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Abstract

Recent advances in next-genetic sequencing technology have facilitated an expansion in the use 

of exome and genome sequencing in the research and clinical settings. While this has aided in 

the genetic diagnosis of individuals with atypical clinical presentations, there has been a marked 

increase in the number of incidentally identified variants of uncertain diagnostic significance 

(VUS) in genes identified as “clinically actionable” by the American College of Medical Genetics 

guidelines. ~20 of these genes are associated with cardiac diseases which carry a significant risk 

of sudden cardiac death (SCD). While identification of at-risk individuals is paramount, increased 

discovery of incidental VUS has placed a burden on the clinician tasked with determining the 

diagnostic significance of these findings. Herein, we describe the scope of this emerging problem 

using cardiovascular genetics to illustrate the challenges associated with VUS interpretation. We 

review the evidence for diagnostic weight of these variants, discuss the role of clinical genetics 

providers in patient care, and put forward general recommendations regarding the interpretation of 

incidentally identified variants found with clinical genetic testing.
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Expansion of Genetic Testing in the Clinical Setting

The rapid advancement and automation of genetic sequencing platforms over recent years 

has decreased the cost and time associated with genetic analysis. Clinical testing capabilities 

have expanded from disease-specific gene panels to include exome sequencing (ES) which 

interrogates coding regions of the genome. ES is frequently used when preliminary genetic 

testing is non-diagnostic. Genome sequencing (GS), sequencing of both coding and non­

coding regions of the genome, has recently become increasingly utilized clinically and, 

represents the next frontier of clinical genetic testing1.

ES and GS can provide sensitive diagnostic information for cases with heterogeneous 

clinical presentations of suspected genetic disease which do not clearly represent a known 

syndrome or phenotype2. When combined with family history, ES results from patients 

and biological parents have been shown to facilitate a genetic diagnosis in up to a 

third of previously undiagnosed patients with suspected genetic disease3, 4. Such results 

may be clinically actionable, prompting redirection of care, and may facilitate cascade 

genetic screening of family members, thereby informing proper post-test care and genetic 

counseling3, 5. Despite the clear diagnostic utility of genetic testing, variants identified 

incidentally, are found with increasing frequency. Such findings pose a significant diagnostic 

challenge to the clinician.

Reporting of Incidental Variants

Recognizing the growing interpretation challenge posed by incidental variants, there has 

been an effort to categorize these variants based on both likelihood of pathogenicity and, if 

pathogenic, the “actionability” of the variant in altering medical care. The American College 

of Medical Genetics and Genomics (ACMG) guidelines for variant classification provide 

guidance on reporting of variants and, in particular, secondary or incidental findings from 

genetic testing6. The guidelines outline standardization of the interpretation and reporting 

of genetic test results by segregating variants into one of five categories (pathogenic, P; 

likely pathogenic, LP; uncertain significance, VUS; likely benign, LB; and benign, B) based 

on weighted criteria regarding variant characteristics, frequency in the population, familial 

segregation, and functional data if available (Table 1). In addition to reporting variants 

related to the indication for testing, the guidelines recommend reporting of secondary 

findings in 59 ‘medically actionable’ genes (also known as the ACMG-59), 20 of which 

are genes associated with channelopathies or cardiomyopathies7, 8 (Supplemental Table 

I6, 8, 9). A gene is deemed ‘medically actionable’ if the discovery of a LP/P variant would 

prompt medical intervention, therapy initiation, alter screening practices, or inform lifestyle 

modifications and/or anticipatory guidance. The ACMG recommends reporting of LP/P 

variants in these genes, regardless of patient characteristics or indication for genetic testing. 

This recommendation is based on the clear association between these presumptive disease­

associated variants and diseases with a high risk of morbidity and/or mortality that can be 

mitigated clinically. Patients may choose to opt out of receiving these results; however, this 

recommendation forms much of the diagnostic strength of ES and GS.
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In addition to ACMG variant classifications, the Centers for Disease Control and Prevention 

(CDC) Office of Public Health Genomics classifies incidentally identified variants into 

‘tiers’ based on their clinical implications. Tier 1 genes are those felt to be associated with 

a clinically actionable, highly penetrant disease with an alternative means of diagnostic 

confirmation. Variants in Tier 2 genes may be actionable, and variants in Tier 3 genes 

have insufficient evidence for recommendations on clinical action10. CDC Tier 1 variants 

and genes are associated with highly prevalent diseases which are poorly recognized and 

for which early detection and intervention is likely to significantly decrease morbidity and 

mortality. Examples of these diseases include hereditary breast and ovarian cancer, Lynch 

Syndrome, and familial hypercholesterolemia. Together, the ACMG and CDC classification 

of variants form the basis for the assessment of variants found routinely through genetic 

testing and for the reporting of clinically actionable variants found incidentally.

While reporting LP/P variants in the clinically actionable ACMG-59 genes not associated 

with the patient’s phenotype is recommended, reporting of variants of uncertain significance 

(VUS) in the ACMG-59 is not recommended by the ACMG due to the unclear 

diagnostic weight attributable to the variants, and the potential for either over- or under­

ascribing disease risk to the variant11. Despite this recommendation, both secondarily- 

and incidentally- identified VUS still make their way to the referring physician through 

either direct or indirect means. This occurs through a number of mechanisms, highlighted 

in Table 27, 8. While the discovery of an incidental LP/P variant in the absence of overt 

clinical disease may not universally warrant medical treatment, it may inform decisions 

regarding follow-up and anticipatory guidance. The ethical issues regarding incidental VUS 

disclosures and the potential psychological risks to patients have been widely debated12, 13 

and patients may choose to opt out of receiving this information.

Interpreting Incidental Variants of Uncertain Significance

In contrast to incidental variants determined to be LP/P, incidental VUS, the approach 

to interpretation of incidentally found VUS is complex and demands consideration of a 

number of factors which may indicate pathogenicity including 1) association between the 

gene in question and disease phenotype, 2) absence of the variant in ostensibly healthy 

individuals, 3) localization of the gene to key protein domains, and 4) high evolutionary 

conservation of the affected amino acid across species. However, our understanding of the 

diagnostic weight of these factors continues to evolve. Recent studies of large population­

based aggregate genome databases, such as Genome Aggregation Database (gnomAD), have 

revealed that some channelopathy- and cardiomyopathy-associated variants are present in 

the population, sometimes with minor allele frequencies (MAF) exceeding the frequency 

of the disease14, 15. Whether these variants represent non-penetrant disease-causing alleles 

within the population, which in the setting of other predisposing variables, may manifest 

into disease, is unclear16.

ACMG guidelines and genotype-phenotype correlations, documented in large databases 

such as ClinVar17 and in large cohorts from commercial genetic testing companies, are 

frequently taken into account when determining incidental variant pathogenicity. In practice, 

the determination of pathogenicity is dependent upon the reporting laboratory or institution. 
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Cohort databases are fluid and may differ in their interpretation of variant pathogenicity 

predictions18. Variant predictions are subject to change over time and are frequently 

promoted or demoted in their pathogenicity classification as new information is reported. 

Additionally, laboratories and clinicians often disagree on variant classifications19, 20. A 

recent study found a very low rate of concordance (Cohen k=0.26) across experienced 

laboratories when evaluating the potential pathogenicity of incidentally identified KCNH2 
and SCN5A variants and a review of clinical data showed no difference in the phenotypes 

between patients with variants designated as LP/P versus patients without such variants21.

VUS interpretation identified during direct-to-consumer genetic testing, which has become 

increasingly available and utilized, may pose additional challenges. Such testing is obtained 

by the individual, potentially without rigorous consultation with a cardiovascular genetics 

expert and may be undertaken in the absence of disease22. Therefore, a pre-test probability 

is not established prior to ordering the test, and a health care provider is not available to 

interpret the results of the test in the context of the patient’s clinical and family history. 

Further, when tests return an incidental VUS, patients may not have access to counseling 

from a genetics provider who can advise the next course of action, if any.

Bayes’ Theorem and a Probabilistic Approach to Variant Interpretation

Genetic testing is optimally approached as a probabilistic test with non-binary results. 

Given the significant variability of disease prevalence and frequency with which pathogenic 

variants are detected, it is essential that any approach to variant interpretation take this 

into account. Bayes’ theorem by Reverend Thomas Bayes can be a useful construct for 

determining the diagnostic weight of a genetic test (Figure 1)23. Prior to ordering a genetic 

test, consideration should be given to the pre-test probability of disease and the strength 

of the selected genetic test. In children with concern for cardiomyopathy or channelopathy, 

pre-test probability is a clinical assessment of the likelihood of the disease in question, 

considering prior variables such as the prevalence of the disease in the general population, 

personal and family history, and clinical evaluation. For example, given the low prevalence 

of long QT syndrome (LQTS) in the general population, it is unlikely that an identified 

incidental variant in a seemingly healthy individual is truly disease-causing a priori. 

Further, if after careful review of the individual’s past medical history, family history, and 

relevant clinical testing suspicion for LQTS is low, then pre-test probability for genetic 

testing remains low. Given the importance in determining this pre-test probability prior to 

ordering a genetic test, a comprehensive evaluation should be conducted by clinical experts 

knowledgeable about the disease or process in question to determine the clinical utility of a 

genetic test.

Once the pre-test probability is determined, it is modified by the strength of the genetic test 

which can be further informed by a signal to noise ratio (SNR) analysis. SNR is a measure 

which has been used in science and engineering to compare the level of a desired signal to 

the level of background noise. Normalizing pathogenic variant frequency among individuals 

with disease against the “background” frequency of rare variants (generally from MAF<0.01 

to <0.001, depending on the disease) yields a disease-specific SNR, which can aid in both 

variant classification and the likelihood of a genetic test returning a disease-associated 
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variant. The “signal” in this context is the ability of the genetic test to accurately identify a 

patient with disease based on the prevalence of LP/P variants, while the “noise” indicates the 

background rate of rare population variants in ostensibly healthy individuals. A higher SNR 

reflects a higher diagnostic strength of associating a variant in question with a particular 

disease.

SNR can be measured at the disease level, gene level, or amino acid level. For example, a 

study of LQTS reported the frequency of disease-associated variants in KCNQ1, KCNH2, 

and SCN5A genes as 45%. Given the population frequency of rare (MAF<0.001) variants 

in these same genes of ~10%, the so-called SNR of pathologic variant to rare population 

variant was ~4:1. Gene-specific normalized SNR for KCNQ1, KCNH2, and SCN5A genes 

in the cases compared to the Genome Aggregation Database (gnomAD)20, a summary large­

scale database of exome and genome sequencing data from healthy and diseased individuals, 

was 6.3, 7.0, and 0.76 respectively. This can be taken one step further, to the amino acid 

level of the protein in question. For example, the KCNQ1-encoded Kv7.1 potassium channel 

demonstrates high SNR along the pore domain, particularly elevated within the S5 and S6 

transmembrane domain, which comprise the pore, and the channel selectivity filter24. In 

contrast, incidental VUS found by ES demonstrated no elevated areas along the protein 

topology, suggesting that these variants are indistinguishable from “noise”24. Supplemental 

Table II24–42 summarizes what is known about pathologic, healthy, and incidental variant 

frequencies for various channelopathies and cardiomyopathies.

When SNR is introduced into Bayes’ theorem, and is used to modify the strength of a 

genetic finding, it offers a method for refining pre-test clinical suspicion based on the 

diagnostic strength of the genetic finding to determine the post-test probability. This is 

particularly helpful when attempting to interpret an incidentally found VUS. Thus, if there 

is a moderate to high pre-test suspicion of disease, and an incidental VUS in a gene is 

identified to localize to a region with high SNR, then the post-test probability of variant 

pathogenicity is increased. Conversely, should an incidental VUS be identified in a gene or 

locus, with low SNR, a low pre-test clinical suspicion of disease is likely unchanged with 

identification of this variant. Post-test probability may change over time if the variant is 

found to segregate with disease on familial cascade screening or if the variant is reclassified 

based on new evidence. Figure 2 illustrates how pre-test probability and a high, intermediate, 

or low SNR could be used to inform diagnostic certainty of an incidental variant. Two cases 

are provided below to illustrate the application of this method.

Case 1:

A 3 yo male with a history of developmental delay, mild facial dysmorphisms, static 

encephalopathy, and leukopenia undergoes trio whole ES evaluation. He is found to have 

a frameshift variant in KCNH2, KCNH2-Leu1100Profs*19. Family history is negative for 

syncope, seizures, and sudden death. The variant was absent in both parents suggesting a 

de novo inheritance pattern. On cardiac evaluation, there is no history of syncope. He is 

found to have a borderline prolonged QTc of 475 ms. An event monitor is placed which 

reports no concerning events. KCNH2, one of the 59 medically actionable genes identified 

by the ACMG, is recommended to be reported when found regardless of indication for 
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testing. The KCNH2 gene has a high SNR and a strong association with LQTS type 2. 

The Leu110Profs*19 variant was not found in ClinVar and is predicted to have a loss of 

function mechanism, matching a known disease mechanism of LQTS type 2. The patient’s 

clinical finding of QT prolongation, the high signal to noise association of KCNH2 variants 

in LQTS, and the fulfilment of key pathogenicity assignment criteria by ACMG guidelines7 

lead to a conclusion that this patient’s variant is likely pathogenic. Treatment with beta 

blocker and avoidance of QT prolonging medications was advised. No cascade screening is 

indicated in this case due to the de novo inheritance pattern.

Case 2:

A 17 yo female undergoes whole ES during an extensive evaluation for dysautonomia 

symptoms. A ANK2-Glu458Gly missense variant is found raising concern for LQTS. On 

cardiac evaluation, she does not have syncope or other cardiac symptoms. Family history is 

negative for syncope, long QT syndrome, and other sudden cardiac death-related illnesses. 

Her QTc is normal on ECG and an exercise treadmill test is normal. This variant was found 

in ClinVar. ANK2 demonstrates a low signal-to-noise ratio in relationship to LQTS with 

recent ClinGen evidence suggesting a loose correlation with LQTS. Using ACMG variant 

interpretation guidelines, the variant was assessed as being unlikely to be associated with 

disease. This patient should have follow-up evaluations periodically to reassess her clinical 

findings and the variant pathogenicity interpretation in the context of any new clinical 

findings.

Disease manifestation and subsequent sudden cardiac death risk are variable, even among 

individuals who share a common diagnosis and among individuals with variants in the same 

gene43. The finding of a variant in a disease-associated gene in the absence of clinical 

disease may be due to incomplete penetrance. While there is emerging evidence that variants 

in some genes may have prognostic relevance, for example desmosomal and LMNA variants 

in dilated cardiomyopathy (DCM) carry a risk of life-threatening ventricular arrhythmias 

and SCD44, the risk of sudden death is largely not genotype driven. Thus, the prognostic 

implications of an incidental VUS, and any subsequent treatment decisions, are based on the 

family history and the patient clinical phenotype, if present.

The Genetics of Sudden Cardiac Death-Predisposing Diseases: Genetic 

Testing for Channelopathies and Cardiomyopathies

Cardiac channelopathies such as long QT syndrome (LQTS), catecholaminergic 

polymorphic ventricular tachycardia (CPVT), Brugada syndrome (BrS), and short QT 

syndrome (SQTS) are molecular defects in ion channels or channel-interacting proteins 

of the heart which cause electrophysiologic alterations that significantly increase the risk 

of arrhythmic events and SCD. Channelopathies are classically viewed as genetic disorders. 

Cardiomyopathies are primary diseases of the myocardium affecting the ability of the heart 

to contract or relax and include hypertrophic cardiomyopathy (HCM), arrhythmogenic right 

ventricular cardiomyopathy (ARVC) and dilated cardiomyopathy (DCM), all of which are 

also classically believed to have a genetic etiology45. While each of the channelopathy 

and cardiomyopathic syndromes manifest in different clinical phenotypes, the associated 
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predisposition to sudden cardiac death makes the reporting and correct interpretation of 

variants in genes associated with these diseases critical. It is standard of care to only obtain 

gene panel testing in individuals with clinical diagnosis of disease or likely disease or in 

those with high risk of developing disease due to a previously identified pathogenic variant 

in their family46; however, secondary variants found on broad genetic testing and genetic 

testing which circumvents a clinical diagnosis, make variant interpretation challenging.

Here, we review the diagnostic weight of disease associated variants and put forward general 

recommendations regarding the interpretation of incidentally identified VUS which can be 

utilized in conjuction with consultation with medical genetics professionals.

Long QT Syndrome

LQTS is characterized by prolongation of the QT interval on resting electrocardiogram 

(ECG), based on age-related normal values with a structurally normal heart47. The clinical 

presentation varies from asymptomatic to syncope and SCD due to torsade de pointes48. 

The prevalence of LQTS is estimated to be as high as 1 in 200049. The three major 

genes associated with LQTS are KCNQ1 which encodes the IKs potassium channel 

(Kv7.1)50, KCNH2 which encodes the IKr potassium channel (Kv11.1)51 and SCN5A which 

encodes the INa sodium channel (NaV1.5)52. These channels orchestrate normal cardiac 

repolarization53. Variants in these three genes account for 65–75% of all LQTS variants 

and most disease-associated variants are missense mutations54. To date, at least 14 other 

minor genes have been associated with LQTS with relatively low frequency, many of which 

have had their association with LQTS called into question55. The background rate of rare 

LQTS-associated variants in healthy individuals is ~10%, giving a SNR of ~7.5:1 suggesting 

a higher probability of an individual with LQTS hosting a disease pathogenic variant 

compared to a rare, non-disease associated variant40. Approximately 0.5% of individuals 

undergoing exome and genome sequencing for non-LQTS indications are found to have 

incidentally found LP/P variants while ~11% of individuals will have an incidentally found 

VUS24. This suggests an LP/P and VUS variant rate localizing to KCNQ1, KCNH2, and 

SCN5A that exceeds the prevalence of disease by 10- and 220-fold, respectively (Table 3, 

Supplemental Table II24–42).

Catecholaminergic Polymorphic Ventricular Tachycardia

CPVT is the most lethal cardiac channelopathy with a mortality reaching 30% by the third 

decade of life if untreated and an estimated prevalence of 1 in 10,00056. CPVT patients 

demonstrate a normal resting ECG with a structurally normal heart, however exercise or 

emotional stress can provoke ventricular ectopy and arrhythmias, classically bidirectional 

ventricular tachycardia, which can cause syncope and sudden death57. The genes RYR2, 

CASQ2 and KCNJ2 have been associated with CPVT. Variants in the RYR2-encoded 

cardiac ryanodine receptor 2 (RyR2), are the most common finding, with a prevalence 

of 47%58. Genetic testing to identify CPVT cases has a fairly high diagnostic yield of 

~60%37, 39. Variants in CPVT-associated genes are found in ostensibly healthy individuals 

at a rate of 6–11%, yielding a high SNR ratio of ~8:1 similar to LQTS. Incidentally found 

CPVT-associated LP/P variants and VUSs are 0.2% and 9%, respectively39, resulting in a 
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frequency that is 20- to 90-fold greater than the disease prevalence, respectively. (Table 3, 

Supplemental Table II24–42)

Brugada Syndrome

BrS is a rare channelopathy with a heterogeneous clinical presentation ranging from 

asymptomatic to SCD. The typical ECG presentation is a right bundle branch block with 

persistent ST-segment elevation in the right precordial leads (V1 and V2)59. The patient’s 

ECG abnormality can be manifest at rest or develop with fever or after pharmacological 

challenge60. The first gene identified to be associated with BrS was SCN5A61. SCN5A 
accounts for 20–25% of all BrS probands and is the most common gene associated with 

the disease62. Several additional genes have been associated with BrS, including GPD1L63 

and SCN1B64; however, variants in the SCN5A gene remain the largest contribution to 

disease42, 61. Further, the association of non-SCN5A genes with BrS have been called 

into question65. The background rate of rare, disease-associated variants in SNC5A among 

healthy individuals is ~5% resulting in a moderate SNR of ~4:1. Incidentally found SCN5A 

LP/P variants and VUS are 0.3% and 6.3%, respectively24, resulting in a frequency that is 

6- to 126-fold greater than the disease prevalence, respectively24, 42 (Table 3, Supplemental 

Table II24–42)

Hypertrophic Cardiomyopathy

HCM is the most common cause of SCD in children and young adults with a prevalence of 

1 in 500 in the general population27. HCM is characterized by asymmetrical hypertrophy of 

the left ventricle with occasional involvement of the right ventricle. Cardiac hypertrophy 

impairs cardiac relaxation and ventricular filling and can obstruct the left ventricular 

outflow45. Lethal arrhythmias not necessarily associated with the observed degree of 

hypertrophy can develop66. HCM is a disease of the cardiac sarcomere, with variants 

in genes encoding components of the thick filament (MYH7, MYL2, and MYL3), the 

intermediate filament (MYBPC3), and thin filament (TNNT2, TNNI3, TNNC1, TPM1, 

and ACTC) being the major causes of disease67, 68. Syndromic causes include Pompe 

disease, Fabry disease, and other rare metabolic syndromes. In individuals with disease, 

the frequency of LP/P variants is ~50%, depending on the cohort analyzed26, 69. Of these, 

variants in MYH7 and MYBPC3 comprise ~20–50%70, 71.

While the genetic basis for HCM has been well established, there has been increasing 

awareness of a significant background rate of rare genetic variation in these genes that 

occur in ostensibly healthy individuals. At least 5% of healthy individuals demonstrate 

a rare variant in one of these sarcomeric genes but will not manifest disease27, 28. This 

yields a high SNR of ~10:1. Variants classified as LP/P are found incidentally VUS in 

HCM-associated genes at a rate of 0.5% and VUSs found in ~6.8% of individuals yielding 

a 2.5- to 34-fold higher prevalence than HCM in the population25, 27 (Table 3, Supplemental 

Table 24–42).
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Arrhythmogenic Right Ventricular Cardiomyopathy

ARVC is defined by loss of cardiac myocytes, particularly in the right ventricle, and 

replacement with fibrofatty tissues which can cause cardiac dysfunction and arrhythmic 

events. The estimated prevalence of ARVC is 1 in 1,000 to 5,000, although the true 

prevalence is challenging to determine72–75. Variants in genes encoding proteins in the 

cardiac desmosome have been associated with ARVC and include PKP2, DSP, DSG2, 

DSC2, JUP, TMEM43, and TGFB3. ~30–50% of patients with clinical ARVC host a 

single causative variant in one of these genes73. Causative variants in PKP2 account 

for 50% of patients with ARVC, and ~70% of patients with familial ARVC76. ARVC­

associated variants are predominantly missense mutations, and the background rate of 

ARVC-associated variants found in healthy individuals is ~16%77 yielding a SNR ratio 

of ~3.8:1 The rate of incidental LP/P variants incidentally is ~0.4%, while incidental VUS 

are found in 14% of ES or GS cases resulting in an incidentally identified variant rate 20- 

to 700-fold higher than the prevalence of ARVC (Table 3, Supplemental Table II24–42). An 

analysis of SNR of ARVC-associated variants is optimal in cases with a single causative 

gene. Work by several groups suggest that compound heterozygosity can contribute to 

ARVC disease manifestation and is a significant risk factor for arrhythmic events and 

SCD78–80. SNR analyses have been conducted in cases with compound heterozygosity81, 

however due to the more significant contribution of compound heterozygosity in ARVC, 

SNR analyses may be difficult to interpret and may have limited utility in accurately 

modifying post-test probability.

Dilated Cardiomyopathy

DCM is a cardiomyopathy characterized by ventricular dilatation with systolic dysfunction. 

While the etiology of DCM can be diverse, including ischemic, infectious, rheumatic, toxic, 

metabolic, and inflammatory causes, idiopathic DCM is most common, identified at a rate 

of 1 in 250 in the general population36. Non-ischemic idiopathic DCM is heritable and has 

a prevalence of at least 1 in 250036 with approximately 20–50% cases of idiopathic DCM 

occurring in a heritable fashion, as familial DCM82–84. In pediatric cases, the incidence of 

DCM is 0.6/100,000 individuals per year and 35–45% of these cases are familial85, 86. The 

diagnostic yield of genetic tests in identifying idiopathic DCM in the general population is 

estimated at 12–40%32–34 in adult populations and ~50% in pediatric populations34, 87. The 

spectrum of genetic etiology is broad with over 40 genes associated with DCM; however, 

truncating variations localizing to TTN-encoded titin (TTNtvs) are the most common and 

are found in up to 25% of familial DCM and 18% of sporadic DCM88. The remainder 

of genes associated with DCM are rare variants, each accounting for <5% of DCM 

cases individually. A recent, large cohort study found that these non-TTN rare variants 

are typically not associated with DCM89. The background rate of variants in idiopathic 

DCM-associated genes found in healthy individuals is ~14%, giving a SNR of ~2:135. 

New, incidentally identified variants in DCM genes are emerging (Table 3, Supplemental 

Table II24–42) and our understanding of the genetics of DCM continues to evolve. 

Recent expert consensus ACMG guidelines have suggested a clear role for systematic 

interpretation of incidental variants in DCM-associated genes including comprehensive 

phenotypic evaluation and genetic variant interpretation90. Emerging evidence has suggested 
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that SNR analyses can be leveraged in determining the likelihood of cardiomyopathy in 

TTNtv variants91. Specifically, incidentally identified TTNtvs localizing to areas of TTN 

with high S:N as well as areas with a high exon percent spliced in, were predictive of 

development of cardiomyopathy in the pediatric age range when ACMG guidelines were 

used.

Incidental Variants Identified in Cardiovascular Genes

While the overall frequency of LP/P variants is low, the rates of secondary findings of LP/P 

variants in clinically actionable genes may be higher than the prevalence of the disease in 

the population92. Recent studies have suggested that in the absence of supportive clinical 

findings, VUS likely represent rare, normal variants found within the healthy population 

which are not associated with disease24, 81. For this reason, the ACMG supports withholding 

these variants from standard clinical reporting. However, these variants may be discovered 

on expanded genetic testing and in such cases will require clinical interpretation. Thus, 

careful consideration of clinical factors in addition to reported genetic testing results is 

prudent.

While incidental findings in ACMG clinically actionable genes were originally predicted 

to affect ~1% of individuals undergoing ES9, recent evidence indicates that the rate 

of incidental findings in genes identified as clinically actionable may be higher24, 39. 

Additionally, ES and GS studies from racially and ethnically diverse cohorts have 

indicated that the prevalence of incidental findings of LP/P variants varies widely between 

populations, ranging from 0.5% to 14.4% for ES81, 93, 94 and 0.5% to 21% for GS95, 96. 

Identification of a high prevalence of incidentally found LP/P variants casts uncertainty 

on the ACMG prediction of a low rate of these variants, and with it, the diagnostic 

certainty when finding such a variant. Similarly, the rates of secondary variants identified 

as LP/P variants in ACMG-59 cardiovascular genes are also likely higher than previous 

estimates24, 39.

This relatively high burden of incidentally identified LP/P and VUS variants has several 

implications. Should LP/P variants represent true disease-associated risk alleles, they may 

represent either non- or very low-penetrant alleles. Further, the exceedingly high prevalence 

of VUS strongly suggests that the vast majority of these variants do not represent penetrant 

disease alleles. This poses a diagnostic dilemma and highlights the potential challenge 

awaiting the field of pediatric and adult cardiology with the rapid expansion of ES and GS. 

Should the majority of even LP/P variants never manifest disease, distinguishing probands 

who are at-risk of developing disease will be key in minimizing unnecessary clinical 

interventions (such as implantable cardiac defibrillator placement), appropriate cascade 

screening, and family counseling. Finally, this high prevalence underscores the importance 

of approaching interpretation of genetic testing in a probabilistic manner which takes into 

account a pre-test probability defined during a detailed clinical evaluation, the SNR of the 

disease/genes involves, and an individualized approach to applying the post-test probability 

of disease.
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Limitations of Genomic Medicine

The use of SNR analyses can be helpful for guiding clinicians in incidental variant 

interpretation, particularly when disease- or gene-level SNR analyses are employed. 

However, challenges and inherent limitations exist. This is most acute in the application of 

amino acid-level SNR. As, SNR is a probabilistic association based on a relative frequency 

of variants described cases versus those in a population, this number is based on only the 

cases that come to medical attention and is therefore likely biased towards severe cases 

leaving less penetrant disease alleles less represented. Additionally, there may be other rare 

variants in other associated proteins which may have a risk-modulating effect or extrinsic 

factors, such as patient co-morbidities, that may alter the effect of a variant.

As illustrated in the cases above, SNR analyses are optimal for diseases, such as LQTS, 

which have a single-gene etiology. The utility of this approach in diseases with multigenic 

etiologies, those involving multiprotein complexes, and those with a sizeable burden 

of compound heterozygous disease, such as ARVC80, is unclear. Multiple groups have 

attempted to determine the clinical utility of SNR analyses in these types of disease, but 

results have been mixed, particularly in cases where SNR is applied to the molecular or 

amino acid level. For example, in HCM, recent independent studies have identified large 

domains of amino acids in genes encoding components of the cardiac troponin complex, 

as potential “hot spots” for increased pathogenicity and risk of sudden cardiac death97, 98. 

While these studies serve to illustrate the potential role a probabilistic approach to variant 

pathogenicity interpretation, a single gene variant remains only one variable out of many 

that influences presentation of disease. Indeed, even among in vitro models, the location 

of gene variants in “hot spot” domains does not fully explain variability in the functional 

impact on the protein. Thus, SNR-identified molecular “hot spots” are not solely predictive 

of disease expression or prognostic outcomes.

Age-Related Challenges and Long-Term Follow-up of Patients with 

Incidental VUS

There are inherent complexities in the analysis and interpretation of incidentally identified 

VUS associated with channelopathies and cardiomyopathies. Variant interpretation can be 

particularly difficult when identified in an asymptomatic young child, since it is impossible 

to know with complete certainty whether the child will go on to develop disease later in 

life. Conversely, interpreting the likelihood of pathogenicity of an incidental VUS can also 

be quite challenging in the adult population, particularly in the setting of comorbid disease 

which can confound manifestations of genetic disease. Genetic cardiomyopathies in adults 

can be more clinically variable in presentation and progressive in course which complicates 

both the assessment of SNR and clinical phenotyping. Clinical manifestations of disease can 

be age-dependent and therefore finding an incidental VUS, in a patient of any age, makes 

deep phenotyping on the multidisciplinary level critical.

During the initial evaluation, collaboration between multidisciplinary specialists should be 

the goal in order to optimally determine whether the individual demonstrates evidence 

of cardiovascular disease and to establish a pre-test probability. This evaluation should 
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take into account patient age, history, family history, and a cardiac evaluation tailored to 

the variant identified. This pre-test probability is then integrated with the strength of the 

variant’s association with cardiovascular disease which can incorporate SNR as a relative 

risk of variant pathogenicity. This may change the overall assessment of the impact of 

the variant at the time of genetic testing, yielding the post-test probability. Long-term 

follow-up is important to refine these assessments over time as both patient evaluations and 

interpretations of the likelihood of variant pathogenicity change over time.

Summary of Recommendations and Clinical Implications

With ongoing advances in genetic sequencing, incidental VUS are increasingly found. The 

diagnostic relevance of such variants is best determined in the context of the pre-test 

probability and the strength of the genetic findings to allow for estimation of the probability 

that the variant is truly disease associated. This approach facilitates the identification 

of patients with disease, while minimizing unnecessary intervention and follow up of 

individuals without disease.

As noted above, in certain scenarios, genetic test results are optimally viewed as 

probabilistic and not as diagnostic, binary “positive” or “negative” tests. When confronted 

with an unexpected finding from an genetic test, either an incidental VUS or secondary 

finding, we recommend a stepwise approach to variant interpretation based on Bayes’ 

Theorem as illustrated in the algorithm in Figure 3, consisting of: 1) determining the 

pre-test probability of disease, 2) determining the diagnostic strength of the gene using SNR, 

3) determining the post-test probability of disease, based on modification of the pre-test 

clinical suspicion and variant diagnostic strength, 4) incorporation of information from 

functional studies, as available, and 5) incorporation of variant segregation information from 

the clinical pedigree. This methodology can be effectively applied to the evaluation of most 

incidental variants associated with a channelopathy or cardiomyopathy.

Collaboration between both patients and their health care providers and among cardiology 

and genetics providers is vital. Determination of the utility of a genetic test, in addition to 

the interpretation of results often involves, and is enhanced by, communication between 

cardiologists and genetics specialists. Additionally, an established collaboration can be 

helpful when the findings of a genetic test necessitate cascade familial screening and long 

term follow up46, 99.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

ARVC arrhythmogenic right ventricular cardiomyopathy

B benign

BrS Brugada syndrome

CPVT catecholaminergic polymorphic ventricular tachycardia

DCM dilated cardiomyopathy

ES exome sequencing

GS genome sequencing

HCM hypertrophic cardiomyopathy

LB likely benign

LP likely pathogenic

LQTS long QT syndrome

MAF minor allele frequency

P pathogenic

SNR signal to noise ratio

SQTS short QT syndrome

SCD sudden cardiac arrest

TTNtvs TTN-encoded titin truncating variants

VUS variants of uncertain diagnostic significance
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Figure 1: 
Equation of Bayes’ theorem. Bayes’ theorem can be applied to inform the post-test 

probability of a genetic diagnosis given the probability of the disease, probability of the 

genotype/phenotype in the general population, and the results from a genetic test. P is 

probability; D is disease; S is sign, symptom, and pattern of the disease.
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Figure 2: 
Schematic illustrating a probabilistic approach to variant interpretation. A pre-test 

probability of disease is established following a detailed, individualized evaluation for the 

disease in question. This pre-test probability is then modified by the strength of the genetic 

test based on signal-to-noise, among other measures to create a post-test probability of 

disease.
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Figure 3: 
Algorithm summarizing recommendations for interpretation of incidental variants found 

in genes associated with cardiomyopathy or channelopathy diseases. Signal-to-noise ratio, 

SNR, based on disease-associated variant frequency.
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Table 1:

Variant Classification Definitions

Term Definition

Pathogenic Variant There is strong evidence that the variant directly contributes to the development of disease.

Likely Pathogenic 
Variant

There is a high likelihood (greater than 90% certainty) that the variant is disease-causing

Variant of Uncertain 
Significance (VUS)

There is insufficient evidence to support a more definitive classification of the variant as either likely pathogenic 
or benign.

Likely Benign Variant There is a high likelihood (greater than 90% certainty) that the variant is not disease-causing.

Benign Variant There is strong evidence that the variant does not cause disease.

Incidental finding Genetic testing results which are unrelated to the initial diagnostic indication for testing. Variants identified 
incidentally, may be classified as pathogenic, likely pathogenic, VUS, likely benign, or benign.

Incidental VUS Incidentally found variant classified as a variant of uncertain significance.

Secondary finding Incidental variant/finding that localizes to a gene within the ACMG-59

ACMG-59 59 genes associated with a variety of conditions, which the ACMG recommends reporting when found in any 
context. All of the ACMG-59 genes are associated with diseases which have a clear set of clinical characteristics, 
can be diagnosed early, and have effective treatment and/or intervention options.

Variant classification definitions are based on the 2015 ACMG Guidelines for variant interpretation7

ACMG-59 definition is based on the ACMG statement on recommendations for reporting secondary findings8
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Table 2:

Sources of Incidentally Identified VUS Reporting

Sources of Incidentally Identified VUS Reporting

Referring physician requests expanded variant list

Interpretation of variant pathogenicity evolves over time

Discrepancies in interpretation between genetic testing companies/laboratories

VUS identified on gene panel sent for incorrect clinical indication

Non-CLIA-approved genetic testing, direct to consumer/consumer-initiated panels

Research-based genetic testing
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Table 3:

Comparison of the prevalence of incidental LP/P variants and VUS associated with inherited cardiac 

channelopathies and cardiomyopathies

Disease
SNR

Pathogenic:
Population

Incidental Variant Prevalence vs Disease Prevalence* References

Incidental LP/P: Prevalence Incidental VUS: Prevalence

Hypertrophic cardiomyopathy 10:1 2.5-fold 34-fold 25–29

Arrhythmogenic right ventricular 
cardiomyopathy 3.8:1 20-fold 700-fold 30, 31

Dilated cardiomyopathy 2.14:1 N/A N/A 32–36

Catecholaminergic polymorphic 
ventricular tachycardia 8.3:1 20-fold 900-fold 37–39

Long QT syndrome 7.5:1 10-fold †

24-fold‡
220-fold

740-fold‡
24, 40, 41

Brugada syndrome 4.2:1 6-fold§ 126-fold§ 42 

Disease-specific SNR calculations based on the following disease-associated genes:

HCM: MYH7, MYL3, MYL3, MYBPC3, TNNT2, TNNTI3, TNNC1, TPM1, ACTC

ARVC: PKP2, DSP, DSG2, DSC2, JUP, TMEM43, TGFB3, PKP4, PERP

DCM: TTNtvs

CPVT: RYR2, CASQ2

LQTS: KCNQ1, KCNH2, SCN5A, ANK2, KCNE1, KCNE2, KCNJ2, CACNA1C, CAV3, SCN4B, AKAP9, SNTA1, KCNJ5, CALM1, CALM2, 
CALM3, TRDN

Brugada Syndrome: SCN5A

*
Calculation based on presumption that all individuals with disease are genotype positive.

†
Only ACMG-designated actionable genes associated with LQTS (KCNQ1, KCNH2, and SCN5A).

‡
All LQTS-associated genes.

§
Based on SCN5A. N/A, not available.
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