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Abstract

:

Arrhythmogenic cardiomyopathy (ACM) is a genetically determined myocardial disease associated with sudden cardiac death (SCD). It is most frequently caused by mutations in genes encoding desmosomal proteins. However, there is growing evidence that ACM is not exclusively a desmosome disease but rather appears to be a disease of the connexoma. Fibroadipose replacement of the right ventricle (RV) had long been the hallmark of ACM, although biventricular involvement or predominant involvement of the left ventricle (LD-ACM) is increasingly found, raising the challenge of differential diagnosis with arrhythmogenic dilated cardiomyopathy (a-DCM). A-DCM, ACM, and LD-ACM are increasingly acknowledged as a single nosological entity, the hallmark of which is electrical instability. Our aim was to analyze the complex molecular mechanisms underlying arrhythmogenic cardiomyopathies, outlining the role of inflammation and autoimmunity in disease pathophysiology. Secondly, we present the clinical tools used in the clinical diagnosis of ACM. Focusing on the challenge of defining the risk of sudden death in this clinical setting, we present available risk stratification strategies. Lastly, we summarize the role of genetics and imaging in risk stratification, guiding through the appropriate patient selection for ICD implantation.
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1. Introduction


Initially assumed as developmental anomaly, the term arrhythmogenic right-ventricular dysplasia (ARVD) was used to describe a condition characterized by replacement of the right-ventricular (RV) myocardium with fibrofatty tissue [1]. Arrhythmogenic right-ventricular cardiomyopathy (ARVC) has been included in the European Cardiomyopathies Working Group classification since 1994. On that iteration, morphological abnormalities were predominantly confined to the RV with little or no left-ventricle (LV) impairment [2]. Over the recent past, the term arrhythmogenic cardiomyopathy (ACM) has been increasingly used to describe a broader spectrum of primary myocardial diseases. This emerging term encompasses morphological involvement of the RV, the LV, or both. Importantly, the hallmark feature in ACM is prominent nonischemic fibrosis/scarring and ventricular arrhythmias of genetic or nongenetic etiology [3]; the adjective arrhythmogenic is disease-specific and denotes the distinctive propensity of the ACM to develop ventricular arrhythmias due to the underlying fibroadipose myocardial replacement [4].



ACM is typically inherited as an autosomal dominant trait with incomplete penetrance and variable expressivity. Naxos disease and Carvajal syndrome are cardio-cutaneous syndromes in which ACM is inherited as a recessive trait and associated with palmoplantar keratosis and woolly hair [5]. About half of ACM cases are caused by mutations in five genes encoding desmosomal proteins, with plakophilin-2 (PKP2) being the most involved, accounting for approximately 43% of the cases [6]; desmoplakin (DSP), desmoglein-2 (DSG2), democollin-2 (DSC2), and plakoglobin (JUP) are the others [7]. More recently, mutations in fascia adherens genes cadherin-2 (CDH2) and catenin-α3 (CTNNA3) have been identified in ACM patients [8,9].



A consistent proportion (2–6%) of mutation-positive ACM patients harbors a second pathogenic variant [10], mostly among ACM patients with DSG2 and DSC2 variants [11]. Furthermore, there is strong evidence that exercise contributes to the pathogenesis of ACM, promoting disease phenotypic expression, worsening structural damage, and increasing risk of arrhythmias and sudden cardiac death [12].



The intent of this review is to shed light on the newer aspects of the etiopathogenesis, diagnosis, and risk stratification of ACM, underling the necessity to reappraise the currently available rigid classification system in the clinical setting.




2. Pathophysiology


Cardiomyocyte loss, fibrosis, adipogenesis, inflammation, and arrhythmogenesis are classical features of ACM pathophysiology. The molecular genetics of ACM indicate that it is a desmosomal disease. Desmosomes and fascia adherens junctions (together forming the area composita, located at intercalated discs (ID) in the epithelium and muscle tissue) maintain mechanical adhesion, while gap junctions and ion channel complexes provide electrical continuity between cardiomyocytes [13]. Growing evidence seems to confirm that these subcomplexes form a single functional entity, the connexome [14]: a common protein interaction network controlling excitability, electrical coupling, and intercellular adhesion. Therefore, ACM seems to be not just a desmosomal disease, but rather a disease of the connexome, whose pathogenetic mechanism may include loss of mechanical integrity, altered signaling pathways, and disruption of ion channel complexes and gap junctions [15].



2.1. Role of Altered Signaling Pathways in ACM Pathogenesis: Desmosomal and Junctional Gene Mutations


Desmosomal and junctional gene mutations cause the disruption of the normal interactions in the area composita, altering the signaling function of the intercalated disc and, in particular, the following pathways: Wnt/β-catenin, Hippo/Yes-associated protein (YAP), and transforming growth factor-β (TGF-β), which have been implied in cardiomyocyte loss, adipogenesis, and fibrosis in ACM.



Wnt ligand signaling through β1-catenin is known as canonical Wnt/β-catenin signaling [16]. β-catenin participates in intercellular adhesion and is also a transcriptional coactivator of the Wnt/β-catenin signaling pathway. This pathway is a key regulator of myogenesis versus adipogenesis and plays an essential role in heart development, as well in cardiac tissue homeostasis. Its abnormal regulation has been linked to a variety of cardiac disease conditions, including fibrosis and arrhythmias. Plakoglobin (PG), also known as γ-catenin, has some structural similarities to β-catenin, and it is an important component of the cardiac desmosome. Binding of Wnt ligands to their receptors allows the translocation of β1-catenin to the nucleus, where it coactivates target genes of the Tcf/lef transcription factor family [17]. On the other hand, in the absence of Wnt ligand–receptor, the intracellular β1-catenin is rapidly degraded by a cytoplasmic destruction complex. Nuclear PG localization, as a consequence of PG mutation, has been proposed to contribute to ACM pathogenesis by suppressing canonical Wnt signaling interfering with β1-catenin transcriptional activities, thereby enhancing adipogenesis driven by PPARγ and C/ERBα [16] (Figure 1).



Mutation in catenin-α3 (CTNNA3) seems to affect the canonical Wnt/β-catenin signaling pathway in a similar manner [9]. The abnormal Wnt/β-catenin signaling pathway causes redirection of cells destined to become cardiomyocytes toward an alternative mesoderm fate [18], malformation of the outflow tract [19], and abnormal development of the cardiac conduction system [20].



Moreover, Wnt ligands can activate signaling pathways that are independent of β1-catenin. This noncanonical Wnt/β-catenin signaling pathway, through its effector pathway ROCK (Rho GTPase/Rho-associated protein kinase), has been implicated in ACM-associated adipogenesis. Indeed, Rho has a key role in desmosomal architecture, and its disruption has been linked to PG nuclear localization and subsequent β1-catenin inhibition, as described in classical desmosomal mutations [21].



Another intracellular signaling pathway implicated in ACM pathogenesis is the Hippo/YAP [22]. This pathway controls the activity of transcriptional coactivators that stimulate the expression of genes that promote proliferation; it is a key regulator of organ growth that has been linked to cardiomyocyte proliferation and heart size [23]. Intercalated disc abnormalities, such as impaired ID assembly, reduced ID stability, and abnormal regulation of ID gene expression by nuclear PG, seem a probable cause of the Hippo/YAP pathway deregulation [22]. Interestingly, a tight crosstalk between Wnt and Hippo/YAP pathways in controlling cardiomyocyte proliferation has been proven. Indeed, YAP interacts with β1-catenin and suppresses its nuclear translocation in presence of inhibitory Hippo kinase activity [24]. However, the Wnt-Hippo/YAP crosstalk seems more complex, happens at multiple other levels, and remains to be explored (Figure 2).



In ACM, the Wnt/β-catenin signaling pathway could be suppressed, activated, or unchanged. Wnt/β-catenin signaling suppression in concomitance with Hippo pathway activation causes the inability of β-catenin to translocate into the nucleus. As a consequence, the expression of the effector of both Hippo and Wnt pathways is suppressed, and adipogenesis in enhanced [22]. Moreover, in the presence of Wnt/β-catenin signaling activation, the loss of PG leads to activation of Akt and subsequent inhibition of glycogen synthase kinase 3β (GSK3β), resulting in the stabilization of β-catenin and its translocation in the nucleus. Here, β-catenin interacts with Tcf/Lef, causing the enhanced expression of effectors such c-myc, c-fos, and cyclin D1 and promoting cardiac hypertrophy [25]. Lastly, the disruption of ID integrity can result in the increased presence of β-catenin without the involvement of Wnt/β-catenin signaling. However, the increased expression of transforming growth factor β-1 (TGFβ1), phospho-SMAD2 (pSMAD2), and Pai1 is consistent with activation of the TGFβ pathway responsible for progressive fibrosis in ACM hearts [26]. These findings suggest a central role of Wnt/β-catenin signaling in the disease pathogenesis. However, the direct causal relationship between mutant desmosomal proteins and perturbed Wnt signaling pathway remains poorly understood.




2.2. Role of Altered Signaling Pathways in ACM Pathogenesis: Non-Desmosomal Gene Mutations


Some variants of non-desmosomal genes have been linked to ACM: CDH2, desmin (DES), CTNNA3, phospholamban (PLN), sodium voltage-gated channel alpha subunit 5 (SC5A), cardiac ryanodine receptor (RYR2), filamin C (FLNC), lamin a/c (LMNA), titin (TTN), transmembrane protein 43 (TMEM43), transforming growth factor β-3 (TGFβ3), and p63 (TP63) [2]. However, albeit indirectly, some of these also play a role in cellular adhesion mechanisms [27], but their pathogenic role is controversial in ACM.



SCN5A variants have been described in some ACM families [28]. SCN5A encodes NaV1.5, a pore-forming subunit of the voltage-gated cardiac sodium channel (VGSC). To date, over 300 pathogenetic variants of SCN5A have been associated with Brugada syndrome (BrS). Similarly, most of the other genes implicated in BrS pathogenesis encode cardiac ion channel proteins, suggesting that BrS is a pure channelopathy [29]. Leo-Macias et al. demonstrated that NaV1.5 and N-cadherin are implicated in adhesion and excitability molecular complexes in the intercalated disc, suggesting that NaV1.5 can contribute to intercellular adhesion strength [30]. Indeed, NaV1.5 appears to be sensitive to local mechanical forces with its proximity to mechanical junctions, conferring mechanical stability and limiting membrane deformation during the cardiac cycle [31]. This function of NaV1.5 as a modulator of cell adhesion and mechanical integrity is a likely explanation of how SCN5A can lead not only to rhythm disorders but also to structural abnormalities. Inversely, the close interconnection between mechanical and electrical subcomplexes would explain the early occurrence of major arrhythmic events in desmosomal mutation carriers, even before structural damage becomes overtly detectable.



Intriguingly, the first non-ion channel-encoding gene to be implicated in BrS was PKP2, the most frequently causative gene for ACM. Cerrone et al. identified PKP2 variants in five of the 200 patients with BrS diagnosis, no mutations in BrS-related genes (SCN5A, CACNa1c, GPD1L, and MOG1), and no macroscopic signs of ACM [32]. This study experimentally demonstrated that siRNA-mediated loss of PKP2 expression in isolated cells affected the amplitude and kinetics of the sodium current (INa), exhibiting that PKP2 not only participates in intercellular coupling, but also interacts, directly or indirectly, with the VGSC complex [33].



Similarly, the intensity of immunoreactive Nav1.5 has been shown to be reduced in heart sections obtained from ACM patients with conventional desmosomal mutations [34]. Therefore, a reduction in Nav1.5 abundance may be a component of the phenotype in subjects with ACM, and impaired INa could play a role in arrhythmia susceptibility in the “concealed” phase of ACM. As such, BrS and ACM could represent two clinical entities on the opposite ends of the same disease spectrum. Clinical studies have shown that BrS patients may show minor RV structural abnormalities [35], whereas desmosomal mutation carriers can develop arrhythmic events in the absence of overt structural disease [36] (Figure 3). Likewise, both PKP2 and SCN5A mutations have been associated with phenotypes on both ends of the disease spectrum, ranging from long QT syndrome and BrS to ACM [37].



Mutations in Ca2+ cycling genes and impaired calcium homeostasis are described in arrhythmogenic diseases such as BrS, catecholaminergic polymorphic ventricular tachycardia (CPVT), and long and short QT syndromes, as well as in cardiomyopathies at elevated arrhythmic risk such as a-DCM and ACM [38]. Forms of ACM associated with RYR2 gene mutations were first described [39] and then reconsidered [40] due to a lack of sufficient abnormalities to maintain the initial ACM diagnosis. The RYR2 channel is responsible for the release of Ca2+ from the sarcoplasmic reticulum (SR) into the cytoplasm during the excitation–contraction process in cardiomyocytes. The gene mutations destabilize the tetrameric structure of the channel, leading to failure of Ca2+ retention in the SR. This results in enhanced spontaneous release of Ca2+, determining delayed after-depolarizations (DADs) and ventricular arrhythmia, as described in some ACM patients [41].




2.3. Role of Large Genomic Rearrangements of Desmosomal Genes and Whole-Exome Sequencing in ACM


Conventional mutation screening in desmosomal genes is performed as a gold standard to identify point mutations in ACM patients. However, as stated before, it only allows detecting mutations in about half of ACM probands. Therefore, it has been proposed to include copy number variations (CNVs) (large genomic rearrangements such as deletions, insertions, and duplications), which have been recently described in ACM but can also be omitted by conventional screening mutation, into routine genetic testing in ACM. In a study by Pilichou et al., conducted on an Italian cohort of ACM patients, genomic rearrangements were detected in about 7% of ACM probands negative for desmosomal gene point mutations, highlighting the potential role of CNVs in increasing the diagnostic yield of clinical genetic testing [42].



Moreover, the contribution of whole-exome sequencing in ACM patients was highlighted in a recent study by Fedida et al. in which putative pathogenic variants were screened in 96 candidate genes associated with other cardiomyopathies and channelopathies in 22 ACM patients with negative routine genetic testing for desmosomal gene mutation. All suspected deletions were verified by multiplex ligation-dependent probe amplification (MLPA) and performed in 50 additional gene-negative probands. About 6% of large PKP2 deletions, undetectable by routine sequencing, were detected as the cause of ACM [43]. However, due to the difficulties in interpreting the many variants of unknown significance (VUS), the classification of genetic variants remains challenging, and the WES remains confined to research rather than diagnostic purposes.



Nevertheless, these two studies highlight the possible role, in the future, of CNVs and next-generation sequencing analysis in expanding the diagnostic yield of routine genetic testing in ACM.




2.4. Arrhythmogenic Cardiomyopathy Is Not a Right-Ventricular Disease


2.4.1. Arrhythmogenic Phenotypes


ACM includes different clinical phenotypes, and Sen-Chowdry et al. for the first time described three patterns of disease expression: the classic ARVC, which primarily affects the RV, left-dominant arrhythmogenic cardiomyopathy (LD-ACM), primarily involving the LV, and the biventricular forms [44]. They defined the clinical and genetic profile of LD-ACM and suggested that idiopathic myocardial fibrosis (IMF) might be another clinical manifestation of arrhythmogenic cardiomyopathy [45]. Distinctive ECG features of LV involvement in ACM include (1) T-wave inversion in the inferolateral leads with low QRS voltages (<0.5 mV) in limb leads, and (2) monomorphic ventricular tachycardia with a right branch block (RBBB) morphology, denoting its origin from the LV. The typical LV imaging phenotype is characterized by a ventricular remodeling pattern consisting of mild LV dysfunction with no or mild LV dilatation, in association with subepicardial/mid-myocardial (nonischemic) late gadolinium enhancement (LGE) affecting the LV (predominantly the inferolateral wall regions) at tissue characterization in cardiac magnetic resonance (CMR). The degree of systolic LV dysfunction appears related to the global extent of LGE which, in the advanced disease stage, affects multiple septal and LV free-wall segments [46].



In order to better define ACM, a recently published International Expert Consensus Document proposed an upgrade of the 2010 Task Force diagnostic criteria for the diagnosis of ACM phenotypic variants. The novelty of the new proposed diagnostic criteria (so-called Padua criteria) consists of the introduction of tissue characterization by CMR for detection of fibrofatty myocardial replacement of both ventricles and the addition of new ECG criteria specific to the LV involvement. The accuracy of diagnostic criteria for left-sided ACM varies according to the disease variant, whether biventricular or left-ventricular dominant. In the context of biventricular ACM, the disease specificity of the left-sided abnormalities is ensured by the concomitant fulfilment of International Task Force (ITF) criteria for the RV phenotype. On the other hand, in patients with no (or minor) clinical RV abnormalities (not fulfilling the updated 2010 ITF criteria), the diagnosis of LD-ACM cannot be achieved only considering the LV phenotypic criteria. In fact, morpho-functional and structural LV abnormalities of ACM do not provide a sufficient disease specificity because of the overlap with the phenotypic features of other heart muscle diseases such as DCM, myocarditis, and cardiac sarcoidosis. Hence, diagnosis of LD-ACM requires, in addition to consistent LV phenotypic features, the demonstration of a positive genotyping for ACM-causing gene mutation [4] (Figure 4).




2.4.2. The Arrhythmogenic Profile in Left-Side Dilated Hearts: Role of Genetics


A subset of patients with familial DCM present with disproportionate arrhythmogenic risk considering the degree of the morphological anomalies and systolic dysfunction, with consequently increased risk of sudden cardiac death [47,48]. Current guidelines recommend ICD implantation for primary prevention in DCM patients whose ejection fraction remains <35% despite optimal medical therapy [49]. In a general nonischemic DCM population, the DANISH trial demonstrated a reduction in sudden death mortality; however, this did not translate into a substantial total mortality benefit [50]. This suggested that the majority of deaths in this population were a consequence of heart failure rather than arrhythmic in origin. Nonetheless, considering the high risk of SCD and phenotypic overlap with DCM, accurate recognition of LD-ACM which would derive maximum benefit from ICD implantation could be a crucial step in risk stratification. Applying genetic knowledge to clinical practice could impact clinical care; however, genetic screening is not routinely performed for DCM, except in individuals with concomitant conduction system disorders where genetic testing for mutations in the LMNA and SCN5A genes is recommended [51].



Furthermore, while ACM is more often caused by desmosomal variants, interestingly, genetic defects in non-desmosomal genes are thought to be more frequently involved in LD-ACM. Mutations in LMNA and SCN5A have been described in ACM, as already mentioned, but are mainly responsible for a-DCM and LD-ACM. Mutations in LMNA, which encodes the nuclear proteins lamin A and C, have been identified in over 5% of familial DCM cases. Mutations in the LMNA lead to a more aggressive course as they are associated with conduction disturbances and ventricular arrhythmias [52] and the burden of ventricular arrhythmias is disproportionate to the underlying structural disease, overlapping LD-ACM. Frameshift mutations of SCN5A, classically causative of BrS, also cause a-DCM with atrial or ventricular arrhythmias that exceed the degree of LV dysfunction [28]. SCN5A is the exemplary gene of overlap across channelopathies, DCM, and ACM.



Moreover, filamins anchor membrane proteins to the cytoskeleton in cardiac and skeletal muscles; filamin C binds to several proteins of the Z-disc of the sarcomere [53]. Truncating mutations have been reported in families with an overlapping a-DCM and LD-ACM phenotype; an early onset, an aggressive ventricular dysfunction with a high burden of atrial and ventricular arrhythmias, and an increased incidence of SCD were common. CMR demonstrated extensive fibrosis, mainly of the LV, and, in a percentage of patients the LGE was subepicardial and circumferential [54]. Moreover, a recent study showed fibrofatty infiltration of the LV in addition to interstitial fibrosis of the RV among patients with truncating FLNC variants [55]. Interestingly, immunostaining assays of the LV showed decreased desmoplakin staining of cellular junctions, supporting the concept of the LD-ACM and a-DCM overlap.



Bermúdez-Jiménez et al. for the first time described the largest LD-ACM family with p.Glu401Asp mutation in the DES gene [56]. Desmin, encoded by the gene DES, is a structural intermediate filament present in the cytoskeleton of the leiomyocytes, rhabdomyocytes, and cardiomyocytes. More than 70% of the described pathogenic DES mutations are associated with cardiac involvement and can be related to DCM most commonly, but also to restrictive, hypertrophic, and ACM. This usually implies specific conduction system disturbance and skeletal myopathy [57]. Instead, they investigated the pathogenicity of this novel DES mutation as a cause of biventricular inherited ACM with dominant primary LV affection, without conduction system abnormality or signs of skeletal muscular involvement. A nearly exclusive LV affection was seemingly determined, with hypokinesia localized on the mid-apical inferolateral wall of the LV, mildly depressed LV ejection fraction, and no ventricular dilation; CMR revealed extensive late gadolinium enhancement with a typical circumferential subepicardial pattern in most of the cases. The p.Glu401Asp mutation is located in segment 2B of the central rod domain and could eventually produce a critical break in the intra- and interhelical ionic bridges between desmin dimers, leading to a loss of structural integrity and, consequently, of cellular adhesion [56].



Moreover, a PLN mutation (R14del) has been associated with DCM, as well as with a-DCM/LD-ACM [58]. Lastly, a high-penetrance mutation in TMEM43 (S358L), encoding a nuclear envelope protein (LUMA), was identified among Canadian population with a reported association with LDAC and high risk for SCD [59].




2.4.3. Desmoplakin Cardiomyopathy


Among desmosomal genes, DSP mutations are mainly responsible for LD-ACM, and they are identified in about 3% of patients diagnosed with DCM [60]. Multiple case series identified DSP mutations in LD-ACM [44,61,62]. Smith et al. [63] described desmoplakin cardiomyopathy as a distinct nosological entity marked by a high proclivity for LV fibrosis and arrhythmias and associated with intermittent myocardial inflammatory episodes that appear clinically similar to myocarditis or sarcoidosis. They found that DSP cardiomyopathy involves the LV in almost all cases and often without any apparent RV involvement in contrast to PKP2 cardiomyopathy, which always involved the RV predominantly and most often in isolation. Interestingly, in contrast to the DSP group in their study, none of the PKP2 patients had documented episodes of acute myocardial injury. Desmoplakin interacts with intermediate filaments, binds them to desmosomal plaques [64], and seems to be capable of sensing exposure to external mechanical stresses and reacting to them [65]. Truncating DSP mutations are evenly distributed throughout the DSP coding sequence without any clear correlation between specific truncating mutations and clinical presentation; DSP loss of function leads to significant LV dysfunction. Conversely, specific missense mutations may contribute to the specific disease phenotype (e.g., mutations in the desmin versus plakophilin/plakoglobin-binding domains), less frequently leading to LV dysfunction. Furthermore, risk stratification variables that perform well for PKP2-associated ACM and DCM appear to exhibit poor accuracy for diagnosis and risk assessment for DSP cardiomyopathy. In particular, Castelletti et al. found that the standard DCM LVEF threshold of <35% was an insensitive marker for future severe ventricular arrhythmias in DSP cardiomyopathy, with many events occurring in an LVEF range of 35–55% and occasionally at an EF >55%. Even more, criteria predictive of events in “classic” ARVC, including RV systolic dysfunction, anterior T-wave inversion, and male gender would play no role in either clinical recognition or risk stratification in DSP cardiomyopathy [66]. Heliö et al. identified the DSP c.6310delA, p.(Thr2104Glnfs*12) in 10 Finnish index patients with established diagnosis of DCM; the major findings were ventricular arrhythmias and dilatation of the LV, with three of the patients dying because of arrhythmogenic events rather than ventricular dysfunction, confirming the significance of DSP gene as a cause of arrhythmogenic cardiomyopathy [67]. A genotype-specific management approach might be useful for DSP cardiomyopathy.



Therefore, the distinction between LD-ACM and a-DCM in practical terms may be challenging, particularly in cases which have mild phenotypic expression or are detected early in disease course due to better cascade family screening [68].



In conclusion, genetic and clinical overlaps between a-DCM and LD-ACM seem obvious, and, on these bases, an expert panel of the Heart Rhythm Society (HRS) has proposed to include a-DCM, ACM, and LD-ACM in a common nosological entity whose hallmark is electrical instability [3].



Advances in our understanding of the complex pathophysiological pathways implicated in the development of cardiomyopathic phenotype obviate the need to reappraise classification systems and defined diagnostic–therapeutic pathways. Novel, flexible approaches incorporating genetic, functional, and ultrastructural characteristics beyond simple morphological features should be explored, reflecting the complexity often met in clinical practice.





2.5. Role of Immunity in ACM Pathophysiology


Pathological findings in ACM patients and laboratory models show that inflammatory infiltration can be present in two-thirds of cases [69,70]. On this basis, focus has recently shifted toward the potential role of inflammatory insults in myocardial necrosis and in the subsequent fibrotic replacement [6,68,71], raising the key question of whether inflammation is the primary cause of myocardial damage or a consequence of it.



Myocardial necrosis can be acute, accompanied by substantial troponin elevation in the absence of coronary artery obstructions. In such cases, it can often be preceded by episodes of ventricular arrhythmia (clinically perceived as chest pain and palpitations) in the absence of typical pathological and ECG findings of ACM [72,73], suggesting an initial “hot phase” [74] of the disease predating phenotypical expression in its typical form. A viral origin of myocardial inflammation has been sought and, in some cases, found [75,76], but data are insufficient to establish an unequivocal cause–effect connection. On the other hand, a possible genetic predisposition to myocarditis has been demonstrated. Introducing the concept of vulnerable myocardium, Campuzano et al. analyzed sera of three patients suddenly dying because of myocarditis and found various types of mutations typically associated with ACM, even if signs of the disease were absent at autopsies [77]. Furthermore, a large clinical and genetical study of patients’ relatives unveiled further carriers of desmosomal mutations. Interesting elements were also underlined in a study conducted on cardiac sarcoidosis and giant cell myocarditis [78]; histopathological analyses of these patients showed an altered distribution of plakoglobin, desmoplakin, and plakophilin-2 not only in the damaged area but also in apparently unaffected regions. The local expression of cytokines was analyzed, and a high level of IL-17 and TNFα was found in both tissues and blood. Similar alterations were found in the serum and myocardium of ACM patients, raising the hypothesis that a local production of inflammation mediators could play a role in the pathogenesis and evolution of both inflammatory cardiac disease and ACM.



A study on a murine model with mutated or knockout DSG2 demonstrated that, when myocardial necrosis is established, the immune system reacts to eliminate dead cells and repair the damage. In particular, in the early, acute stage when macroscopical phenotypic features are not yet detectable, but the risk of sudden cardiac death may already be increased, local and blood-derived macrophages are activated by neutrophils to a much higher degree compared to the chronic stage. Normally, resident macrophages (CD11b+ and CD206+) can be found in healthy hearts and participate in electrical impulse conduction, but those implicated in scar development express different markers (MMP12 an SPP1) which correspond to proteins involved in proinflammatory processes. On this basis, it is reasonable to assume that they are not equally able to participate in electrical propagation, enhancing the proarrhythmogenic feature of this phase [79]. On the other hand, B lymphocytes (CD45+) and T cells (CD3 and CD4 mainly) are more involved in the acute phase; whether their stable persistence in the chronic phase suggests a modulating effect remains to be proven.



In a murine model study with DSG2 mutations, similar inflammatory cells and cytokines were involved [80]. In addition, this study showed that inhibition of GSK3β (a kinase that promotes inflammation via the NF-κB pathway) was able to reduce inflammatory cells and molecules leading to clinical improvement, reflected by less ventricular necrosis and fibrosis, better systolic function, and reduced arrhythmic episodes. The authors underlined that the presence of mutations typically associated with ACM (PKP2 in particular) could alone activate the NF-κB pathway, recalling in a certain way the concept of genetically vulnerable myocardium.



Recently, an autoimmune hypothesis emerged, and three types of autoantibodies were identified, as outlined below.



Anti-heart (AHA, with alpha and beta myosin heavy chain being the principal antigens identified) and anti-intercalated disc (AIDA) antibodies were found in 45% of patients with sporadic ACM and 85% of familial cases [81]. Clinically, patients AHA-positive presented with more severe LV involvement and with higher incidence of chest pain, arrythmias, ICD implantation, thicker septum and LV posterior wall, and lower LVEF; AIDA presence was associated with biventricular manifestations. Follow-up of antibody-positive relatives with no disease features was suggested as a means to elucidate whether detection of AHA or AIDA constitutes an early sign of disease.



Anti-desmoglein 2 autoantibodies (anti DSG2) were studied by Chatterjee et al. [82] in a small group of genetically diagnosed patients plus sera of boxer dogs affected by ACM. AntiDSG2 antibodies were present in all subjects with definite disease, exhibiting high sensitivity and specificity for its detection. Moreover, the intensity of the immune reaction correlated closely with disease severity, as expressed by ventricular ectopic burden.



Neither of the abovementioned studies could reach a conclusion on whether autoantibodies were the triggers inducing myocardial damage in genetically predisposed patients or if the presence of altered junctional proteins induced the production of autoantibodies perpetuating myocardial damage.



We would like to report another potential category: antimitochondrial autoantibodies (AMA) are notoriously linked to primary biliary cirrhosis and other autoimmune diseases, in which the cardiac involvement mostly progresses in dilated cardiomyopathy [83]. A Japanese case report described an AMA-positive myocarditis with arrhythmias, severe HF, and a fibrofatty replacement of myocardium at autopsy (a genetic study was not performed), revealing a hypothetical unexplored scenario [84].



In another case series [85], two brothers with a truncated variant of desmoplakin were diagnosed with ACM after multiple episodes of myocarditis following sessions of intense physical exercise. In both, autoantibodies against troponin and myosin were detectable, suggesting that exercise induced a sort of “mechanical unstable” myocardium necrosis by exposing epitopes which triggered autoimmune reaction. As for the interaction between immune system and exercise, recent evidence is intriguing; a more general analysis conducted by Campbell and Turner showed that single episodes of intense exercise recruit T cells, particularly CD8+, and redistribute them in areas with ongoing damage (necrotic or neoplastic tissues for example), thereby enhancing the immune response. On the other hand, regular intensity physical activity seems to also play a role in B-cell and antibody production [86]. Moreover, there are also data [87] highlighting how, in a patient with known ACM, adrenergic stimulation due to physical activity can indirectly activate intracellular Ca2+-mediated pathways, enhancing myocardial necrosis and a subsequent inflammatory response, in addition to impaired mechano-transduction due to an altered desmosomal structure (Figure 5). The sum of these elements could create a molecular microenvironment able to induce cardiomyocyte trans-differentiation, resulting in fibrotic and fibrofatty replacement. In Figure 3, we summarize the interplay among the many possible starters and perpetuators of the damage in ACM patients.



Novel cardiac imaging techniques such as SPECT [88], CMR [89,90], or PET CT scanning [91] could be used to effectively diagnose early stages of ACM, allowing early detection of myocardial inflammation, especially when the LV is involved, triggering further genetic screening of patients presenting with acute inflammation.



From a therapeutic perspective [92] immune modulation, could be a promising treatment option aimed at ameliorating disease progression and improving patient outcomes.





3. Diagnosis


Clinical diagnosis of ACM is often difficult because of the nonspecific nature of the disease features and the broad spectrum of phenotypic expressions. Indeed, in the early phases, the so-called “concealed” forms prevail. They are characterized by propensity toward ventricular arrhythmias in the presence of well-preserved ventricular morphology and function. As the disease progresses, the morpho-functional abnormalities, caused by myocyte loss, inflammation, and fibrofatty scar replacement (starting from the epi- or midmyocardium and extending to become transmural), become more evident [93].



Considering that most ACM patients are asymptomatic and sudden death often represents the first manifestation of the disease, diagnosis can ultimately be challenging. A scoring system to establish the diagnosis was developed on the basis of the fulfillment of major and minor criteria encompassing morphologic, electrocardiographic, clinical, and genetic components according to the statement initially proposed by the international Task Force in 1994 and revised in 2010 in an attempt to achieve better diagnostic specificity. ACM diagnosis can be established as “definite”, “borderline”, or “possible” on the basis of a qualitative score including both minor (one point each) and major criteria (two points each) [94,95]. Definite ACM is diagnosed when one of the following combinations is satisfied: (i) two major criteria, (ii) one major and two minor criteria, or (iii) four minor criteria (score ≥ 4). “Borderline” is considered in the presence of at least (i) one major and one minor criteria, or (ii) three minor criteria. Lastly, the diagnosis is considered “possible” when either one major or two minor criteria are satisfied (see Table 1).



3.1. Electrocardiographic Signs


Electrocardiogram (EKG) represents the first instrumental exam, often crucial to address diagnosis in ACM patients. Fibroadipose replacement interferes with the physiological conduction of the electric impulse through the ventricular myocardium, triggering electrocardiographic abnormalities in up to 90% of patients [2]. As such, a correct setting of the electrocardiograph is crucial for a correct interpretation. In particular, sensitivity can be improved by changing the 40 Hz low-pass filters (which may not detect either “fragmented” or “epsilon” waves) to 100 or 250 Hz [96]. In addition, double amplification and an increased scrolling speed (50 mm/s) might be useful [97]. EKG changes, particularly in precordial leads, depend on both the extent and the location of the disease. EKG criteria from the 2010 Task Force include T wave inversion in the precordial leads, presence of “epsilon” waves (late potentials between the end of QRS complex and the beginning of T wave), and an extension of the terminal part of QRS (nadir-end interval of the S wave >55 ms). These changes may not be manifest in at least 30% of patients. However, other nonspecific abnormalities may occur, such as ST segment changes or QRS “fragmentation” [98,99]. Late potentials by signal-averaged EKG (SAECG) represented an electrical diagnostic marker of ACM, classified in the 2010 International Task Force guidelines as a minor diagnostic criterion [46]. However, due to the technological advances by contrast enhancement CMR and the availability of molecular genetic testing for preclinical diagnosis based on demonstration of causative gene defects, use of the SAECG technique has been questioned because of its low diagnostic accuracy compared to these modern diagnostic tests [100]. In addition, data on the efficacy of late potentials in predicting clinical arrhythmic outcome are conflicting and insufficient to recommend their use for risk stratification [101]. Actually, the majority of cardiomyopathy centers no longer routinely employ late potentials in the evaluation of patients with ACM.



T-wave inversion in right precordial leads (up to V3) is present in most adult ACM patients; it correlates with the extent of RV dilation and, over the years, it may extend to left leads [102]. However, other conditions associated with T-wave inversion, either physiological or pathological, must be excluded. This finding in the right leads, indeed, may manifest in young Afro-Caribbean athletes, in ischemic heart disease, in acute pulmonary embolism, and in RBBB. T-wave inversion in the inferior leads is instead associated with the “left dominant” form. Alterations in the QRS (epsilon waves, enlarged S wave, QRS fragmentation, atypical RBBB) usually reflect the extent of the scar and slower conduction in the RV. In particular, the epsilon waves correspond to a slowed perivalvular epicardial activation, whilst S wave widening is the expression of a slowed perivalvular endocardial activation and of the right infundibulum.




3.2. First-Line Echocardiography


Echocardiography is the first-line imaging modality in ACM, as well as the most commonly used tool in the follow-up of patients with ACM. Evaluation of the RV by echocardiography can be challenging due to its retrosternal position and complex geometry. Moreover, the assessment of wall motion abnormalities is highly subjective even for experienced operators. Echocardiography allows for quantitative evaluation of RV dilation and dysfunction, as well as changes in segmental kinetics (segmental akinesia, dyskinesia, or dyssynchrony). Both minor and major ITFC criteria require the presence of wall motion abnormalities, differing with regard to the extent of RV dilatation and severity of dysfunction. However, these criteria, although specific, are hampered by poor sensitivity, particularly in the early stages of the disease. Some structural alterations, such as accentuated RV apical trabeculation and thickening of the moderator band, are also poorly specific. Echocardiographic techniques, such as 3D ultrasound and speckle-tracking have proven useful to increase the sensitivity of disease detection, mostly in the early stages [103]. A recent study recognized echocardiographic strain as a useful tool to predict structural disease progression in ACM, suggesting that baseline RV free-wall strain and rate of deformation could both be useful in identifying patients at risk of disease progression, who may require closer follow-up and treatment [104]. Previous studies using serial echocardiograms [105,106] demonstrated disease progression expressed as RVOT dilatation and RV-FAC reduction in two-thirds of patients during a mean follow-up of 6.4 years. Worsening of the peak RV free-wall longitudinal systolic strain and strain rate has also been associated with an increase in the size of the RVOT, as obtained from PSAX and PLAX views. Nonetheless, echocardiography is considered less sensitive than CMR in determining structural disease progression, given the improved capacity of the latter to identify segmental RV dilatation or focal wall motion abnormalities [107].




3.3. The Power of Cardiac Magnetic Resonance


CMR represents the gold standard as compared to echocardiography, as it allows a more precise estimate of morphology, volumes, thicknesses, mass, and segmental and global kinetics of the ventricles. The presence of regional akinesia or dyskinesia and accurate RV volume assessment may lead to the diagnosis of ARVD or biventricular ACM [95]. Extensive, sometimes circumferential late enhancement has been recognized as a phenotypical feature of LD-ACM patients, and it may be the only imaging finding in carriers of FLNC truncating mutations. Thus, LGE can help differentiate patients with arrhythmic DCM and suggest potential high-risk genotypes [45,55]. CMR is able to identify the presence of both fibrous and adipose tissue [108], which, in addition to corroborating the ACM diagnosis, represents a useful tool for the prognostic stratification [3]. The usefulness of a combined evaluation of the movement of the regional wall and the characterization of tissues by CMR in ACM diagnosis has been recently reported. Highest precision (98%) is obtained when wall motion abnormalities are accompanied by pre/post-contrast alterations on tissue characterization [109]. Identification of LV involvement on CMR is associated with a negative prognostic significance. In such cases, the subepicardial/intramyocardial distribution of fibroadipose replacement may explain why early disease stages are visualized as normal in size, function, and segmentary kinetics on echocardiography [46,110]. LV systolic dysfunction is accompanied by increased LGE extent, affecting more LV segments, with a more transmural involvement [111]. Compared to the LV, assessment of late enhancement on the thin walls of the RV can be limited by spatial resolution restrictions [112,113].



CMR findings such as RV dilatation, severe RV dysfunction, and segmental wall motion akinesia or aneurysms are highly specific for gene carriers. On the other hand, specificity has been reported as low as 56% for abnormal trabeculae and 44% for mild localized RV dilation and/or regional wall movement abnormalities. Interobserver variability in detecting features of ACM has been described, being more substantial among inexperienced operators [114,115,116]. Due to this reason, CMR should ideally be performed in a center with high expertise in evaluating abnormalities suggestive of ACM.



In recent years, myocardial wall motion abnormalities in ACM have been assessed by CMR strain analysis using feature tracking to measure regional and global ventricular dysfunction in order to identify the patients affected in the early stages of the disease [117,118], identify those at risk of progression [105], and stratify the prognosis [119].




3.4. The Role of Computed Tomography


Multidetector computed tomography (MDCT) can identify morphological features of ACM, such as increased RV chamber size, RV trabeculation, and intramyocardial fat. Modern MDCT scanners enable fast acquisition and high isotropic spatial resolution (0.5 mm), enabling precise ventricular volume measurements [120]. An advantage of 4D CT imaging is its ability to reveal the complex anatomy of RV, alleviating the risk of image overlap and limited views of standard 2D angiography. In addition to these functional parameters, a high spatial resolution, combined with the high native contrast of adipose tissue, allows a precise representation of fat infiltration within the thin wall of the RV, either with or without contrast injection [121]. CT-detected fibrosis correlated closely with epicardial and endocardial low-voltage areas on electro-anatomical mapping [122]. Fusion imaging using CT could assist ablative therapy of the culprit lesions. MDCT is widely available, fast, and affordable and can be considered a viable option in patients for whom MRI is challenging or contraindicated (e.g., those with severe arrhythmia, claustrophobia, implantable cardioverter defibrillators, or with suspicion of focal ARVC/D) [2].





4. Risk Stratification


Once the diagnosis is established, the most challenging aspect in ACM patient management is to stratify arrhythmic risk [102]. Implantable cardioverter defibrillator (ICD) implantation is a lifelong preventive measure for SCD with an established efficacy and safety in high-risk patients [123]; however, it is also associated with both short- and long-term complications (malfunction, device infection, inappropriate shocks, and others) [124].



Many single-center reports and several small multi-center registries have reported a number of clinical predictors of adverse events and death. Most of these studies focused on the outcomes of patients who already had ICDs implanted [125,126,127,128,129]. These studies have used ICD therapy for fast VT or VF as a surrogate for aborted SCD, according to the assumption that these ventricular arrhythmias would have led to death if not terminated by the device, although ICD shocks have been found to be an imperfect substitute for SCD [130]. The main clinical variables identified as independent predictors of poor outcome were history of sustained VT or VF, non-sustained VT syncope, male gender, young age at the time of diagnosis, proband status, T-wave inversion extent at 12 lead ECG, a premature ventricular complex (PVC) burden >1000/24 h, VT inducibility at EPS study, and RV and/or LV dysfunction. Only a few studies have examined risk stratification in patients with no ICD implanted. Among these, a recent study by Brun et al. concluded that sustained or non-sustained VT and LV dysfunction are risk factors for arrhythmic events [131].



The International Task Force of experts from Europe and North America have produced a consensus document (ITFC) on the treatment of ACM [132], suggesting the use of a simple algorithm to stratify the risk of SCD in patient with definite ACM. According to the presence of past major arrhythmic events and defined “major” and “minor” risk factors, three categories of risk for SCD were defined: a high-risk category, with an estimated annual event rate >10%, a low-risk category, characterized by an estimated rate of arrhythmic event <1%/year, and an intermediate risk category between those two.



Patients with a previous cardiac arrest due to VT or VF (secondary prevention) are considered in the high-risk category, as are those with severe RV and/or LV dysfunction. This group has a class I indication for ICD implantation. The intermediate risk group includes patients with ≥1 “major” risk factor (syncope, NSVT, and moderate RV and/or LV dysfunction), in whom it is reasonable to implant an ICD (class IIa). In the same risk group, if only minor risk factors are present (young age at the time of diagnosis, male gender, proband status, compound and digenetic heterozygosity of desmosomal gene mutations, extent of T-wave inversion, and VT inducibility at EPS), ICD implantation can be considered (class IIb) on an individual basis, especially if there are multiple minor risk factors [128]. This decision will need to take into account the overall patient clinical profile, age, device complication rates, and patient preferences. Lastly, the low-risk category includes healthy gene carriers and patients who meet diagnostic criteria for ACM but without risk factors, in whom ICD implantation is not indicated (class III).



The Heart Rhythm Society (HRS) criteria proposed by Towbin et al. in 2019 [3] included emerging risk factors for SCD, such as the presence of highly arrhythmogenic mutations and extent of LV involvement [54,133,134,135]. These criteria have not been developed specifically for ACM, but rather encompass a broad spectrum of arrhythmogenic cardiomyopathy. In line with ITFC criteria, there is a class I indication for ICD implantation for secondary prevention of major arrhythmic events and a class IIa indication for patients who have experienced hemodynamically tolerated sustained VT or a recent syncope. If none of the above criteria are met, the presence of major risk factors (non-sustained ventricular tachycardia (NSVT), inducibility at EPS, and ejection fraction of LV <49%) and minor risk factors (male sex, >1000 PVC in 24 h, RV dysfunction, proband status, and two or more desmosomal mutations) should be investigated. ICD implantation should be considered in patients with three major, two major and two minor, or one major and four minor risk factors (Figure 6).



In some aspects, ITFC and HRS criteria share similarities. Both strongly indicate ICD implantation in secondary prevention of major arrhythmic events, and both provide major and minor risk factors with subtle differences. In HRS criteria, LV dysfunction has a greater weight in risk stratification than RV dysfunction, which is considered only a minor risk factor. Moreover, inducibility of VT on EPS is included among the major risk factors in HRS criteria, although its role in predicting SCD is not currently well established [136].



In 2019, a new risk score model was proposed by Cadrin-Tourigny et al. to generate individualized 1, 2, and 5 year risk estimates for sustained VA in patients with definite ARVC and no prior ventricular arrhythmias [137]. This was the result of an international collaboration of 18 centers from North America to Europe, with the largest cohort of ARVC patients assembled to date. The score is available online (www.arvcrisk.com, accessed on 5 May 2021) as a “risk calculator” which uses seven easily available clinical parameters: male sex, age, recent syncope, NSVT, PVC count on 24 h Holter monitoring, leads with T-wave inversion, and RV ejection fraction. Compared to the ITFC algorithm, the 5 year ARVC risk score model led to a 20.6% reduction in ICD implantations while providing the same level of protection from ventricular arrhythmias.



However, this risk score model is not without issues to be considered. Firstly, patients were predominantly Caucasian, and pathogenic variants, when available, were primarily identified in the PKP2 gene (76%); DSP and DSG2 mutations were identified only in 7% and 5% of cases, respectively. Hence, the effectiveness of this risk score to predict events in patients of other ethnic background or genotypes is not adequately explored. Secondly, a threshold of 5 year ARVC risk score to indicate ICD implantation has not yet been determined.



Therefore, to date, there is no universally accepted risk stratification algorithm for ACM. Recently, an attempt to compare risk stratification strategies was made by Aquaro et al. [138]. In this study, the predictive performance of the three available prediction models (ITFC, HRS, and 5 year ARVC risk score) was validated in a cohort of 140 patients with definite ARVC. A 5 year score with a threshold of >10% appeared to be more effective for predicting arrhythmic events than the ITFC and HRS criteria. With this threshold, the 5 year ARVC risk score was able to predict 95% of events, which was 14% and 50% more than the ITFC and HRS criteria, respectively, but at the cost of ICD implantation in 81% of patients.



However, it remains unknown whether this score is accurate for LD-ACM forms which do not fulfill ITFC as definite ACM. Interestingly, prevalence of DSP and DSG2 mutations in the validation cohort was higher than that of the original risk score study, also confirming its effectiveness in this subset of patients. The performance superiority of the 5 year ARVC risk score could be attributed to the fact that it was directly generated from ARVC patient data, while the other two models were based on expert consensus.




5. Conclusions


Arrhythmogenic cardiomyopathy is a field of increased research interest owing to its complex pathophysiology, variable expression, and close association with risk of sudden death. Novel developments have allowed for improved understanding of all the above aspects, but major benefits in clinical outcomes are yet to be seen. Further efforts to develop a classification system are needed, focusing on more accurate distinction of phenotypes, pathophysiological substrates, and natural history of the entities comprising ACM, aimed at allowing for more clarity in clinical patient management.
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Figure 1. Interferences in Wnt/β-catenin pathway contribute to ACM pathogenesis. Binding of Wnt ligands to their receptors allows the translocation of β1-catenin to the nucleus, where it coactivates target genes of the Tcf/lef transcription factor family. On the other hand, in the absence of Wnt ligand–receptor, the intracellular β1-catenin is rapidly degraded by a cytoplasmic destruction complex. Nuclear PG localization has been proposed to contribute to ACM pathogenesis by suppressing canonical Wnt signaling interfering with β1-catenin transcriptional activities, thereby enhancing adipogenesis driven by PPARγ. 
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Figure 2. Hippo/YAP pathway is implicated in ACM pathogenesis. The Hippo/YAP pathway is a key regulator of organ growth that has been linked to cardiomyocyte proliferation and heart size. A tight crosstalk between Wnt and Hippo/YAP pathways in controlling cardiomyocyte proliferation has been proven. Phosphorylated YAP binds to β-catenin and suppresses its nuclear translocation. 
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Figure 3. Proposed mechanisms of arrhythmogenic cardiomyopathy (ACM) and Brugada syndrome (BrS). Desmosomal mutations trigger fibrofatty tissue replacement via modulation of the transforming growth factor (TGF)β1/p38 mitogen-activated protein kinase (MAPK)113, Hippo97, and Wnt/βcatenin signaling pathways. In addition, adhesion defects induce apoptosis in cardiomyocytes; together, these processes contribute to ventricular remodeling, which initially affects the right-ventricular outflow tract (RVOT). Changes in cardiac tissue prompt monomorphic ventricular arrhythmias via a reentry mechanism. By contrast, defects in Nav1.5 or associated proteins (such as PKP2) promote loss of function of the channel, inducing depolarization–repolarization defects. These abnormalities might participate in RVOT remodeling by affecting the function of cell adhesion molecules (such as cadherin 2). According to repolarization and depolarization hypotheses, ST segment elevation on the right precordial leads of the electrocardiogram is a consequence of electrical defects in the RVOT, whereas structural remodeling in the RVOT contributes to those abnormalities in BrS. Remodeling of the RVOT is a mechanism common to the pathogenesis of both ACM and BrS. Modified from Moncayo-Arlandi J, Brugada R. Unmasking the molecular link between arrhythmogenic cardiomyopathy and Brugada syndrome. Nat Rev Cardiol 14, 744–756 (2017). 
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Figure 4. Diagnosis of phenotypic variants of ACM in patients fulfilling the Padua criteria. Demonstration of morpho-functional and/or structural ventricular abnormalities is required for diagnosis of each phenotypic variant of ACM. Although right-ventricular dominant (ARVC) and biventricular disease variants can be diagnosed in those patients fulfilling RV and LV phenotypic criteria, the diagnosis of left-ventricular dominant (ALVC) disease, without clinically demonstrable RV abnormalities, needs demonstration of an ACM-causing gene mutation, in association with a consistent LV phenotype. Adopted from Corrado D, Perazzolo Marra M, et al. Diagnosis of arrhythmogenic cardiomy left side dilated hearts opathy: The Padua criteria. Int. J. Cardiol. 2020. 






Figure 4. Diagnosis of phenotypic variants of ACM in patients fulfilling the Padua criteria. Demonstration of morpho-functional and/or structural ventricular abnormalities is required for diagnosis of each phenotypic variant of ACM. Although right-ventricular dominant (ARVC) and biventricular disease variants can be diagnosed in those patients fulfilling RV and LV phenotypic criteria, the diagnosis of left-ventricular dominant (ALVC) disease, without clinically demonstrable RV abnormalities, needs demonstration of an ACM-causing gene mutation, in association with a consistent LV phenotype. Adopted from Corrado D, Perazzolo Marra M, et al. Diagnosis of arrhythmogenic cardiomy left side dilated hearts opathy: The Padua criteria. Int. J. Cardiol. 2020.



[image: Cardiogenetics 11 00025 g004]







[image: Cardiogenetics 11 00025 g005 550] 





Figure 5. Immunity involvement in ACM. The comparison of many studies and case reports suggests that, regardless of the genesis, myocarditis seems to be at least a phase (if not the core) of ARVC pathophysiology, creating a vicious cycle which leads to arrhythmias and heart failure. 
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Figure 6. Implantable cardioverter defibrillator (ICD) recommendations. ACM, arrhythmogenic cardiomyopathy; ARVC, arrhythmogenic right-ventricular cardiomyopathy; COR, class of recommendation; EPS, electrophysiology studies; FLNC, filamin-C; LOE, level of evidence; LVEF, left-ventricular ejection fraction; NSVT, non-sustained ventricular tachycardia; NYHA, New York Heart Association; PVC, premature ventricular contraction; VF, ventricular fibrillation; VT, ventricular tachycardia. Colors correspond to COR (green—class I; yellow—class IIa; orange—class IIb). Adopted from Towbin, J.A.; McKenna, W.J.; Abrams, D.J.; Ackerman, M.J.; Calkins, H.; Darrieux, F.C.C.; Daubert, J.P.; de Chillou, C.; DePasquale, E.C.; Desai, M.Y.; et al. 2019 HRS expert consensus statement on evaluation, risk stratification, and management of arrhythmogenic cardiomyopathy. Heart Rhythm 2019, 16, e301–e372. 
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Table 1. Diagnostic criteria for diagnosis of arrhythmogenic cardiomyopathy.
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Category

	
Right Ventricle

(Upgraded 2010 ITF Diagnostic Criteria)

	
Left Ventricle

(New Diagnostic “Padua” Criteria)






	
Morpho-functional ventricular abnormalities by cardiovascular imaging (echocardiography, CMR) or angiography

	
Major

	
Regional RV akinesia, dyskinesia, or bulging



plus one of the following:



	
Global RV dilatation



(increase in RVEDV according to the imaging test specific monograms for age and gender)



	
Global RV systolic dysfunction



(reduced RVEF according to the imaging test specific monograms for age, sex, and BSA)





Minor

	
Regional RV akinesia, dyskinesia, or aneurysm of RV free wall






	
Minor

	
Global LV systolic dysfunction (depression in LVEF according to the imaging test monograms for age, sex, and BSA or reduction in echocardiographic global longitudinal strain), with or without LV dilatation (increase in LVEDV according to the imaging test specific monograms for age, sex, and BSA)





Minor

	
Regional LV hypokinesia or akinesia of LV free wall, septum, or both









	
Structural myocardial abnormalities by CE-CMR

	
Major

	
Transmural LGE (stria pattern) of ≥1 RV region(s) (inlet, outlet, and apex in 2 orthogonal views)






	
Major

	
LV LGE (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)









	
Structural myocardial abnormalities by EMB (limited indications)

	
Major

	
Fibrous replacement of the myocardium in ≥1 sample, with or without fatty tissue






	




	
Repolarization abnormalities

	
Major

	
Inverted T waves in right precordial leads (V1, V2, and V3) or beyond in individuals with complete pubertal development (in the absence of complete RBBB)





Minor

	
Epsilon wave (reproducible low-amplitude signals between end of QRS complex to onset of the T wave)



	
Terminal activation duration of QRS ≥55 ms (measured from the nadir of the S wave to the end of the QRS, including R’ in V1, V2, or V3) (in the absence of RBBB)






	
Minor

	
Inverted T waves in left precordial leads (V4–V6) (in the absence of LBBB)



	
Low QRS voltages (<0.5 mV peak to peak) in limb leads (in the absence of obesity, emphysema, or pericardial effusion)









	
Ventricular arrhythmias

	
Major

	
Frequent ventricular extrasystoles (>500 per 24 h), nonsustained or sustained ventricular tachycardia of LBBB morphology





Minor

	
Frequent ventricular extrasystoles (>500 per 24 h), nonsustained or sustained ventricular tachycardia of LBBB morphology with inferior axis (“RVOT” pattern)






	
Minor

	
Frequent ventricular extrasystoles (>500 per 24 h), nonsustained or sustained ventricular tachycardia of RBBB morphology (excluding the “fascicular” pattern)









	
Family history/genetics

	
Major

	
ACM confirmed in a first-degree relative who meets diagnostic criteria



	
ACM confirmed pathologically at autopsy or surgery in a first-degree relative



	
Identification of a pathogenic or likely pathogenic AMC mutation in the patient under evaluation





Minor

	
History of ACM in a first-degree relative in whom it is not possible or practical to determine whether the family member meets diagnostic criteria



	
Premature sudden death (<35 years of age) due to suspected ACM in a first-degree relative



	
ACM confirmed pathologically or by diagnostic criteria in a second-degree relative













ACM, arrhythmogenic cardiomyopathy; BSA, body surface area; CE-CMR, contrast enhancement cardiac magnetic resonance; CMR, cardiac magnetic resonance; ITF, International Task Force; LBBB, left bundle branch block; LGE, late gadolinium enhancement; LV, left ventricle; LVEDV, left-ventricular end-diastolic volume; LVEF, left-ventricular ejection fraction; RBBB, right bundle branch block; RV, right ventricle; RVEDV, right-ventricular end-diastolic volume; RVEF, right-ventricular ejection fraction; RVOT, right-ventricular outflow tract.
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