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Cardiovascular diseases are associated with several morbidities and are the most common cause of worldwide disease-related fatalities. Studies show that treatment and outcome-related differences for cardiovascular diseases disproportionately affect minorities in the United States. The emergence of ethnic and racial differences in sudden cardiac death (SCD) and related ion channelopathies complicates cardiovascular disease prevention, diagnosis, management, prognosis, and treatment objectives for patients and physicians alike. This review compiles and synthesizes current research in cardiac ion channelopathies and genetic disorders in Asian populations, an underrepresented population in cardiovascular literature. We first present a brief introduction to SCD, noting relevant observations and statistics from around the world, including Asian populations. We then examined existing differences between Asian and White populations in research, treatment, and outcomes related to cardiac ion channelopathies and SCD, showing progression in thought and research over time for each ion channelopathy. The review also identifies research that explored phenotypic abnormalities, device usage, and risk of death in Asian patients. We touch upon the unique genetic risk factors in Asian populations that lead to cardiac ion channelopathies and SCD while comparing them to White and Western populations, particularly in the United States, where Asians comprise approximately 7% of the total population. We also propose potential solutions such as improving early genetic screening, addressing barriers affecting access to medical care and device utilization, physician training, and patient education on risks.
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Introduction

When evaluating the effectiveness of healthcare policies and services, it is crucial to give context to race and ethnicity. The health service treats individuals with unique social and genetic backgrounds. Among them, race and ethnicity have traditionally not been given priority when providing medical treatment, as they appear to be factors that should not influence the treatment an individual receives. However, although not readily apparent, these factors may affect the level of care an individual patient may expect or receive, for which a lack of awareness, competency, and tact compromises the ability of the health service to make accurate diagnoses and provide patient-centric treatment (1).

By 2030, racial and ethnic minorities are expected to make up 40% of the population in the United States (2). In that light, it is essential that we more accurately and clearly define the concepts of race and ethnicity. The concept of race is a social construct, and it involves an individual's appearance, genetics, geographical origin, and economic and political views (3). On the other hand, ethnicity highlights an individual's ancestry, history, culture, language, and religion while lacking biological aspects (3).

Within the context of healthcare, there may be race- or ethnic-specific predispositions to disease or genetic markers conveying risk. There is a need for research to account for the differences in risk assessment between racial and ethnic groups. Such a discussion is required to provide meaning and value to healthcare professionals so that they may ascertain the facts, draw conclusions, and make policy and procedural changes to improve awareness, understanding, and treatment. Therefore, it is imperative that we follow established conventions regarding terminology in the scientific literature regarding race and ethnicity since these are sensitive matters that may have broader implications beyond the medical perspective. Given the scarcity and fragmentation of information about channelopathies and related SCD in Asian populations, a thorough examination of the existing literature is timely and valuable in identifying potential gaps in the health service, designing clinical trials, and achieving treatment objectives for Asian populations (1). In the United States, Asians are one of the fastest-growing minority populations, mainly through immigration, and have grown to become a significant diaspora, at about 7% of the national population (4).

This review will strictly refer to “Asian populations” in a racial and ethnic context, applying to any individual from or with origins in the Asian continent. This includes the Far East, Southeast Asia, or the Indian subcontinent, including Cambodia, China, India, Iran, Japan, Korea, Malaysia, Pakistan, Philippine Islands, Taiwan, Thailand, and Vietnam, with the caveat that certain countries may be highlighted more often than others based on the availability of existing research (Table 1) (11). The review, while not being of a systematic nature, is a comprehensive assessment of literature from databases such as Google Scholar and PubMed to date. The keywords used for the literature search were: ethnicity, race, ion channelopathies, sudden cardiac death (SCD), Brugada syndrome (BrS), long QT syndrome (LQTS), short QT syndrome (SQTS), catecholaminergic polymorphic ventricular tachycardia (CPVT), and Asia. It will cross-examine inherited cardiovascular diseases focusing on ion channelopathies related to sudden cardiac arrest and SCD by referring to risk factors and susceptibility in the Asian population. Access to and use of appropriate treatment methods and devices, such as cardiac implants, in Asian populations will be briefly examined. Lastly, we also attempt to propose some solutions to reduce and prevent health differences in Asians. While we primarily attempt to address racial/ethnic differences in cardiovascular diseases and outcomes experienced by Asians in the United States, we also refer to literature from Asian countries to highlight research that provides genetic and disease susceptibility context for Asian populations.


TABLE 1 Sudden cardiac death in Asian subpopulations.
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Health differences in race and ethnicity

SCD is defined as unexpected sudden death from cardiac causes that occurs after 1 year of age and generally within 1 h from the onset of symptoms (if witnessed) or within 24 h (if the patient is alive or the event is witnessed) (5, 12). Current statistics show that 3.7 million lives are lost to SCD yearly, with over 300,000 in the US, 350,000–700,000 in Europe, and 544,000 in China (5, 6). Data show a higher SCD prevalence in men than women, owing to higher coronary artery disease prevalence in men (5). In Asia, the frequency of SCD is 37 per 100,000 people in Japan, 41 per 100,000 people in China, 38 per 100,000 people in Thailand, and 43 per 100,000 people in the Philippines (5). These statistics are lower than the 50–100 per 100,000 people incidence rates reported in Europe and the US (13). SCD incidence in Asia is 40 cases per 100,000 people annually, a significant public health concern despite being lower than in Western countries. Interestingly, Asian populations present with the highest proportion of sudden arrhythmic death to SCD when compared to Black, Hispanic, and White populations (Figure 1) (5, 14). Asia shows an increasing incidence of myocardial infarction and atrial fibrillation with age and a higher prevalence of BrS compared to Western countries, which might lead to increased mortality in young men (5). Despite implantable cardioverter-defibrillators (ICDs) being available as the primary prevention therapy, the rising cost of these devices in Asia limits access and thereby contributes to increased SCD-related mortality and morbidity rates. Recently, Ueda et al. reported that the Asia-Pacific region had the lowest ICD insertion rate of 1.7% compared to North America which had the highest ICD insertion rate of 54% (Figure 2) (15). Thus, it is imperative to prevent and reduce SCD by educating the public about its causes and risk factors (5, 15).
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FIGURE 1
Adjusted incidence rates per 100,000 person-years for observed death groups. Adult incidence rates of out-of-hospital cardiac arrest (OHCA) death and WHO-defined sudden cardiac death (SCD) over 37 months were 46/100 000 and 29.6/100 000 person-years, respectively. OHCA death and WHO-defined SCD incidence rates include 89 identified WHO-defined SCDs and 16 OHCA deaths that did not undergo an autopsy. Incidence-rate ratios for the SCD and autopsy-defined sudden arrhythmic death (SAD) was over 2- and 3-fold higher in men vs. women, respectively (P < 0.0001), and lowest in Asian subjects (P < 0.0001). Asian (62%) had a lower proportion of SCDs that were autopsy-defined SADs than White (60%). Modified from Tseng et al. (14) with permission.
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FIGURE 2
Highlighting differences in implantable cardioverter-defibrillator usage between Asia and western nations. (Panel A) The global landscape of implantable cardioverter-defibrillator (ICD) utilization and sudden cardiac death (SCD) rates portrays significant regional variations. Notably, North America exhibited the highest ICD usage rate (54%), while Asia-Pacific had the lowest rate (1.7%). In terms of pacemaker implantations, there were differences between Asian and White populations in various countries. (Panel B) ICD prevalence varied significantly across Asian countries, with Japan reporting the highest rate (52.5%), followed by Hong Kong (21.1%) and China (17.9%). A large discrepancy was observed as Indonesia reported the lowest rate (1.5%). Reprinted from Ueda et al. (15) with permission.


Since SCD is a major cause of death globally, it is important to explore different patient demographics and primary prevention therapies available for an in-depth analysis (6). Similar to Western countries and as pointed out above, SCD accounts for over 544,000 deaths per 1.3 billion individuals in China each year (6). An analysis of the ICD registry and the China Society of Pacing and Electrophysiology found a higher incidence of ventricular tachycardia and ventricular fibrillation in the Chinese population when compared to the US population; however, differing patient characteristics between the two groups raised concern about the identification of at-risk patients and SCD prevention methods, which requires further research (6). Currently, while the US has a high ICD utilization rate as the primary prevention mechanism, ICDs are underutilized in China (6). Instead, China makes greater use of arrhythmia ablation and non-ICD medical therapies, possibly due to the cost of healthcare provision (6). It is essential to recognize that optimal utilization of ICDs, in alignment with prevailing guidelines, is influenced by the economic conditions of each country as well as the characteristics of their public and/or private healthcare systems.

Exploring risk factors within affected demographics is critical to successful SCD management and prevention. A systematic review examined 41 studies conducted between 1984 and 2016 that documented a total of 6,876 cases of sudden cardiac arrest and SCD (7). The incidence rate was 40.7 per 100,000 person-years (95% CI 38.1–43.3) with a mean age of 69.5 years old, of which 55.5% of affected individuals were male (7). In the years following 2003, many causes of SCD were identified, with the most notable being the rise in cardiac ion channelopathies (0.4%) (7). The reported incidence of SCD in China, while lower than rates in the US and Europe (50–100 per 100,000 person-years), is nonetheless higher than in Japan (37 per 100,000 person-year) and South Korea (39.3 per 100,000 person-year), partly explained by differences in coronary artery disease and other risk factors in these populations (7). Cardiomyopathies were a less common cause of SCD in China compared to Western countries (10%–15%) and Japan (30%–35%), with congenital and hypertensive heart disease accounting for a higher proportion of sudden cardiac arrest and SCD (6, 7). Aging population and increased frequency of chronic conditions are noted to be common causes of SCD in the Chinese population (7, 16). Yet another study performed in 2021 on a sample of 977 Chinese patients with hypertrophic cardiomyopathy investigated the role of NT-proBNP in SCD (8). During the 3-year follow-up period, out of the original 977 patients, 29 displayed SCD, and results showed that NT-proBNP was a significant common predictor of SCD (8).

Risk factors that predispose individuals to SCD may also differ with age. Ischemic heart disease, which includes coronary artery disease and myocardial infarction, accounts for the majority of SCD incidents in older individuals (11, 17). On the other hand, inherited cardiac conditions known as sudden arrhythmic death syndrome usually predispose younger individuals to SCD. A Taiwan clinical study and follow-up (2005–2016) looked at 730 patients after a median time period of 43 months (9). The main results showed that 42% of patients in the Taiwanese SCD cohort also had ischemic heart disease, which was lower than Caucasian SCD patients. Survival studies demonstrated that sudden arrhythmic death syndrome patients had higher survival rates than those with ischemic heart disease (P < 0.001) (9). SCD in this particular ethnic population included a higher proportion of sudden arrhythmic death syndrome patients, a better prognosis for those with idiopathic ventricular fibrillation or idiopathic ventricular tachycardia, and a poor prognosis for individuals with LQTS (9). Individuals diagnosed with this condition that also presented channelopathies had better survival rates than those with cardiomyopathies (9). Another prospective cohort study examined 244 occurrences of SCD in a sample of Iranian men (N = 3,705) and women (N = 4,446) that were at least 30 years old after a median follow-up time of 17.9 years (10). The age-adjusted SCD incidence for men (N = 165) was 2.3 (95% CI 2.1–2.7) per 1,000 person-years. More than 0.2% of the Tehranian participants in this study had SCD (10). The most significant factors included ongoing smoking habits (HR 2.43, 95% CI 1.73–3.24), high waist circumference (HR 1.49, 95% CI 1.04–2.12), hypertension (HR 1.39, 95% CI 1.05–1.84), type 2 diabetes mellitus (HR 2.78, 95% CI 2.09–3.69), a pulse rate of at least 90 bpm (HR 1.72, 95% CI 1.22–2.42), and extant cardiovascular disease diagnosis (HR 1.75, 95% CI 1.26–2.45). Obesity and overweight were associated with a lower risk of SCD, showing an HR of 0.61, 95% CI 0.38–0.98, and HR of 0.58, 95% CI 0.40–0.83, respectively (10). Hypertension, smoking, diabetes mellitus, and central obesity accounted for about 65% of the Iranian SCD burden. Surprisingly, obesity was associated with a 40% lower SCD risk (10). While ICD has a proven role in preventing SCD, traditional risk factors can be targeted to address its rise (18). The conflicting results associating obesity with SCD in Iran are also reflected elsewhere, with strong associations among European and North American patients (10).



Inherited cardiac ion channelopathies

Cardiac ion channelopathies can be acquired or inherited, with the latter being the focus of this review. Genetic variants that affect cardiac ion channels lead to hereditary channelopathies, and these changes can either cause gain or loss of ion channel function mechanisms (19). Cardiovascular channelopathies such as Brugada syndrome (BrS), long QT syndrome (LQTS), short QT syndrome (SQTS), and catecholaminergic polymorphic ventricular tachycardia (CPVT) are linked to SCD (Table 2) (5, 22). Given the significant presence of SCD in Asian populations and the relationship between ion channelopathies and SCD, it is imperative to review the particulars of each cardiac channelopathy specific to this ethnic group. Variants associated with channelopathies do not always have a straightforward connection between their pathogenicity and diagnostic certainty (23). Consequently, these variants are classified into different categories: benign/likely benign (B/LB), conflicting interpretations of pathogenicity/variant of uncertain significance (C/VUS), and pathogenic/likely pathogenic (P/LP). In a study conducted by Rosamilia et al., the researchers examined the frequency and directionality of significant changes in disease association (23). They found that 8.4% of variants in genes associated with channelopathies experienced a change in their pathogenicity status, leading to a decrease in the overall level of diagnostic certainty (Figure 3) (23).


TABLE 2 Summary of distinguishing features in cardiac ion channelopathies.
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FIGURE 3
Alluvial plots presenting changes in variant evaluation from initial (I) to final (F) assessment in clinVar for variants that underwent at least two evaluations. Evaluations are categorized into pathogenic/likely pathogenic (P/LP, pink), conflicting interpretations of pathogenicity/variant of uncertain significance (C/VUS, purple), and benign/likely benign (B/LB, blue) buckets. Panel A shows gene-specific alluvial plots for cardiac channelopathy-associated genes. Panel B presents a summary alluvial plot for genes with an uncertain association with long QT syndrome. Panel C showcases a summary alluvial plot for genes linked to sudden unexpected death in epilepsy (SUDEP). Panel D provides a summary alluvial plot encompassing all gene variants in ClinVar. Reprinted from Rosamilia et al. (23) with permission.




Brugada syndrome

BrS is a genetic cardiac condition that can be autosomal dominant or polygenic in inheritance (24). In this channelopathy, Na+ channels encoded by the SCN5A gene are affected by a loss-of-function mechanism, resulting in fatal ventricular arrhythmias and SCD (24). There have been reports of 23 genes linked to BrS (20, 25). Of these, SCN5A has the highest diagnostic yield (20%) in patients bearing the BrS phenotype and, thus, is the primary focus of genetic testing in BrS (20, 26). The pathogenicity of the remaining 22 genes remains inconclusive due to limited evidence (20, 26, 27). Genetic defects in the SCN5A gene cause 15%–30% of all cases with BrS, involving the α-subunit of the Na+ channel known as Nav1.5 (28). This channel is vital in generating action potentials and determining conductance velocity (29). Asians show a lower prevalence of SCN5A variants associated with BrS pathogenicity (30). For example, SCN5A variants are responsible for about 7.5%–8% of all BrS cases in Japanese and Taiwanese populations (31). While the general incidence of BrS is approximately 1 in 2000, Southeast Asian demographics display frequencies as high as 1 in 1,000 (29). In a nation-wide community-based study, the prevalence of BrS in Taiwan was estimated to be approximately 1 in 1,000, higher than Caucasians (32). While genetic testing is increasingly utilized, an electrocardiogram (ECG) remains the primary method of diagnosis (21). The characteristic symptom of BrS is an atypical right bundle branch block pattern with a cove-shaped ST-elevation in leads V1 to V3 (29).

BrS patients may experience aborted cardiac arrest or sustained ventricular tachycardia, which leads to an increased risk for future arrhythmias (33). Syncope is also often co-occurring with BrS at a rate of 30%, both at rest and during sleep, with fever being a noted trigger (29, 33). SCN5A variants involving changes to the pore region of the afflicted Na+ channel lead to a more severe phenotype and increased risk of severe cardiac events (33, 34). In particular, loss-of-function from SCN5A variants has been shown to be a significant predictor of SCD (34–36). BrS conventionally involves a significant reduction in Na+ current and delay in action potential conduction in the right ventricular outflow tract relative to the surrounding myocardium (33, 37). This often triggers ventricular tachycardia due to improper ion balance across the epicardium and endocardium barrier (33). BrS was initially characterized as a channelopathy. However, recent evidence showed normalization of the ECG pattern and reduced risk of arrhythmia following radiofrequency ablation treatment applied at the right ventricular outflow tract epicardium, suggesting that the pathogenesis may be due to electrical and structural abnormalities (33, 38). Although risk stratification has yet to be established, this reclassification might lead to new strategies for managing BrS (38, 39).

Although endemic to Southeast Asia, Ghaffari et al. studied 9 probands from Iran diagnosed with BrS (40). Alongside known polymorphisms, 20 novel variants were identified. This included 15 missense, 2 frameshift, 2 synonymous, and 1 nonsense variant (40). This study was added to the growing literature body from Asian countries to account for this syndrome's vast array of deleterious alleles. Despite Southeast Asia having the highest BrS burden, the majority of current research is from Western countries (41, 42). The most notable Asian multicenter study was performed in Japan, investigating the link between BrS and SCN5A variants (43). Results revealed that the Asian population with BrS were almost exclusively male adults with a higher frequency of aborted cardiac arrests and type 1 pattern (43). Given the sheer burden of this condition in Asia and the disproportionately low number of studies, more research on BrS risk factors and unique disease manifestations in the Asian population is warranted.

SCN5A variants have been linked to BrS due to the dysfunction of Na+ channel proteins, but the genetic etiologies of BrS remain unclear, especially in Asian populations. Nakajima et al. conducted a study investigating the role of SCN5A variants in the clinical presentation of BrS in Japanese patients (44). The study examined 30 subjects with a Brugada-pattern ECG, including 13 asymptomatic, 10 with a history of syncope, and 7 who were given cardiopulmonary resuscitation (44). Results identified 8 variants in SCN5A in these subjects, 6 of which were novel variants (44). This included a splice acceptor site variant (c.393-1c > t) in the syncope group that may result in a prematurely truncated protein and 4 novel missense variants in the asymptomatic group: A586T in domain 1 and domain 2 linker (D1-D2 linker) of Na+ channel protein, R689H (D1-D2 linker), S1553R between transmembrane segment 1 and 2 in domain 4 (S1-S2 in D4), and Q1706H (S5-Pore in D4). This demonstrates the importance of genetic variation in SCN5A regarding BrS, particularly relevant to Asian subpopulations such as the Japanese population (44).

In the first compound heterozygosity study of its type, Tan et al. examined the SCN5A gene and its relation to BrS in an Asian population (28). Tan et al. reported compound heterozygosity in the proband for SCN5A gene variants (p.A226V and p.R1629X), with each parent contributing one variant. Studies have shown that the greatest incidence of the gene is in Southeast Asian males (28). The average age of BrS onset is 41 ± 15 years. Thus, most individuals with these deleterious alleles pass on the variants to their offspring before exhibiting their own symptoms (28). SCN5A gene variants associated with BrS account for at least 4% of all SCDs. In another study by Makarawate et al., SCN5A genetic polymorphisms were studied for their association with increased defibrillator shocks in BrS (45). Over a span of 2 years, a total of 40 symptomatic BrS patients with a median age of 43 years and with active ICD implantations were observed, and 16 patients (40%) had appropriate ICD shock therapy after ICD treatment. The Nav1.5/R1193Q polymorphism was genetically associated with ICD shock therapy, presenting an adjusted hazard ratio of 10.550 (95% CI, 1.631–68.232) (45). The Nav1.5/R1193Q is a genetic marker that can cause defects in the electrophysiological pathways of the heart, leading to ventricular fibrillation in symptomatic BrS patients (45). Most notably, the p.A226V variant reduced peak Na+ current to 24% of the wildtype's output, while the p.R1629X variant resulted in a complete loss-of-function (28). Cardiac conduction delays are seen on ECGs, revealing longer PR interval, wider QRS complex, and increased frequency in BrS patients receiving ICD shock therapy than those without (45). This polymorphism is most frequently found in Asian populations, primarily Chinese (0.05–0.08), Vietnamese (0.08), and Japanese (0.02), as opposed to other ethnic cohorts, such as White Europeans (0.00) and Black Africans (0.00) (45).

A venue for future research involves looking at racial/ethnic differences in BrS for Asian pediatric patients. A recent study that included 11 Asian and 40 Caucasian patients showed that pediatric patients (age < 12) that have experienced arrhythmogenic events are more prone to developing BrS than adolescents. However, it should be noted that the study did not compare differences between races/ethnicities (46). Greater care needs to be taken when developing a treatment for younger patients, a sensitive demographic. While ICD and defibrillator therapy has shown moderate success, careful and precise technique is required to avoid inappropriate shock treatment and other complications (47).

Overall, Asian populations face a higher incidence of BrS than White populations, despite fewer patients displaying pathogenic SCN5A variants (30). Instead, Asian populations appear more vulnerable to BrS through environmental interactions and oligogenic risk (30, 48). Asian patients with SCN5A variants are predisposed to major arrhythmic events (49, 50). There are genetic differences between Asian and White BrS patients (30). For example, an SCN5A promoter region haplotype associated with increased electrical abnormalities was present in Japanese patients while absent in White and Black patients (51). Additionally, several single nucleotide polymorphisms regularly found in White and Japanese BrS patients were found to be prolific in Taiwanese BrS patients (30). Therefore, it appears that Asian populations show different genetic features related to risk stratification of BrS compared to other ethnicities, possibly warranting a different clinical approach (30, 39, 52). Thus, these genetic differences between Asian and White patients suggest the need for a distinct clinical approach in managing BrS.



Long QT syndrome

Channelopathies are a group of diseases caused by ion channel subunit dysfunction and their interacting proteins (Figure 4). LQTS is one of the most prominent disorders under this umbrella term, being extensively studied on a clinical and genetic level (5, 22). It is an inherited arrhythmia associated with prolonged ventricular repolarization and fatal cardiac events such as SCD. Variants in ion channel genes leading to channelopathies are associated with an increased risk of developing LQTS (53). One such gene associated with LQTS is KCNH2 which codes for the human ether à-go-go related gene (hERG) ion channel, and the variants are part of the LQT2 genotype (53). QT prolongation and slowed ventricular repolarization occur via the loss-of-function of K+ channels and the gain-of-function of Na+ channels (53). The increased QT interval can lead to a polymorphic form of ventricular tachycardia known as torsade de pointes, ultimately resulting in syncope and SCD (53). LQT1, LQT2, and LQT3 are distinct subtypes of LQTS, with LQT1 caused by variants in the KCNQ1 gene, LQT2 caused by variants in the KCNH2 gene, and LQT3 caused by variants in the SCN5A gene, highlighting different affected ion channels and underlying mechanisms contributing to prolonged QT interval and arrhythmia susceptibility (54). In patients with pathogenic LQTS gene variants, 80%–85% show the LQT1 and LQT2 genotypes leading to K+ channel dysfunction, while 5%–13% of patients show the LQT3 genotype that leads to abnormal cardiac Na+ channel function (55). The association between LQTS genotypes and disease severity was identified in 1998 by Zareba et al., and in 2003 the same group demonstrated a significant relationship between age, sex, genotype, and LQTS progression in patients (55). In the past decade, a collaboration between various international research groups further demonstrated the relationship between the LQTS genotype and clinical phenotype (55). However, these studies were done primarily in Caucasian Western populations, and more work is to be done in populations of other ethnicities, such as Asians, in which the LQTS disease burden is significant (55).
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FIGURE 4
Summary of clinical and physiological features of cardiac ion channelopathies. A schematic representation of the molecular, cellular, and patient levels of channelopathies related to short and long QT syndromes. At the molecular level, gene variants affect ion currents in Na+, Ca2+, and K+ channels. This, in turn, affects the action potential morphology by forming early (EADs) and/or delayed after depolarizations (DADs) at the cellular level. These electrical abnormalities translate into either a short or long QT interval on the surface electrocardiogram predisposing to arrhythmia at the patient level.


Although LQTS has been observed in every ethnic group, the polymorphism variations set them apart. KCNH2 A915V polymorphisms were primarily seen in Asian populations (4.5%) (56). In one study by Akimoto et al., two Japanese families with LQTS underwent genomic analysis of the KCNH2 gene in search of potential variants (57). The medical histories, genomic data, and ECGs for 5 members from Family 1 and 7 members from Family 2 were analyzed for KCNH2 variants. The results showed that LQTS members of Family 1 had significantly reduced T-wave amplitudes compared to unaffected members (0.16 ± 0.77 vs. 0.35 ± 0.05 mV, P < 0.01) (57). The study also found a new missense variant of KCNH2 in Family 1 at codon 601 in the extracellular loop between the S5 and pore domains (57). Single-strand conformation analysis confirmed that this missense variant was not a rare polymorphism; it was present in 3 LQTS family members but not in any unaffected individuals nor 100 other reference genomes from healthy individuals (57). This was a breakthrough discovery of a novel missense variant in KCNH2, with possible broader implications for the Japanese and Asian populations (57).

It has previously been suggested that there are variations between the clinical presentations and outcomes of LQTS in adult and pediatric populations. In a retrospective cohort study, Lee et al. measured the development of spontaneous ventricular fibrillation and ventricular tachycardia in patients from public Hong Kong hospitals (58). A total of 142 patients aged 27 ± 23 years at symptom onset were examined (58). The results showed that the patient history of ventricular fibrillation and ventricular tachycardia (HR 4.67, 95% CI 1.53–14.3 P = 0.007), Schwartz score (HR = 1.90, 95% CI 1.11–3.26, P = 0.020), and non-ventricular fibrillation and non-ventricular tachycardia arrhythmias (HR = 5.41, 95% CI 1.36–21.4, P = 0.016) were predictive of the development of spontaneous ventricular fibrillation and ventricular tachycardia and that Schwartz score was predictive for adults alone (HR = 4.67, 95% CI 1.48–14.7, P = 0.009) (58). This demonstrates a few clinical differences in LQTS presentation in adults compared to children in an Asian subpopulation, previously unknown (58).

There are 17 common genes associated with LQTS development, of which only 7 genes have definitive evidence of being linked to this disorder (20). Genotype-specific ECG patterns associated with LQT1-3 are present in variant carriers (59). Gao et al. evaluated the role of ECG-guided gene studies in a large-scale genotyping study using a cohort of Chinese LQTS patients (59). The study examined 230 Chinese patients (26 ± 17 years, 66% female) using a genotype prediction method in 200 patients based on ECG patterns associated with each genotype (85 LQT1, 110 LQT2, and 5 LQT3) (59). Family members of the probands were also examined similarly (59). Results revealed LQT2 as the most common genotype in the Chinese cohort studied. Further genetic screening showed 104 variants (46 KCNQ1, 54 KCNH2, and 4 SCN5A variants) in the probands (59). This ECG-guided genotyping had a predictive accuracy of 79% (157/200) overall, 79% (67/85) for LQT1, 78% (86/110) for LQT2, and 80% (4/5) for LQT3. ECG-guided genotyping also demonstrated a predictive accuracy of 98% (42/43) in the family members (58, 59). This highlights the utility and cost-saving potential of cross-referencing common ECG patterns with common LQTS genes (59).

LQTS is a preventable cause of SCD in several different populations. In LQTS, ventricular repolarization is marked by prolongation of the corrected QT interval (QTc) on ECG, and it is a detectable and preventable cause of SCD in young populations (53, 56). There is usually a causative genetic variant with a large effect size identified in 80% of the probands (genotype-positive) (53). However, in several LQTS cases, genetic studies fail to identify such a variant with a large effect size. As such, common genetic variations of smaller effect sizes associated with LQTS may be more significant. Lahrouchi et al. conducted a genome-wide association study and transethnic meta-analysis, examining single-nucleotide polymorphisms in 1,656 patients of European and Japanese ancestry with LQTS and 9,890 controls (53). They assessed for common variant heritability in LQTS and calculated the overall effect of the identified polymorphisms associated with the QT interval using a polygenic risk score in the general population. This study identified three loci associated with LQTS near NOS1AP, KCNQ1, and KLF12 (P < 5 × 10−8) and 1 missense variant in KCNE1 (p.Asp85Asn) (P < 10−6) (53). The analysis demonstrated that approximately 15% of the variation in LQTS susceptibility could be due to common genetic variation (heritability-SNP 0.148; standard error 0.019). The polygenic risk score of QT-interval-associated common genetic variants was higher in LQTS cases than in controls (P < 10−13) and higher in genotype-negative vs. genotype-positive patients (53). This demonstrates the role of common genetic variation in the clinical LQTS, especially in genotype-negative patients. Furthermore, in a meta-analysis, Kong et al. assessed the mean allele frequencies of channelopathy genes SCN5A, KCNH2, KCNE1, KCNQ1, and NOS1AP in Black, White, Asian, and Hispanic subjects. The findings indicated that while Asian populations possessed a higher number of gene alleles associated to SCD, not all of these variants were associated with channelopathy or increased risks of SCD (Figure 5) (60).
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FIGURE 5
Ethnic group gene analysis from the exome aggregation consortium database. For all genes related to ion channelopathies, the number of alleles (n), the P values, and the median values of allele frequencies across different ethnic groups are shown. Asian populations had the highest proportion of allele frequencies in KCNE1, KCNQ1, and KCNH2. Reprinted from Kong et al. (60) with permission.


While genetic factors related to LQTS have been widely studied, there have been very few clinical and genetic studies in the Korean demographic. Lee et al. conducted a large single-center study investigating 62 LQTS patients and 19 family members with an LQTS gene variant (61). The clinical presentations in the proband group were ECG abnormalities (38.7%), aborted cardiac arrest (24.2%), and syncope or seizure (19.4%) (61). Genetic variants were found in 40 of the 61 cases studied (Figure 6) (61). They found variants of KCNQ1 in 19, KCNH2 in 10, SCN5A in 7, KCNJ2 in 3, and CACNA1C in 1 (61). In the LQTS patients, QTc prolongation was significantly associated with syncope (P = 0.001), ventricular tachycardia (P = 0.017) and aborted arrest (P = 0.010) (61). β-blocker therapy significantly reduced QTc in these patients (P = 0.007). The variants in the family members showed a penetrance of 57.9% (61).


[image: Figure 6]
FIGURE 6
Genetic variants in Korean proband and family group. The studied genes are KCNQ1, KCNH2, SCN5A, KCNJ7, and CACNA1C, corresponding to LQT1, 2, 3, 7, and 8, respectively. KCNQ1 and KCNH2 together account for almost 75% of all genetic variants in the Korean ethnic group. Only 2.6% of the genetic variants were related to CACNA1C. Reprinted from Lee et al. (61) with permission.


Variants in KCNQ1, KCNH2, and SCN5A account for approximately 90% of the genotypes of LQTS patients (62). These variants result in LQT1, 2, and 3 phenotypes, respectively (62). Of note, the LQT1 phenotype is associated with symptoms during exercise, LQT2 is associated with emotional stress, and LQT3 is marked by symptoms during sleep (62). Chen et al. conducted a study to identify a variant in a Japanese patient with QT prolongation and sinus node dysfunction on cardiac exercise and epinephrine stress tests, indicative of an LQT3 phenotype (63). The study found a heterozygous missense SCN5A variant V2016M in cardiac Na+ channels resulting in a loss of function with reduced Na+ current peak densities (WT: 175.2 ± 17.6 pA/pF vs. V2016M 97.2 ± 16.0 pA/pF; P < .01) (63). The variant also caused a gain-of-function marked by increased late Na+ currents through protein kinase A activation (WT: 0.07 ± 0.01% vs. V2016M 0.17 ± 0.03%; P < .05) (63). These variants in SCN5A combined with exercise-epinephrine-induced symptoms demonstrate an unusual genotypic-phenotypic association. However, this association is observed only in isolated cases and is therefore atypical in Asians (63–65). There is value in genetic testing before cardiac diagnosis (21). For example, patients with variants that encode for the pore regions in the hERG channel are more likely to present severe cardiac phenotypes than other variants (22, 66).

There are additional conditions associated either with LQTS itself or genetic markers of the disease. Jervell and Lange-Nielsen syndrome is an autosomal recessive condition associated with variants in the K+ channel gene KCNQ1 (LQTS1). It is also characterized by congenital deafness (67). However, additional genetic studies are required to identify the main disease-causing variants and other rare genes leading to the progress of Jervell and Lange-Nielsen syndrome. Schulze-Barr et al. conducted a haplotype analysis of microsatellite markers in a Lebanese family with this condition but did not detect a linkage at the LQTS1 gene (67). The analysis of this family excluded two other ion-channel genes involved in autosomal dominant LQTS, KCNH2 (LQTS2) and SCN5A (LQTS3) (67). These findings demonstrate that Jervell and Lange-Nielsen syndrome is genetically heterogeneous and that an unknown LQTS gene or even common genetic variation could contribute to this condition's overall phenotype in this family. Another related condition is Romano-Ward syndrome, an autosomal-dominant form of LQTS that can lead to SCD secondary to tachyarrhythmia (68). Lee-Chen et al. examined genetic factors related to LQTS in a Taiwanese family. Genetic analysis revealed a variant in the KCNH2 gene (68). The group amplified the coding regions and exon-intron borders of the KCNH2 gene and used single-strand conformation polymorphism analysis to identify variants (68). A KCNH2 exon with an unusual pattern was cloned and sequenced, eventually revealing a C to T replacement in codon 614, leading to the substitution of valine for alanine in the KCNH2 protein's pore region (68). Further analysis showed that this variant was present in all affected family members. This reflects the value of preventative genetic screening, which could be used to identify disease-causing LQTS variants that can facilitate early treatment. Thus, LQTS appears to be poorly studied in the Asian population, resulting in underrepresentation in the scientific literature. While there seem to be risk factors and markers for the disease unique to Asian subpopulations, there is not enough information to accurately judge the risk LQTS represents to this ethnic group.

L-type Ca2+ channel variants are known to be linked to the development of different inherited cardiac arrhythmias, including BrS and LQTS (Timothy syndrome) (69, 70). However, these variants have not been widely studied in Asian populations (69). Fukuyama et al. examined the frequency of these variants in a Japanese population and compared them to SCN5A variant carriers (64). The study cohort consisted of 312 probands registered in 2 Japanese institutes between 1996 and 2012 (64). The subjects in the cohort had different cardiac arrhythmias, including BrS and idiopathic ventricular fibrillation, as per clinical symptoms and ECG findings (64). The cohort was also screened for CACNA1C and CACNB2b variants. They compared the clinical attributes between probands with gene variants in CACNA1C or SCN5A, as there were no CACNB2b variants in the cohort (64). Results showed 6 CACNA1C variants in 7 unrelated probands and SCN5A variants in 20 probands (64). Half of the variants were located in the C-terminus. Among 7 CACNA1C variant carriers, 2 were female, and 3 showed clinical symptoms; 2 patients were resuscitated from ventricular fibrillation, and 1 patient had syncope (64). There were no significant differences in ECG findings between CACNA1C carriers and SCN5A carriers, illustrating that while the variant frequency of CACNA1C may be low, it may still be clinically relevant to perform L-type Ca2+ channel variant screening to prevent life-threatening cardiac events (64). Collectively, differences between Asian populations and White populations in relation to LQTS include a higher prevalence of specific polymorphisms, distinct clinical presentations, and varied genotypic-phenotypic associations. These differences highlight the importance of considering ethnic diversity in LQTS research and clinical management.



Short QT syndrome

SQTS can be a potential cause of tachyarrhythmia and SCD while also being associated with autonomic changes and ionic imbalances such as hyperkalemia and hypercalcemia. Funada et al. sought to study the prevalence of SQTS and assess overall QTc distribution in a large-single center study at a Japanese university hospital (71). The study enrolled 12,149 subjects who received an ECG between 2003 and 2004, of which 10,984 subjects had their most recent ECGs studied with a focus on corrected QTc (71). The QTc values analyzed appeared very similar to a normal distribution (408 ± 25 msec1/2), with females (412 ± 24 msec1/2) having significantly longer (P < 0.05) QTc values than males. Among 5,511 males, 69 (1.25%) showed QTc <354 msec1/2 (2 standard deviations below the mean in males), and among 5,473 females, 89 subjects (1.63%) exhibited QTc <364 msec1/2 (2 standard deviations below the mean in females) (71). Only 3 subjects (0.03% in all subjects and 0.05% in males) exhibited QTc <300 msec1/2; however, none had clinical symptoms of SQTS (71). This shows that while LQTS is quite prevalent in Asian populations, SQTS may be much more uncommon. As such, it is necessary to study at some level of depth for treatment to be available when patients are affected.

SQTS, although rare, also presents differently across several different demographics. Specifically, the Korean population is associated with SQTS and short QT interval (SQTI). In a large multicenter study, Kim et al. assessed the long-term effects and clinical prognosis of SQTS in consecutive Korean patients at three university hospitals between 1999 and 2019 (72). SQTI was defined as a QT interval of ≤ 340 msec in serial ECGs. In this study, 34 SQTI patients were followed for an average of 4.8 years. Patients with normal QTc were age and sex-matched and included in a 1:4 ratio for the study (72). The clinical features of patients with and without SQTI were analyzed. Results showed that tall T waves, U waves, and early repolarization (P < 0.001) were significantly more frequent in SQTI subjects than in those without (72). QT dispersion was significantly wider [44.0 (28.0–73.0) vs. 20.0 (12.0–35.0) msec, P < 0.001], and heart rate was significantly decreased in SQTI patients compared to those without [52.0 (47.0–58.0) vs. 70.0 (62.3–84.0)/min, P < 0.001] (72). Atrial fibrillation (11.8% vs. 2.2%, P = 0.030) and ventricular arrhythmia (8.7% vs. 0%, P = 0.007) were also significantly more frequent in the SQTI patients as opposed to those without. Atrial fibrillation and SQTS share a common variant association with the KCNQ1 gene (72). Overall, SQTI was significantly related to both atrial fibrillation and ventricular arrhythmia with an odds ratio of 5.911 at the 95% confidence interval [1.257–27.808; P = 0.025] (72). Thus, SQTS presents in this Asian subpopulation with associated potentially fatal arrhythmias.

The use of inconsistent QT interval cutoffs makes the SQTS diagnosis difficult clinically (73). In a large study (N = 114,334) by Miyamoto et al., SQTS intervals were found to be more frequent in males, showed bimodal peaks at both ends of the age spectrum, and demonstrated a strong relationship to the development of AF (73). A study by Nikoo et al. assessed SQTI prevalence in an Iranian subset of a larger cohort of 4,363 adult subjects in which the QT interval on ECGs was analyzed for bradycardia, signs of early repolarization, atrial fibrillation, and other arrhythmias (74). The SQTS susceptibility group showed a higher predominance of males and a lower average heart rate compared to the normal QT interval group (M/F of 1/0.26 vs. 1/1.145, P-value < 0.0001; 58 ± 9 vs. 71 ± 12; P-value < 0.0001) (74). Two subjects with a high probability of developing SQTS and three with an intermediate likelihood of attaining it were identified (74). Frequency of atrial fibrillation, syncope, bradycardia, early repolarization, low voltage ECG, and infantile SCD in first- and second-degree relatives were 16.67, 4.17, 33.33, 11.11, 11.11, 11.11%, respectively (74). This showed that a higher frequency of cardiac events and the development of arrhythmias are associated with increased SQTS-susceptibility within the cohort (74). In a combined manner, differences between Asian populations and White populations regarding SQTS can be observed. While SQTS appears to be more uncommon in Asian populations compared to LQTS, SQTS in Asian subpopulations is associated with potentially fatal arrhythmias such as atrial fibrillation and ventricular arrhythmia, indicating a distinct clinical profile.



Catecholaminergic polymorphic ventricular tachycardia

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited arrhythmia aggravated by stress and physical exertion. The genetic basis of this condition has been widely studied in Western populations, but the role of variants in CPVT-related genes is still unclear in the Asian demographic (75). The ryanodine receptor 2 (RYR2) gene is implicated in CPVT but may also be involved in other cardiovascular diseases. RYR2 is an ion channel that plays a crucial role in Ca2+ release from the myocardial sarcoplasmic reticulum, whose dysfunction or aberrant expression can lead to fatal ventricular arrhythmia and SCD. In a genomic sequencing study, Kawamura et al. examined genetic variants in 3 CPVT-related genes: RYR2, calsequestrin 2 (CASQ2), and inward-rectifier K+ channel 2 (KCNJ2) in 50 unrelated Japanese CPVT-diagnosed probands as well as designated RYR2 genotyped and non-genotyped groups (76). They also performed the same testing on 46 Japanese family members (76). The study's results showed 28 RYR2 variants (56.0% of total variants found), 1 compound heterozygous CASQ2 (2.0%) variant, and 1 KCNJ2 (2.0%) variant (76). Moreover, the RYR2 variant carrier group showed increased bidirectional ventricular tachycardia on ECGs and increased use/access of β-blockers for treatment compared to the group without RYR2 variants (76).

In another Japanese study by Aizawa et al., 83 Japanese patients with idiopathic ventricular fibrillation, LQTS, BrS, CPVT, or arrhythmogenic right ventricular cardiomyopathy underwent genetic testing of RYR2 to find disease-causing variants (77). The results showed 3 RYR2 gene variants in 4 families with CPVT and no significant association with other arrhythmias (77). This implies that RYR2 is more significantly linked to CPVT than other arrhythmias and highlights the genetic basis of CPVT in the Japanese population (77). Overall, CPVT should be of particular interest when considering treatment and prevention within the Japanese population. Further research is required to determine its significance and genetic markers in other Asian subpopulations.

Wang et al. conducted a case-control study to determine the potential role of a 4-base pair (4-bp) indel polymorphism (rs10692285) in the 3′UTR region of RYR2 with relation to the risk of SCD by coronary heart disease in a Chinese population (78). Logistic regression analysis showed that the insertion allele of rs10692285 was significantly associated with increased risk of SCD (OR = 2.03; 95% CI = 1.08–3.77; P = 0.0161; power = 0.743) (78). Genotypic analysis revealed increased insertion allele expression at the mRNA and protein levels vs. the deletion allele. Furthermore, the Dual-Luciferase assay demonstrated significantly higher transcription activity on RYR2 with this polymorphism in the ins/ins genotype compared to the del/del genotype (78). This highlights the potential role of genotypic studies and screening for polymorphisms related to the risk of SCD. In another study, Akilzhanova et al. tested for variants at common disease-associated RYR2 locus in 35 Kazakhstani patients with ventricular arrhythmia episodes; two had characteristics of CPVT, and 33 patients had monomorphic idiopathic ventricular arrhythmia (75). Results showed two novel variants at RYR2 locus, including one de-novo variant (c13892A > T; p.D4631V) in a CPVT patient and a rare novel variant (c5428G > C; p.V1810l) of significance in a patient with idiopathic ventricular tachycardia (75). A known variant previously associated with arrhythmogenic right ventricular dysplasia type-2 was also identified. This study demonstrates the potential pathogenic associations of novel missense variants with the development of life-threatening ventricular arrhythmias and SCD, thereby showing the utility of creating predictive tests in areas where genotype data is uncommon (75, 78). Taken together, differences between Asian populations and White populations regarding CPVT are evident. The genetic basis of CPVT and the associated variants in CPVT-related genes, such as RYR2, demonstrate differences between these populations, highlighting the importance of understanding the distinct clinical profile and genetic markers of CPVT in Asian subpopulations.



Conclusion

Differences in risks, disease prevalence, and treatment exist between Asian and Western populations for ion channelopathies and SCD. Asians are genetically prone to various arrhythmias and channelopathies, such as BrS and LQTS (Figure 7). It is evident that Asians have unique risk factors concerning heart disease, which warrants special attention when designing methodologies, pharmacological treatments, and standard guidelines to diagnose and treat Asian populations. Moreover, there is a paucity of data regarding the use and effectiveness of treatments such as ICDs to counter SCD in Asian populations.
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FIGURE 7
Associations between significant genes, ion channelopathies, sudden cardiac death, and device therapy. This illustration displays the links between representative genes susceptible to variants (hERG /KCNQ1, SCN5A, CACNA1C, and RYR2), ion channelopathies, and sudden cardiac death (SCD) in the Asian population. Brugada syndrome (BrS) and long QT syndrome (LQTS) were identified as the most significant channelopathies in the Asian population. These channelopathies can lead to atrial fibrillation (AF) and/or ventricular tachycardia (VT) and ventricular fibrillation (VF). Asian SCD patients do not receive implantable cardioverter-defibrillator (ICD) treatment compared to the White population in the United States. hERG (human ether à-go-go related gene); KCNQ1 (potassium voltage-gated channel subfamily Q member 1); SCN5A (sodium voltage-gated channel alpha subunit 5); CACNA1C (calcium voltage-gated channel subunit alpha 1C); RYR2 (ryanodine receptor 2).


At the same time, there are positives to take away from this review. The sheer volume of literature available for review is a strong indicator that professionals in the healthcare industry are increasingly aware of the racial and ethnic differences presented for rhythm disturbances in Asian and other populations, such as Black/African Americans. Some studies showed no significant differences in the diseases between Asian and Western populations. However, this can be attributed to the fact that the race and ethnicity aspects of arrhythmias have been overlooked and that the body of research concerning certain arrhythmias in Asian populations is still growing. Overall, encouraging attempts are being made to reduce these gaps, making research, diagnostic methods, and treatment options more inclusive and improving outcomes related to SCD and ion channelopathies in Asian populations.

To address differences between Asians and other ethnicities, we first suggest acknowledging race/ethnicity and the associated risk factors in medical research subjects, clinical trials, and hospital treatment. Training can be made available to physicians and researchers alike to enhance awareness of the differences and provide knowledge on the genetic risk factors Asians present regarding SCD and ion channelopathies. Screening for BrS and LQTS in Asian subpopulations is likely to be a useful preventative measure in improving outcomes, given the prevalence of these diseases. Education on these conditions and associated risks should also be made available to the Asian subpopulations, as well as what can be done to lower risk and what treatments can be sought once the relevant conditions are active in an individual. In this way, the prevention of disease, speed of diagnosis, and treatment can all be improved, leading to more positive outcomes in clinics for Asian patients (Figure 8).
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FIGURE 8
Summary of differences in Asian populations and proposed solutions. Identified differences in Asian populations and potential solutions are illustrated. The inadequate inclusion of race/ethnicity in clinical studies and limited training and education for healthcare providers and patients may contribute to differences in ion channelopathies in Asian populations. Solutions include broader enrollment of Asian populations in clinical trials, access to cardiac devices, and health education on sudden cardiac death risk factors.
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Epidemiology of Arrhythmias and Sudden Cardiac Death in
Asia (5).

Literature review and
meta-analysis

Asian subjects (Japan India China, Taiwan, South Korea, Thailand) receive much
fewer pacemaker implantations and ICD usage compared to Western countries;
Higher prevalence of BrS in Asian countries (Laos, Vietnam, Cambodia) compared
to Western countries.

Sudden cardiac death in China: current status and future
perspectives (6).
Sudden Cardiac Death in Mainland China: A Systematic

Meta-analysis

Systematic literature
review

Significantly higher VE/VT incidence in China compared to USA; much lower ICD
implantation rate in China compared to US despite similar SCD prevalence.

‘ Notable SCD incidence in China, comparable or greater than Japan or Korea. Rise in

ion reported as one of the main causes.

Analysis (7).

N-terminal pro-brain natriuretic peptide and sudden cardiac
death in hypertrophic cardiomyopathy (8).

Clinical investigative
analysis

N-terminal pro-brain natriuretic peptide is notable common factor in SCD diagnosis
among Chinese HCM patients.

Unique clinical features and long term follow up of survivors
of sudden cardiac death in an Asian multicenter study (9).

Clinical investigative
analysis

Younger Taiwanese SADS patients are predisposed to SCD. Taiwanese SCD patients
also had ischemic heart disease, albeit lower than in Caucasian SCD patients. LQTS
represents a larger risk in Taiwanese SCD patients.

Sudden cardiac death among Iranian population: a two
decades follow-up of Tehran lipid and glucose study (10).

Investigative analysis

Smoking, waist circumference, hypertension, diabetes mellitus, pulse rate and pre-
existing cardiovascular disease are significantly related to SCD in Iranian patients.

BrS, brugada syndrome; HCM,

2 1CD,

LQTS, long QT syndrome; SADS, sudden arrhythmia death

syndrome: SCD, sudden cardiac death: VF, ventricular fibrillation: VT, ventricular tachycardia.
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Brugada syndrome®

SCN5A

Na* channel

Atypical right bundle branch block pattern.
Cove-shaped ST-elevation in leads V1-V3. Can cause ventricular
fibrillation and sudden cardiac death. Syncope may occur.

Long QT syndrome”

KCNQI, KCNH2, SCN5A, CALMI,
CALM2, CALM3, TRDN, CACNAIC®

K" channels, Na*
channel, Ca®* channel®

QT prolongation and slow ventricular repolarization.
Can lead to torsade de pointes, syncope, and sudden cardiac death.
Associated with Jervell and Lange-Nielsen syndrome as well as
Romano-Ward syndrome.

Short QT syndrome®

KCNQI, KCNH2, KCNJ2

K* channels

QT shortening, early repolarization, tall T and U waves. Significantly
associated with atrial fibrillation and ventricular arrhythmic

Catecholaminergic polymorphic
ventricular tachycardia®

RYR2, CASQ2

Ryanodine receptor

Can lead to ventricular tachycardia, ventricular fibrillation, and sudden
cardiac death. Syncope may oceur.

Table modified from Landstrom (20),
SCN5A (sodium voltage-gated channel alpha subunit 5) KCNQ1 (potassium voltage-gated channel subfamily Q member 1), KCNH2 (potassium voltage-gated channel
1), CALM 2), CALM3

subfamily H member 2), CALMI

3), TRDN (triadin), CACNAIC (calcium voltage-gated channel subunit alphal

C), KCNJ2 (potassium inwardly-rectifying channel subvamny J member 2), RYR2 (ryanodine receptor 2), CASQ2 (calsequestrin 2).
“Genetic testing is recommended as a part of the diagnosis for all these channelopathies (21).
"Based on ClinGen assessment of the strength of association with disease.
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