Genetics and genomics of arrhythmic risk: current and future strategies to prevent sudden cardiac death
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Abstract | A genetic risk of sudden cardiac arrest and sudden death due to an arrhythmic cause, known as sudden cardiac death (SCD), has become apparent from epidemiological studies in the general population and in patients with ischaemic heart disease. However, genetic susceptibility to sudden death is greatest in young people and is associated with uncommon, monogenic forms of heart disease. Despite comprehensive pathology and genetic evaluations, a proportion of SCD in the young remains unexplained, termed sudden arrhythmic death syndrome, which poses challenges to the identification of relatives from affected families who might be at risk of SCD. In this Review, we assess the current understanding of the epidemiology and causes of SCD and evaluate both the monogenic and the polygenic contributions to the risk of SCD in the young and SCD associated with drug therapy. Finally, we analyse the potential clinical role of genomic testing in the prevention of SCD in the general population.


[H1] Introduction
[bookmark: _Hlk63112629][bookmark: _Hlk63086044][bookmark: _Hlk64290422][bookmark: _Hlk63088121]Sudden death [G] is a major global public health problem. Despite variation in definitions, data sources and epidemiological methods, sudden death due to a cardiac cause — known as sudden cardiac death [G] (SCD) — is estimated to account for approximately 20–25% of all deaths and 50% of deaths due to cardiovascular disease1,2. This percentage comprises up to 450,000 deaths per year in the USA alone1. Sudden death is defined as a witnessed, non-traumatic and unexpected fatal event occurring within 1 h of the onset of symptoms in an apparently healthy individual or an unwitnessed death occurring in the 24 h since the individual was last seen in good health2. The term SCD is applied in the presence of a known, potentially fatal cardiac condition, when an autopsy has identified a cardiac or vascular anomaly as the probable cause of the event or when a cardiac arrhythmia is considered to be the likely cause of the fatal event (that is, when no obvious extra-cardiac causes have been identified by post-mortem examination)2. SCD is the most likely consequence of a sudden cardiac arrest [G] (SCA), the cessation of any cardiac mechanical activity, with subsequent haemodynamic collapse, as confirmed by the absence of signs of circulation. SCA and SCD most often result from ventricular tachyarrhythmias, notably ventricular fibrillation (VF)3,4. On the contrary, bradyarrhythmias are thought to contribute to a minority of cases of SCD5. Several environmental factors are known to increase the risk of SCA and SCD, including drug overdose6,7, obesity8, diabetes mellitus9,10 and heat stroke11.
[bookmark: _Hlk63089897][bookmark: _Hlk64292252]Despite increasing rates of resuscitation over the past decade, the survival rate after an out-of-hospital SCA remains approximately 10%12. Nonetheless, policies aimed at expanding access to early, high-quality cardiopulmonary resuscitation and automated external defibrillators in the community have increased the proportion of individuals with SCA who receive appropriate therapy1.
Age is a strong predictor of the risk of SCD in the general population, with an increase in the incidence of SCD of between 0.6 and >1.4 per 1,000 individuals for every additional year of age13,14. In children, adolescents and young adults, the overall annual risk is much lower, ranging from <1 to 10 deaths per 100,000 person-years1,15–18, with an estimated incidence of approximately 3,500–9,000 deaths in Western countries each year2,19. SCD is more common in men than in women, regardless of age1. Atherosclerotic coronary artery disease and its complications are the leading cause of SCD in the general population20, with other degenerative conditions such as valvular disease and heart failure also being common in older individuals. 
The epidemiology of SCD in the young (aged ≤35 years) is more varied and also includes premature coronary artery disease as well as cardiomyopathies, arrhythmia syndromes, congenital heart disease, acute inflammatory disease and toxicological causes1,2,19,21. Furthermore, a substantial proportion of SCD in the young remains unexplained after comprehensive post-mortem evaluation, including toxicological examination and expert pathology review, which is known as autopsy-negative sudden death or sudden arrhythmic death syndrome (SADS)2,19,22. The heterogeneity of substrates and triggers for SCD, together with difficulties in collecting large numbers of well-phenotyped cases, have hindered the full understanding of the genetic architecture of SCD in the young. However, led by the initial investigations into SCA and SCD in the young, the past three decades have witnessed a dramatic shift in the approach to rare and common cardiac disorders, uncovering their roles in an individual’s heritable risk of SCA. In this Review, we summarize the current knowledge on the genetics and genomics of SCD, including hereditary and pharmacogenomic risk, and the future role of genomics in predicting SCD.

[H1] Heritability and the risk of SCD
Initial observations that SCD has a genetic predisposition date back >20 years. In 1998, a family history of SCA in a first-degree relative was first shown to be independently associated with the occurrence of myocardial infarction or SCA secondary to heart disease (RR 1.57, 95% CI 1.27–1.95)23. A subsequent re-analysis showed that a parental history of early-onset (age <65 years) sudden death was associated with an increased probability of SCA (OR 2.69, 95% CI 1.35–5.36), after adjustment for parental history of myocardial infarction and other risk factors24. The Paris Prospective Study I25 established a relative risk of sudden death of 1.80 (95% CI 1.11–2.88) for individuals with a history of parental sudden death. The risk increased ninefold if both parents had died suddenly25. However, a family history of sudden death did not increase the risk of acute myocardial infarction, suggesting different risk factors for sudden death and myocardial infarction25. A retrospective, Finnish case–control study confirmed that SCD as a manifestation of an acute coronary event seemed to cluster in certain families26. Furthermore, another study showed that individuals with a family history of SCD had a higher probability of cardiac arrest due to VF after myocardial infarction compared with controls (OR 2.72, 95% CI 1.84–4.03)27. Although the genetic architecture of multifactorial disorders such as myocardial infarction and SCD due to VF is likely to be complex, these seminal studies opened the way to uncovering the genetic contributions to VF and the risk of SCD.

[H1] Sudden death in the young
Approximately one-third of cases of SCD in children and young adults (aged ≤35 years) can be attributed to structural disease, including genetic disorders such as cardiomyopathies (hypertrophic cardiomyopathy, arrhythmogenic cardiomyopathy or dilated cardiomyopathy)18,21,28–30. In large case series, a previous cardiac diagnosis was present in only a small proportion of patients, and SCD was often the first symptom31–34. Therefore, post-mortem examination has a pivotal role in the assessment of suspected SCD2,22, and specific guidelines have been developed for the accurate diagnosis of SCD35. This process includes the need for expert evaluation to ensure accuracy, especially because general pathologists tend to overdiagnose arrhythmogenic cardiomyopathy and underdiagnose a morphologically normal heart (that is, SADS)36. Approximately 40–50% of cases of SCD in the young remain unexplained after autopsy (FIG. 1), suggesting monogenic arrhythmia syndromes as a possible cause of death. These include, among others, long QT syndrome (LQTS), Brugada syndrome (BrS) and catecholaminergic polymorphic ventricular tachycardia, all characterized by abnormalities of myocardial electrical function that are detectable during life and the absence of overt structural abnormalities at autopsy22,37,38. Hereditary cardiomyopathies and arrhythmia syndromes have traditionally been considered to be Mendelian autosomal dominant disorders with incomplete penetrance, caused by rare disease-causing variants (pathogenic genetic variants) in single genes (monogenic) with variable expression of phenotype. Therefore, rare variants are usually inherited or can otherwise arise sporadically in individuals (de novo variants). Rare variants can be private to a family, that is, absent from other affected families or from general population databases, such as the Genome Aggregation Database (gnomAD), which includes data on exome and whole-genome sequencing of >140,000 individuals39. However, given that the prevalence of these conditions ranges from 1 in 500 to 1 in 10,000 individuals in the general population, pathogenic variants can still occur in general population databases, albeit extremely infrequently. The probable prevalence of these mutant alleles [G] (given that each individual has a pair of alleles at a particular genomic location of an autosomal gene, one on each chromosome, described as its minor allele frequency [G] (MAF), can be estimated by the disease prevalence, the proportion of the disease that can be attributed to variants in the gene in question, and the prevalence of frequently mutated regions of the genome (hot spots) or population-specific founder variants [G] (see below). The MAF is generally expected to be less than 1 in 10,000 individuals, although this threshold is different for a less rare disorder, such as hypertrophic cardiomyopathy with a prevalence of 1 in 500, than for extremely rare disorders, such as short QT syndrome with a prevalence of less than 1 in 10,000. 40.
Evaluation of first-degree blood relatives with the use of genetic testing targeted to those genes linked to the clinical manifestation of a condition (the phenotype) has an important role in discovering heritable conditions underlying cases of SCD and SADS34,41–43. Indeed, up to half of families of cases of SADS can be diagnosed with heritable conditions, often one of the aforementioned genetic heart arrhythmias (LQTS, BrS or catecholaminergic polymorphic ventricular tachycardia), as well as a small proportion with cardiomyopathies. The latter are unexpected owing to the absence of findings at the autopsy of the decedent but are presumably associated with subtle structural abnormalities that were missed or arrhythmogenic risk before the manifestation of pathological structural abnormalities. Therefore, post-mortem genetic testing focused on cardiac disease-associated genes, also known as the molecular autopsy44, has also been investigated for its diagnostic utility in cases of unexplained SCD.
[bookmark: _Hlk64300323][bookmark: _Hlk63073952][bookmark: _Hlk64282230]In 1999, the results of post-mortem molecular testing were first reported in a woman aged 19 years who died after a near-drowning, with the identification of a novel variant in the KCNQ1-encoded Kv7.1 (KvLQT1) voltage-gated potassium channel, responsible for LQTS type 145. The utility of exome-sequencing-based post-mortem genetic testing in SADS decedents was first investigated in 201446 and then confirmed by several other studies. These studies demonstrated putative disease-causing variants in the genes involved in primary arrhythmia syndromes [G] and cardiomyopathies in 13–30% of cases of SADS21,34,47–49 (TABLE 1). The additional diagnostic utility of genetic testing is particularly important in women50 and in children and adolescents50–52, whereas the diagnostic yield of immediately actionable results in cases of SCD in infants (known as sudden infant death syndrome) is <5%53. Genetic triangulation studies of affected individuals and their unaffected parents (case–parents trio analysis for the identification of de novo variants) might be useful in elucidating monogenic causes of SCD, especially in the presence of ambiguous variants54.
[bookmark: _Hlk54775260][bookmark: _Hlk63074685][bookmark: _Hlk63072469]Most genetic studies of cases of unexplained SCD have been retrospective and from single tertiary centres and are, therefore, susceptible to referral bias. Furthermore, the more genes that are included in a genetic panel, the more likely it is that rare variants will be uncovered that have not been described previously. Adjudication of variant pathogenicity is not devoid of pitfalls and is susceptible to misinterpretation. The process now follows precise standards and guidelines laid out by the American College of Medical Genetics (ACMG) 55, which rely on population and disease genomic datasets, co-segregation with the disease in families, in silico data, and in vitro and animal functional studies. On the basis of these criteria, variants are classified as being pathogenic, likely pathogenic, of uncertain significance, likely benign or benign55. Variants of uncertain significance (VUS) pose important interpretation challenges to clinicians and geneticists; to improve the adjudication of these variants and the sensitivity of gene testing in arrhythmia syndromes, quantitative implementation of ACMG guidelines has been suggested 56 . This can include stringent disease-specific population frequency thresholds and the identification of gene regions more enriched for rare variants in disease cases than healthy controls. For example, missense variants in the transmembrane region of the SCN5A gene have been identified more frequently in cases of the Brugada syndrome than in healthy people. Thus, when a novel transmembrane variant is detected in a Brugada patient then the probability of pathogenicity is greater . Nonetheless, most rare variants detected during a molecular autopsy using a large panel of genes fall into the category of variants of uncertain significance and are not actionable as diagnostic tests without further evidence49,56. Therefore, different sequencing approaches and inconsistencies in the interpretation of novel variants, together with the absence of functional studies and co-segregation analyses in families, can affect the utility of unsupervised genetic testing (that is, not guided by clinical phenotype) in cases of SADS. Genetic testing targeted to the presence of structural abnormalities at post-mortem has greater utility in the confirmation of a diagnosis and the assessment of family members31. Current guidelines and expert consensus documents recommend post-mortem genetic testing, together with clinical evaluation of blood relatives, in the investigation of cases of unexplained SCD2,22,37,57.

[H1] Survivors of SCA
Systematic, comprehensive clinical testing in survivors of SCA without a cardiac diagnosis evident at initial presentation, thereby excluding patients with acute coronary syndromes or obvious structural diseases, has identified the underlying cause in up to three-quarters of patients33,52,58 (FIG. 2). A substantial proportion of these diagnoses are rare genetic disorders, and phenotype-guided genetic testing can reveal pathogenic variants in the genes implicated in the most common primary arrhythmia syndromes and cardiomyopathies in up to half of the cases (TABLE 2). Data from the CASPER registry showed that 47% of survivors of initially unexplained SCA and 24% of their family members undergoing evaluation harboured a pathogenic variant in genes associated with inherited heart conditions58. Follow-up of the CASPER cohort and a Danish cohort with similar characteristics revealed that up to one-fifth of individuals without a diagnosis after initial evaluation can receive a cardiac diagnosis through repeated clinical tests and additional genetic testing59,60.
Familial cardiac evaluation, including targeted genetic evaluation, can lead to a diagnosis in 62% of families of patients with unexplained SCA, with half of the relatives receiving a genetic diagnosis33. In the absence of a clinical cardiac phenotype after comprehensive evaluation, the yield of genetic testing is low. In one study, a pathogenic variant in the genes associated with primary arrhythmia syndromes and cardiomyopathies was identified in 11% of patients with unexplained SCA (idiopathic VF) compared with 25% of those with a cardiac phenotype61. In other studies, the yield ranged from 2% to 22%62–66, depending on the technique used (a broad, multi-phenotype panel versus a limited or single-gene evaluation). As with SADS, although the use of large panels of genes can increase the yield in phenotype-negative individuals with SCA, it also increases the number of variants of uncertain significance (present in 18% of patients). In this scenario, results from genetic testing can be difficult to interpret, and careful consideration must be given to distinguishing between pathogenic variants and background genomic variation arising from broad multi-phenotype genetic testing. Indeed, the routine use of hypothesis-free genetic testing for survivors of unexplained SCA has been contraindicated in the past67. Nevertheless, a family history of SCD is present in 20% of patients with idiopathic VF68–70, suggesting a genetic predisposition.
A haplotype [G] (a co-inherited set of genetic variants located on a single chromosome) on chromosome 7q36, which contains part of the DPP6 gene, has been linked to unexplained SCA in Dutch families71,72. Half of the carriers of the DPP6 risk haplotype experienced SCA before the age of 58 years, but no clinical risk markers were identified, despite the extensive evaluation of 601 family members of 26 distantly related families71,72. The 7q36 haplotype was associated with increased expression of DPP6 and a clinical phenotype of short-coupled Purkinje ectopic beats triggering VF71,72. Owing to its fairly high frequency in the Dutch population, the 7q36 haplotype is considered to be a founder variant, meaning that the carriers are descendants of a common ancestor and its presence is immediately useful as a diagnostic risk marker. This example demonstrates that in specific situations, for example in patients of Dutch ancestry with unexplained SCA, genetic testing together with familial evaluation can provide diagnostic and prognostic utility. Therefore, although the yields of genetic testing are low after assigning a diagnosis of idiopathic VF, they are not negligible, leading to a re-evaluation of indications for genetic testing. Genetic testing in patients with idiopathic VF can now be considered in specific circumstances37, although the interpretation of genetic results in the absence of a correlating disease phenotype needs to be improved.

[H1] SCD in the general population
[H2] Role of rare genetic variation
[bookmark: _Hlk44077817]Founder populations provide an opportunity to study the effects of rare genetic variants in the general population. Unselected survivors of SCA included in the Amsterdam Resuscitation Study73 had a higher prevalence of six known, rare, Dutch founder genetic variants associated with idiopathic VF, hypertrophic cardiomyopathy or arrhythmogenic right ventricular cardiomyopathy than two control cohorts (1.1% versus 0.4%, P < 0.05, and versus 0%, P < 0.02, respectively)74. This finding raises the possibility of genetic testing for relevant variants in a population for the purposes of prevention, although it relies on having fairly static populations without much migratory change.
[bookmark: _Hlk64282445][bookmark: _Hlk64282786]Whole-exome sequencing has uncovered rare and low-frequency genetic variation, often defined as a MAF of <1% and 1–5%, respectively75, as being associated with SCD on a wider population level. One study showed that rare genetic variation, beyond just founder variants, could be used to identify individuals in the general population who were predisposed to SCD76. After performing whole-exome sequencing in a retrospective cohort of 600 individuals with SCD and 600 controls, the researchers found that 15 (2.5%) of those with SCD had 14 rare pathogenic or likely pathogenic variants in genes previously associated with coronary artery disease, cardiomyopathy, arrhythmia syndromes, or aortopathy or aortic dissection compared with none of the control individuals (P < 0.0001)76. In 40% of these patients, the variants were deemed to be probably consistent with the mechanism of death, in 13% possibly consistent and in 47% uncertain owing to the lack of an autopsy or relevant tests performed as part of the clinical care before death. Applying the same methods in a prospective, independent cohort of 4,525 individuals without known cardiovascular disease, they found that 41 individuals (0.9%) carried rare pathogenic variants in the same genes and showed a 3.24-fold higher risk of cardiovascular death at long-term follow-up76. Importantly, the investigators also demonstrated that the presence of variants in the genes linked with LQTS or familial hypercholesterolaemia was associated with the corrected QT (QTc) interval duration and plasma LDL concentration, respectively, supporting the pathogenic role of the genetic variants identified and the contribution of intermediate phenotypes to guide diagnosis and management of these conditions. However, cautionary results emerged from a study assessing the clinical and genetic profiles of 2,022 unselected individuals77. A total of 122 rare variants in SCN5A and KCNH2 were identified in 223 participants77. However, the variants were inconsistently adjudicated as being either pathogenic or likely pathogenic, and no differences were detected in the incidence of arrhythmia or the QTc interval duration in those with a variant compared with those without77. This finding highlights the importance of robust methods for variant interpretation in individuals from an unselected population as opposed to families in which variants are interpreted in the context of a heritable disease.
Variants in genes encoding proteins involved in cardiac conduction, structure and contractility that usually underlie monogenic heart diseases can also affect the electrocardiographic phenotype (for example, the PR and QT intervals and the QRS duration), an intermediate trait for the risk of sudden death in the general population. For example, pathogenic variants in SCN5A are implicated in LQTS, BrS, dilated cardiomyopathy, atrial standstill and sinus node dysfunction78–82. The contributions of rare variants in SCN5A to electrocardiographic traits in the general population were investigated by undertaking targeted exonic [G] sequencing in a cohort of 3,699 participants of European descent83. A total of 157 rare variants were identified, which in aggregate were associated with the PR interval duration both in this cohort and in another cohort with African ancestry83. In another study involving >90,000 individuals, multiple rare variations in MYH6 and SCN5A were associated with the PR interval duration84. 

[H2] Role of common genetic variation
Following the completion of sequencing in the Human Genome Project85 and the development of the haplotype map (HapMap) of the human genome86, genome-wide association studies (GWAS) became increasingly popular. This approach can identify genomic regions, or loci, which confer greater susceptibility to disease by comparing the relative frequency of common genetic variants (defined as variants with a MAF of >5%) in affected and control populations. Owing to the enormous number of common variants, or single-nucleotide polymorphisms [G] (SNPs), in the human genome, statistical adjustments are needed to correct for multiple comparisons, and a P value <5 × 10–8 is typically considered to be statistically significant for genome-wide association. Because of the complex, polygenic nature of common diseases, the presence of multiple risk alleles [G] in the same individual has been hypothesized to be necessary to develop a phenotype. This model highlights the small effect sizes of common variants in the genesis of diseases compared with the larger effect sizes of rare or low-frequency variants (FIG. 3). The SNPs tagging loci can be present in coding or non-coding regions and can either be the functional allele associated with the phenotype or be in linkage disequilibrium [G] with the functional allele. Despite these limitations, GWAS allow for the exploration of genomic regions not previously associated with the phenotype under investigation, unveiling novel potential mechanisms underlying biological traits or diseases.

[bookmark: _GoBack][H3] GWAS for sudden death. GWAS have been applied to the contribution of common genetic variation to SCD following previous observations that inheritable genetic factors can influence the vulnerability of an individual to VF and SCD23–27 and that SNPs in SCN5A, encoding the cardiac voltage-gated sodium channel, confer an increased risk of SCD87,88. The Arrhythmia Genetics in the Netherlands Study (AGNES)27 revealed that a family history of sudden death is a strong risk factor for cardiac arrest during myocardial infarction. A subsequent GWAS in the AGNES case–control set showed an association between the occurrence of VF during ST-segment elevation myocardial infarction and a SNP (rs2824292) at the 21q21 locus, next to CXADR (OR 1.78, 95% CI 1.47–2.13)89. This gene encodes a viral receptor identified as being a modulator of cardiac conduction and implicated in myocarditis and dilated cardiomyopathy89. A subsequent meta-analysis of five GWAS data sets with follow-up genotyping in 11 additional studies, involving 1,283 patients with SCD and 20,000 control individuals, did not confirm the findings of the previous Dutch study, but identified a genome-wide significant signal at the 2q24.2 locus containing three genes expressed in the heart with unknown function and which was associated with an increased risk of SCD (OR 1.92, 95% CI 1.57–2.34)90.

[H3] GWAS for electrocardiographic traits. Another highly successful approach has been GWAS for electrocardiographic traits in large data sets from the general population. Although the immediate clinical implications of these findings might seem to be limited owing to the small effect of each variant on the final phenotype, their combined final contribution to disease manifestations might be important. For example, genetic loci identified as modulators of the P wave and PR interval have also been associated with susceptibility to atrial fibrillation91–93. Similarly, common variants at the SCN5A and SCN10A loci were associated with QRS duration94,95 and the future development of atrial fibrillation and other cardiac arrhythmias94. In 2006, a common genetic variant tagging NOS1AP, which encodes a protein that regulates neuronal nitric oxide synthase, was reported from a population of 3,966 individuals and which explained up to 1.5% of inter-individual variability in the QT interval duration96. Subsequently, several common variants in NOS1AP have been associated with a significant increase in the risk of drug-induced (and in particular amiodarone-induced) QT interval prolongation and ventricular arrhythmias97. Finally, in the QT-IGC study98, a large meta-analysis of GWAS and replication including up to 100,000 individuals of European ancestry identified 35 common variant loci that collectively explained approximately 8–10% of QT interval variation. Another important GWAS was conducted on the early repolarization pattern, which is a common electrocardiographic trait associated with SCD99. A locus was identified in KCND3, encoding the Kv4.3 protein that underlies the transient outward potassium current, providing important insights into not only the genetic determinants but also the pathophysiological mechanism of the early repolarization pattern99.

[H3] GWAS for rare disease. The clinical heterogeneity of many apparently monogenic disorders leading to SCD, including inheritable cardiac conditions, is usually referred to as incomplete penetrance (variant carriers who do not develop disease) and variable disease expression (large variability in phenotype severity among carriers). These phenomena can be attributed to a combination of environmental and lifestyle factors and also to genetic modifiers. For example, many individuals with congenital LQTS, who carry confirmed LQTS-causing pathogenic variants, have normal resting QTc interval values, and the majority are asymptomatic at presentation100,101. The modulatory role and additional contribution to the phenotype of common genetic variants in LQTS families, such as those detected at the NOS1AP locus, is well established102–104. A GWAS of 1,656 Japanese and white unrelated LQTS probands and 9,890 control individuals identified three loci near to the KCNQ1, KLF12 and NOS1AP genes that were implicated in susceptibility to LQTS105. However, the classification and reporting of common genetic variants that might contribute to the pathogenesis of Mendelian disorders is not well codified106.
In addition, rare pathogenic variants explain only a proportion of the heritability of cardiac arrhythmia syndromes or cardiomyopathies67, and genetic variants previously associated with rare cardiac disorders have been repudiated107,108, in some cases owing to their fairly high prevalence in the general population109. The majority of cases in which pathogenic variants are not identified (‘genotype-negative’) are likely to represent non-Mendelian forms of the disease attributable to the aggregate effect of common variants (MAF >5%) with small effect size and/or low-frequency variants (MAF 1–5%) with intermediate effect size110. The combined effect of these variants might explain some of the ‘missing heritability’ of rare cardiac conditions. This hypothesis is particularly relevant in BrS, where only approximately 25% of probands have been found to carry a pathogenic or likely pathogenic variant in SCN5A79. A GWAS of approximately 300 probands with BrS and 1,000 controls identified three genome-wide significant associations: one SNP (rs11708996) was in SCN5A; another SNP (rs10428132) tagged the SCN10A locus, which is adjacent to SCN5A and has been associated with PR and QRS variability in the general population; the third SNP (rs9388451) was located near to HEY2, a gene encoding a transcription factor regulating cardiac ion channel expression111.

[H2] Polygenic risk scores
[bookmark: _Hlk64289948]Owing to their small effect sizes, SNP associations have very little clinical applicability for risk prediction. A polygenic risk score (PRS) attempts to estimate the combined risk from multiple SNPs that have been associated with a certain trait at genome-wide statistical significance. By accounting for a large proportion of the genetic variance underlying a trait, the overall effect size and potential predictive utility can be increased. PRSs have already been proposed to predict the risk of coronary artery disease112–115.
A PRS was developed from 15 candidate SNPs as an independent predictor of QTc interval in a cohort of approximately 6,800 Finnish individuals from the general population116. The investigators found that a 10-ms increase in QT interval was associated with an increased risk of SCD (HR 1.19, 95% CI 1.07–1.32, P = 0.002)116. A PRS derived from the QT-IGC GWAS98 and applied to 2,915 individuals explained a greater proportion of variation in QT interval than a model including only non-genetic factors in individuals of European descent, but not in those of African descent117. A similar analysis using a PRS comprising 68 SNPs that modulate the QT interval showed significant association with LQTS in the QT-IGC GWAS98, with greater average scores in genotype-negative than in genotype-positive patients with LQTS105. This finding indicates a greater burden of common variation associated with the QT interval leading to disease susceptibility in genotype-negative patients with LQTS105. Conversely, in another study of 423 genotyped probands with LQTS and genotype-positive family members, the application of a PRS based on 61 SNPs associated with the QT interval explained only 1.9% of variability in the QTc interval, five times less than in the general population118. Although the PRS was higher in probands, who also had longer QTc interval values, the score was not associated with a greater risk of cardiac symptoms118.
In the GWAS on BrS discussed above, the cumulative effect of the three SNPs associated with susceptibility to the condition increased with increasing numbers of risk alleles, with an estimated odds ratio of 21.5 for the BrS phenotype in the presence of more than four risk
alleles compared with the presence of only one or two risk alleles111. The PRS for BrS has also been shown to be associated with the likelihood of developing a BrS phenotype in members of predominantly white families with variants in SCN5A, partly explaining variable
expressivity and SCN5A genotype-negative relatives with a BrS phenotype119.
Similar findings were reported in two cohorts of non-white patients with BrS. In a GWAS of 190 unrelated Taiwanese patients with BrS and a large local control population, a PRS derived from 22 SNPs previously associated with electrocardiographic traits and the BrS phenotype was developed, suggesting that a proportion of common variants are shared across different ethnic populations120. Consistent with previous work111, the cumulative effect of the three major risk alleles on susceptibility to BrS increased with the number of risk alleles, and the number of risk alleles was higher in individuals without pathogenic variants in SCN5A, supporting the role of common genetic variation in the missing heritability of BrS. Similarly, in a GWAS of 158 Thai patients with BrS, a PRS was associated with BrS phenotype (OR 3.10, 95% CI 2.42–3.97, P = 3.4 × 10–19 for each unit increase in the PRS)121. The PRS used in the Thai GWAS was based on three independent SNPs passing the genome-wide significance threshold: an intronic [G] SNP in SCN10A and another SNP at the HEY2 locus, both previously described in the European GWAS, and a novel SNP identified in the Thai case–control GWAS, located downstream of SCN5A. Finally, a PRS including the SNPs associated with BrS111, PR interval and QRS duration has been used to build a predictive model for ajmaline-induced occurrence of an electrocardiographic feature that is diagnostic for BrS122 and PR and QRS interval prolongation after administration of ajmaline, suggesting a potential application of PRSs in the diagnosis of BrS and the identification of individuals who are susceptible to drug toxicity.
Therefore, the role of common genetic variation as measured by PRSs in susceptibility to and the expressivity of rare diseases is increasingly being recognized. Additional studies are needed to investigate its contributionto the prediction of individual susceptibility to SCD.
[H1] Pharmacogenomic risk of sudden death
SCD caused by cardiac or non-cardiac drugs (such as antihistamines, antimicrobials or antidepressants) is a rare but well-recognized occurrence, resulting from ventricular tachyarrhythmias triggered by iatrogenically delayed cardiac repolarization. This phenomenon is usually secondary to a block of the rapid component of the delayed-rectifier potassium current (IKr), which manifests as QTc prolongation on the surface electrocardiogram123,124. Although several clinical predisposing factors have been identified (including female sex, pre-existing cardiac conditions, increased drug bioavailability and electrolyte imbalance)125,126, the occurrence of arrhythmias is unpredictable and the phenotype is very similar to that of LQTS. This similarity suggested a potential genetic contribution to the individual risk127, and rare variants in the genes associated with LQTS or other primary arrhythmia syndromes have indeed been identified in a substantial proportion of individuals with drug-induced arrhythmias, ranging from 12.5% to 40.0% in different case series128–131. Furthermore, common variants in the genes involved in the congenital form of LQTS or associated with the QTc interval have been implicated in the development of drug-induced torsades de pointes87,97,132, although the extent to which each of these variants modulates the drug response in humans is variable133,134. After a GWAS on 216 individuals with drug-induced torsades de pointes and 771 controls did not identify any genome-wide significant associations135, a PRS encompassing 61 SNPs previously associated with the QT interval98 was developed to investigate the contribution of common genetic variation to the individual response to QTc-prolonging drugs. This PRS correlated with the drug-induced QTc prolongation and with the risk of drug-induced torsade de pointes when applied to the previously mentioned GWAS cohort136. The potential to reduce the pharmacogenomic risk of arrhythmias and SCD might be increased further by the identification of novel SNPs associated with the QT interval and incorporating these into extended PRSs. 

[H1] Future role for genomic testing in SCD
[bookmark: _Hlk64310011]Currently, genetic testing for the primary prevention of SCD relies upon the clinical diagnosis of a cardiac genetic disorder after an incidental finding or symptom in an individual or a family history of a suspicious SCD or genetic disorder. These criteria identify a select group of individuals in whom rare, highly penetrant genetic variation with a large effect size has the greatest impact, but this population comprises only a small proportion of the overall incidence of SCD.
The overall genetic predisposition to SCD is a continuum, ranging from these rare, highly penetrant variants to common variants with a small effect size acting as modifiers of risk137 (FIG. 3). Genomic testing offers the opportunity to interrogate genetic susceptibility to SCD by identifying deleterious rare variants and high PRSs for improved accuracy of risk estimation (FIG. 4). With greater availability of whole-genome sequencing, genomic analyses will also include the influence of structural variants and intronic and non-coding regions on the phenotypic expression of disease. Together with a better understanding of the interaction between monogenic, polygenic, epigenetic and environmental factors, this approach might improve the identification of a subset of the general population who are at increased risk of SCD.
Nevertheless, substantial challenges remain to the successful implementation of a primary prevention strategy for SCD. Although genomic data offer the most immediate potential utility in reducing the risk of drug-induced SCD, they require careful assessment of their predictive value depending on the population to be investigated77. Furthermore, before PRSs can be routinely adopted in clinical practice, improvements are required in their power to discriminate between affected and unaffected individuals and between those at risk and those not at risk of adverse clinical events; more data are also required from non-white populations138. Great care is required in interpreting both rare genetic variants and PRSs developed in disease populations when applied for risk prediction in the general population.
Crucially, to tackle the prevention of SCD in the young, genomic testing from birth will be necessary, much like the heel-prick screening test. This approach raises ethical issues about the medical and psychological implications of a positive test result for children and their families, given the uncertainties about rare variant effects and disease penetrance. Nonetheless, the BabySeq study139 has already begun to address these challenges through fairly small studies of whole-genome sequencing in newborns to detect carrier status and the risk of a wide range of disorders that are undetectable by current screening strategies for newborns. However, the interpretation of the results is limited without parental testing, and the genetic yield is lower (albeit significant) among healthy newborns than in sick neonates. A prospective, large-scale research study is required to integrate rare variants and PRSs with clinical and familial data for predicting the risk of SCD.

[H1] Conclusions
In the past 30 years, our understanding of the genetic underpinnings of disease has evolved from a niche specialty for rare disorders to a broad and ever-growing set of applications for common diseases. Ground-breaking technological advances have shifted researchers’ interest to the entire genome. Although this advance comes with a cost (that is, the analytical, interpretative and logistical challenges emerging from the unprecedented volume of data available), it will undoubtedly improve our understanding of the role of common and rare genetic variation in SCD. This progress might, in turn, improve individual risk assessment and public health approaches by appropriately directing resources towards evidence-based preventive strategies. Indeed, a better understanding of the causes and the genetic risks of SCD in the young can improve community-based prevention policies and facilitate diagnosis in asymptomatic individuals140. However, an early, pre-symptomatic testing approach is required, which will be the ultimate challenge for this precision medicine initiative.
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Key points
· Sudden cardiac death (SCD) is a leading cause of death in Western countries, and a genetic risk of SCD is well established.
· Rare variants in genes encoding proteins linked with cardiac structure or electrical activity have been associated with the risk of SCD in the young (aged <35 years).
· Common genetic variants in the general population are increasingly recognized to contribute to the phenotypic expression of cardiac diseases and the risk of SCD.
· A better understanding of the influence of genomic variation on individual risk of SCD is needed to implement clinical strategies, such as polygenic risk scores, to predict and prevent SCD.


[Au: I’ve made some edits to Tables 1 and 2 for style and consistency. Please check the content carefully.]
Table 1 | Yield of genetic testing in SADS, SCD or SUD
	Group
	Number undergoing genetic testing 
	Number with (likely) pathogenic variants 
	Yield (%)
	Ref.

	SADS
	59
	17
	29
	32

	SADS
	302
	40
	13
	49

	SCD
	12
	3
	25
	34

	SCD
	113
	31
	27
	21

	SUD
	17
	6
	35
	33

	SUD
	61
	21
	34
	48

	SUD
	173
	45
	26
	50

	SUD
	372
	67
	18
	51



SADS, sudden arrhythmic death syndrome; SCD, sudden cardiac death; SUD, sudden unexplained death.



[bookmark: _Hlk63088988]Table 2 | Yield of genetic testing in SCA or UCA
	Group
	Number undergoing genetic testing 
	Number with (likely) pathogenic variants 
	Yield (%)
	Ref.

	SCA probands
	60
	27
	45
	65

	SCA probands
	125
	59
	47
	64

	SCA probands
	174
	29
	17
	61

	UCA probands
	19
	9
	47
	58

	UCA probands
	36
	8
	22
	66

	UCA probands and family
	25
	12
	48
	33



SCA, sudden cardiac arrest; UCA, unexplained cardiac arrest.


Fig. 1 | Aetiology of unexpected SCD. Data from international autopsy series and death certificates show that unexpected sudden cardiac death (SCD) often occurs in the absence of overt cardiac structural abnormalities, especially in the younger sector of the population. However, the proportion of normal hearts and other aetiologies is variable and dependent on the population and data type. Data from REFS18,21,28,29,30,36, 141. 

Fig. 2 | Aetiology of unexpected SCA. Case series and national registry data highlight a high prevalence of idiopathic ventricular fibrillation underlying unexpected sudden cardiac arrest (SCA). Data from REFS33,52,58,64–66. 

Fig. 3 | Genetic variant frequency, effect size and classification. a,b | Common genetic variants (present in >5% of the general population) have a small effect size and can have a variable effect on disease manifestation and severity, acting synergistically to cause or modify disease. Intermediate or low-frequency variants (present in 1–5% of the general population) have a smaller effect size and are more likely to be risk alleles than directly pathogenic. Rare variants (present in <1% of the general population) are more likely to have a big effect size and to be pathogenic. c | Classification of genetic variants relies on a combination of factors, including their frequencies in affected cohorts and the general population, the strength of their association with the clinical phenotype, and their functional effects demonstrated in vivo or predicted through computational analysis. MAF, minor allele frequency.

Fig. 4 | Genetic analysis approach to rare and common diseases. a | The evaluation of rare or family-specific genetic determinants of disease leading to sudden cardiac death is performed through commercially available genetic panels or whole-exome or whole-genome sequencing techniques on DNA from deceased individuals (molecular autopsy) or from living, clinically affected family members. Genetic variants that are absent from reference populations undergo a classification process based on genomic data and results from functional studies to investigate their contribution to the disease. b | The genetic architecture of common diseases is explored via genome-wide association studies, analysing affected individuals (‘cases’) and control populations for potential associations between specific traits or phenotypes and one or more common genetic variants. Polygenic risk scores incorporating several of these genetics variants can be used to predict the risk of disease in members of the general population.


Glossary terms
Sudden death
A witnessed, non-traumatic and unexpected fatal event occurring within 1 h of the onset of symptoms in an apparently healthy individual, or an unwitnessed death occurring in the 24 h since the individual was last seen in good health.
Sudden cardiac death
(SCD). A sudden death occurring in the presence of a known potentially fatal cardiac condition, when an autopsy has identified a cardiac or vascular anomaly as the probable cause of the event, or when a cardiac arrhythmia is considered to be the probable cause of the fatal event.
Sudden cardiac arrest
(SCA). Cessation of any cardiac mechanical activity with subsequent haemodynamic collapse, as confirmed by the absence of signs of circulation.
Alleles
One of several alternative forms of a gene occupying a specific locus on a chromosome.
Minor allele frequency
(MAF). The frequency at which the second most common allele occurs in a given population.
Founder variants
Disease-causing genetic variants that are found repeatedly in a given population and which are derived from a shared ancestor who harboured that variant.
Primary arrhythmia syndromes
Inheritable cardiac conditions predisposing individuals to arrhythmias in the absence of structural heart disease.
Haplotype
A set of closely linked alleles on a single chromosome that tend to be inherited together.
Exonic
Relating to a coding segment of DNA.
Risk alleles
Alleles that confer a risk of developing a disease.
Linkage disequilibrium
Non-random association between particular DNA variants at two sites that are physically close to one another on the chromosome (that is, the frequency is significantly greater than that expected from the product of the observed allelic frequencies at each site independently).
Intronic
Relating to a non-coding segment of DNA.
Single-nucleotide polymorphisms
(SNPs). Substitutions of individual nucleotides that occur with a measurable frequency.
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