrofatty
scarring

Multiple desmosomal gene mutations

No Events or Risk Factors

Healthy gene carriers
Patients with definite ARVC

Figure 3. Risk stratification in patients affected by ACM. Risk of major arrhythmic events is based on
previous events and specific risk factors. ACM= arrhythmogenic cardiomyopathy. From The New
England Journal of Medicine, Domenico Corrado, Mark S. Link, Hugh Calkins, Arrthythmogenic Right
Ventricular Cardiomyopathy. New Engl. J. Med. 2017, 376, 61-72. Copyright © 2021 Massachusetts
Medical Society. Reprinted with permission [44].

Recently, a calculator has been proposed for “primary” risk stratification of patients
with ACM [45]. However, this calculator shows significant limitations due to the important
selection biases and inhomogeneous study population of the original Cadrin-Tourigny
investigation used to predict outcome. Indeed, the outcome predictors were the same
factors, such as syncope, non-sustained ventricular VT, and RV (but no LV) systolic dys-
function, which led to ICD implantation. The arrhythmic outcome was assessed using a
combined endpoint including appropriate ICD intervention on VT, which is a poor sur-
rogate of SCD because the majority of episodes in ACM patients are self-terminating and
even short episodes of fast (>180/min) VT are hemodynamically well tolerated and most
often asymptomatic, because the systolic function of the LV is usually preserved or slightly
depressed. Since only one-fourth of the total study population had an ICD, 60% of the
study patients (without an ICD) were prevented from experiencing an appropriate ICD
intervention, which accounted for 70% of outcomes during the follow-up.

The same authors recently developed a new calculator for the prediction of life-
threatening VAs (i.e., fast VT/VE or sudden CA) using the same study design of the
previous study [46]. Surprisingly, classic major risk factors such as a history of sustained
VT or VF and the severity of ventricular systolic dysfunction did not predict the occurrence
of life-threatening VAs. Conversely, malignant arrhythmic events were associated with
younger age, male sex, the burden of ectopic ventricular beats and the extent of T-wave
inversion in the inferior and precordial leads. The use of the calculator may be associated
with overestimation of the risk of VT and VF, which may translate into overtreatment with
ICD of asymptomatic ACM patients. Hence, before this calculator can be recommended
for clinical use, validation studies are needed to confirm its predictive accuracy among the
“real world” ACM patient population (www.arvcrisk.com; accessed on 21 June 2021).

2.1.2. New Risk Predictors

Novel biomarkers are currently emerging as useful tools for risk prediction [47].
Testosterone, plasma bridging integrator 1, soluble ST2, miRNAs, anti-DSG2 antibodies,
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High Risk

- Aborted SCD due to > 1 major risk factor:

VF
- Sustained VT

- Severe dysfunction of
RV, LV, or both

ICD indicated
(Class 1)

correlate with disease severity and arrhythmias incidence [35,48-60]. Rearrangement at the
intercalated disk (remodelling of connexin 43 gap junction proteins, sodium channels, and
desmosomal proteins, particularly plakoglobin) determined by immunohistochemistry
may predict arrhythmic events [61]. Ajmaline challenge can show ST elevation, which is
also indicative of sodium channel remodelling [62,63]. Conduction delays, undetectable
on 12-lead ECG and associated with a higher risk of arrhythmias, can be unmasked
by cardiac activation imaging [64] or by echocardiography deformation imaging [65].
Contrast-enhanced CMR with late gadolinium enhancement (LGE) technique can provide
a non-invasive assessment of myocardial fibrosis [66].

2.1.3. Indications for ICD Implantation

Although randomised trials of ICD therapy have not been performed, data from
observational studies have consistently shown that it is effective and safe. The 2015 TF
consensus conference on treatment of ACM provided recommendations for ICD implanta-
tion with the aim to optimise the prevention of SCD and avoid overtreatment of patients
at low risk (Figure 4). Patients who benefit most from ICD are those who have had an
episode of VF or sustained VT. It remains uncertain whether ICD therapy is appropriate
for primary prevention of SCD among patients with one or more risk factors and no prior
major arrhythmic events [63,64].

Intermediate Risk

Low Risk

- Syncope

- NSVT

- Moderate
dysfunction of RV,
LV, or both

- No risk factors

- Healthy gene carriers

ICD should be
considered
(Class 2a)

ICD not indicated
(Class 3)

Figure 4. Flow chart of risk stratification and indications of ICD implantation in ACM. Based on the available data on annual

mortality rates associated with specific risk factors, the estimated risk of major arrhythmic events in the high-risk category is

>10%/year; in the intermediate category, it ranges from 1 to 10%/year; and in the low-risk category, <1%/year. Indications

of ICD implantation were determined by consensus considering not only the statistical risk, but also general health,

socioeconomic factors, the psychological impact and the adverse effects of the device. * See the text for distinction between

major and minor risk factors. ACM = arrhythmogenic cardiomyopathy; ICD = implantable cardioverter defibrillator; LV

= left ventricle; NSVT = non sustained ventricular tachycardia; RV = right ventricle; SCD = sudden cardiac death; VF =

ventricular fibrillation; VT = ventricular tachycardia. Modified with permission from Corrado et al. [42].

In asymptomatic patients with no risk factors and in healthy gene carriers, there
is generally no indication of prophylactic ICD implantation because of the low risk of
arrhythmias and the significant risk of device- and electrode-related complications during
long-term follow-up [46].
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2.1.4. Transvenous Versus Subcutaneous ICD

ACM patients are usually young and receive an ICD for primary prevention. Thus, it
is of utmost importance to prevent SCD whilst avoiding complications such as lead failure,
device infections, and inappropriate shocks, frequently associated with the transvenous
ICD (TV-ICD) (estimated rate—3.7% per year).

Subcutaneous ICD (S-ICD), thanks to its entirely subcutaneous position, is progres-
sively establishing itself in clinical practice as a valid alternative to the TV-ICD, especially
among patients with limited vascular access, increased risk of infection and a structurally
normal heart with no need for pacing [67]. In ACM patients, the matter of its use has been
more complicated because of the intrinsic characteristics of the disease, which is progressive
and associated with the possibility of electrocardiographic depolarisation/repolarisation
changes, leading to double QRS counting and P- or T-wave oversensing and potential
inappropriate shock delivery [68]. Migliore et al., in a multicentre study enrolling ACM
patients receiving S-ICD, demonstrated that S-ICD was a safe and effective therapy for
treatment of both induced and spontaneous VAs (Figure 5). However, the use of S-ICD in
this population still has some limitations [68]. First, S-ICD cannot deliver anti-tachycardia
pacing (ATP) therapy, which may be a “pain-free” solution for VI. However, it has been
demonstrated that many of these episodes are self-limiting and haemodynamically well
tolerated, thus not needing interruption [69]. Moreover, while re-entrant VTs characterise
the advanced stages of the disease, young patients usually suffer VF episodes, reflecting
the acute electrical instability of the early phases of the disease [16]. The second issue
relies on the higher incidence of inappropriate shocks in ACM patients, which can be
triggered by the type of population, mostly of young and active patients, and the higher
prevalence of electrocardiographic abnormalities. The latter include: reduced QRS voltages
amplitude; negative T-waves; right atrial enlargement with peaked P waves; repolarisation
abnormalities depending on the heart rate [69]; and R-wave amplitude decline during
follow-up. These electrocardiographic features predispose this population to possible
cardiac and/or non-cardiac oversensing and subsequent inappropriate therapy. This is
why strategies which aim to reduce inappropriate shocks are based on careful electrocar-
diographic screening [70], device programming (single vs. dual-zone programming), new
implantation techniques [71], and software upgrades such as “SMART Pass” to reduce

oversensing [72].
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Figure 5. Appropriate and inappropriate S-ICD shocks. (A) S-ICD stored electrogram showing appropriately detected and

treated ventricular arrhythmia episode. (B) S-ICD stored electrogram of inappropriate shock due to P/T-wave oversensing
during effort. S-ICD = subcutaneous implantable cardioverter defibrillator. Modified with permission from Migliore et al. [68].
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2.2. Improvement of Symptoms and Quality of Life

The implant of an ICD is the only therapeutic option of proven efficacy for the pre-
vention of SCD by interruption of otherwise lethal VAs. However, ACM patients often
complain of arrhythmic (palpitations, VT recurrences, or ICD discharges) and HF symp-
toms that affect their quality of life. Currently available treatment options include either
pharmacologic or non-pharmacologic therapy.

2.2.1. Traditional Pharmacologic Therapy

Traditional pharmacological therapy includes the use of betablockers, antiarrhythmic
drugs (AADs), and HF drugs.

Adrenergic stimulation in ACM patients promotes VAs and SCD, which typically
occur during or soon after a physical effort. By preventing effort-induced VAs, betablockers
find their ideal location in this setting. Indeed, they receive a class I recommendation
for ACM patients symptomatic for frequent premature ventricular beats (PVBs) and non-
sustained VT, patients with recurrent VT, appropriate ICD therapies, or inappropriate ICD
interventions resulting from sinus tachycardia, supraventricular tachycardia, or atrial fibril-
lation/flutter with a high ventricular rate. Moreover, they reduce the ventricular wall stress,
lowering disease progression. Therefore, there is a class Ila for recommendation of their
use in all patients with a definite diagnosis of ACM, irrespective of arrhythmias. Instead,
in phenotype-negative gene carriers, prophylactic use of these drugs is not justified [42,73].

Among AADs, amiodarone and sotalol are the most effective drugs with a relatively
low proarrhythmic risk. They are recommended in ACM patients with frequent appropriate
ICD discharges (class I) to improve symptoms in patients with frequent PVBs and/or non-
sustained VT (class Ila) and as an adjunctive therapy when betablockers alone are not
sufficient to control the arrhythmic burden in symptomatic patients with frequent PVBs
and/or non-sustained VT [42,73].

When right and/or left HF occurs, the standard HF pharmacological treatment includ-
ing angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, (betablock-
ers), and diuretics is recommended (class I) [42].

Left-ventricle assist devices and heart transplantation represent the final treatment
options when the disease progresses to an end-stage phase. The largest assembled cohort
of ACM patients undergoing heart transplant showed high post-transplantation survival
rates (94% and 88% at 1 and 6 years, respectively) [74-76].

Another not uncommon issue in severely dilated ventricles with aneurysms and sac-
culations is represented by thrombus formation and related thromboembolic complications.
There is no indication for primary prevention with anticoagulants; however, when a throm-
bus is documented or a thromboembolic event occurs, long-term anticoagulants should be
started (class I) [42].

2.2.2. New Pharmacological Options
Heart Failure Drugs

The PARADIGM-HEF study established the favourable impact of therapy with sacubi-
tril/valsartan (LCZ696) on the outcomes of patients with HF [77]. Whether this treatment
is effective in ACM patients with RV, LV or biventricular systolic dysfunction remains to
be established. Studies validating the role of these neurohormonal antagonists in ACM
represent a major research priority.

Anti-Inflammatory Drugs

Glycogen synthase kinase-33 (GSK3 3) and the nuclear factor-kB (NFkB) signalling
pathways are abnormally activated in cardiac myocytes in ACM. A small molecule,
SB216763 (SB2), a GSK3f inhibitor, appears to prevent or reverse the disease in ani-
mal models by reducing the Wtn-f3 catenin signalling pathway (which is enhanced by
GSK3p) [78,79]. However, long-term use of GSK3f antagonists and its effects on the Win-{3
catenin signalling pathway carry an unacceptable risk of developing cancer, limiting their
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clinical applicability. Thus, subsequent research focused on a downstream level and on in-
flammatory signalling. NF«B promotes inflammatory responses and interacts with GSK33.
Bay 11-7082, an inhibitor of NFkB, has been demonstrated to reduce the development
of disease features [80]. On the same line, the inhibition of the TNF«, IL-1 and NLRP3
inflammasome in experimental models has been shown to have a potential benefit in ACM
treatment by reducing inflammation and fibrosis [81-83]. These findings gave evidence
of the efficacy of targeting the inflammatory pathway as a potential therapeutic option in
ACM patients.

Another signalling pathway that is altered, causing LMNA-associated cardiomyopa-
thy, is that of MAP kinase (p38« branch). ARRY-797, a p38 MAPK inhibitor, has been
shown to reverse cardiac dysfunction in animal models of LMNA and important results
are expected from a clinical trial (ClinicalTrials.gov Identifier: NCT03439514) currently
underway in patients with dilated cardiomyopathy due to LMNA mutations [84].

2.2.3. Non-Pharmacologic Therapy by Catheter Ablation

When pharmacological therapy confers only a partial control of arrhythmias or are
poorly tolerated, catheter ablation can represent a potentially effective treatment for recur-
rent sustained VT episodes and ICD shocks in ACM patients. Therefore, it is recommended
in cases of incessant VT or frequent appropriate ICD interventions on VT, despite maximal
pharmacological therapy, and may be considered in patients who do not desire or cannot
tolerate pharmacological therapies [42]. Since catheter ablation does not prevent SCD, it
should not be considered as an alternative to ICD implantation in ACM patients with a
history of sustained VT, with the possible exception of selected cases with a drug refractory,
haemodynamically stable, single morphology VT [42].

Myocardial scars are imaged as low-voltage regions (areas >1 cm? with low bipolar
voltages (<1.5 mV), and fractionated potentials (i.e., >3 deflections, amplitude <1.5 mV,
duration >70 ms)) by bipolar three-dimensional electroanatomic voltage mapping (3D-
EVM). As mentioned above, these alterations not only have a diagnostic value but also
carry a prognostic significance as they correlate with arrhythmic events. However, 3D-EVM
can miss low-voltage areas in about 25-30% of cases and the success rate of the endocardial
approach is still modest because of the epicardial location of the majority of VT circuits [85].
This epicardial substrate can be evidenced as abnormal epicardial bipolar low-voltage
areas (amplitude < 1.0 mV) by epicardial voltage mapping [86] or, as an alternative to this
invasive approach, by using a threshold of <5.5 mV at unipolar endocardial mapping [87].

The catheter ablation technique includes patient sedation, mapping, electrophysiologi-
cal study, and ablation itself. For the endocardial approach, conscious sedation is favoured,
while for the epicardial approach, general anaesthesia is preferred. The endocardial ap-
proach relies on a standard transfemoral access, whereas a pericardial access is employed in
the epicardial approach (Figure 6). The following steps are similar for both the approaches:
use of irrigated-tip catheters with contact force sensors to detect fractionated signals and
late potentials, pace mapping to identify additional sites, PVS to induce VT, activation,
and entrainment VT mapping to identify the tachycardia circuit or, as an alternative, a
substrate-based ablation targeting “channels” and delayed/fractioned potentials within
low voltages areas.
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Figure 6. Catheter ablation in ACM patients. Panel (A) shows the subendocardial approach. Panel (B) shows the
subepicardial approach. Panel (C) shows three-dimensional electro-anatomical voltage mapping to reconstruct regions of
right ventricular scarring. ACM = arrhythmogenic cardiomyopathy. From The New England Journal of Medicine, Domenico
Corrado, Mark S. Link, Hugh Calkins, Arrhythmogenic Right Ventricular Cardiomyopathy. New Engl. J. Med. 2017, 376,
61-72. Copyright © 2021 Massachusetts Medical Society. Reprinted with permission [44].

Patients with end-stage ACM require more extensive radiofrequency applications be
delivered at the endocardium because of a wider endocardial than epicardial involvement.
However, even in these cases, the epicardial approach (combined with endocardial) may
be useful to achieve complete substrate elimination and decrease VT episodes during
follow-up. Because recent studies demonstrated good long-term outcomes in patients
showing no VT inducibility after endocardial-only ablation, the epicardial approach should
be reserved only for when spontaneous or inducible VT persists after extensive previously
performed endocardial ablation [88,89] (Table 1). Therefore, a stepwise method with a first
attempt with endocardial-only ablation followed eventually by epicardial ablation in those
patients exhibiting a bipolar vs. unipolar low-voltage areas may be preferred.
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Table 1. Major series of ventricular tachycardia ablation outcomes in arrhythmogenic cardiomyopathy.

Patients

Author (Year) Ablation Technique Follow-up
n (Men) Complete
Acute Success Procedure-Related Death
Electro- Irrigated Epicardial (%) Complications Mean Recu‘r?;nces e::rt s
Anatomic Map Tip Map/abl (%) (Months) o
(%) HT
Santangeli 2019 32 (23) Yes Yes 72% 100 1 (RV laceration) 46 19 N/A
Berruezo 2017 41 (36) Yes Yes 100% 90 2 (tamponade, death) 32 26.8 N/A
Mussigbrodt 2017 45 (30) Yes Yes 48.9% 84 5 (TIA, tamponade x2, PE 31 44+ N/A
x2 1 fatal)
3 (tamponade, femoral AV
- . . . 81 at 5 years
Souissi 2018 49 (44) Yes Yes 100% 71 fistula, intestinal 64 31 at 1 vears * 6 deaths, 2 HT
perforation) y
. o 5 (PE x2, pericardial .
Santangeli 2015 62 (45) Yes Yes 63% 77 effusion, RV puncture, CT) 56 29 5NC, 5HT
Philips 2012 87 (45) Yes Yes 26.4% 82 2 (death, MI) 88 85 N/A
Berruezo 2012 11 (9) Yes Yes 100% 100 1 (tamponade) 11 9 0
Garcia 2009 13 (10) Yes Yes Yes 92 0 18 23 1HT
Nogami 2008 18 (13) Yes No No 72 0 61 33 2 HF, 1 NC
Dalal, 2007 24 (11) Yes No No 77 1 (death) 32 85 2HT
Satomi 2006 17 (13) Yes No No 88 0 26 24 0
Verma 2005 22 (15) Yes Yes No 82 1 (tamponade) 37 36 0
Miljoen 2005 11 (8) Yes No No 73 0 20 45 1NC
Marchlinski 2004 19 (18) Yes Yes No 74 0 27 11 0
Reithmann 2003 5(3) Yes No No 80 0 7 20 0
Ellison 1998 5 (4) No No No 42 0 17 0 0

* The endpoint was freedom from ventricular tachycardia after the last ablation. AV = arterovenous, CT = constrictive pericarditis, HF = heart failure death, HT = heart transplantation, MI = myocardial infarction,
NC = non-cardiac death, PE = pulmonary embolism, TIA = transient ischemic attack, RV = right ventricular.
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3. Conclusions

Arrhythmogenic cardiomyopathy is characterised by progressive scarring of the
ventricular myocardium and ventricular dilatation and dysfunction.

The clinical approach to the disease should embrace new concepts and awareness
regarding the pathobiological basis and the role of the immune system in the development
and progression of the disease. Risk stratification to guide ICD implantation remains a
crucial point in the management of ACM patients for primary prevention of SCD. The
emerging role of S-ICD offers the potential to revise the indications of ICD treatment.
The significant advances of mapping and catheter ablation have led to effective non-
pharmacologic therapy of sustained VT. Neurohormonal antagonists and drugs targeting
the Win-3 and NFkB pathways represent the major advances of pharmacological treatment.
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