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Abstract: Arrhythmogenic cardiomyopathy (AC) is a disease that involves electromechanical uncoupling of cardiomyocytes. This
leads to characteristic histologic changes that ultimately lead to the arrhythmogenic clinical features of the disease. Initially thought to
affect the right ventricle predominantly, more recent data show that it can affect both the ventricles or the left ventricle alone.
Throughout the recent era, diagnostic modalities and criteria for AC have continued to evolve and our understanding of its clinical
features in different age groups as well as the genotype to the phenotype correlations have improved. In this review, we set out to detail
the epidemiology, etiologies, presentations, evaluation, and management of AC across the age continuum.
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Introduction

Arrhythmogenic cardiomyopathy (AC) is an umbrella term that is a relatively new construct recognizing that electrical
function of the heart is as intrinsic to maintaining normal cardiac function as are cardiomyocytes and the scaffolding
holding them together. Pathogenic variants leading to disease result in electromechanical uncoupling of cardiomyocytes,
triggering histologic changes that create the substate for arrhythmias and dysfunction.' Life threatening cardiac
arrhythmias may occur in the absence of overt cardiac dysfunction while, conversely, cardiac dysfunction can persist
and progress even when arrhythmias are controlled. Traditionally, AC was thought to be a primary disorder of the right
ventricle (RV) associated with ventricular arrhythmias and fibrofatty infiltration/replacement of the RV cardiomyocytes
and was termed arrhythmogenic right ventricular cardiomyopathy (ARVC; OMIM: 107970; for the purposes of this
article termed right ventricular dominant AC [RVD-AC]). However, it has become clear that this entity may affect both
ventricles (ie termed biventricular arrhythmogenic cardiomyopathy [BiV AC]) or the left ventricle in isolation (for the
purposes of this article termed left ventricular dominant AC [LVD-AC]).

These diseases can manifest in different ways across the age spectrum with variable and age dependent penetrance
affecting either or both ventricles at variable timepoints throughout the course of the disease, which can make diagnosis
challenging. Therefore, it is important for pediatric as well as adult cardiologists, geneticists, and genetic counsellors to
recognize age and disease related variability in clinical presentations when assessing and counselling patients regarding
implications for them and their relatives.

This article will review what is known about the epidemiology, etiologies (including rare genetic variants and
syndromic presentations), clinical presentation, diagnostic evaluation, and special considerations in AC across the age
continuum, with a limited discussion on management.

Epidemiology
RVD-AC has a prevalence of 1 in 1000 to 5000 and has been uncommonly reported before 12 years of age or after 60
years of age.”” It most often presents in the 2nd—5th decades of life with a median survival of around 60 years of age.”
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Initially thought to be almost three fold more prevalent in males, a more recent study suggests the prevalence amongst
sexes is similar." Geographically, Mediterranean regions, particularly Italy, are known to have a higher incidence of
RVD-AC. One study found that RVD-AC accounted for 11% of sudden cardiac death (SCD) cases, but it has been
reported to be as high as 22.4% in the Veneto Region.® As the AC literature has grown, differences in geographic
distribution of genetic variants have been mapped, showing a high prevalence of PKP2 pathogenic variants in the USA
and the Netherlands, while in Italy, Denmark and the UK, variants in other desmosomal protein encoding genes are
associated more frequently with the AC phenotype, with DSP variants slightly more common in the UK. Pathogenic
variants in the desmosomal gene JUP are associated with AC relatively rarely, with the exception of Denmark and
Greece/Cyprus.’

Genetic Etiology

The most common mode of inheritance of AC is autosomal dominant. Although the majority are linked to desmosome
protein-encoding genes, non-desmosome genes have been implicated. A recent reappraisal of evidence on RVD-AC
causing genes by the Clinical Genome Resource Gene Curation Expert Panel found the strongest evidence for disease
causation to be due to variants in desmosome genes PKP2, DSP, DSG2, DSC2, and JUP and non-desmosome TMEMA43,
with moderate evidence for non-desmosome PLN and DES.® However, the minimum gene set when assessing more
broadly for AC recommended by the 2019 HRS expert consensus statement on evaluation, risk stratification and
management of arrhythmogenic cardiomyopathy include BAG3, DES, DSC2, DSG2, DSP, FLNC, JUP, LDB3, LMNA,
NKX2-5, PKP2, PLN, RBM20, SCN5A4, and TMEM43.° This recommendation will likely include additional genes over
time, such as ILK and LEMD2.'%!!

Although initially thought to be a result of desmosomal variants, recent evidence suggests that genes outside of the
desmosome can cause AC via a “final common pathway” that eventually leads to desmosome dysfunction; virtually all
components of the intercalated disc can be involved.’ Intercalated discs are located in the ends of the cardiac myocyte
where cell to cell contact and interaction occurs.'? Intercalated discs are composed of three different connections
including adherens junctions, desmosomes, and gap junctions. The adherens junctions and desmosomes provide
mechanical coupling between cells and help reinforce myocyte structure while the gap junctions are required for the
rapid electrical conduction between cells. If these pathways are disrupted, then cardiac dysfunction and arrhythmias may
occur.

Since the primary etiology for AC is genetic and the yield of genetic testing is relatively high (ranging around 50—
60% overall, but as high as 80% in the pediatric population) genetic testing is warranted when AC is suspected.”* "> In
the clinical setting, these tests often utilize next generation sequencing technologies like commercial cardiomyopathy
gene panels and exome or genome sequencing. When a pathologic/likely pathologic variant is identified, it should trigger
a recommendation for cascade screening to identify genotype-positive members of the family. It is also important to
recognize that some pathogenic gene variants may differ between the differing AC phenotypes, with some more likely to
present as LVD-AC or progress to BiV AC (Figure 1).

Desmosome Protein-Encoding Genes

The majority of pathogenic gene variants with definitive associations with AC are found in the desmosome including
PKP2, DSP, DSG2, DSC2, and JUP.® The cardiac desmosome is made up of a set of proteins important for cardiomyo-
cyte adhesion, and include proteins within the cadherin, plakin, and armadillo family of proteins.'® Also, variants within
other domains involved in protein interactions critical for desmosome function are implicated and variant type, zygosity,
and inheritance all play a role in phenotype and penetrance.

The most common overall gene implicated in RVD-AC is PKP2. The PKP2 protein (plakophilin 2) is part of the
desmosome.® Truncating and missense variants have been reported. Although causative variants may lead to a RVD-AC
or BiV AC, a study by Dries et al reported that truncating variants in PKP2 were more likely to present with the RVD-AC
phenotype.'” Truncating variants in PKP2 are more enriched overall in RVD-AC patients, but location in the PKP2 gene
did not correlate with disease association. By comparison to when missense variants are implicated, sites of enrichment
for missense variants are found more localized in regions with known functional domains and the C-terminus.'’

182 hetps: The Application of Clinical Genetics 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Tadros et al

ARVC ALVC

DSP
PKP2 Jup

DES TTN
DSC2 CDH2
DSG2 CTNNA3
PLN TGFB3
TMEM43 ILK

DSP

FLNC TTN
DSG2 LMNA

pkp2 CDH2
DES CTNNA3
Dsc2 TMEMA43

PLN

Biventricular AC

Desmosomal Genes Non-Desmosomal Genes

PKP2 DES LMNA  LMED2
DSP FLNC RBM20
DSG2 PLN BAG3
DSsC2 TMEM43 SCN5A
JUP TTN CTNNA3
CDH2 ILK

Figure | Diagram of non-desmosomal and desmosomal genes associated with arrhythmogenic cardiomyopathy and genotype-phenotype correlations for arrhythmogenic
right ventricular cardiomyopathy (ARVC), arrhythmogenic left ventricular cardiomyopathy (ALVC), and biventricular arrhythmogenic cardiomyopathy (BiV AC).

Specifically, enrichment was seen in most armadillo repeats and the HR2 domain, which are important functional
domains involved in protein interactions.'”'® This is further substantiated by Headrick et al showing pathologic hot-
spots in the armadillo repeat domains, ARM7 and ARMS.'’ In addition to involving those domains, markers of
pathogenicity include variants involving highly conserved residues and radical variants defined as frame-shift insertion
and deletions and splice junction variants, as per Kapplinger et al.'* They also found a relatively similar frequency of
missense variants in ostensibly unaffected controls and caution that race/ethnicity, mutation location, and sequence
conservation should be taken into account when interpreting rare missense variants.'* There is also growing evidence that
mode of inheritance and variant burden may play a role in phenotype, with patients with biallelic variants (recessive or
compound heterozygous) or those with digenic heterozygosity presenting with earlier onset AC, LV dysfunction, and
increased clinical severity compared to monoallelic heterozygous carriers.'®*°

DSC2-encoding desmocollin 2 and DSG2-encoding desmoglein 2 are also important causes of AC. Both encode for
desmosomal cadherins that link cardiomyocytes. The N-terminal cadherin repeat domains are common sites of pathologic
hotspots.'*!? In addition, variants found within the signal peptide and prodomain of DSC2 have also been implicated and
may affect intracellular transport of cadherin to the plasma membrane as exhibited in in-vitro studies utilizing cell
transfection experiments and confocal microscopy.?' In the study by Syrris et al, the patient cohort was selected due to
their clinical criteria based diagnosis of arrhythmogenic right ventricular dysplasia/cardiomyopathy. Four of the 77
patients were found to have 2 heterozygous variants in DSC2, one being an insertion and the other a deletion. Five of
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seven individuals in the group had significant left sided involvement with 2 of the 7 having more obvious left sided
disease.*® Missense variants in DSC2 also accounted for a RVD-AC phenotype in some patients in the Beffagna et al
study.”> A study analyzing a Dutch population that included DSC2 and DSG2 variants suggested variant burden is
a phenotype modifier, not just the variant itself, as a higher proportion of patients with biallelic or digenic variants were
found in those with definitive RVD-AC compared to a smaller proportion of patients with heterozygous variants who had
probable RVD-AC.** Recessive inheritance was suggested in two index cases, one of whom had a homozygous DSG2
variant and another a hemizygote DSG2 variant with an additional large deletion in DSG2, in the absence of other
affected family members.”> Importantly, zygosity has been shown to play a role in both penetrance and phenotype in
DSC2 variants with two studies identifying a homozygous missense (D179G) and truncating variant (Q554X) in
probands with BiV AC, with little to no phenotype in patients carrying the same variants in a heterozygous
fashion.”®2” AC has also been reported to be inherited via uniparental segmental isodisomy in an affected patient who
had a homozygous 4-bp deletion in DSC2.%* Homozygous DSC2 variants can lead to cardiocutaneous phenotypes,
although some are cardiac restricted.”**” While some patients with DSG2 variants meet criteria for arrhythmogenic right
ventricular cardiomyopathy, the phenotype frequently involves the LV and may occur in isolation as LVD-AC or as BiV
AC.*7% In a study by Hermida et al, a little over 50% of patients harboring a putative DSG2 variant presented with LV
dysfunction and were more likely to undergo heart transplant or die from heart failure compared to those with PKP2
variants.®!

DSP-encoding desmoplakin encodes the protein that links the intermediate filaments to the desmosome and is found
in up to 16% of AC patients.” DSP harboring patients are also more likely to present with LV dysfunction, both in
isolation and as BiV AC.** Three of the patients in this study with DSP variants were initially diagnosed as dilated
cardiomyopathy. Left ventricular noncompaction was also noted in a subset of these patients with DSP variants. Some
studies have shown 40% or more having LV changes and compared to other genotypes, increased LV dimensions and
reduced LV function.’*** Similar to previous genes, truncating variants may also increase the clinical severity of the
phenotype in regards to both symptoms and LV dimensions and function.**>° In regards to variant location, the
N-terminal region of DSP is a prominent hot-spot and is a domain important in binding to plakophilin and
plakoglobin.'* In addition, variants in regions which house the N-terminal region and the central rod domain, essential
for interactions with other desmosomal proteins and intermediate filaments, may be associated with earlier ages of
presentation and higher clinical severity. LVNC was seen in some of these patients as well as a cardiocutaneous
phenotype in some family members.*’

The JUP gene encoding for the intercalated disc protein plakoglobin is amongst the rarest of the desmosomal genes
implicated in AC and is found predominantly in the Greek/Cyprus regions and Denmark.” It has been characterized by
a homozygous two base deletion leading to a cutaneous phenotype and RVD-AC known as Naxos disease (OMIM:

601214) and the mode of inheritance is autosomal recessive and is discussed in a subsequent subsection in this review.*®

Non-Desmosome Protein-Encoding Genes

More recently, non-desmosomal protein encoding genes have been implicated in AC and include genes encoding nuclear
envelopes, intermediate filaments, calcium handling, and sarcomeric proteins. Of those identified, only TMEM43 was
found to have definitive evidence for the RVD-AC phenotype, while there was moderate evidence for PLN and DES for
the RVD-AC phenotype, with most other genes having limited evidence for the “classic phenotype”, per a study by James
et al.® However, these genes may also present with less classic AC phenotypes and are important in identifying genetic
etiologies in the “gene elusive” AC patient.

TMEM43-encoding transmembrane protein 43, a nuclear envelope protein which interacts with the lamina proteins
emerin and lamin A/C, has been implicated in AC.>* The founder variant, S358KL, was identified in a population from
Newfoundland with a likely European origin, but since has been identified in individuals outside of the founder
population.***! The variant is highly penetrant and although primarily presenting as RVD-AC, almost half of the
patients also have LV involvement.*' Further, it is also associated with a high rate of SCD, approaching 40%, and SCD

was more common in males compared to females.*' Using dermal fibroblasts and force indentation experiments, it is
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theorized that introduction of this missense variant leads to increased stiffness and elasticity in the cell nucleus, which
may lead to stochastic death of mechanically active cells, like cardiomyocytes.*

Animal models have been developed to try to understand the molecular mechanism(s) of TMEM43 variant associated AC,
including transgenic mouse models and cell lines from zebra fish, with some variability in phenotypes seen in the mouse
models.**** In a TMEM43 knock-in mouse model carrying the p.S358L variant, fibrofatty infiltration was seen, but cardiac
function was preserved.”” They also found that the TMEM43-S358L variant enhanced the NF-kappaB-TGFbeta signal
cascade contributing to the fibrotic changes seen.** In another transgenic mouse model, cardiac-specific overexpression of
the human TMEM43-p.S358L variant produced a more severe cardiac phenotype closely resembling the human form of AC
with changes seen on ECG and echocardiography, early death, and fibrofatty replacement of cardiac myocytes.* Additional
mechanistic studies were performed showing that TMEM43 localized at the nuclear membrane, interacting with emerin and f3-
actin.*® TMEM43-S358L partially delocalized to the cytoplasm, reducing interaction with emerin and p-actin, and activating
glycogen synthase kinase-3p (GSK3p).* The GSK3p signaling pathway previously has been shown to play a role in AC
pathogenesis. The Padron-Barthe et al study also reported that treatment of TMEM43 mutant mice with a GSK3p inhibitor
improved cardiac function.*> Alterations in cardiac structure and function have also been shown in a transgenic zebrafish
model when TMEM43 variants (c.1073C>T, p.S358L; ¢.332C>T, p.P111L) were expressed.** Both variants displayed cardiac
morphological defects at juvenile stages and ultrastructural changes within the myocardium, accompanied by dysregulated
gene expression profiles in adulthood.** These studies emphasize the importance of bedside to bench for further mechanistic
elucidation and hopefully translation back to the bedside to improve patient outcomes.

PLN-encoding phospholamban, is a protein important in maintaining calcium homeostasis.** A study by Van der Zwaag
et al reported on a group of patients in the Netherlands with a phospholamban R14del mutation who were diagnosed with
DCM or RVD-AC.* The variant was found in 12% of the RVD-AC patients and 15% of the DCM patients. The DCM patients
with the deletion had a higher frequency of appropriate implantable cardiac defibrillator (ICD) discharges, family history of
SCD at a young age and cardiac transplantation compared to the other DCM patients but similar to their RVD-AC patient
cohort consistent with an arrhythmogenic cardiomyopathy.*> A majority of those with the predominantly RVD-AC phenotype
and the Rl14del, were found to have a reduced plakoglobin signal at the intercalated disks by immunohistochemistry,
suggesting that impairment of non-desmosomal proteins like phospholamban, may affect a final common pathway leading
to desmosomal instability in the RVD-AC phenotype.*> However this was an uncommon finding in the DCM phenotype
patients with the same variant, suggesting this finding is associated with the RVD-AC phenotype and not the genotype. Other
reported differences in those with predominantly LVD-AC with the PLN variant include differing ECG patterns with more
commonly found low voltage ECGs, T wave inversion in the lateral chest leads, more LV structural and functional changes and
differing patterns of fibrosis on histologic specimens from cardiac explants or autopsies.*®*’

Key in cardiomyocyte structure and cytoskeleton organization is the cardiac intermediate filament, of which DES-encoded
desmin is a key subunit. Desmin is made up of a central rod domain flanked by a terminal head and tail domain.*® One particular
genetic hotspot is within the 1A subdomain in the central rod domain, some variants functionally disrupt filament assembly.****
Pathogenic variants affecting the desmin protein cause “desminopathies” leading to a variety of clinical phenotypes which may
include skeletal and/or cardiomyopathies. One of the first descriptions of a DES variant related to RVD-AC was in a patient with
no clinical skeletal myopathy.”® Other variants have since been identified in patients with LVD-AC and BiV AC in a highly
penetrant and arrhythmogenic phenotype without an apparent skeletal myopathy.>®>> However, patients with desminopathy
related cardiomyopathy may have onset of skeletal muscle disease after the onset of the cardiomyopathy; therefore continued
monitoring for the development of skeletal muscle disease is important. Also of note, other forms of cardiomyopathy are more
frequent than AC in desminopathies including DCM and less frequently restrictive cardiomyopathy (RCM) and hypertrophic
cardiomyopathy (HCM).>® Left ventricular noncompaction has also been rarely reported.>

FLNC-encoding filamin C and its link to AC has been more recently identified. Filamin C is important for
mechanotransduction in cardiomyocytes and localizes to the intercalated disk.>* This again supports the theory of
a final common pathway that can disrupt cell to cell adhesion and communication from multiple integrated sites.
Immunohistochemistry staining has demonstrated reduced desmoplakin signals in ventricular samples in some patients
with an FLNC-variant AC. The phenotype often overlaps with DCM with a high arrhythmia burden and sudden death
risk.”>>>® Most variants described are truncating and the penetrance is quite variable, reported from 9% in one study to
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97% in individuals >40 years of age in another study.’®>’ This wide range is likely due to case ascertainment differences
with the Carruth et al study identifying patients through whole exome sequencing of a general clinical population
(reported 9%), while the Ortiz-Genga et al study reported the 97% in a population identified using next-generation
sequencing with 28 unrelated probands identified with truncating variants in FLNC. Their relatives were then cascade
tested which likely contributed to the high penetrance reported over time. As with desminopathies, FLNC variants have
also been associated with HCM and RCM, typically with high arrhythmia burdens.’*%-%°

Other variants in non-desmosomal genes that have been implicated in AC include /LK-encoding integrin linked
kinase which has been implicated in the clinical setting as well as in in-vitro and in-vivo models and LEMDZ2-encoding
LEM domain containing protein that has been associated with LVD-AC.'%!*! Additional implicated AC genes include
SCN5A, CTNNA3, SCN5A, BAG3, RBM20, CDH2, TGFB3, TTN, and LMNA, amongst others. However, data regarding
some of these genes and their link to AC is more limited and warrants further investigation. These findings highlight the
potential clinical/phenotypic overlap of many gene variants as is evident in the sarcomeric protein variants that can cause
differing phenotypes even within first degree relatives. Therefore, if a targeted gene panel is used to try to identify the
common variants for a cardiomyopathy in a proband, it is important to expand the search for genes that are less
commonly associated with the particular phenotype. One of the major “tip offs” to look for AC genes is a heavy
arrhythmia burden in those with an “atypical” phenotype such as DCM.

Clinical Features

The classic clinical features of AC have been primarily related to ventricular arrhythmias and sudden cardiac death. The
natural history of RVD-AC was classically defined in four stages: 1) the concealed phase where the patient is or appears
to be free of significant symptoms or arrhythmias but structural changes are starting to occur and may be seen on
echocardiography if performed. The presentation in this phase still can be SCD or aborted SCD, 2) the overt phase where
the patient develops symptoms, typically arrhythmias, syncope, palpitations, and more overt structural changes, 3) end-
stage disease leading to right ventricular dilation and dysfunction, and 4) biventricular failure mimicking dilated
cardiomyopathy (Figure 2).62 However, more recent studies have shown that patients may initially present at any

Concealed Phase Overt Phase End-Stage Disease Biventricular Failure

No arrhythmias . Palpitations and 1. RV dilation and 1. RVand LV
Preserved syncope dysfunction dilation and
function . Ventricular dysfunction
Normal Imaging arrhythmias . Dilated

Sudden cardiac . RV structural cardiomyopathy
death still changes on phenotype
possible ECHO and CMR

Figure 2 Four phases classically described in arrhythmogenic right ventricular cardiomyopathy and the associated findings in the 1) concealed phase where no structural
changes are seen on imaging, 2) overt phase where arrhythmias may manifest and right ventricular (RV) changes may be seen on echocardiogram (ECHO) or cardiac
magnetic resonance imaging (CMR), 3) end-stage disease phase where RV dilation and dysfunction is seen, and 4) biventricular disease where the left ventricle (LV) becomes
involved and a dilated cardiomyopathy phenotype may manifest. Parts of the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is
licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).
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stage and may have primary LV involvement or biventricular disease at presentation, which may manifest as heart failure
with a worse prognosis.

Arrhythmias

Arrhythmias have been the hallmark of AC and although primarily manifested as ventricular tachycardia, arrhythmias of atrial
origin may also occur. Ventricular arrhythmias have led to the diagnosis of AC in a large proportion of patients.®> Ventricular
arrhythmias can range from frequent premature ventricular complexes to ventricular electrical storms, defined as >3 separate
episodes of sustained ventricular tachycardia within a 24-hour period. Ventricular electrical storms were seen in approximately
22% of patients at a median follow up of 4 years after ICD placement.®* Additionally, ventricular arrhythmia morphology may
correlate with underlying genetic findings. PKP2 variants were more commonly associated with left bundle branch block
morphology ventricular tachycardia (VT) or both left and right bundle brunch block morphology VT. The right bundle branch
pattern when present should raise suspicion for significant left sided involvement as well. Right bundle branch block
morphology VT has also been associated with DSP variants again raising suspicion for significant left sided disease.®’
Atrial fibrillation has been reported in up to 14% of patients, typically presenting in adults and was associated with more RV
structural abnormalities and greater LA volumes, suggesting this is a finding in more advanced disease.®®

Sudden Cardiac Death

Sudden cardiac death is the most feared outcome in AC, some of which is not preventable as SCD may be the first presentation
of the disease, highlighting the importance of screening asymptomatic first degree relatives. AC is a cause of SCD in
approximately 11-13% of cases in Europe and the UK, compared to only 2.7% of cases in North America, following the
known epidemiology of AC.*"*® SCD may occur during exercise or at rest.”*® The disease does appear to progress more
rapidly in those who exercise heavily and increases the risk of sudden death during athletics.”” Although early studies
suggested isolated RVD-AC in SCD cases, recent studies have shown that LV involvement in SCD cases is common, and that
most cases had biventricular involvement.®® ’® Genetic testing of available specimens is extremely important in the SCD
patient, particularly without an obvious post mortem cause or in which the pathology does not fit classic cardiomyopathy
criteria.”’ In SCD cases, clinically actionable variants are most often seen in cardiomyopathy-associated genes and are
overrepresented in cases with subdiagnostic structural changes.”' Of these, AC-related genes are commonly found and may

lead to an earlier diagnosis in a large proportion of previously unrecognized genotype-positive relatives.”"

Syndromic and Extra-Cardiac Manifestations

Syndromic and extra-cardiac manifestations may be seen in AC patients with desmosomal variants.”'*”> Dermatological
findings may be an indicator of underlying cardiac disease. Both Naxos disease, and a variant of this disease called
Carvajal syndrome, can have cardiac manifestations of AC. The cutaneous phenotype usually involves woolly hair and
palmoplantar keratosis, which is an epidermal thickening of the palms and soles of the feet.”? The skin and hair findings
are typically present from infancy, but the presence and timing of the development of AC varies. Naxos disease was first
described in a Greek family and involves a recessive, truncating deletion in JUP, which leads to a frameshift and
premature termination at the C-terminal domain.”® These patients typically present as the RVD-AC phenotype, although
LV involvement was also noted.”> Carvajal syndrome was found in an Ecuadorian family with a recessive, truncating
deletion in DSP, resulting in a premature termination, leading to absence of the C-terminus.”> The prominent cardiac
manifestation, although arrhythmogenic, overlaps with a dilated cardiomyopathy phenotype.’? In Carvajal syndrome and
the dilated phenotype, cardiac morbidity tends to occur earlier, in patients as young as 7 to 8 years old, and includes
ventricular arrhythmias, heart failure, and cardiac death.

Since these descriptions, knowledge regarding the cardio-cutaneous phenotype has evolved. A systematic review
reported that three combinations of dermatological and cardiac phenotypes are seen in order of prevalence: 1) palmo-
plantar keratoderma, hair shaft anomalies, and no skin fragility which was always associated with cardiac disease and
associated with recessive variants in JUP, DSP, and DSC2, 2) palmoplantar keratoderma, hair shaft anomalies, and skin
fragility, which was not associated with cardiac disease and commonly associated with recessive PKPI, DSP, and JUP
variants, and 3) palmoplantar keratoderma, hair shaft anomalies, and skin fragility, which was associated with cardiac
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disease and associated with homozygous or compound heterozygous DSP variants.”> This suggests that palmoplantar
keratoderma and hair shaft anomalies in combination should warrant cardiac investigations. Common ‘“hot-spots” for
cutaneous phenotypes were identified in exon 14 (c.2157del2) in JUP, known to cause Naxos disease, and exons 23 and
24 in DSP.® Although traditionally associated with recessive DSP variants, heterozygous, loss of function DSP variants
can also lead to a highly penetrant cutaneous phenotype and the presence of cutaneous findings may lead to the earlier
diagnosis of underlying cardiac disease in DSP+ carriers if appropriately screened.”*’> Desmoplakin variants have also
been associated with autosomal dominant palmoplantar keratoderma, recessive skin fragility/woolly hair syndrome, and
autosomal dominant RVD-AC without a cutaneous phenotype.’?

Diagnosis

The diagnosis of AC is challenging and can require multiple modalities. A detailed family history of at least 3
generations is paramount, the diagnosis is usually made with an additional combination of findings from an electro-
cardiogram (ECQG), echocardiogram or cardiac MRI (CMR), genetic testing, and histological findings on tissue specimens
in some cases, either ante or postmortem. There is also more recent research on positron emission tomography (PET)

imaging and speckle echocardiography, although these have not been added to consensus diagnostic criteria.’®”’

Consensus Criteria

Consensus statements have been described in the literature with the goal of providing sensitive and specific AC diagnostic
criteria. The first Task Force Criteria (TFC) were described in 1994, and were made up of a set of major and minor criteria
involving global and/or regional RV structural and functional abnormalities, histologic findings in the RV, ECG abnormalities
including repolarization and depolarization/conduction abnormalities, arrhythmias, and family history.”® The consensus was
that either 2 major, 1 major and 2 minor, or 4 minor criteria met the diagnosis of RVD-AC.”® Furthermore, the criteria
stipulated the absence of LV disease.”® Recognizing a vast increase in AC knowledge, lack of sensitivity of the original
criteria, and the existence of LV or BiV AC, the TFC were revised in 2010. The criteria introduced new echocardiographic,
cardiac magnetic resonance imaging (CMR), and angiography findings vital in identifying RV disease, stipulated specific
histological findings in tissue samples, built on more recent ECG findings important in AC including terminal activation
durations in V1-V3 and filtered QRS durations, reduced the number of ventricular extrasystoles from 1000 to 500 per 24
hours, and introduced the genetic finding of a pathogenic variant as a major criterion, amongst other smaller changes
(Table 1).” Also importantly, they removed the stipulation of the absence of LV disease.”” Even with these changes, the 2010

Table | Modified Task Force Criteria from 2010

Major Criteria Minor Criteria
Global or Regional Dysfunction and Structural Alterations
I. 2D echo: I. By 2D echo:
I. Regional RV akinesia, dyskinesia, or aneurysm |. Regional RV akinesia or dyskinesia
2. And | of the following in end diastole: 2. and | of the following (end diastole):
A) PLAX RVOT 232 mm (or by BSA of 219 mm/m?2) A) PLAX RVOT 229 to <32 mm (or by BSA 216 to <19 mm/m2)
B) PSAX RVOT 236 mm (or BSA of =2 2] mm/m2) B) PSAX RVOT 232 to <36 mm (or by BSA 218 to <2] mm/m?2)
C) fractional area change <33% C) fractional area change >33% to <40%
Il. By MRI: Il. By MRI:
I. Regional RV akinesia, dyskinesia, or dyssynchronous contraction |. Regional RV akinesia or dyskinesia or dyssynchronous RV contraction
2. and | of the following: 2. and | of the following:
A) Ratio of RV end-diastolic volume to BSA 2110 mL/m2 in males A) Ratio of RV end-diastolic volume to BSA >100 to <I 10 mL/m2 in
or 2100 mL/m2 in females males or >90 to <100 mL/m2 in females
B) RV ejection fraction <40% B) RV ejection fraction >40% to <45%
Ill. By RV angiography:
|. Regional RV akinesia, dyskinesia, or aneurysm

(Continued)
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Table | (Continued).

Major Criteria

Minor Criteria

Tissue characterization of wall

I. Residual cardiomyocytes <60% by morphometric analysis or <50% if
estimated, with fibrous replacement of the RV free wall myocardium
in more than one sample, with or without fatty replacement of tissue

on endomyocardial biopsy

I. Residual cardiomyocytes 60% to 75% by morphometric analysis or
50% to 65% if estimated, with fibrous replacement of the RV free wall
myocardium in more than one sample, with or without fatty

replacement of tissue on endomyocardial biopsy

Repolarization abnormalities

I. Inverted T waves in right precordial leads (VI, V2, and V3) or beyond
in individuals >14 years of age, in the absence of complete right
bundle-branch block QRS =120 ms

I Inverted Twaves in leads V1 and V2 in individuals >14 years of age, in the
absence of complete right bundle-branch block, or in V4, V5, or V6

II. Inverted Twaves in leads V1, V2, V3, and V4 in individuals > 14 years of age
in the presence of complete right bundle-branch block

Depolarization/conduction abnormalities

I. Epsilon wave in the right precordial leads (VI to V3)

I. Late potentials by SAECG in 2| of 3 parameters in the absence of
a QRS duration of 2110 ms on ECG
II. Filtered QRS duration (fQRS) 2114 ms
Ill. Duration of terminal QRS <40 uV (low-amplitude signal duration)
238 ms
IV. Root-mean-square voltage of terminal 40 ms <20 uV
V. Terminal activation duration of QRS 255 ms in VI, V2, or V3, in the
absence of complete right bundle-branch block

Arrhythmias

I. Nonsustained or sustained ventricular tachycardia of left bundle-
branch morphology with superior axis (negative or indeterminate
QRS in leads Il, lll, and aVF and positive in lead aVL)

I. Nonsustained or sustained ventricular tachycardia of RV outflow
configuration, left bundle-branch block morphology with inferior axis
(positive QRS in leads II, Ill, and aVF and negative in lead aVL) or of
unknown axis

IIl. >500 ventricular extrasystoles per 24 hours

Family History

I. ARVC/D confirmed in a first-degree relative who meets current Task
Force criteria
Il. ARVC/D confirmed pathologically in a first-degree relative
Ill. Identification of a pathogenic mutation categorized as associated or
probably associated with ARVC/D in the patient under evaluation

I. History of ARVC/D in a first-degree relative where it is not possible
to determine whether they meet current Task Force criteria

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

Ill. ARVC/D confirmed pathologically or by current Task Force Criteria

in second-degree relative

Diagnostic Criteria:

Definitive Diagnosis:

I. 2 major criteria

2. | major plus 2 minor criteria

3. 4 minor criteria from different categories
Borderline Diagnosis:

I. 1 major and | minor criteria

2. 3 minor criteria from different categories
Possible:

I. | major criteria

2. 2 minor criteria from different categories

Notes: Adapted from Marcus Fl, McKenna W], Sherrill D, et al. Diagnosis of arrhythmogenic right ventricular cardiomyopathy/dysplasia: Proposed Modification of the Task
Force Criteria. Eur Heart J. 2010;31(7):806, by permission of Oxford University Press.”’
Abbreviations: ARVC/D, arrhythmogenic right ventricular cardiomyopathy, dysplasia; BSA, body surface area; PLAX, parasternal long-axis view; PSAX, parasternal short-

axis view; RVOT, RV outflow tract; SAECG, signal-averaged electrocardiogram.
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TFC may not be suitable for all AC patients, especially those with BiV or predominantly LV disease, whose heart failure
symptoms may be more prominent or at least as prominent as arrhythmias, and the pediatric population.***' To address this,
the Padua criteria were proposed in 2020 to describe diagnostic criteria specifically for the LVD-AC phenotype, including
echocardiography, CMR, ECG, and arrhythmia-related findings indicative of LV disease.*” For the Padua criteria those with
BiV disease must fulfill the criteria for RVD-AC and have evidence of left sided involvement. A major criterion for left sided
involvement is contrast enhanced CMR (CE-CMR) based, demonstrating a scar by late gadolinium enhancement (stria
pattern) of >1 “Bull’s Eye” segment(s) (in 2 orthogonal views) of the free wall (subepicardial or midmyocardial), septum, or
both (excluding septal junctional LGE). Actual LV dysfunction, regional or global, is not required as fibrosis can be present
while function is preserved until the disease becomes more extensive. However, to diagnose LVD-AC with no apparent RV
involvement both the CE-CMR major criterion and a pathogenic gene mutation in an AC gene is required because the CE-
CMR appearance is not pathognomonic for LVD-AC. Other causes of late gadolinium enhancement, including other genetic
causes can result in a similar appearance on CMR. The proposed Padua criteria may improve diagnostic accuracy in non-
classic RVD-AC presentations, such as those with isolated left sided disease and in the pediatric population.®® The proposed
Padua criteria also recommend some modification to the criteria for RVD-AC to include tissue characterization by contrast
enhanced CMR as a major criterion to further demonstrate RV disease and to eliminate late potentials on signal averaged
ECGs as a criteria since they are nonspecific. Epsilon waves and terminal delay of the S-wave upstroke of >55 ms in the right
precordial leads (particularly if followed by negative T waves) on ECG would be considered minor criteria (Figure 3).%

Electrocardiogram Findings

ECG findings may aid in AC diagnosis and broadly include repolarization, depolarization, and conduction abnormalities.
The 2010 TFC ECG findings that are considered major criteria for RVD-AC include T wave inversion in V1-V3 in those
older than 14 years of age in the absence of complete right bundle branch block or Epsilon waves.”® The prevalence of
these changes vary. Epsilon waves are infrequently seen in the pediatric age range and T wave inversion in leads V1-V3
is normal in the prepubertal child making these criteria less useful in that age range.

T-wave inversions are a hallmark repolarization abnormality in the right chest leads in RVD-AC when seen in
those >14 years of age and were associated with increased underlying RV volumes and decreased RV function in
a study by DeLazzari et al.** That study also found that more lateral inversion was associated with more severe
RV dysfunction while low voltages in the limb leads were a hallmark of more left sided disease based on LV late
gadolinium enhancement (LGE), a method of assessing myocardial fibrosis, seen on contrast enhanced-CMR (CE-
CMR).** However, the Casella study found more left sided disease in those with T wave inversion in the
inferolateral leads and left precordial leads.*® Regardless, this finding appears to suggest a more extensive disease.

Epsilon waves are useful when present, but their presence is highly variable ranging from 0.9-25% depending
on the study.®® The Epsilon wave is a positive deflection between the QRS and T waves in the right precordial
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Figure 3 Electrocardiogram from an RVD-AC patient found to have an Epsilon wave in lead VI and denoted by the black arrow.
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leads, which is a marker of delayed depolarization. The presence of this ECG finding was associated with RVOT
motion abnormalities and its duration and extension into V3 correlated with increased RVOT diameter.®® It was
also associated with sustained VT episodes.®® Epsilon waves are usually a marker of more advanced disease, when
other signs of disease are already present and the disease is diagnosable without the finding of an Epsilon wave,
which has called in to question its usefulness as a diagnostic criterion.®*

The signal averaged ECG (SAECG) is done over multiple recorded cardiac cycles in an attempt to maximize the ECG
signal to noise ratio and identify ECG features undetectable by standard techniques, including late potentials.®” The 2010
TFC includes SAECG as a minor criterion if at least 1 of 3 parameters are met including: filtered QRS duration >114 ms,
duration of terminal QRS <40 pV >38 ms, and a root-mean-square voltage of terminal 40 ms of <20 uV.”” An abnormal
SAECG is more often seen in severe disease and is associated with underlying structural abnormalities.®” In this study by
Pearman et al, genotype positive and minimal phenotype patients had SAECG findings similar to healthy subjects, indicating
that abnormalities are more likely seen when structural abnormalities are detectable and disease has progressed.®” Similar to
Epsilon waves, other criteria to diagnose AC are usually present by the time the SAECG findings become abnormal.

Although not included in the 2010 TFC, low voltage ECGs can be seen in subsets of patients, including the pediatric
population and those with PLN or FLNC variant AC; however low voltages are not seen in all cases and other genetic
variants may also have low voltage ECGs.***° In the study by de Brouwer et al, of PLN-variant AC, males with low
voltage ECGs had the lowest ventricular arrhythmia (VA)-free survival.*® Low QRS voltages in the limb leads has also
correlated with presence and degree of LV LGE.**

Imaging

Imaging modalities are vital to the diagnosis of AC. Conventional 2-D echocardiography and CMR are first-line imaging
modalities used in AC. The 2010 TFC describe a list of major and minor criteria including RV wall motion abnormalities
or aneurysms, RV outflow tract (RVOT) abnormalities, and/or RV dilation or dysfunction on 2D echocardiography or
CMR, which are the imaging bases of AC diagnosis.

Echocardiogram

In addition to the standard echocardiographic parameters for assessing ventricular abnormalities, newer echocardio-
graphic modalities, including speckle-tracking echocardiography, aid in identifying more subtle regional wall deforma-
tion or contractility abnormalities before the eye detects regional wall motion abnormalities or more gross functional
parameter changes, such as a decline in the ejection fraction. There is increasing evidence that regional or global LV
longitudinal strain by echocardiography is not only abnormal in AC, but may aid in early detection of AC in otherwise
non-diagnostic stages and that epicardial longitudinal strain may be abnormal prior to the endocardial strain.’' In another
study utilizing the speckle tracking technique that assessed RV deformation pattern and RV dispersion (a measure of
heterogenous contraction of the ventricle), Kirkels et al found that deformation abnormalities and a greater degree of RV
dispersion were associated with ventricular arrhythmias and may carry prognostic significance.”® RV global longitudinal
strain and average segmental peak end-systolic strain utilizing intracardiac echocardiography may also help in detecting
underlying functional and substrate changes, potentially prior to some CMR findings.”® The authors reported that using
this method they were able to distinguish patients with AC compared to those with non-AC PVCs or atrial fibrillation.
The patients were already undergoing cardiac catheterization for electrophysiology study with catheter ablation for
arrhythmia management. At present there are no consensus recommendations for assessment by intracardiac echocardio-
graphy nor recommendations for inclusion of transthoracic speckle tracking in the assessment for AC.

It is also important to note that several studies have reported that echocardiograms of some AC gene positive patients
demonstrate left ventricular noncompaction and some patients have also had congenital heart disease.””® These are
atypical findings in AC, but it suggests that AC genes should be part of additional genetic screening in patients with an
atypical phenotype with a high arrhythmia burden and cardiac dysfunction in the absence of other positive genes.
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Cardiac Magnetic Resonance Imaging

Generally, CMR abnormalities in AC include structural and functional anomalies. These criteria were initially determined
by RVD-AC phenotypes. Functional anomalies include RV dysfunction and regional wall abnormalities. In RVD-AC,
these abnormalities are classically seen in an area bordered by the inflow, apex, and outflow tract of the RV, termed the
“triangle of dysplasia”.” A subsequent study reported that the RV apex is primarily involved in more severe phenotypes
and suggested a biventricular triangle for AC involving the RV basal anterior wall, basal inferior wall, and LV
posterolateral wall based on CMR and electrophysiologic mapping.”* Structural abnormalities include RV dilation,
aneurysms and high T1 signals within the RV myocardium indicative of fat. Higher RV end-diastolic dimensions and
lower RV ejection fractions were seen in RVD-AC in patients meeting TFC criteria when compared to controls.’> Tandri
et al also found that compared to other structural abnormalities like wall thinning and RV aneurysms, RV trabecular
disarray was more common. Trabecular disarray was defined as densely trabeculated RVs with thick Y-shaped
trabecula.”® The 2010 TFC used the CMR data available at the time to define CMR criteria supporting the diagnosis
of RVD-AC.”

At the time of the writing of the 2010 TFC, CMR structural and functional criteria were defined, but CE-CMR criteria
were not included. CE-CMR utilizes gadolinium enhancement, and LGE has a high correlation with histological evidence
of fatty infiltration and myocardial fibrosis.”® At the time of the last TFC, CE-CMR was not as reliable as it is now for
detection of LGE/fibrosis/fat in the RV free wall, so LGE criteria were not included, but it has become an important
adjunct for diagnosis.*? CE-CMR may also have the potential for identifying disease earlier in its natural history and in
potentially suggesting certain underlying genotypes, where older TFC criteria may lack accuracy.®>°” Patients carrying
desmosomal variants more often had RV LGE, although this did not quite reach statistical significance in the study by
Segura-Rodriguez et al.”® That study also showed that the p.Glu401Asp variant in DES (desmin) typically had
a subepicardial circumferential pattern of LGE distribution, that was less commonly seen with other variants. A study
by Augusto et al, of patients with a DCM phenotype who had a variety of known gene variants including AC genes and
more typical DCM genes, found that those with DSP or FLNC variants were more likely to have subepicardial LV LGE
in a ring-like pattern affecting at least three contiguous segments in a short axis compared to the non AC gene mutation
carriers with DCM.”’

CMR is superior to traditional echocardiography in identifying AC mimics like myocarditis or sarcoidosis and may
lead to a change in diagnosis in up to 20% of adult age patients referred for concern for AC.'* However, it must be kept
in mind that AC can also mimic myocarditis with signs of inflammation on CMR and myocardial enzyme elevations in
the blood indicative of myocardial injury, but neither of these findings are specific for the type of injury or inflammation
and must be considered in the clinical context. CMR detected LV LGE and higher native T1 values (correlating with
fibrosis), T2 values (correlating with edema and inflammation), and extracellular volumes are associated with a poorer
prognosis with heart failure related events in the Chun et al study; an increased risk of the combined endpoint of sudden
cardiac death, appropriate implantable cardioverter-defibrillator intervention, and aborted cardiac arrest was also noted in
the Aquaro et al study.'’"'*?

Positron Emission Tomography

Positron emission tomography (PET) is another newer modality, being used to evaluate AC patients, that assesses for
inflammation in the heart.”” Protonotarios et al found that some patients with confirmed AC had evidence of myocardial
inflammation by PET scan. A “Hot Phase” of AC has been well described and mimics myocarditis in a subset of patients,
which will be discussed in another section.'® Again, the importance of “putting the whole clinical picture” together
cannot be over emphasized as differing etiologies of cardiac dysfunction may mimic each other in presentation and
imaging. Thus, an emphasis on family history and genetic testing is paramount while recognizing that some genes remain
elusive at this time.

Histological Diagnosis
The histologic diagnosis of AC can be made from endomyocardial biopsy during cardiac catheterization, at the time of
ventricular assist device placement in those with severe heart failure, or cardiac explant at the time of cardiac transplant

192 hetps: The Application of Clinical Genetics 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Tadros et al

or autopsy. While endomyocardial biopsy can be done safely at very experienced centers, there needs to be surgical back
up, as the thin wall of the diseased right ventricle is easier to perforate than other forms of cardiomyopathy, particularly
in smaller, younger children. Typically, the ventricular septum is the preferred area to biopsy as it tends to be thicker and
a perforation is usually intracardiac rather than through to the pericardial space, but the septum is less likely to
demonstrate disease than other areas of the right ventricle and is not a preferred site in AC. The left ventricular side
of the septum may be involved but LV biopsies are done less frequently.'®*'% Also, because the disease can be patchy,
a negative biopsy does not rule out AC. Therefore, all efforts should be made to confirm the diagnosis by other criteria
when possible.

The findings seen in AC include fibrofatty replacement of native myocardium and ventricular atrophy (Figure 4).
However, fibrofatty replacement may be found to some degree in normal adults and in patients with Duchenne muscular
dystrophy, although clinically this would not result in confusion with AC.'% Because fibrofatty replacement can be seen in
other contexts, to be counted as a major criterion, the 2010 TFC stipulate that <60% of residual cardiomyocytes be
identified in specimens by morphometric analysis, secondary to fibrous replacement of the RV free wall, with or without
fatty replacement (or less than 50% if estimated).”” Minor histologic criterion include residual cardiomyocytes 60% to 75%
by morphometric analysis (or 50% to 65% if estimated). Fibrofatty replacement usually starts at the epicardium and
progresses to the endocardium, leading to a transmural appearance in last stage disease.”® Original studies reported that
these changes are often seen in the RV free wall, the inflow, the outflow, and apex of the RV, with aneurysms seen in the
inflow and outflow.>®® These are findings that can also be found in the LV, in LVD-AC and BiV AC phenotypes. Another
important histological finding is mononuclear inflammatory infiltrates seen in the ventricular walls.'®*'% This can be seen
in a large subset of patients and is a sign of ongoing myocardial damage.'®* Additional non-classic features to be aware of
are the histologic appearance of left ventricular noncompaction in association with AC (Figures 5 and 6) and congenital
heart disease (Figure 6).

Special Considerations in AC

The Left Ventricular and Biventricular Presentation

The LVD or BiV presentations are significant challenges in AC diagnosis due to their less characteristic features with
significant left sided disease early in the course. This includes T wave inversion more commonly seen in the inferolateral
and left chest leads, rather than the right chest leads as is typically seen with RVD-AC. In addition the ventricular
tachycardia typically has a right bundle branch morphology, rather than the left bundle branch morphology typically seen
in RVD-AC.**'%" Practically, determining bundle branch morphology for VT is difficult to do in the clinical setting since
this would require an ECG at the time of VT. Since the 2010 TFC is geared for RVD-AC diagnosis and not LV disease,
less than half of patients with LVD-AC meet definite or borderline diagnostic criteria.>® Commonly those with LVD-AC
or BiV are misdiagnosed as DCM, viral myocarditis, or idiopathic VT, and may not be diagnosed until after transplant or
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Figure 4 Histological images from a subject with biventricular arrhythmogenic cardiomyopathy. (A) Right ventricular free wall with fibrofatty myocardial replacement and
relative preservation of myocardium within trabeculations. (B) LV apical core from assist device placement with accentuated fibrofatty myocardial replacement towards the
epicardium (EPI).
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Figure 5 Cardiac explant with arrhythmogenic cardiomyopathy and left ventricular noncompaction. (A) Cross-section of right ventricular free wall with pale adipose tissue
(white arrows) extending from epicardium, focally replacing all but subendocardial trabeculations. (B) External view of right (RV) and left (LV) ventricles with abundant
epicardial adipose tissue. (C) Septal surface of right ventricle (RV) with extensive fibrofatty replacement (white arrows) of large portions of the free wall. (D) Left ventricle
with extensive, deeply trabeculated myocardium and segmental areas of subepicardial fatty infiltration (white arrows).
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Figure 6 Cardiac explant with tricuspid valve atresia and left ventricular non-compaction. (A) View of right (RA) and left (LA) atria from above with imperforate, atretic TV
(*). (B) Hypertrophied and dilated left ventricle with marked hypertrabeculation of free wall and apical half of ventricular septum (between the white arrows). (C and D)
Opened hypoplastic right ventricle (RV) with extensive fatty replacement of the myocardium, blending imperceptibly with epicardial fat (white arrows). Different images for

this patient were used in reference.”®
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autopsy.’*'”!%% In addition to LGE in the LV on MRI these patients frequently have LV dysfunction by imaging or may
have heart failure symptoms at presentation. Often, what sets these patients apart from the common misclassification of
cardiomyopathy type is the high ventricular arrhythmia burden.*®*'°® Sudden cardiac death remains a common
presentation in this subset of patients as well, based on a large autopsy study of patients with sudden death in the UK.”

The “Hot Phase” Presentation
An inflammatory component of AC has been well described and inflammatory infiltrates are noted often on AC

histological specimens.”®'*’ A

“hot-phase” presentation in AC has been reported in 4-5% of subjects and represents
a myocarditis-like episode with signs and symptoms typical of myocarditis (ie chest pain, diaphoresis, palpitations) and
increases in troponin in blood samples and injury-related ECG changes.'®® This presentation tends to occur more
commonly in the younger population, with a large component in the pediatric population in children as young as 2
years of age.''” Underlying genetic variants were most often found in DSP, PKP2 and DSG2."'*'"" The majority of these
patients had LV LGE on CMR and endomyocardial biopsies with virus negative myocarditis.'**''? A family history of
cardiomyopathy or SCD was common in these cohorts, and carried a high positive predictive value for an underlying
genetic variant, again highlighting the importance of a comprehensive family history of at least 3 generations.''? Similar
to other atypical presentations, AC misclassification was common with only around half of patients receiving an AC

diagnosis at the time of the “hot phase” presentation, with other common diagnoses being viral myocarditis and DCM."'°

Exercise

It has been demonstrated that competitive or regular strenuous endurance exercise is likely to contribute to the
progression of RVD-AC.? These data are based predominantly on carriers of PKP2 variants, with data on exercise and
disease progression less clear for other desmosomal and nondesmosomal AC genetic variants. Strenuous endurance
exercise in RVD-AC is associated with a younger age of presentation, higher likelihood of meeting TFC criteria for
RVD-AC, and a lower lifetime survival free of VA and heart failure.''*''* Survival following a first time episode of VT
or ventricular fibrillation was also lowest amongst those who exercised most.''* There is also a dose dependent effect of
exercise, with those with the highest intensity endurance exercise having earlier first major arrhythmic events and
occurrence of severe RV dysfunction, compared to those with moderate or low intensity exercise.''*''> An increased risk
of VA or death was not seen in RVD-AC patients who participated in recreational sports when compared to inactive
RVD-AC patients, suggesting lower levels of exercise may be tolerated.''® As such, in a recent consensus statement, it
was suggested that participation in up to 150 minutes of low-intensity exercise per week was recommended for all
patients and in low-to moderate-intensity recreational exercise in patients with no history of unexplained syncope,
cardiac arrest or ventricular arrhythmias, and minimal structural cardiac abnormalities.''’

Imaging findings also correlate with exercise, with athletes and their gene positive athletic family members having
diminished RV and LV function and strain in the form of RV fractional area change, global longitudinal strain, and
ejection fraction.''® These studies demonstrate increased gene penetrance in athletes and their athletic family members
and have important implications for exercise recommendations. It is recommended that phenotype-genotype positive
individuals with RVD-AC should not participate in competitive or frequent high intensity endurance exercise.” Their
phenotype negative-genotype positive relatives should be counseled that participating in competitive or frequent high
intensity endurance exercise increases their risk of developing overt RVD-AC and ventricular arrhythmias.” This should
be done under the umbrella of a shared decision making model to ensure that families are aware of the evidence behind
the recommendations, but that their personal interests and desires are also taken into account. This is in contradistinction
to family members of HCM patients who are genotype positive, but phenotype negative in whom it is deemed reasonable
to allow them to play, as exercise may have different effects in regards to disease development in different
cardiomyopathies."'® Exercise may play a significant role in the pathogenesis of RVD-AC in some patients with no
known mutation and no family history of RVD-AC."*° Sawant et al reported that “gene-elusive” RVD-AC patients,
compared to patients with desmosomal pathogenic variants, were more likely to have exercised at a higher intensity
before presentation and were more likely to have a negative family history than the desmosomal positive RVD-AC
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patients. The gene elusive patients were also younger at presentation, further supporting the fact that intense exercise

plays a role in expressing the RVD-AC phenotype.'*°

Pediatric AC

The pediatric presentation in AC is understudied and often presents atypically, particularly in pre- and early teenage
years. This likely results in the current diagnostic criteria being less sensitive, such that Deshpande et al recommended
modified pediatric criteria.®* Deshpande et al emphasized that the typical ECG findings in young and older adults are not
typically found or are normal in the younger children, virtually eliminating some major and minor criteria for this age
group. Cicenia et al reported that the Padua criteria improved diagnostic accuracy in children compared to TFC
guidelines.®® Pediatric studies are summarized in Table 2. The LVD and BiV AC phenotypes can be as prevalent as
22% and 31%, respectively, and are more commonly encountered in pre-pubertal patients compared to post-pubertal
patients where RVD-AC was the more common phenotype.®>**'?! In the DeWitt et al study, 50% of their cohort had
either LVD-AC or BiV-AC, 19% had evidence of myocardial inflammation, and 31% underwent cardiac
transplantation.”® Deshpande et al reported on 16 children, 6 (38%) of whom required cardiac transplantation,* while
Surget et al reported that 37% of their prepubertal cohort presented in heart failure.'?' In a study analyzing pediatric
transplant patients, all patients at time of presentation had BiV AC and 80% were misclassified as other types of
cardiomyopathies prior to transplant.”® In addition, congenital heart disease was seen in cases that progressed to
transplant in two separate studies, suggesting that AC should not be overlooked as plausible causes of heart failure in
younger children even in the congenital heart disease patient (Figure 6).”>°> The LVNC phenotype has also been reported
occasionally in pediatric as well as adult studies of patients with AC; therefore genetic testing for AC genes should be
considered in these patients as well if other genetic studies do not reveal a cause (Figures 5 and 6).°"*'°7 Although
genetic findings in pediatric studies varied, the yield of genetic studies was relatively high (Table 2).

Genetic testing in children raises special consideration as the legal age of consent for testing in the US is 18 years."
Young children or those with significant intellectual impairment cannot give assent (agree to) or consent (legally agree to)
whereas older children may at least be able to give assent when the pros and cons of testing are discussed. The issue of
genetic testing is less controversial when the child being tested is the proband, showing signs of clinical disease as their
management/treatment will be directly impacted; cascade testing is more controversial particularly for diseases with
variable penetrance and those that typically do not manifest until late teenage years or adulthood.'® Cascade testing
should be offered to first degree family members of gene positive probands as this may impact their management even if
currently phenotype negative, particularly in regards to exercise/competitive sports recommendations. This should be
done in the setting of a multidisciplinary team with comprehensive pretest counseling, discussing the genetic testing
process and the implications of the results for patients and their family members including, social, lifestyle, insurance and
psychological impacts, again emphasizing the importance of shared decision-making in this process. The 2019 consensus
statement recommends offering cascade testing when the gene found is pathogenic or likely pathogenic, but not for
variants of unknown significance (VUS) and those that are likely benign or benign. Finding VUS’s in potentially disease
causing genes can be a vexing issue. In our experience, many parents still wish to pursue VUS testing in their other
seemingly unaffected children. Pursuing gene testing in first degree relatives of probands with a VUS may be considered
on a case by case basis with the pros and cons clearly discussed with the family. Certainly, in the proband for whom there
is concern for an evolving cardiomyopathy or overt cardiomyopathy ongoing follow up is required, as would be done
even if the patient were gene negative because there is a clinical indication. In families with a phenotype positive child
the recommended practice is to screen all first degree relatives at diagnosis of the proband with an echocardiogram and
ECG. If or when genetic testing results are available, first degree relatives can then be screened for the pathologic or
likely pathologic gene and if negative, do not require ongoing follow up as long as the variant fits the phenotype of the
proband. If the test result is a VUS or no variant is found, then follow ups approximately every 2-3 years with
echocardiogram and ECG are recommended for the first degree family members due to variable timing of onset of
cardiomyopathy, even within a nuclear family, or sooner if a family member develops symptoms. More frequent
echocardiogram and ECG screening may be indicated during puberty or if the sibling is a competitive athlete.
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Table 2 Pediatric Studies on Arrhythmogenic Cardiomyopathy

Study N AC Phenotype (N/%) Genotype Positive Major Findings
Deshpande et al®® 16 ARVC: 11716 (69%) Number of patients tested not mentioned. |® A large proportion of patients present with sudden cardiac arrest (~30%).
BiV AC: 5/16 (31%) DSG2=TMEM43=RYR2 ® Many pediatric patients do not meet the “diagnostic” criteria for ARVC and pediatric
10% presented in heart failure specific criteria should be designed.
~ 38% required heart transplant
Chungsomprasong et al'?? 142 | 'Definite ARVC: 24 (18%) 8/39* (21%) ® LV dysfunction is seen in pediatric patients with AC.
Borderline ARVC: 29 (20%) PKP2>DSC2=DSP= ® Progressive LV dysfunction overtime may parallel remodeling of the RV.
Possible ARVC: 33 (23%) TMEM43
DeWitt et al”® 32 ARVC: 16/32 (50%) 28/31 (90%) ® ARVC was associated with cardiac arrest and VT and BiV AC was associated with younger
ALVC: 7/32 (22%) ARVC: PKP2>PKP2+PKP2= age of onset.
BiV AC: 9/32 (28%) PKP2+DSC2 ® ARVC was associated with PKP2 variants and ALVC with DSP and LMNA variants.
31% cardiac transplant ALVC: LMNA>DSP>DSP+DSG2 ® ECG findings preceded imaging features in ARVC and BiV AC and reverse was seen in
BiV AC: DSG2+DSG2=DSP+DSP= PKP2 ALVC.
+PKP2>PKP2=DSC2=DES ® Two cases were seen with concomitant congenital heart disease.
® 9% myocardial inflammation
Roudijk et al'? 80 | TARVC: 12/12 (100%) probands and | Probands: 9/11 (80%) ® Pediatric ARVC often presents in adolescence and is associated with a high arrhythmic
12/68 (18%) relatives PKP2>PKP2+DSG2> risk, particularly in probands.
PKP2+PKP2=DSC2+DSC2 ® Arrhythmic events are associated with male sex, reduced biventricular ejection fraction,
Relatives: 44/47 (94%) T wave inversions, and higher amounts of PVCs.
PKP2>DSG2>PLN
Tadros et al™ 10 BiV AC: 10/10 (100%) 5/5 (100%) ® AC in pediatrics is often misclassified prior to heart transplantation.
PKP2>RYR2=DES= ® Compared to other cardiomyopathies, AC patients had more ventricular arrhythmias.
PKP2+LMNA ® Median age at presentation 9.3 yrs (0.5-17.0)
® AC may be seen in association with congenital heart disease and left ventricular
noncompaction
Cicenia et al*® 21 | Unspecified AC 11719 (58%) ® Cardiac MRI is important in diagnosis of pediatric AC.
DSP=DSG2=DSP+DSC2> ® The Padua criteria improves diagnosis of AC in pediatrics.
PKP2+PKP2=DSG2+DSG2 ® The majority of patients showed biventricular involvement by LGE.
=DSP+DSP=PKP2+DSG2 ® Compound heterozygous and digenic variant harboring patients had more severe disease.
Surget et al'?' 61 | ARVC: 41 (67%) 26/37 (70%) ® Pre-pubertal patients were more likely to have ALVC or BiV AC and 37% presented with
ALVC: 13 (22%) DSP more common pre-puberty symptomatic heart failure.
BiV: 7 (11%) PKP2 more common post puberty ® 0% myocardial inflammation at presentation
PKP2>DSP>DSG2>DES= ® Pre-pubertal patients had a higher rate of HF hospitalizations, transplant, and death
SCN10A=LMNA compared to post-pubertal patients.
® Post-pubertal patients more often had ARVC and were more likely to present with VT.

Notes: 'Did not specify number of patients with LV involvement. *Did not specify how many were tested.

Abbreviations: AC, arrhythmogenic cardiomyopathy; ALVC, arrhythmogenic left ventricular cardiomyopathy; ARVC, arrhythmogenic right ventricular cardiomyopathy; BiV AC; biventricular arrhythmogenic cardiomyopathy; HF, heart

failure; VT, ventricular tachycardia.
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Management Strategies

Once diagnosed the treatment of AC is typically multipronged and aimed at preventing and treating potentially life-
threatening ventricular arrhythmias, heart failure and other sequelae of structural heart disease. This may include
antithrombotic therapy in the setting of ventricular aneurysms or depressed ventricular function or anticoagulation in
the setting of atrial fibrillation or known thrombosis or thromboembolism. It is important to monitor for atrial
arrhythmias and conduction disturbances. The 2019 Heart Rhythm Society Expert Consensus Statement on AC has
made extensive recommendations for AC management.’ In most cases arrhythmia related symptoms bring the patient to
medical attention and therapies are directed towards preventing and managing arrhythmias and their complications. In
those presenting with aborted sudden death or hemodynamically significant ventricular tachycardia or otherwise stratified
as high risk then implantable cardiac defibrillators (ICDs) are recommended as they are the only therapy that clearly
reduces the risk of mortality.” Additionally, antiarrhythmic medications are usually recommended to reduce arrhythmia
related symptoms and appropriate and inappropriate ICD shocks. Antiarrhythmic therapies may include beta blockers,
sotalol (particularly in younger patients where the risks of amiodarone toxicity long term are greater), amiodarone, and
potentially flecainide. At times, combinations of these drugs are used. In those who continue to have frequent ICD shocks
endo and epicardial catheter ablation of the arrhythmia focus may be considered although the recurrence risk of
arrhythmias is relatively high given the ongoing myocardial pathology.'** As discussed previously, for those who
exercise strenuously or competitively, cessation or modification of strenuous exercise is recommended to minimize the
risk of sudden death with exercise and to slow the structural changes that can lead to heart failure. As ventricular function
declines or if patients present with heart failure symptoms, goal directed heart failure therapies are recommended as they
are in other forms of cardiomyopathy and include the use of beta blockers, angiotensin converting enzyme inhibitors,
angiotensin receptor blockers, aldosterone receptor antagonists and newer recommended agents such as an angiotensin/
neprilysin inhibitor and ivabradine for heart rate control.'*> Device therapies may include cardiac resynchronization
therapy to try to decrease dyssynchronous contraction as dysynchrony can contribute to cardiac dysfunction. If the heart
failure is severe enough and has not responded to the first line therapies, a ventricular assist device can be implanted to
serve as a “mechanical pump.” However, patients with severe right ventricular dysfunction may be harder to support with
a ventricular assist device than those with primarily left ventricular dysfunction. Cardiac transplant is required in a subset
of AC patients due to end stage heart failure or occasionally due to treatment refractory arrhythmias.

The 2019 Heart Rhythm Society Expert Consensus Statement on AC also suggests additional treatment considerations
for patients with nondesmosomal variants.” Leveraging studies that considered risk factors for SCD and VA, the
statement suggests gene-directed Class Ila indications that ICD implantation is reasonable in: 1) patients with PLN
AC with LVEF <45% or nonsustained VT (NSVT), 2) patients with LMNA AC with at least 2 risk factors including male
sex, NSVT, and/or LVEF <45%, and 3) patients with FLNC AC with an LVEF <45%.°

Recent advances may provide novel avenues for AC management in the future. For instance, in AC mice and patient
samples, glycogen synthase kinase 3 beta (GSK3beta) is re-distributed to the intercalated disks compared to cytoplasmic
localization in non-AC tissue, suggesting aberrant GSK3beta signaling may play a role in pathogenesis.'*® Chelko et al
found that inhibiting this molecule leads to improved survival and LV function in AC mice and leads to normalization of
distribution of GSK3beta, suggesting this may be a molecule to target in AC patients.'*® Additionally, with improving
gene therapy techniques like CRISPR/Cas9 gene editing, the ability to inactivate dysfunctional proteins or restore protein
function is becoming a reality. In a recent study on humanized mice with the PLN R14del variant, disruption of the
hPLN-R14del allele by AAV9-CRISPR/Cas9 reduced susceptibility to VT and improved cardiac function, suggesting that
this may be a plausible avenue to explore in AC patients.'?’ Also, as diagnosis and awareness of AC continues to

improve, trials focusing on AC are gaining traction, as recently seen with the Flecainide trial.'?®

Conclusion

Knowledge of arrhythmogenic cardiomyopathy is growing rapidly. It has progressed from the initial consensus that it is
a RV dominant disease to more recent data showing that it can affect both ventricles or the LV in isolation. It can also
occasionally be complicated with association with left ventricular noncompaction and/or congenital heart disease. This
has important implications for genetic testing which may need to be broadened when typical candidate genes are not
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found, as some of the currently less common genes are more likely to cause an LVD-AC or BiV-AC, or if a patient with
DCM has a high arrhythmia burden but none of the usual genes are found. Genetic testing should also be considered in
those with myocarditis like episodes with no associated virus found and/or a protracted arrhythmia burden or slow or no
recovery of function, particularly if there is a family history of sudden death or nonischemic cardiomyopathies. Young
children may also have atypical presentations with heart failure being a relatively common presentation. Finally, with
expanding next generation technologies, the likelihood of VUS identification is rising. It is important to continue to
closely monitor the proband with the VUS who has a clinical disease and family members in order to be able to reliably
re-evaluate VUSs regarding their pathogenicity as more evidence accumulates.
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