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Abstract
A proper interpretation of the pathogenicity of rare variants is crucial before clinical translation. Ongoing addition of new data 
may modify previous variant classifications; however, how often a reanalysis is necessary remains undefined. We aimed to 
extensively reanalyze rare variants associated with inherited channelopathies originally classified 5 years ago and its clinical 
impact. In 2016, rare variants identified through genetic analysis were classified following the American College of Medi-
cal Genetics and Genomics’ recommendations. Five years later, we have reclassified the same variants following the same 
recommendations but including new available data. Potential clinical implications were discussed. Our cohort included 49 
cases of inherited channelopathies diagnosed in 2016. Update show that 18.36% of the variants changed classification mainly 
due to improved global frequency data. Reclassifications mostly occurred in minority genes associated with channelopathies. 
Similar percentage of variants remain as deleterious nowadays, located in main known genes (SCN5A, KCNH2 and KCNQ1). 
In 2016, 69.38% of variants were classified as unknown significance, but now, 53.06% of variants are classified as such, 
remaining the most common group. No management was modified after translation of genetic data into clinics. After 5 years, 
nearly 20% of rare variants associated with inherited channelopathies were reclassified. This supports performing periodic 
reanalyses of no more than 5 years since last classification. Use of newly available data is necessary, especially concerning 
global frequencies and family segregation. Personalized clinical translation of rare variants can be crucial to management if 
a significant change in classification is identified.

Background

Inherited cardiac channelopathies (ICC) are a group of 
genetic diseases, principally long QT syndrome (LQTS), 
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polymorphic ventricular tachycardia (CPVT). ICC are 
characterized by malignant arrhythmias leading to sudden 
cardiac death (SCD), which may be the first manifesta-
tion, especially in the young population (Schwartz et al. 
2020). Because ICC are of genetic origin, early identifi-
cation of deleterious genetic alterations responsible for 
the diseases can tailor the adoption of preventive manage-
ment to reduce their lethality (Campuzano et al. 2020a, b). 
Current guidelines recommend genetic testing of patients 
diagnosed with an ICC and, if a definite pathogenic vari-
ant is identified, also in their relatives who may be genetic 
carriers and at risk of lethal arrhythmias despite being 
asymptomatic (Musunuru et al. 2020; Priori and Blom-
strom-Lundqvist 2015).

The appropriate interpretation of the pathogenicity of a 
genetic variant is crucial for translating genetic data into 
clinical practice. In 2015, the American College of Medi-
cal Genetics and Genomics (ACMG) published recom-
mendations for the accurate assessment of rare variants 
(Richards et al. 2015). These recommendations include 
analyzing a large number of items, which improves the 
accuracy but also stringency of classification. In conse-
quence, most rare variants remain of uncertain/ambigu-
ous significance mainly because there is not enough data 
supporting a definite role in ICC (Ghouse et al. 2018). 
These ambiguities leave many families affected by ICC 
with inconclusive genetic diagnoses, which are not help-
ful in clinical decision-making (Ackerman 2015; Musun-
uru et al. 2020). In these cases, the ambiguous variant is 
disregarded in the diagnosis, and only clinical and fam-
ily history are referenced for risk-assessment and clini-
cal management (Richards et al. 2015). Rare variants of 
uncertain significance represent an issue also in forensic 
setting: when they are found in autopsy-negative cases, the 
implications of this finding is often difficult to expain both 
to the public authorithies and to the family of the victim 
(Grassi et al. 2020).

Nowadays, ACMG recommendations are in use and rely 
on the data available at the moment of genetic data inter-
pretation. However, new data concerning a rare variant may 
alter its prior classification. Thus, periodic reclassification of 
rare variants is recommended before clinical translation; as 
of yet, there is no concrete timeframe for this process. Cur-
rently, only a few reports have addressed this novel challenge 
(Bennett et al. 2019; Campuzano et al. 2020a, b; Chen et al. 
2018; Denham et al. 2018; Salfati et al. 2019; VanDyke et al. 
2020) despite the impact reclassifications can have improv-
ing psychological outcomes and risk stratification while pro-
moting personalized management (Macklin et al. 2019; Tsai 
et al. 2019). In this study, we updated data to reclassify rare 
variants associated with the most common ICC, classified 5 
years ago following ACMG recommendations, and potential 
clinical impact.

Methods

Cohort

Our retrospective study reanalyzed 49 patients carrying 
a rare variant classified in 2016 following ACMG rec-
ommendations (Richards et al. 2015). All variants were 
originally interpreted and classified as pathogenic (P), 
likely pathogenic (LP), or variants of unknown signifi-
cance (VUS). Variants classified as likely benign (LB) 
and/or benign (B) in 2016 were not reanalyzed because 
their global frequencies in 2016 were > 1%, and they had 
already been reported as non-causative. All rare variants 
were identified in three groups of ICC: BrS, CPVT, and 
LQTS. Suspicious cases with an inconclusive diagnosis 
were not included to avoid bias in the reclassification of 
genetic variants. Genetic analysis was approved by the eth-
ics committee of Hospital Josep Trueta (Girona, Spain) 
following the World Medical Association Declaration of 
Helsinki. Both clinical and genetic data concerning all 
patients were kept confidential. Written informed consent 
was obtained from all patients included in the study before 
genetic analysis.

Genetic analysis

In 2016, we screened the most prevalent genes associ-
ated with SCD, including all then known ICC-associ-
ated genes (ABCC9, ACTC1, ACTN2, AKAP9, ANK2, 
BAG3, CACNA1C, CACNA2D1, CACNB2, CASQ2, 
CAV3, CRYAB, CSRP3, DES, DMD, DSC2, DSG2, DSP, 
EMD, FBN1, FKTN, GLA, GPD1L, HCN4, JPH2, JUP, 
KCND3, KCNE1, KCNE2, KCNE3, KCNE5, KCNH2, 
KCNJ2, KCNJ5, KCNJ8, KCNQ1, LAMP2, LDB3, LMNA, 
MYBPC3, MYH6, MYH7, MYL2, MYL3, MYOZ2, MYPN, 
NEBL, NEXN, NOS1AP, PDLIM3, PKP2, PLN, PRKAG2, 
RANGRF, RBM20, RYR2, SCN1B, SCN2B, SCN4B, 
SCN5A, SGCD, SLMAP, SNTA1, TAZ, TCAP, TGFBR2, 
TGFB3, TMEM43, TMPO, TNNC1, TNNI3, TNNT2, 
TP63, TPM1, TRDN, TRPM4, TTN, and VCL). All gene 
isoforms described in Ensembl 75 (www.​ensem​bl.​org/) 
linked to a RefSeq code (www.​ncbi.​nlm.​nih.​gov/​refseq/) 
or CCDS (www.​ncbi.​nlm.​nih.​gov/​CCDS/). A biotinylated 
cRNA probe solution was used as a capture probe (Agilent 
Technologies).

Secondary bioinformatic analysis included adap-
tor and low-quality base trimming of the FASTQ files. 
Trimmed reads were mapped with GEM III. The output 
was sorted, and uniquely and properly mapped read pairs 
were selected. Finally, variant calling from the cleaned 
BAM files was performed with SAMtools v.1.2 and an ad 
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hoc developed script. The final annotation steps provided 
information included in public databases. Non-common 
(minor allele frequency—MAF- < 1%) genetic variants 
identified by NEXT GENERATION SEQUENCING 
(NGS) were confirmed by Sanger sequencing. The exons 
and exon–intron boundaries of each gene were amplified 
in both directions. All original sequences obtained in 2016 
were comprehensively reanalyzed with updated software 
(SeqScape v2.7, Applied Biosystems) to detect any altera-
tions not previously identified. No additional rare varinats 
were identified after comprehensive new reanalysis.

In 2016, identified variations were compared with DNA 
sequences from 350 healthy Spanish individuals (individu-
als not related to any index case and of the same ethnic-
ity—Caucasian) as control cases, contrasted with HapMap 
(www.​hapmap.​ncbi.​nlm.​nih.​gov/), the 1000 genomes project 
(www.​1000g​enomes.​org/), and the Exome Variant Server—
EVS—(www.​evs.​gs.​washi​ngton.​edu/​EVS/); nowadays, 
all varinats were contrasted in the Genome Aggregation 
Database—gnomAD—(www.​gnomad.​broad​insti​tute.​org/). 
Sequence variants were described following the HGVS rules 
(www.​hgvs.​org/) and checked in Mutalyzer (www.​mutal​
yzer.​nl/). Finally, nowadays all rare variants were consulted 
in ClinGen (www.​clini​calge​nome.​org/), VarSome (www.​
varso​me.​com/), the SCD-associated Variants Annotation 
Database—SVAD—(www.​svad.​mbc.​nctu.​edu.​tw/), Car-
dioClassifier (www.​cardi​oclas​sifier.​org/), InterVar (www.​
winte​rvar.​wglab.​org/), CardioVAI (www.​cardi​ovai.​engen​
ome.​com/), Franklin (www.​frank​lin.​genoox.​com/​clini​cal-​db/​
home), and CardioBoost (www.​cardi​odb.​org/​cardi​oboost/).

Data

An exhaustive review of the literature concerning each vari-
ant was performed through February 2021. Data was col-
lected from: HGMD (www.​hgmd.​org), ClinVar (www.​ncbi.​
nlm.​nih.​gov/​clinv​ar/​intro/), the National Center for Biotech-
nology Information SNP database (www.​ncbi.​nlm.​nih.​gov/​
SNP), Index Copernicus (www.​en.​index​coper​nicus.​com), 
Google Scholar (www.​schol​ar.​google.​es), Springer Link 
(www.​link.​sprin​ger.​com), Science Direct (www.​scien​cedir​
ect.​com), the Excerpta Medica Database (www.​elsev​ier.​
com/​solut​ions/​embase-​biome​dical-​resea​rch), and the IEEE 
Xplore Digital Library (www.​ieeex​plore.​ieee.​org/​Xplore/​
home.​jsp).

Classification

Five years ago, variants were classified following ACMG 
standards and guidelines, the same standards currently in 
use.(Richards et al. 2015) It is important to note that in 
last years some updates have been included in this guide-
lines: the PM2 item in the ACMG classification was 

considered fulfilled if the MAF in relevant population 
databases was ≤ 0.1% (Lek et al. 2016). The vast majority 
of reported pathogenic variants in ICC are extremely rare 
(MAF < 0.01%) (Kobayashi et al. 2017). The classification 
‘high degree of pathogenicity’ (item PVS1) should only be 
used for rare variants in genes where loss of function is a 
well-established disease mechanism.(Abou Tayoun et al. 
2018) Genetic data were independently evaluated and clas-
sified by five experts in the genetics of ICC (three cardiolo-
gists and two geneticists). All investigators discussed and 
agreed on a final classification of all variants to avoid bias.

Results

Cohort

Our retrospective study included 49 cases, all Caucasian 
(73.46% men). Ages ranged from 21 to 64 years (mean 
age: 42.2 years). The cohort included 25 cases of LQTS 
(51.02%), 17 cases of BrS (34.69%), and seven cases of 
CPVT (14.28%) (Fig. 1). Review of clinical data did not 
change the definite diagnostic of ICC from 5 years ago in 
any case.

Genetics

Each case included in our study carried one rare variant 
reported in 2016 as potentially associated with diagnosed 
ICC. These 49 rare variants were localized in 14 genes 
encoding ion channels or associated proteins: ABCC9 (two 
in BrS), AKAP9 (four in LQTS), ANK2 (one in LQTS), 
CACNB2 (two in BrS), HCN4 (three in BrS), KCND3 (one 
in BrS), KCNH2 (nine in LQTS), KCNJ2 (one in LQTS), 
KCNQ1 (seven in LQTS), RyR2 (seven in CPVT), SCN10A 
(one in BrS), SCN5A (seven in BrS and one in LQTS), 
SNTA1 (two in LQTS), and TRPM4 (one in BrS) (Fig. 1). 
Forty-seven identified variants were exonic (95.92%), 40 
were missense and seven radical (two nonsense and five 
indels) (Table 1). Two intronic variants (4.08%) were iden-
tified in two LQTS cases; curiosly, one intronic variant was 
identified in homozygosis (c.604 + 1G > C_KCNQ1).

The classification performed in 2016 concluded that 
there were: 3 P variants (6.1%)—all in 3 LQTS cases, 12 
LP variants (24.48%)—4 in BrS and 8 in LQTS, and 34 
VUS (69.38%)—13 in BrS, 7 in CPVT, and 14 in LQTS 
(Table 1). Current reanalysis revealed significant changes 
in the classification of 18.36% (9 of 49) of the rare variants 
(Fig. 2, Table 2). Classifications based on all newly identi-
fied available data yielded: 4 P variants (8.16%)—1 in BrS 
and 3 in LQTS, 11 LP variants (22.44%)—3 in BrS and 8 
in LQTS, 26 VUS variants (53.06%)—7 in BrS, 7 in CPVT, 
and 12 in LQTS, and 8 LB variants (16.32%)—6 in BrS, and 
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2 in LQTS (Fig. 2) (Table 1). The previous classifications of 
8 rare variants were downgraded from VUS to LB, and one 
was upgraded from LP to P (in BrS, p.Arg222Ter_SCN5A). 
The percentage of P variants was similar in 2016 and now 
(6.1% and 8.16%, respectively), and also concerning LP 
(24.48% in 2016 and 22.44% nowadays). Concerning VUS, 
there was the predominant group in 2016 and also now; how-
ever, a decrease of 16.32% occurred, from 34 VUS variants 
(69.38%) in 2016 to 26 VUS variants (53.06%) nowadays 
(Fig. 2A, Table 1). All these VUS variants changed to LB 
due to update in global population frequencies (Table 2).

Specifically, seven BrS rare variants changed (14.28%): 
six VUS to LB -all in minor genes- (Fig. 2B). As men-
tioned, changes from VUS to LB occurred due to new 
variant frequencies in population. The remain modifica-
tion in BrS cohort refer to one LP variant changed to P 
(p.Arg222Ter_SCN5A) due to new data published in last 
5 years (Fig. 2, Table 2). In CPVT cases, no changes were 
performed. All rare variants were identified in RyR2 and 
classified as VUS in 2016 and now (Fig. 2C). Finally, in 
LQTS, only two variants changed (4.08%), concretely from 
VUS to LB (Fig. 2D). The causes of these changes were 
mainly a high MAF reported in new global frequency data 
(Fig. 2, Table 2).

Discussion

Genetic analysis of a diagnosed ICC is highly recommended 
to unravel the cause of the disease (Priori and Blomstrom-
Lundqvist 2015). A high percentage of patients carrying 

a deleterious genetic variant remains asymptomatic; thus, 
early identification of a genetic alteration definitively associ-
ated with the disease may drive therapeutic pharmacologi-
cal and non-pharmacological management to reduce risk of 
lethal arrhythmias (Ackerman et al. 2011; Campuzano et al. 
2020a, b; Musunuru et al. 2020). However, a main challenge 
for the clinical translation of genetic data is understanding 
the definite role of a rare variant. Misinterpretation of rare 
variants may lead to inaccurate genetic diagnoses and/or the 
adoption of unnecessary and/or inappropriate preventive and 
therapeutic approaches.

Currently, the classification of a rare variant is performed 
following the ACMG recommendations and according to 
data available at the moment of interpretation (Richards 
et al. 2015). A geneticist who misinterprets the significance 
of a variant can be considered legally liable only if the cur-
rent scientific evidence and the application of these criteria 
whould have permitted a correct classification (Grassi et al. 
2020). However, a misinterpretation is often due to the lack 
of sufficient scientific evidence. Continuous development of 
clinical data, bioinformatic tools and advances in genomic 
knowledge highlights the critical need for periodic revision 
(Salfati et al. 2019). In addition, publication of new data may 
also alter the prior classification of a rare variant, but there 
is, as yet, no concrete timeframe for reanalysis. Our study 
shows that nearly 20% of overall variants changed classi-
fication within 5 years, suggesting a lustrum should be a 
potential time for reanalysis, at least for rare variants associ-
ated with main ICC. However, identifying the optimal time 
period between reclassifications requires the assessment of 
several interval sizes in large cohorts.

Fig. 1   Population of study. 
A total of 49 cases were 
reanalysed, mostly diagnosed 
with LQTS (69.87%). In each 
disease, rare variants classified 
as pathogenic and likely patho-
genic in 2016. BrS Brugada 
Syndrome, CPVT catecholamin-
ergic polymorphic ventricular 
tachycardia, LP likely patho-
genic, LQTS long QT syndrome, 
P pathogenic
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Table 1   Genetic data of variants

Case Diagnosis Gene Nucleotide Protein dbSNP gnomAD ACMG 2016 ACMG 2021

1 BrS ABCC9 c.2050G>A (p.Gly684Ser) rs148174226 210/250.964 
(0.08%)

VUS LB

2 BrS ABCC9 c.4603G>A (p.Ala1535Thr) NA NA VUS VUS
3 BrS CACNB2 c.641G>C (p.Ser214Thr) rs149253719 251/250.608 (0.1%) VUS LB
4 BrS CACNB2 c.1702G>A (p.Val568Ile) rs142639223 61/251.242 (0.02%) VUS LB
5 BrS HCN4 c.979A>G (p.Ile327Val) NA NA VUS VUS
6 BrS HCN4 c.2864C>T (p.Pro955Leu) rs371562763 7/149.646 (0.004%) VUS VUS
7 BrS HCN4 c.3502_3505delTTTG​ (p.Phe1168Glyf-

sTer12)
rs786205259 26/240.632 (0.01%) VUS LB

8 BrS KCND3 c.1649G>A (p.Arg550His) rs151164490 12/251.460 
(0.004%)

VUS VUS

9 BrS SCN10A c.2972C>T (p.Pro991Leu) rs138413438 242/250.924 
(0.09%)

VUS LB

10 BrS SCN5A c.664C>T p.Arg222Ter rs794728849 NA LP P
11 BrS SCN5A c.736T>C (p.Ser246Pro) NA NA VUS VUS
12 BrS SCN5A c.2302A>G (p.Ile768Val) NA NA VUS VUS
13 BrS SCN5A c.4183T>C (p.Tyr1395His) NA NA VUS VUS
14 BrS SCN5A c.4372C>T (p.Arg1458Trp) rs137854602 14/251.272 

(0.005%)
LP LP

15 BrS SCN5A c.4339C>G (p.Leu1447Val) rs199473266 5/251.446 (0.01%) LP LP
16 BrS SCN5A c.4906G>A (p.Asp1636Asn) rs1060499900 1/251.488 

(0.0003%)
LP LP

17 BrS TRPM4 c.2561A>G (p.Gln854Arg) rs172155862 159/197.334 
(0.08%)

VUS LB

18 CPVT RYR2 c.314C>T (p.Ala105Val) NA NA VUS VUS
19 CPVT RYR2 c.3038G>A p.Arg1013Gln rs149514924 117/249.160 

(0.04%)
VUS VUS

20 CPVT RYR2 c.6352A>G p.Asn2118Asp NA NA VUS VUS
21 CPVT RYR2 c.7807G>A (p.Ala2603Thr) rs59331340 22/197.538 (0.01%) VUS VUS
22 CPVT RYR2 c.11989A>G (p.Lys3997Glu) rs1064794210 NA VUS VUS
23 CPVT RYR2 c.12919C>T (p.Arg4307Cys) rs200092869 86/248.746 (0.03%) VUS VUS
24 CPVT RYR2 c.14302G>A (p.Val4768Ile) rs775534249 4/249.196 (0.001%) VUS VUS
25 LQTS AKAP9 c.4707T>G (p.Ile1569Met) rs1207821150 1/249.300 

(0.0004%)
VUS VUS

26 LQTS AKAP9 c.8949G>T (p.Glu2983Asp) NA NA VUS VUS
27 LQTS AKAP9 c.9102C>G (p.Phe3034Leu) NA NA VUS VUS
28 LQTS AKAP9 c.9689A>G (p.Lys3230Arg) rs192845338 59/251.432 (0.02%) VUS LB
29 LQTS ANK2 c.84+5A>G NA NA NA VUS VUS
30 LQTS KCNH2 c.214_215delCCinsGG (p.Pro72Gly) NA NA LP LP
31 LQTS KCNH2 c.221_242del (p.Thr74Argf-

sTer35)
rs1389503709 NA LP LP

32 LQTS KCNH2 c.242A>C (p.Gln81Pro) NA NA VUS VUS
33 LQTS KCNH2 c.422C>T (p.Pro141Leu) rs199472864 79/251.238 (0.03%) VUS VUS
34 LQTS KCNH2 c.1501G>A p.Asp501Asn rs199472912 NA P P
35 LQTS KCNH2 c.1525G>A (p.Asp509Asn) rs370637245 1/251.370 

(0.0003%)
LP LP

36 LQTS KCNH2 c.1681G>A p.Ala561Thr rs199472921 NA P P
37 LQTS KCNH2 c.2230C>T (p.Arg744Ter) rs189014161 NA LP LP
38 LQTS KCNH2 c.3067C>G (p.Leu1023Val) NA NA VUS VUS
39 LQTS KCNJ2 c.1229A>G (p.Asn410Ser) rs141069645 86/251.146 (0.03%) VUS LB
40 LQTS KCNQ1 c.556G>A (p.Gly186Ser) rs199473398 NA LP LP
41 LQTS KCNQ1 c.757_758delTCinsAA (p.Ser253Asn) NA NA LP LP
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Table 1   (continued)

Case Diagnosis Gene Nucleotide Protein dbSNP gnomAD ACMG 2016 ACMG 2021

42 LQTS KCNQ1 c.604 + 1G>C (HM) NA NA NA VUS VUS (HM)
43 LQTS KCNQ1 c.935C>T p.Thr312Ile rs120074182 NA P P
44 LQTS KCNQ1 c.1022C>T (p.Ala341Val) rs12720459 NA LP LP
45 LQTS KCNQ1 c.1486_1487delCT (p.Leu496Alaf-

sTer19)
rs397508090 NA LP LP

46 LQTS KCNQ1 c.1896A>T (p.Arg632Ser) NA NA VUS VUS
47 LQTS SCN5A c.4493A>T (p.Gln1498Leu) rs1387460395 1/249.338 

(0.0004%)
VUS VUS

48 LQTS SNTA1 c.40G>A (p.Glu14Lys) rs786205846 8/40.454 (0.01%) VUS VUS
49 LQTS SNTA1 c.160G>C (p.Gly54Arg) rs786205848 8/65.264 (0.01%) VUS VUS

ACMG American College of Medical Genetics and Genomics, B benign, BrS Brugada syndrome, CPVT catecholaminergic polymorphic ven-
tricular tachycardia, LB likely benign, LQTS long QT syndrome, LP likely pathogenic, NA not available, P pathogenic, VUS variant of uncertain 
significance

Fig. 2   Reclassification of 
rare variants after 5 years. A 
Global reanalysis of all vari-
ants. B Reanalysis in Brugada 
syndrome cases. C Reanalysis 
in Catecholaminergic Polymor-
phic Ventricular Tachycardia 
cases. D Reanalysis in Long 
QT syndrome cases. B benign, 
BrS Brugada syndrome, CPVT 
catecholaminergic polymorphic 
ventricular tachycardia, LB 
likely benign, LP likely patho-
genic, LQTS long QT syndrome, 
P pathogenic, VUS variant of 
uncertain significance
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Impact of reanalysis

The same number of rare variants with a deleterious/poten-
tially deleterious role were identified in 2016 and now 
(30.61%), and all located in main genes associated with ICC 
(SCN5A, KCNQ1 and KCNH2). One variant upgraded from 
LP to P, accordingly to a recent manuscript by Harrison 
et al. that found that LP variants became P between 2016 
and 2019 (Harrison and Rehm 2019). However, the results 
of the Harrison et al. study were based on variant modifi-
cations identified only in ClinVar, with the authors being 
uncertain that all classifications were according to ACMG 
guidelines. The authors did state that most radical variants, 
i.e., those leading to premature truncation of proteins and/
or frameshifts, should be considered highly damaging if not 
identified at high frequency in population and, therefore, 
should be carefully analyzed. Our results concord with this 
point as the majority of indels in our study remained clas-
sified as LP except one, showing high frequency in global 
population and classified as LB. Therefore, for each patient, 
missense rare variants should be comprehensively analyzed 
considering all available data to be properly prioritized in a 
personalized clinical context (Eilbeck et al. 2017).

In the case of VUS, a rare variant classified as ambigu-
ous does not provide molecular confirmation of a diag-
nosis but cannot be discarded as indicating a low risk of 
malignant arrhythmias for any patient, at least until addi-
tional data clarifies its clinical role (Musunuru et al. 2020). 
In our study, most rare variants were classified as VUS 
in both periods of analysis (from 69.38 to 53.06%, cur-
rently). All VUS changed to LB due to substantial increase 
of MAF seen with ongoing analysis of the global popula-
tion. This point notes the key role of global frequencies 
and its correlation with the prevalence of the ICC in the 
population. Thus, reducing uncertainty by excluding the 
potential effect of some VUS variants, at least on ICC, 
is probably one of the remarkable benefits of reanaly-
sis. These results accord with those of previous studies 

showing VUS rarely change to P or LP variants (Lahrouchi 
et al. 2017). However, until the role of a rare variant can be 
certainly or likely assessed, no inference should be made 
on its possible significance and no impact in clinical man-
agement of the patient can be justified. Therefore, clinical 
translation of VUS should be performed with caution and 
families counselled regarding the current limitations of 
reliable clinical interpretation. In our opinion, a complete 
family segregation together with an accurate global fre-
quency are the most robust tools to distinguish a potential 
damaging variant from other rare variants, and free access 
to available frequency databases is a quick and crucial 
step. Other data, e.g., functional studies, may corroborate 
the pathogenic role of a rare variant (Glazer et al. 2020), 
but unfortunately, a complete family segregation as well as 
functional analysis are not available for most rare variants 
currently associated with ICC. It is also important to note 
that a low percentage of current VUS may eventually be 
shown to confer a real risk of ICC (Blekhman et al. 2008); 
however, distinguishing pathogenic VUS from the major-
ity of VUS is one of the main current challenges in the 
ICC field (Cherny et al. 2020; Tsai et al. 2019).

The ACMG recommends how variants should be clas-
sified, but there is no consensus for how often reclassifi-
cation should occur. Therefore, reanalysis of rare variants 
occurs mainly due to a clinician’s request, identification 
of a previously classified variant in a new patient, or other 
new data (El Mecky et al. 2019). Smith et al. reported 
that 3% of ICC rare variants became reclassified after 1 
year (Smith et al. 2017). In another study, reclassification 
after 7 years (from 2011 to 2018) increased the molecular 
diagnosis of ICC by 2% in cases of unexpected decease 
(Salfati et al. 2019). In an additional cohort analyzed for 
genetic arrhythmia and cardiomyopathy disorders from 
2006 to 2017, 22% of variants changed classification and 
approximately 10% changed in a way that altered clini-
cal interpretation (Cherny et al. 2020). Following similar 
results, VanDyke et al. published that 35% of the vari-
ants associated with ICC had classifications that differed 
from their firsts reports (all prior 2015) (VanDyke et al. 
2020). Therefore, it is widely accepted that variants did 
not classify following ACMG recommendations should be 
updated immediately due to the potential clinical impact 
associated (Campuzano et al. 2020a, b). In addition, it is 
also accepted that periodic reinterpretation of variants is 
necessary for clinical management of patients with ICC 
but remains undefined how often a reanalysis is necessary 
if variants are already classified following ACMG recom-
mendations. Our study provides first evidence that a 5-year 
timeframe is adequate to manage the rapid obsolescence of 
genetic data interpretations, at least in ICC despite further 
investigations should be performed in large cohorts.

Table 2   Ratio changes and disease

“New data” refers to other novel data available nowadays different to 
frequency in population (in silico prediction, in vitro studies, or any 
available study in a large family diagnosed)
BrS Brugada syndrome, CPVT catecholaminergic polymorphic ven-
tricular tachycardia, LQTS long QT syndrome

Variants Changes Disease/changes Cause of change

Frequency New data

49 9 (18.36%) BrS / 7 (14.28%) 6 (12.24%) 1 (2.04%)
CPVT / 0 (0%) – –
LQTS / 2 (4.08%) 2 (4.08%) –
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Brugada syndrome

In 2019, Denham et al. reported that only 37% of rare vari-
ants previously considered deleterious for BrS were defi-
nitely reclassified as P or LP following ACMG guidelines 
(Denham et al. 2018). Accordingly, in our study 23.52% 
of BrS rare variants were classified as deleterious in 2016, 
being currently the same percentage classified with a harm-
ful role. All these rare deleterious variants were located in 
SCN5A. The number of VUS was reduced since 2016 (from 
13 to 7), 6 to LB (in minor genes) and only one to LP (in 
SCN5A). Taking all these data into account, our study rein-
force SCN5A as the major gene associated with BrS (Walsh 
and Wilde 2019).

Catecholaminergic polymorphic ventricular 
tachycardia

In our cohort of CPVT, all identified rare variants were 
located in RyR2, reinforcing the role of this gene as the 
major player in CPVT. A recent study reclassified all RYR2 
variants using ACMG recommendations and found that only 
7.8% of previously disease-associated variants remained as 
LP/P (Olubando et al. 2020). Another study published in 
2018 found that five upgraded from VUS to LP/P and six 
downgraded from P/LP to VUS when ACMG recommen-
dations were applied (Roston et al. 2018). The same trend 
was observed in a cohort of children in which two out of 
five (40%) VUS in RYR2 upgraded to LP/P using ACMG 
recommendations (Bennett et al. 2019). This supports an 
assertion made in prior studies where an urgent reanalysis 
of rare variants associated with ICC should be done if they 
were not classified originally following ACMG recommen-
dations (Campuzano et al. 2020a, b; VanDyke et al. 2020). 
The number of VUS in our cohort of CPVT cases did not 
change from 2016 to date. In comparison to BrS and LQTS, 
the estimated prevalence of CPVT is much lower; this could 
be the main reason that less clinical and functional data have 
been published in last 5 years.

Long QT syndrome

In our cohort of LQTS, the same three P rare variants 
remained after 5 years, making up 12% of the total number 
of LQTS variants. Of the LP variants, 8 (100%) retained 
their classification. In a study focused on a cohort of chil-
dren diagnosed with LQTS, 66.66% of VUS were reclas-
sified as LP/P (Bennett et al. 2019). In contrast, another 
study reported 14.3% of variants previously classified as 
LP/P were downgraded to VUS (Westphal et al. 2020). This 
ambiguity reinforces the need for additional studies focused 
on a proper reinterpretation, especially if variants were not 
originally classified following ACMG recommendations 

(Campuzano et al. 2020a, b; VanDyke et al. 2020). In our 
cohort, LP/P rare variants remain mainly located in KCNH2, 
and KCNQ1, consistent with recent critical reappraisals of 
genes implicated in LQTS (Adler et al. 2020; Giudicessi 
et al. 2018). Concerning VUS, we identified two rare vari-
ants were reclassified to LB due to new available MAF, 
supporting periodic checking of available frequency data to 
clarify the role of ambiguous variants.

Clinical translation

The main aim of a comprehensive genetic interpretation is 
clinical translation. Clinical features and phenotypic context 
are critical for effectively interpreting the clinical impact 
of rare variants in ICC, helping to improve the diagnosis, 
treatment, and family screening of patients who currently 
receive uncertain genetic test results (Walsh et al. 2021). 
A recent study focused on the reclassification of VUS in 
ICC concluded that disease-specific phenotypes significantly 
increase the accuracy of classification and reinforce the need 
for clinical data in genetic diagnoses, aiding variant interpre-
tation (Bennett et al. 2019). Hence, updating the classifica-
tion of a rare variant may have significant clinical impact on 
patients and their relatives. Therapeutic management can 
be modified, but emotional and psychological impacts may 
have lasting effects (Vears et al. 2018). Another important 
point is the economic impact of reinterpretation. There is 
currently no legal duty for laboratories to reanalyze data nei-
ther in clinical nor in forensic cases (Giesbertz et al. 2019). 
Hence, the real cost and who pays for the service of reassess-
ing genetic variants over time remains unclear (Vears et al. 
2020). A reinterpretation can lead to recommendations for 
preventive measures and health care treatments that were 
not considered to be necessary until after reanalysis (Pagan 
et al. 2020). Despite this, there are no current guidelines 
informing the cost-effectiveness of reanalysis.

Finally, it is important to clarify that new genetic data 
should be discussed by a group of experts in ICC (Muller 
et al. 2020) and, to avoid misinterpretation, an expert car-
diologist in genetics should explain to patients what reclas-
sification entails (Bombard et al. 2019; Burns et al. 2018). 
These expectations should be explicitly delineated as part 
of the informed consent process before a sample is obtained 
and reviewed again when disclosing initial results (David 
et al. 2019). From our point of view, care of ICC families 
should follow the ethical premise that improving medical 
care should be the major reason for establishing clinical or 
research guidelines.

Our study has some limitations. First, variant classifica-
tion is subject to inherent intra- and inter-laboratory dif-
ferences in data interpretation (Amendola et al. 2016). To 
minimize this in our study, five of the authors (OC, GSB, 
EA, AF, and RB) performed independent classification 
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following ACMG recommendations, and all authors 
included in the authorship came to a consensus regard-
ing the final classification decision. Despite this fact, we 
assume that some variants may be interpreted in a differ-
ent way in other laboratories, especially concerning VUS 
variants. Second, concerning genetic diagnosis, it should 
be noted that patients may carry additional rare variants in 
ICC-related genes that are currently unknown and hence 
not included in our gene panel. Third, it is important to 
consider that our cohort was limited and comprehensive 
reassessment should be performed in larger ICC cohorts to 
corroborate periodic reclassification. Despite not concrete 
time, similar studies also recommend periodic reanalysis. 
We propose, for the first time, a time frame for genetic 
reanalysis in ICC. Fourth, we have not assessed the eco-
nomic cost of a comprehensive reinterpretation and who 
(government, hospital/health institution, or patient) should 
assume this cost. This is a controverse point that should be 
deeply analyzed due to each country has a particular health 
system. Finally, lack of available data for some rare vari-
ants included in our study currently impedes more accurate 
interpretation, remaining as ambigous.

In summary, a comprehensive genetic interpretation 
of rare variants associated with inherited channelopa-
thies is warranted because it has practical consequences 
for patients and their relatives. We found that 18.36% of 
rare variants changed classification, based on the cur-
rent ACMG criteria, within 5 years. These changes were 
mainly due to new data on the global frequencies of rare 
variants. However, many rare variants remain of ambigu-
ous significance due to a lack of functional data and, most 
importantly, conclusive family segregation. We recom-
mend performing reanalysis of rare variants associated 
with inherited channelopathies at least every 5 years to 
incorporate new data concerning pathogenicity despite 
identifying the optimal time period between reclassifica-
tions requires more systematic investigations. When sig-
nificant changes in classification occur, the cardiologist 
should promptly inform interested patients and, if neces-
sary, modify the therapeutic approach.

Author contributions  OC, GS, AO, JB, AO, and RB developed the con-
cept. OC, AF, MC, AI, CF, SC, EA, SG, AP, MP, MA, VF, BdO, LL, 
FP, CTL, SG, AG, PJ, and RT acquired, pre-processed, and analyzed 
the data. OC, and GS prepared the manuscript. OC, AO, JB and RB 
supervised the study. All authors contributed to manuscript revision, 
read and approved the submitted version.

Funding  Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. This work was supported by Obra 
Social “La Caixa Foundation” (LCF/PR/GN16/50290001 and LCF/
PR/GN19/50320002), Fondo Investigacion Sanitaria (FIS, PI17/01690) 
from Instituto Salud Carlos III (ISCIII). CIBERCV is an initiative 
of the ISCIII, Spanish Ministry of Economy and Competitiveness. 

Funders had no role in study design, data collection, data analysis, 
interpretation, or writing of the report.

Availability of data and materials  All data generated or analysed during 
this study are included in this published article.

Declarations 

Conflict of interest  The authors declare that they have no competing 
interests.

Ethical approval and consent to participate  Genetic analysis was 
approved by the ethics committee of Hospital Josep Trueta (Girona, 
Spain) following the World Medical Association Declaration of Hel-
sinki. Both clinical and genetic data concerning all patients were kept 
confidential. Written informed consent was obtained from all patients 
included in the study before genetic analysis.

Consent for publication  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abou Tayoun AN, Pesaran T, DiStefano MT, Oza A, Rehm HL, 
Biesecker LG, ClinGen Sequence Variant Interpretation Work-
ing, G (2018) Recommendations for interpreting the loss of 
function PVS1 ACMG/AMP variant criterion. Hum Mutat 
39(11):1517–1524. https://​doi.​org/​10.​1002/​humu.​23626

Ackerman MJ (2015) Genetic purgatory and the cardiac channelopa-
thies: exposing the variants of uncertain/unknown significance 
issue. Heart Rhythm 12(11):2325–2331. https://​doi.​org/​10.​
1016/j.​hrthm.​2015.​07.​002

Ackerman MJ, Priori SG, Willems S, Berul C, Brugada R, Calkins 
H, Zipes DP (2011) HRS/EHRA expert consensus statement 
on the state of genetic testing for the channelopathies and car-
diomyopathies: this document was developed as a partnership 
between the Heart Rhythm Society (HRS) and the European 
Heart Rhythm Association (EHRA). Europace 13(8):1077–
1109. https://​doi.​org/​10.​1093/​europ​ace/​eur245

Adler A, Novelli V, Amin AS, Abiusi E, Care M, Nannenberg EA, 
Gollob MH (2020) An international, multicentered, evidence-
based reappraisal of genes reported to cause congenital long QT 
syndrome. Circulation 141(6):418–428. https://​doi.​org/​10.​1161/​
CIRCU​LATIO​NAHA.​119.​043132

Amendola LM, Jarvik GP, Leo MC, McLaughlin HM, Akkari Y, 
Amaral MD, Rehm HL (2016) Performance of ACMG-AMP 
variant-interpretation guidelines among nine laboratories in 
the clinical sequencing exploratory research consortium. Am 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/humu.23626
https://doi.org/10.1016/j.hrthm.2015.07.002
https://doi.org/10.1016/j.hrthm.2015.07.002
https://doi.org/10.1093/europace/eur245
https://doi.org/10.1161/CIRCULATIONAHA.119.043132
https://doi.org/10.1161/CIRCULATIONAHA.119.043132


1588	 Human Genetics (2022) 141:1579–1589

1 3

J Hum Genet 98(6):1067–1076. https://​doi.​org/​10.​1016/j.​ajhg.​
2016.​03.​024

Bennett JS, Bernhardt M, McBride KL, Reshmi SC, Zmuda E, 
Kertesz NJ, Kamp AN (2019) Reclassification of variants of 
uncertain significance in children with inherited arrhythmia 
syndromes is predicted by clinical factors. Pediatr Cardiol 
40(8):1679–1687. https://​doi.​org/​10.​1007/​s00246-​019-​02203-2

Blekhman R, Man O, Herrmann L, Boyko AR, Indap A, Kosiol C, 
Przeworski M (2008) Natural selection on genes that underlie 
human disease susceptibility. Curr Biol 18(12):883–889. https://​
doi.​org/​10.​1016/j.​cub.​2008.​04.​074

Bombard Y, Brothers KB, Fitzgerald-Butt S, Garrison NA, Jamal 
L, James CA, Levy HP (2019) The responsibility to recon-
tact research participants after reinterpretation of genetic and 
genomic research results. Am J Hum Genet 104(4):578–595. 
https://​doi.​org/​10.​1016/j.​ajhg.​2019.​02.​025

Burns C, James C, Ingles J (2018) Communication of genetic informa-
tion to families with inherited rhythm disorders. Heart Rhythm 
15(5):780–786. https://​doi.​org/​10.​1016/j.​hrthm.​2017.​11.​024

Campuzano O, Sarquella-Brugada G, Arbelo E, Cesar S, Jorda P, 
Perez-Serra A, Brugada R (2020a) Genetic variants as sudden-
death risk markers in inherited arrhythmogenic syndromes: per-
sonalized genetic interpretation. J Clin Med. https://​doi.​org/​10.​
3390/​jcm90​61866

Campuzano O, Sarquella-Brugada G, Fernandez-Falgueras A, Coll M, 
Iglesias A, Ferrer-Costa C, Brugada R (2020b) Reanalysis and 
reclassification of rare genetic variants associated with inherited 
arrhythmogenic syndromes. EBioMedicine 54:102732. https://​doi.​
org/​10.​1016/j.​ebiom.​2020.​102732

Chen CJ, Lu TP, Lin LY, Liu YB, Ho LT, Huang HC, Antzelevitch 
C (2018) Impact of ancestral differences and reassessment of 
the classification of previously reported pathogenic variants in 
patients with Brugada syndrome in the genomic era: a SADS-TW 
BrS Registry. Front Genet 9:680. https://​doi.​org/​10.​3389/​fgene.​
2018.​00680

Cherny S, Olson R, Chiodo K, Balmert LC, Webster G (2020) Changes 
in genetic variant results over time in pediatric cardiomyopathy 
and electrophysiology. J Genet Couns. https://​doi.​org/​10.​1002/​
jgc4.​1313

David KL, Best RG, Brenman LM, Bush L, Deignan JL, Flannery 
D, Committee ASELI (2019) Patient re-contact after revision of 
genomic test results: points to consider-a statement of the Ameri-
can College of Medical Genetics and Genomics (ACMG). Genet 
Med 21(4):769–771. https://​doi.​org/​10.​1038/​s41436-​018-​0391-z

Denham NC, Pearman CM, Ding WY, Waktare J, Gupta D, Snowdon 
R, Mahida S (2018) Systematic re-evaluation of SCN5A variants 
associated with Brugada syndrome. J Cardiovasc Electrophysiol. 
https://​doi.​org/​10.​1111/​jce.​13740

Eilbeck K, Quinlan A, Yandell M (2017) Settling the score: variant 
prioritization and Mendelian disease. Nat Rev Genet 18(10):599–
612. https://​doi.​org/​10.​1038/​nrg.​2017.​52

El Mecky J, Johansson L, Plantinga M, Fenwick A, Lucassen A, 
Dijkhuizen T, van Langen I (2019) Reinterpretation, reclassifica-
tion, and its downstream effects: challenges for clinical laboratory 
geneticists. BMC Med Genom 12(1):170. https://​doi.​org/​10.​1186/​
s12920-​019-​0612-6

Ghouse J, Skov MW, Bigseth RS, Ahlberg G, Kanters JK, Olesen MS 
(2018) Distinguishing pathogenic mutations from background 
genetic noise in cardiology: the use of large genome databases 
for genetic interpretation. Clin Genet 93(3):459–466. https://​doi.​
org/​10.​1111/​cge.​13066

Giesbertz NAA, van Harten WH, Bredenoord AL (2019) A duty to 
recontact in genetics: context matters. Nat Rev Genet 20(7):371–
372. https://​doi.​org/​10.​1038/​s41576-​019-​0121-7

Giudicessi JR, Wilde AAM, Ackerman MJ (2018) The genetic archi-
tecture of long QT syndrome: a critical reappraisal. Trends 

Cardiovasc Med 28(7):453–464. https://​doi.​org/​10.​1016/j.​tcm.​
2018.​03.​003

Glazer AM, Wada Y, Li B, Muhammad A, Kalash OR, O’Neill MJ, 
Roden DM (2020) High-Throughput Reclassification of SCN5A 
Variants. Am J Hum Genet 107(1):111–123. https://​doi.​org/​10.​
1016/j.​ajhg.​2020.​05.​015

Grassi S, Campuzano O, Coll M, Brion M, Arena V, Iglesias A, Oliva 
A (2020) Genetic variants of uncertain significance: How to match 
scientific rigour and standard of proof in sudden cardiac death? 
Leg Med (tokyo) 45:101712. https://​doi.​org/​10.​1016/j.​legal​med.​
2020.​101712

Harrison SM, Rehm HL (2019) Is ‘likely pathogenic’ really 90% 
likely? Reclassification Data in ClinVar. Genome Med 11(1):72. 
https://​doi.​org/​10.​1186/​s13073-​019-​0688-9

Kobayashi Y, Yang S, Nykamp K, Garcia J, Lincoln SE, Topper SE 
(2017) Pathogenic variant burden in the ExAC database: an 
empirical approach to evaluating population data for clinical vari-
ant interpretation. Genome Med 9(1):13. https://​doi.​org/​10.​1186/​
s13073-​017-​0403-7

Lahrouchi N, Raju H, Lodder EM, Papatheodorou E, Ware JS, Papada-
kis M, Behr ER (2017) Utility of post-mortem genetic testing in 
cases of sudden arrhythmic death syndrome. J Am Coll Cardiol 
69(17):2134–2145. https://​doi.​org/​10.​1016/j.​jacc.​2017.​02.​046

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, 
Exome Aggregation C (2016) Analysis of protein-coding genetic 
variation in 60,706 humans. Nature 536(7616):285–291. https://​
doi.​org/​10.​1038/​natur​e19057

Macklin SK, Jackson JL, Atwal PS, Hines SL (2019) Physician inter-
pretation of variants of uncertain significance. Fam Cancer 
18(1):121–126. https://​doi.​org/​10.​1007/​s10689-​018-​0086-2

Muller RD, McDonald T, Pope K, Cragun D (2020) Evaluation of clini-
cal practices related to variants of uncertain significance results in 
inherited cardiac arrhythmia and inherited cardiomyopathy genes. 
Circ Genom Precis Med 13(4):e002789. https://​doi.​org/​10.​1161/​
CIRCG​EN.​119.​002789

Musunuru K, Hershberger RE, Day SM, Klinedinst NJ, Landstrom 
AP, Parikh VN, Council on Clinical C (2020) Genetic test-
ing for inherited cardiovascular diseases: a scientific statement 
from the American Heart Association. Circ Genom Precis Med 
13(4):e000067. https://​doi.​org/​10.​1161/​HCG.​00000​00000​000067

Olubando D, Hopton C, Eden J, Caswell R, Lowri Thomas N, Rob-
erts SA, Newman WG (2020) Classification and correlation of 
RYR2 missense variants in individuals with catecholaminergic 
polymorphic ventricular tachycardia reveals phenotypic rela-
tionships. J Hum Genet 65(6):531–539. https://​doi.​org/​10.​1038/​
s10038-​020-​0738-6

Pagan JA, Brown HS, Rowe J, Schneider JE, Veenstra DL, Gupta A, 
Appelbaum PS (2020) Genetic variant reinterpretation: economic 
and population health management challenges. Popul Health 
Manag. https://​doi.​org/​10.​1089/​pop.​2020.​0115

Priori SG, Blomstrom-Lundqvist C (2015) 2015 European Society of 
Cardiology Guidelines for the management of patients with ven-
tricular arrhythmias and the prevention of sudden cardiac death 
summarized by co-chairs. Eur Heart J 36(41):2757–2759. https://​
doi.​org/​10.​1093/​eurhe​artj/​ehv445

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Rehm HL 
(2015) Standards and guidelines for the interpretation of sequence 
variants: a joint consensus recommendation of the American Col-
lege of Medical Genetics and Genomics and the Association for 
Molecular Pathology. Genet Med 17(5):405–424. https://​doi.​org/​
10.​1038/​gim.​2015.​30

Roston TM, Haji-Ghassemi O, LaPage MJ, Batra AS, Bar-Cohen Y, 
Anderson C, Sanatani S (2018) Catecholaminergic polymorphic 
ventricular tachycardia patients with multiple genetic variants in 
the PACES CPVT Registry. PLoS ONE 13(11):e0205925. https://​
doi.​org/​10.​1371/​journ​al.​pone.​02059​25

https://doi.org/10.1016/j.ajhg.2016.03.024
https://doi.org/10.1016/j.ajhg.2016.03.024
https://doi.org/10.1007/s00246-019-02203-2
https://doi.org/10.1016/j.cub.2008.04.074
https://doi.org/10.1016/j.cub.2008.04.074
https://doi.org/10.1016/j.ajhg.2019.02.025
https://doi.org/10.1016/j.hrthm.2017.11.024
https://doi.org/10.3390/jcm9061866
https://doi.org/10.3390/jcm9061866
https://doi.org/10.1016/j.ebiom.2020.102732
https://doi.org/10.1016/j.ebiom.2020.102732
https://doi.org/10.3389/fgene.2018.00680
https://doi.org/10.3389/fgene.2018.00680
https://doi.org/10.1002/jgc4.1313
https://doi.org/10.1002/jgc4.1313
https://doi.org/10.1038/s41436-018-0391-z
https://doi.org/10.1111/jce.13740
https://doi.org/10.1038/nrg.2017.52
https://doi.org/10.1186/s12920-019-0612-6
https://doi.org/10.1186/s12920-019-0612-6
https://doi.org/10.1111/cge.13066
https://doi.org/10.1111/cge.13066
https://doi.org/10.1038/s41576-019-0121-7
https://doi.org/10.1016/j.tcm.2018.03.003
https://doi.org/10.1016/j.tcm.2018.03.003
https://doi.org/10.1016/j.ajhg.2020.05.015
https://doi.org/10.1016/j.ajhg.2020.05.015
https://doi.org/10.1016/j.legalmed.2020.101712
https://doi.org/10.1016/j.legalmed.2020.101712
https://doi.org/10.1186/s13073-019-0688-9
https://doi.org/10.1186/s13073-017-0403-7
https://doi.org/10.1186/s13073-017-0403-7
https://doi.org/10.1016/j.jacc.2017.02.046
https://doi.org/10.1038/nature19057
https://doi.org/10.1038/nature19057
https://doi.org/10.1007/s10689-018-0086-2
https://doi.org/10.1161/CIRCGEN.119.002789
https://doi.org/10.1161/CIRCGEN.119.002789
https://doi.org/10.1161/HCG.0000000000000067
https://doi.org/10.1038/s10038-020-0738-6
https://doi.org/10.1038/s10038-020-0738-6
https://doi.org/10.1089/pop.2020.0115
https://doi.org/10.1093/eurheartj/ehv445
https://doi.org/10.1093/eurheartj/ehv445
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1371/journal.pone.0205925
https://doi.org/10.1371/journal.pone.0205925


1589Human Genetics (2022) 141:1579–1589	

1 3

Salfati EL, Spencer EG, Topol SE, Muse ED, Rueda M, Lucas JR, 
Torkamani A (2019) Re-analysis of whole-exome sequencing data 
uncovers novel diagnostic variants and improves molecular diag-
nostic yields for sudden death and idiopathic diseases. Genome 
Med 11(1):83. https://​doi.​org/​10.​1186/​s13073-​019-​0702-2

Schwartz PJ, Ackerman MJ, Antzelevitch C, Bezzina CR, Borggrefe 
M, Cuneo BF, Wilde AAM (2020) Inherited cardiac arrhyth-
mias. Nat Rev Dis Primers 6(1):58. https://​doi.​org/​10.​1038/​
s41572-​020-​0188-7

Smith ED, Radtke K, Rossi M, Shinde DN, Darabi S, El-Khechen 
D, Farwell Hagman KD (2017) Classification of genes: stand-
ardized clinical validity assessment of gene-disease associations 
aids diagnostic exome analysis and reclassifications. Hum Mutat 
38(5):600–608. https://​doi.​org/​10.​1002/​humu.​23183

Tsai GJ, Ranola JMO, Smith C, Garrett LT, Bergquist T, Casadei S, 
Shirts BH (2019) Outcomes of 92 patient-driven family studies for 
reclassification of variants of uncertain significance. Genet Med 
21(6):1435–1442. https://​doi.​org/​10.​1038/​s41436-​018-​0335-7

VanDyke RE, Hashimoto S, Morales A, Pyatt RE, Sturm AC (2020) 
Impact of variant reclassification in the clinical setting of cardio-
vascular genetics. J Genet Couns. https://​doi.​org/​10.​1002/​jgc4.​
1336

Vears DF, Niemiec E, Howard HC, Borry P (2018) Analysis of VUS 
reporting, variant reinterpretation and recontact policies in 

clinical genomic sequencing consent forms. Eur J Hum Genet 
26(12):1743–1751. https://​doi.​org/​10.​1038/​s41431-​018-​0239-7

Vears DF, Senecal K, Borry P (2020) Genetic health profession-
als’ experiences with initiating reanalysis of genomic sequence 
data. Fam Cancer 19(3):273–280. https://​doi.​org/​10.​1007/​
s10689-​020-​00172-7

Walsh R, Wilde AAM (2019) SCN5A variants in Brugada syn-
drome: true, true false, or false true. J Cardiovasc Electrophysiol 
30(1):128–131. https://​doi.​org/​10.​1111/​jce.​13774

Walsh R, Lahrouchi N, Tadros R, Kyndt F, Glinge C, Postema PG, 
Bezzina CR (2021) Enhancing rare variant interpretation in inher-
ited arrhythmias through quantitative analysis of consortium dis-
ease cohorts and population controls. Genet Med 23(1):47–58. 
https://​doi.​org/​10.​1038/​s41436-​020-​00946-5

Westphal DS, Burkard T, Moscu-Gregor A, Gebauer R, Hessling G, 
Wolf CM (2020) Reclassification of genetic variants in children 
with long QT syndrome. Mol Genet Genom Med 8(9):e1300. 
https://​doi.​org/​10.​1002/​mgg3.​1300

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1186/s13073-019-0702-2
https://doi.org/10.1038/s41572-020-0188-7
https://doi.org/10.1038/s41572-020-0188-7
https://doi.org/10.1002/humu.23183
https://doi.org/10.1038/s41436-018-0335-7
https://doi.org/10.1002/jgc4.1336
https://doi.org/10.1002/jgc4.1336
https://doi.org/10.1038/s41431-018-0239-7
https://doi.org/10.1007/s10689-020-00172-7
https://doi.org/10.1007/s10689-020-00172-7
https://doi.org/10.1111/jce.13774
https://doi.org/10.1038/s41436-020-00946-5
https://doi.org/10.1002/mgg3.1300

	Clinical impact of rare variants associated with inherited channelopathies: a 5-year update
	Abstract
	Background
	Methods
	Cohort
	Genetic analysis
	Data
	Classification

	Results
	Cohort
	Genetics

	Discussion
	Impact of reanalysis
	Brugada syndrome
	Catecholaminergic polymorphic ventricular tachycardia
	Long QT syndrome
	Clinical translation

	References




