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Abstract

:

Arrhythmogenic cardiomyopathy (ACM) may present with sudden cardiac arrest (SCA), and demonstration of a pathogenic variant in ACM-related genes is crucial for its definitive diagnosis. A 42-year-old female patient with family history of sudden cardiac death (SCD) was referred to the cardiomyopathy clinic after two episodes of aborted SCA. In the second episode, the patient was transported under cardiopulmonary resuscitation (downtime of 57 min) until extracorporeal membrane oxygenation was implanted. A thorough diagnostic work-up led to a diagnosis of biventricular ACM. Genetic testing revealed a previously undescribed variant in ACM patients in the MYH6 gene, c.3673G>T p.(Glu 1225*), which inserts a premature stop codon. This was considered a possible pathogenic variant originating a truncated protein, previously undescribed in ACM. The patient’s 23-year-old daughter was positive for the MYH6 variant and had ECG abnormalities suggestive of ACM. This case details the complex differential diagnosis of SCA and explores the current recommendations for the diagnosis of biventricular ACM. The identification of a MYH6 variant in a patient with ACM, recurrent SCA, and family history of SCD appears to support the hypothesis of the pathogenicity of MYH6 variants in ACM, in which the association of phenotype with sarcomere variants is still unclear.
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1. Introduction


Arrhythmogenic cardiomyopathy (ACM) is a biventricular heart muscle disease with left ventricle (LV) involvement which may exceed the severity of the right ventricle (RV) disease (arrhythmogenic left ventricular cardiomyopathy (ALVC)). While functional evaluation of the LV is an important diagnostic tool, it is insufficient for the diagnosis of ALVC, which requires tissue characterization with contrast-enhanced cardiac magnetic resonance imaging (CMR) assessment of late gadolinium enhancement (LGE) [1].



In patients with suspected ALVC, demonstration of a pathogenic variant in ACM-related genes is crucial for a definitive diagnosis, according to the recommended diagnostic criteria [2]. Variants in over 25 different genes have been associated with ACM [3], mainly in genes encoding proteins of different junctional complexes, particularly the cardiac desmosomes [4,5]. Pathogenic missense variants in ILK [6], encoding the protein integrin-linked kinase, and truncating variants in FLNC [7], encoding filamin-C, a protein involved in coupling of the cytoskeleton with cell–cell junctions, have been identified in patients with ACM.



However, other genes unrelated to junctional complexes may be involved in ACM, albeit with a lesser degree of evidence regarding their pathogenicity in ACM. Pathogenic variants of the DES gene were associated with abnormal cytoplasmic aggregation of proteins, altering the regular structure of the sarcomeres [8], and missense variants in the DES gene have been linked with ALVC or biventricular ACM [9,10]. Other genes encoding Z-band proteins, such as LDB3 for cypher and ACTN2 for α-actinin-2, were also identified in patients with ACM [11,12]. Moreover, variants in genes commonly involved in channelopathies were also reported in ACM patients. These include SCN5A [13], described in patients with Brugada syndrome or long QT syndrome, RYR2 [14], encoding the ryanodine receptor 2 playing a crucial role in cardiomyocyte excitation–contraction coupling, and PLN [15], encoding phospholamban, which is the principal regulator of the Ca2+-ATPase of cardiac sarcoplasmic reticulum [16]. Other non-desmosomal genes encoding nuclear envelope proteins, including LMNA [17,18], encoding lamin A/C, TMEM43 [19,20], encoding the nuclear transmembrane envelope protein luma, and LEMD2 [21], encoding LEM domain containing protein-2, which is also involved in nuclear structural organization, have also been associated with ACM phenotypes.



In this clinical case, we detail a previously undescribed variant of the MYH6 gene in a patient with biventricular ACM: a possible pathogenic variant linked with ACM phenotype and explore its associations with different phenotypes. This case also illustrates the complex differential diagnosis of sudden cardiac arrest (SCA), including cardiomyopathies, channelopathies, acute coronary syndromes, and Kounis syndrome, reviewing the extensive diagnostic work-up, including 12-lead ECG, echocardiography, coronary angiography, CMR, and the importance of genetic testing.




2. Detailed Case Description


The authors present the case of a 42-year-old Caucasian female patient with a family history of sudden cardiac death (SCD), as her father died suddenly at the age of 51. The genogram is shown in Figure S1. The patient was referred to our Cardiomyopathy outpatient clinic after two episodes of SCA. The patient had a first episode of SCA 2 years before, during tubal ligation surgery. Follow-up ECG, transthoracic echocardiogram (TTE) and 24-Holter monitoring were reported as normal, and the patient was lost to follow-up. The reason why an implantable cardioverter-defibrillator (ICD) in secondary prevention was not considered at this time is not known. The timeline is illustrated in File S1.



The second episode of SCA occurred during anesthesia induction for elective termination of pregnancy, with ventricular fibrillation (VF) submitted to defibrillation (three DC shocks). The patient was under monitoring, and there were no precursors to VF, such as nonsustained episodes of supraventricular or ventricular arrhythmias. The patient was transported under cardiopulmonary resuscitation to the Intensive Care Unit, with a prolonged downtime (57 min), requiring venoarterial extracorporeal membrane oxygenation (VA-ECMO) for hemodynamic support.



The admission ECG (Figure 1a) showed a right bundle branch block with right axis deviation, and the chest X-ray showed bilateral lung edema (Figure S2). Admission bedside transthoracic echocardiography revealed a severely impaired LV function with apical and antero-mid segment hypokinesis, and preserved contractility of the basal LV segments. No pericardial effusion was noted. Invasive coronary angiography excluded coronary disease. Ventriculography was also performed, with no LV apical ballooning. Initial laboratory analyses revealed a normal complete blood count (without eosinophilia) and no liver, kidney, and thyroid dysfunction or C-reactive protein elevation (4 mg/L). There was also no electrolyte imbalance.



The patient presented a favorable evolution under ECMO, and the decannulation was performed after three days, without neurological sequelae. A subcutaneous implantable cardioverter-defibrillator was implanted in secondary prevention, and the patient was discharged with a referral to the Cardiomyopathy outpatient clinic and to the Immunology clinic.



A TTE was performed in the Cardiomyopathy outpatient clinic, revealing a non-dilated LV, no LV hypertrophy, subtle systolic dysfunction (LVEF 63%, GLS −13.6%), with mid-basal anterior and lateral wall hypokinesis (Figure 2, Videos S1 and S2). The E/e’ ratio was 6.6, suggestive of normal LV filling pressures. There was no significant valve disease or pulmonary hypertension. The left atrium was nondilated (24 mL/m2). The RV was non-dilated, with preserved RV systolic function (TAPSE 19 mm, DTI S’ 11 cm/s, RV global strain −25.3%), and there was no pericardial effusion.



Follow-up ambulatory ECG (Figure 1b) showed low voltage QRS complexes in the limb leads, and a fragmented QRS complex in lead III, without ventricular pre-excitation or repolarization abnormalities, namely, prolonged QT interval, Brugada pattern, or abnormal T wave inversion. 24 h-Holter monitoring (with bisoprolol therapy) documented 322 premature ventricular contractions but no periods of nonsustained ventricular tachycardia. Stress testing revealed a normal exercise capacity with no exercise-induced arrhythmias or repolarization abnormalities. A flecainide test did not show an ECG pattern suggestive of Brugada syndrome.



Cardiac magnetic resonance imaging (Videos S3–S6) was performed 10 days after admission, showing preserved LV function (ejection fraction 61%) with lateral wall hypokinesis and mild RV dilatation, with preserved RV function without wall motion abnormalities. Intramural and subepicardial LGE in the basal to mid segments of the inferolateral wall was noted (Figure 3). Native T1 mapping levels were slightly elevated in the myocardial region with LGE. T2 mapping levels were normal.



Allergy tests excluded the possibility of Kounis syndrome, as the patient showed tolerance to the anesthetics administered during both surgical procedures (propofol and alfentanil). Drug hypersensitivity myocarditis was also not likely, as T2 mapping levels were normal in CMR, suggesting absence of edema [22].



The findings of LV wall motion abnormalities, intramural and subepicardial LGE in the inferolateral wall, and the presence of low QRS voltages in the limb leads, in a patient with two episodes of SCA and family history of SCD, led to the suspicion of ALVC, in accordance with the 2020 international diagnostic criteria for ACM (the ‘Padua criteria’) [1]. However, the ECG repolarization and the right bundle branch block are not typical of ALVC and CMR detected the presence of RV dilatation. These findings are suggestive of ACM with biventricular involvement [1].



Genetic testing (extended cardiomyopathy 196 gene panel—Figure S3) revealed a previously undescribed variant in the MYH6 gene (NM_002471.3; chr. 14), (OMIM * 160710); c.3673G>T p.(Glu 1225*) (Figure 4)—a variant not present in the population databases (ACMG 2015 PM2) that introduces a premature stop codon. After multidisciplinary discussion with the Genetics department, the authors consider this is a possible pathogenic variant of the MYH6 gene, originating a truncated protein. Although PVS1 criteria were not met, according to ACMG 2015, this is a frameshift variant, predicted to undergo nonsense-mediated RNA decay, and the exon is present in biologically relevant transcripts. Genetic testing and clinical screening (including ECG, Holter monitoring, TTE and CMR) were also performed in the patient’s children. The patient’s 23-year-old daughter was positive for the aforementioned truncating MYH6 variant, with an ECG showing low QRS voltages in the limb leads, a terminal activation duration of QRS ≥ 55 ms in V1, and inverted T waves in leads III and aVF (Figure S4). However, her CMR did not show any structural LV or RV abnormalities or LGE. Despite our recommendation, the patient’s siblings declined undergoing clinical screening or genetic testing for the MYH6 variant.



In a three-year follow-up, there were no supraventricular or ventricular arrhythmias or ICD therapies.




3. Discussion


It is of paramount importance to be mindful of the differential diagnosis of SCA, as, while coronary heart disease is the most frequent etiology, cardiomyopathies, myocarditis, and channelopathies are possible causes, where the differential diagnosis may be challenging.



ACM is an inherited heart muscle disease characterized by substitution of the ventricular myocardium by fibrofatty tissue. While classically termed arrhythmogenic RV dysplasia/cardiomyopathy, new insights arising from postmortem investigations, genotype–phenotype correlation studies, and myocardial tissue characterization by contrast-CMR led to increased awareness that the LV is frequently involved. Notably, some phenotypic variants of ACM are characterized by a predominant involvement of the LV [2]. The differential diagnosis frequently poses a challenge, as the ALVC phenotype can overlap with that of other genetic cardiomyopathies, acquired dilated cardiomyopathy, myocarditis, or sarcoidosis.



The fibrofatty scar tissue is an arrhythmogenic myocardial substrate, associated with ventricular arrhythmias in ACM. ACM may present with life-threatening arrhythmias or SCA, despite the absence of family history or intense sports activity. In patients with SCA or sustained ventricular arrhythmias, an ICD in secondary prevention is recommended [2].



According to the ‘Padua criteria’, the demonstration of ACM-causing gene variants or familial ACM are major criteria for the definitive diagnosis of biventricular ACM, in association with consistent LV structural abnormalities [1]. The spectrum of ACM phenotypes is broader than previously believed and the 2010 Task Force criteria lacked specific criteria for diagnosis of left-sided phenotypes, thus resulting in underdiagnosis of ALVC [2]. Furthermore, the differential diagnosis between DCM and ALVC is challenging, possibly leading to a misdiagnosis of DCM in patients with ALVC [1]. Moreover, patients with a high arrhythmic burden or SCD due to ventricular arrhythmias may also have undiagnosed ALVC since the electrical abnormalities may precede structural changes in ALVC [2]. CMR plays a vital role in the differential diagnosis of ALVC, DCM, and SCD due to ventricular arrhythmias, allowing for detailed tissue characterization.



As our current knowledge on pathogenic and likely pathogenic variants in ACM is expanding, the identification of new variants linked with ACM is of utmost importance. The MYH6 gene, located on chromosome 14q11.2, encodes the alpha heavy chain subunit of cardiac myosin [23]. This protein is expressed in the heart from fetal life to adulthood and is actively involved in energy transduction and force development in the cardiac muscle [24] but also in cardiac morphogenesis [25,26]. Currently, there is evidence of the association of MYH6 variants with congenital heart disease (from septal defects in patients with premature stop codon mutations [27] to hypoplastic left heart syndrome [28]) and arrhythmias, namely, Wolff–Parkinson–White syndrome [29], atrial fibrillation [30], and sinus node dysfunction [31], as well as ventricular arrhythmias and SCA [31,32]. MYH6 variants have also been associated with different cardiomyopathies, including hypertrophic cardiomyopathy [33] and dilated cardiomyopathy, particularly characterized by late onset [32,34], peripartum cardiomyopathy [35], and LV non-compaction [36].



Sarcomeric variants have been reported in patients with a clinical diagnosis of ACM, and they are uncommon and predicted damaging in silico [37,38]. However, there is limited functional and segregational evidence that these variants are causative of ACM, and, as such, the clinical value of the identification of these variants in patients with ACM is still uncertain [38,39]. Basic science may provide further insight into the role of newly discovered variants in the pathogenesis of cardiomyopathies. While animal models have assessed the association between MYH6 variants and congenital heart disease or cardiomyopathies [26,40], studying the pathogenicity of MYH6 variants in the development of cardiomyopathies is significantly hindered due to the embryonic lethality in MYH6-knockout mice. Human MYH6-knockout embryonic stem cell lines using CRISPR/Cas9 systems may provide further clarification on the precise role of MYH6 in cardiomyopathies [41].



Among patients with ACM with non-desmosomal gene variants, several DES variants have been described, including DES-p.A120D [42], DES-p.E401D [10], or DES-p.L115I [9]. These variants have notably been associated with a striking frequency of arrhythmias and SCD. The DES-p.E401D and DES-p.L115I variants in particular have been associated with an ALVC phenotype and SCD, probably due to a disruption of the desmin filament network and its connection with membrane proteins within the intercalated disc. [9,10]. Other than the described MYH6 variant, the patient in this clinical case did not carry rare variants in DES or pathogenic variants in other non-desmosomal genes. Nevertheless, the patient’s phenotype is similar to the one described in the DES variants reported in ACM patients, including biventricular involvement, SCA, and high arrhythmic burden. Indeed, DES-p.L115I variant carriers presenting biventricular ACM also showed LV myocardial fibrosis with a subepicardial distribution on histology [9].



Unfortunately, an autopsy was not performed after her father’s SCD, which would have been helpful in confirming the presence of structural cardiac abnormalities or an MYH6 variant on molecular autopsy. Her 23-year-old daughter was positive for the truncating MYH6 variant, and her ECG showed abnormalities described in ALVC [1], such as low QRS voltages in the limb leads and a prolonged QRS terminal activation duration in V1. Although her CMR did not show any structural abnormalities suggestive of ACM, regular follow-up with CMR imaging and Holter monitoring is necessary to detect early signs of ACM phenotype, as electrical abnormalities may precede structural changes in ACM [2].




4. Conclusions


This case highlights the importance of genetic testing in patients with cardiomyopathies, and the identification of new pathogenic variants may provide valuable insight in genetic testing in patients with ACM and in familial screening. In the detailed clinical case, the identification of a MYH6 variant in a patient with recurrent SCA and family history of SCD appears to support the hypothesis of the pathogenicity of MYH6 variants in ACM, a clinical entity in which the association of phenotype with sarcomere variants is still unclear.
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