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Nuria Dı́ez-Escuté,1,2,3 Patricia Cerralbo,1,2,3 Fredy Chipa,1,2,3 Irene Zschaeck,1,2,3 Simone Grassi,7 Antonio Oliva,8
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SUMMARY
Genetic analysis identified the cause of the disease in inherited arrhythmogenic syndromes. A clinically
actionable genetic diagnosis requires an accurate interpretation following the current guidelines. Practically
half of the genetic diagnoses remain inconclusive due to the identification of variants of uncertain signifi-
cance. An update can help shed light on uncertain results. No specific time frame has been set for updating
an ambiguous diagnosis. We carried out an analysis of the available reclassification/reinterpretation data
concerning genetic diagnosis in inherited arrhythmogenic syndromes. We aim to determine an appropriate
interval for updating a conclusive classification. Genetic diagnoses achievedwithout following current guide-
lines should be updated immediately. An ambiguous result obtained following the current guidelines should
be updated nomore than 5 years after the first analysis. There are still questions to be resolved regarding the
legal responsibility or who should assume the economic cost of updating a genetic diagnosis.
INTRODUCTION

Inherited arrhythmogenic syndromes (IASs) are rare disorders

enclosed in cardiac ion channelopathies (mainly Brugada syn-

drome [BrS], long QT syndrome [LQTS], short QT syndrome

[SQTS], and catecholaminergic polymorphic ventricular tachy-

cardia [CPVT]) and cardiomyopathies (mainly hypertrophic

[HCM], dilated [DCM], and arrhythmogenic [ACM]).1,2 These ge-

netic disorders are characterized by disturbances in electrical

conductivity between myocytes, which may occur with or

without structural alterations of the myocardium, potentially
iScience 28, 112300,
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leading to sudden cardiac death (SCD). Genetic analysis is

nowadays an integral part of the IAS diagnostic protocol but

should always be performed after a thorough clinical evaluation.

However, only a definitive genetic diagnosis is currently action-

able in clinical practice for therapeutic decision-making or in

forensic field to identify the cause of the death.3 Indeed, a

conclusive genetic diagnosis helps to unravel the origin of the

disease in a patient with a conclusive or suspected diagnosis,

but it can also clarify the possible cause of an unexpected

decease that remains unexplained after performing a complete

medico-legal autopsy, known as sudden unexplained death
May 16, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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Figure 1. The search flowchart
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(SUD). Additionally, identifying pathogenic genetic variants

associated with IAS facilitates early detection of at-risk family

members, who should be also clinically assessed.4 Some of

them may remain asymptomatic but even then are vulnerable

to lethal arrhythmogenic episodes due to their genetic predispo-

sition. This early detection enables personalized preventive ther-

apeutic strategies.1,2

In 2015, the American College of Medical Genetics and Ge-

nomics and the Association for Molecular Pathology (ACMG/

AMP) published standards and guidelines for interpreting ge-

netic variants based on the available data at the time of classi-

fication.5 These recommendations, which remain the gold stan-

dard for variant classification, provide a framework that

enhances both accuracy and stringency; it implies that a lack

of data or controverse available data leads to a variant of un-

known significance (VUS) and thus not actionable genetic diag-

nosis in clinical practice. This challenge is particularly prevalent

for genetic alterations associated with IAS, especially missense

variants.6 This ambiguous role also represents a limitation of

molecular autopsy in cases of sudden death without conclusive

anomalies explaining the death, as previously mentioned. It is

important to highlight that in these postmortem cases that

remain unexplained, IAS is suspected as the most likely cause

of SUD, especially when it occurs in young population.7 In these

cases, a comprehensive clinical assessment of relatives of

mainly young victims results in the diagnosis of IAS in near

one-fifth of cases.4 However, in the criminal justice system, ev-

idence must be obtained beyond any reasonable doubt, and

the mere abstract probability of an explanation is not sufficient

for legal purposes.

Over time, ambiguous variants may be reclassified as new

clinical and experimental evidence emerges, facilitating the iden-

tification of deleterious genetic variants that are classified as

pathogenic or likely pathogenic (P/LP) according to the ACMG/
2 iScience 28, 112300, May 16, 2025
AMP guidelines.8–10 This process has

important implications for improving

prognosis and implementing personal-

ized therapeutic strategies for patients

and their relatives.11 Previous studies

reinforce the periodic updating of vari-

ants in different genetic diseases.12,13

Few studies aiming on the reclassifica-

tion/reinterpretation of variants in IAS

have suggested diverse temporal range

depending on analyzed disease. Howev-

er, to date, reclassification timelines

remain inconsistent, varying across cen-

ters and relying on individual institutional

practices, with no standardized frame-

work for result updates. We have com-

prehensively analyzed all available data
as well as our experience in this field to shed light on this current

critical gap. This study aims to determine the appropriate time in-

terval for updating ambiguous genetic variants in IAS and pro-

vide evidence-based recommendations for reclassification.

RESULTS

Search flow
We identified 20 original studies focused on the reclassification/

reinterpretation of genetic variants related to IAS (Figure 1; Table

1). As previously stated, the current guidelines were published in

2015 and have been implemented progressively in the interpre-

tation of genetic diagnoses in laboratories and hospitals world-

wide. The earliest reinterpretation study of IAS based on

ACMG/AMP guidelines was published in 2019. Most of these

studies focused on variants previously classified as VUS or

with an ambiguous role in families where a definitive diagnosis

of IAS has been made or where IAS was highly suspected. We

also conducted a comprehensive analysis of SUD postmortem

cases. The percentage of variant reclassification observed

varied significantly based on factors such as the year of initial

classification, whether the ACMG/AMP guidelines were applied

during the initial classification, the year of reclassification or rein-

terpretation, and whether the cohort analyzed included cases of

IAS or postmortem evaluations.

Other genetic alterations such as copy-number variants

(CNVs) have been definitively associated with IAS despite being

in deleterious ranges of less than 5%.14–17 To our knowledge,

only one study on the reclassification of CNVs have been pub-

lished.18 No other studies focused on reinterpretation/reclassifi-

cation of any other genetic alterations related to IAS have been

published so far. Therefore, we have performed an exhaustive

analysis of the results reported in each of the 20 studies focused

on rare single nucleotide variants (SNVs) or small nucleotide



Table 1. Studies included in our analysis

Study Cohort First classification ACMG/AMP compliance Reclassification rate

Denham, 2019 BrS (Only SCN5A) Since 2017 No 37%

Bennett, 2019 IAS 2009–2017 No 52%

Mattivi, 2019 KCNH2 (only deleterious) 2010–2019 No 14%

Campuzano, 2020 IAS

SUD

2010 No 71.87%

Quiat, 2020 DCM 2008–2018 No 30%

Westphal, 2020 LQTS 2001–2018 No 14.3%

Cherny, 2020 IAS 2006–2017 No 21.5%

Costa, 2021 ARVC 1998–2015 No 30.94%

2016–2019 Yes 27.26%

Neubauer, 2021 SUD 2012–2019 No 22.2%

Vallverdú-Prats, 2021 ACM 2016 Yes 30.77%

Davies, 2021 SUD, SCD 2006–2015 No 42%

2015–2020 Yes 11%

Martinez-Barrios, 2022 TTN

IAS

2011–2015 No 36.8%

Sarquella-Brugada, 2022 IAS 2016 Yes 18.4%

Novelli, 2022 IAS 2017–2022 Yes 26.6%

Martinez-Barrios, 2023 SUD 2015–2017 Yes 10.52%

Pérez-Serra, 2024 DCM 2016–2019 Yes 12%

Fernández, 2024 IAS 2012–2016 No 52.37%

2017–2021 Yes 24.22%

Young, 2024 IAS 2004–2015 No 31.5%

2016–2020 Yes 5.75%

Martin, 2024 IAS, SCD 2016–2022 Yes 32%

Horgan, 2024 HCM, DCM, ACM 2017–2023 Yes 4.8%

ACMG/AMP, American College of Medical Genetics and Genomics and the Association for Molecular Pathology, ACM, arrhythmogenic cardiomyop-

athy, ARVC, arrhythmogenic right ventricular cardiomyopathy, BrS, Brugada syndrome, DCM, dilated cardiomyopathy, HCM, hypertrophic cardiomy-

opathy, IAS, inherited arrhythmogenic syndrome, LQTS, long QT syndrome, SCD, sudden cardiac death, SUD, sudden unexplained death.
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alterations in genes currently associatedwith IAS. The results are

presented below in chronological order.

Timeline
First reports focused on the period time frame were published in

2019.19–21 (Figure 2) These three studies reinterpreted rare vari-

ants not previously classified according to the ACMG/AMP

guidelines. The first study focused on 480 rare variants in the

SCN5A gene with possible deleterious association with BrS. Af-

ter applying the ACMG/AMP criteria, only 37%of the coding var-

iants were classified as truly P/LP, mainly null variants. Most of

the remaining variants were reclassified as VUS and even 3%

were probably benign/benign (LB/B). The main element of re-

classification was the improvement in the frequency population

available at the time of the update.19 The second study focused

on a cohort of pediatric patients diagnosed with IAS who under-

went genetic testing between 2009 and 2017. A total of 23 vari-

ants previously classified as VUS without following the ACMG/

AMP guidelines were updated and 52% modified their previous

function (35% to P/LP and 17% to LB/B). All other variants re-

mained as VUS after the use of items included in the ACMG/

AMP guidelines. As in the previous study, the reclassification
was primarily influenced by improved population frequency

data.20 The third study published in 2019 focused on 337 previ-

ously reported rare variants in the KCNH2 gene, which did not

follow the ACMG/AMP guidelines. The update included popula-

tion databases, in silico tools, and in vitro functional studies

downgrading 6.5% to LB/B. All other reanalyzed rare variants

were confirmed as VUS following the ACMG/AMP guidelines.

Similar to earlier studies, the reclassification was carried out

due to the continuous improvement in population frequencies.21

In 2020, four studies addressed the reclassification of variants

associated with IAS or unexplained postmortem cases where

IAS was suspected as the most likely cause of death (Figure 2).

The first study reanalyzed two cohorts: 104 cases with IAS and

17 postmortem cases. Both cohorts were previously classified

in 2010, without following the ACMG/AMP guidelines. We can

confirm that 71.87% of the variants suffered a modification ac-

cording to the current ACMG/AMP recommendations (69.23%

in IAS and 94.11% in the postmortem cohort). The main reason

for the reclassification was to update the population fre-

quencies.22 The second study was published by Quiat et al.23

The authors updated previously classified DCM-associated

rare variants found in 73 patients who were studied between
iScience 28, 112300, May 16, 2025 3



Figure 2. The timeline of the studies

included in our analysis

The amount of data available in recent years al-

lows for greater prediction precision that reduces

ambiguity. ACMG/AMP, The American College of

Medical Genetics and Genomics and the Associ-

ation for Molecular Pathology; VUS, variant of

unknown significance.
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2008 and 2018 without following the ACMG/AMP guidelines.

VUS reclassification showed a 30% downgrading to LB/B clas-

sification, mainly due to the incorporation of updated into general

population databases. The third study focused on variants clas-

sified between 2001 and 2018 as deleterious in patients with

LQTS but not classified according to the ACMG/AMP guidelines.

Following reclassification, 14.3% of variants were downgraded

from P/LP to VUS, driven by improved population frequency

data.24 The fourth study performed a retrospective genetic

update of patients diagnosed with IAS between 2006 and

2017, disregarding the ACMG/AMP guidelines. The reclassifica-

tion showed that 21.5% of the variants changed their previous

classification (7.6% from P/LP to VUS and 0.3% from P/LP to

LB/B, 2.7% from VUS to P/LP and 10.6% from VUS to LB/B,

0.3% from LB/B to VUS). This study, like the others, cited up-

dated global population frequency data as the main driver of

reclassification.25

In 2021, Costa et al. published a study focused on the impact

of variant reanalysis on the diagnosis of arrhythmogenic right

ventricular cardiomyopathy (ARVC), currently named ACM.26

(Figure 2) Nearly half of the variants analyzed had been previ-

ously classified without adhering to the ACMG/AMP guidelines,

whereas the rest had been classified following the current

criteria. After a comprehensive reanalysis, a total of 58.8% of

the variants modified their previous role in ACM. Most variants

downgraded their previous role, especially those variants classi-

fied not following the ACMG/AMP guidelines. This fact caused

10% of patients move from having a definitive diagnosis to a

borderline one based on the Task Force Criteria clinical stan-

dards.27 These findings underscore the importance of relying

solely on conclusive genetic results obtained using the current

ACMG/AMP criteria. In 2021, another study reinterpreted ge-

netic data from 45 SUD cases in which the identified variants

had not been previously classified according to the ACMG/

AMP guidelines. After updating the data, the percentage of re-
4 iScience 28, 112300, May 16, 2025
classification was 22.2% for P/LP. As

we mentioned previously, this is the only

study that reports a reclassification of

CNVs in IAS; specifically, it modified a

4.4% to potentially deleterious, support-

ing that these small structural alterations

can contribute to cause IAS, even if it is

an episode of SUD.18 The third study

published in 2021 focused on the reinter-

pretation of variants previously associ-

ated with ACM. These variants were clas-

sified 5 years before their publication,

and they all complied with the ACMG/
AMP guidelines. The update showed that 30.77% of the variants

modified their previous role, mainly due to global population fre-

quencies. More than 80% of the reclassified variants gained cer-

tainty, decreasing the number of VUS by 18% and increasing the

number of deleterious variants by 5%.28 In the fourth study, the

authors reclassified variants in cases of SUD and SCD; of these,

65% were classified for the first time before 2015 and thus they

did not follow the ACMG/AMP guidelines. After the update, 42%

of the variants changed their previous roles. In contrast, among

the variants previously classified following the ACMG/AMP

criteria, only 11% modified their previous role. Reclassified

VUS were more likely to be downgraded (73%) to B/LB than up-

graded to P/LP (27%). Most reclassifications were driven by up-

dates in global population frequency data, although family

segregation analysis was identified as a critical factor in

achieving conclusive classifications, especially in cases of

SUD/SCD.29,30

In 2022, two studies focused on the reclassification/reinterpre-

tation of variants associated with IAS were published (Figure 2).

Both studies were conducted by our group.31,32 The first study

conducted a comprehensive reanalysis of raremissense variants

in the TTN gene that had previously been classified as ambig-

uous in IAS and that did not follow the ACMG/AMP guidelines.

The update showed a modification in 36.8% of the VUS, which

were downgraded mainly due to the substantial increase in pop-

ulation frequencies.32 In the second study, our objective was to

update the rare variants associated with IAS originally classified

in 2016. A total of 18.4% of the variants changed their classifica-

tion, decreasing the number of VUS mainly due to the improve-

ment of global frequency data.31 Finally, also in 2022, Novelli

et al. performed a reinterpretation/reclassification of 94 VUS re-

ported between 2017 and 2021 following the ACMG/AMP guide-

lines. After the analysis, 26.6% of the VUS were reclassified (one

was downgraded to LB/B and 24 were upgraded to LP/P). Ac-

cording to the different phenotypes, the reclassification rate



iScience
Article

ll
OPEN ACCESS
was 45.8% in HCM, 33.3% in DCM, 27.3% in ACM, 12.5% in

BrS, and 50% in LQTS.33

In 2023, an additional study in this field was conducted in a

cohort of SUD cases previously classified according to ACMG/

AMP guidelines 5 years earlier (Figure 2). The update showed

that more than 10% of rare variants previously classified as

VUS reduced their potentially harmful role to LB/B due to

improved population frequencies.34

Recently, five more studies have been published that per-

formed reinterpretation/reclassification of IAS-associated vari-

ants (Figure 2). In the first study, the authors performed a

comprehensive update of 125 rare variants previously classified

between 2016 and 2019 as VUS following the ACMG/AMP

guidelines. All variants were identified in patients with a definitive

clinical diagnosis of DCM. The update showed a modification in

12% of the VUS. Specifically, 4%were demoted from VUS to LB

due to the increase in MAF compared to the previous classifica-

tion, and 8% of the VUS were upgraded to LP due to new avail-

able data.35 The second study published in 2024 performed a re-

classification of more than 1,500 rare variants associated with

IAS cases. The variants were divided into two groups depending

on whether the previous classification did not follow the ACMG/

AMP guidelines (2012–2016) or, in contrast, followed the current

recommendations (2017–2021). The reclassification rate was

52.37% for variants classified until 2016 and 24.22% for variants

already classified according to the ACMG/AMP guidelines. Per-

centage of genetic variants that downgraded or upgraded fluctu-

ates depending on each IAS (upgrade range between 3.7% and

38.89%, and downgrade range between 11.11% and 40%).36

The third study updated more than 200 variants identified in

517 patients and classified thembetween 2004 and 2020,mostly

before 2015. Using the ACMG/AMP guidelines, 31.5% of vari-

ants first classified before 2015 had their function modified

(10.34% VUS to LP, 16.09% VUS to LB, and 5.07% % LP to

VUS). Regarding variants previously classified according to the

ACMG/AMP guidelines, 5.75% modified their previous role

(2.3% from VUS to LP and 3.45% from VUS to LB). Most of these

modifications were due to the updating of population fre-

quencies.37 Other studies recently published have focused on

the re-evaluation of 53 variants associated with IAS or SCD clas-

sified as VUS between 2016 and 2022, all following the ACMG/

AMP guidelines. After the update, 32% of the VUS were reclas-

sified (14 variants downgraded to LB/B and three variants up-

graded to LP). These modifications were largely attributed to up-

dated population frequency data.38 Finally, the latest original

study has reassessed/reclassified a group of 248 VUS identified

in HCM, DCM, and ACM probands over a 5-year period, using

the ACMG/AMP guidelines.39 The authors reported only 1.6%

VUS upgraded to LP/P, whereas 3.2% were downgraded to

LB/B after reanalysis, suggesting a reclassification every 3 to 5

years to keep pace with evolving evidence.

DISCUSSION

The genetic study is part of the current IAS diagnostic protocols

but must always be performed based on clinical suspicion and

after a thorough evaluation of the patient. In postmortem cases,

autopsy findings should indicate suspicion of IAS as the cause of
death before performing a molecular autopsy focused on IAS.

The close and continuous interaction between clinicians/foren-

sics and geneticists is crucial because only a conclusive genetic

result should be translated into clinical practice.

Reclassification/reinterpretation
Considering all the findings reported so far, variants initially clas-

sified before 2015 or without following the ACMG/AMP guide-

lines exhibit significantly higher reclassification rates than those

interpreted under these guidelines. Therefore, we strongly

recommend an immediate update of such variants associated

with IAS (Figure 3). At present, all genetic diagnoses worldwide

should adhere to these guidelines. Regarding the rare variants

located in a gene with a definite/strong association to some

IAS1,2 and that have already been interpreted following the

ACMG/AMP guidelines, published studies indicate a reinterpre-

tation/reclassification interval ranging between 2 and 5 years

(Figure 3). The percentage of modifications relative to the initial

classification depends on several factors: the population stud-

ied, the gene involved, and the specific IAS diagnosed or sus-

pected, particularly in postmortem cases. In 2023, Landstrom

et al. stated that both genetic and clinical follow-up should be in-

tegrated to reassess cases with suspected IAS and no conclu-

sive genetic diagnosis. The suggested period was 1 to 3 years

despite the specific time should be individualized to the variant

and patient.10 This interval is shorter than ours, as their recom-

mendation also includes patients with inconclusive clinical diag-

noses, where closer monitoring is needed to identify phenotyp-

ical changes that may lead to a definitive IAS diagnosis. Based

on published data, we are partially in agreement with this period

only regarding genetic reinterpretation/reclassification. Howev-

er, we believe that intervals of less than 1 year often yield low re-

classification rates, as comprehensive updates to clinical and

genetic data, including those required by ACMG/AMP guide-

lines, take considerable time. Our experience suggests that a

reinterpretation/reclassification of a VUS every 1–2 years would

likely be a misapplication of resources, according to recent pub-

lication.39 Regarding the limit of 3 years suggested by Landstrom

et al.,10 we agree if clinical follow-up is included; despite, we

recommend an annual clinical assessment in our center, espe-

cially if there is no definite clinical diagnosis. Focusing on genetic

analysis, we limit it to a maximum of 5 years from the first classi-

fication, in agreement with a recent study.40 In a recent study,

authors suggest 3 to 5 years of interval for reinterpretation/re-

classification of variants previously classified following the

ACMG/AMP guidelines.39 It is important to note that each center

should make decisions tailored to its unique circumstances,

including patient volume, available personnel, and economic

constraints. Regarding this, the ACMG/AMP guidelines stipulate

that clinical laboratories should have tailored policies and proto-

cols for initial variant classification, variant-level reassessment,

and reanalysis on a case-by-case basis, which should be subject

to periodic review and updating, with a recommended interval of

at least 2 years.41

Among the criteria outlined in the ACMG/AMP guidelines,

population frequency data have consistently been the most sig-

nificant factor in reclassification. This is because in recent years

the value of population frequencies has been continually
iScience 28, 112300, May 16, 2025 5



Figure 3. Recommendations for reinterpre-

tation/reclassification of variants

Variants not previously classified following the

ACMG/AMP guidelines should be updated

immediately. Variants previously classified

following the ACMG/AMP guidelines should be

updated before 5 years. We recommend an

annual update of population frequencies. ACMG/

AMP, The American College of Medical Genetics

and Genomics and the Association for Molecular

Pathology.
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updated, so we recommend that this value in the VUS be re-

viewed at least once a year because it is a quick and cost-effec-

tive measure since a significant increase in the frequency of a

VUS could rule out it as potentially harmful, especially due to dif-

ferences in diverse racial and ethnic populations.42 According to

this fact, it is imperative to update data on rare IAS-related var-

iants considering the ethnicity of each patient. To be even

more precise, this value of frequency must be adapted to the

prevalence in the population of each IAS1,2 as well as sex/gender

differences, as widely accepted in IAS despite the low number of

studies available.43,44

Another critical consideration is whether updates should

focus solely on VUS or also include variants initially classified

as P/LP. Recent studies have reported that population fre-

quency updates reduce the number of rare variants with the

first damaging role.39,45–49 This situation is extremely useful

for specialists because a downgrade in the pathogenicity of

an IAS variant can modify the preventive therapeutic measures

recommended to patients/relatives at the time of the first ge-

netic diagnosis. Recent studies suggest that most VUS will be

reclassified to LB/B especially due to new population data

added to public databases,50 suggesting that the genetic test

must be carried out in a strict and rigorous manner as well as

its interpretation. The proportion of P/LP variants that are

downgraded is smaller but not negligible.36,51 This fact is espe-

cially relevant if an asymptomatic patient is pharmacologically

medicated only to be a carrier of a harmful variant at the time

the classification was performed. We suggest that P/LP vari-

ants should be reinterpreted/reclassified only if they were not

previously classified following the ACMG/AMP guidelines or if

new evidence emerges that challenges their previously

accepted pathogenicity. We believe that this point should be

widely discussed and agreed upon by a committee of experts,

as well as the possible legal consequences that it may entail,

since a modification that is due solely to new available data is

not the same as a classification due to an error due to overes-

timation of the pathogenicity.
6 iScience 28, 112300, May 16, 2025
In the forensic field, despite the

absence of a stringent regulation that

compels to periodically reclassify the var-

iants, the possibility of downgrading var-

iants’ significance after reclassification

and the intrinsic uncertainty brought by

VUS identification could be source of lia-

bility for the pathologist who does not
include in his/her report specific considerations/recommenda-

tions about the potential utility/need to perform regular reclassi-

fication in the abovementioned indicated cases or, at least,

about the need to refer to specialized genetic centers to evaluate

all the possible clinical implications for the first-degree family.7

Therefore, even in medico-legal reports, we suggest stressing

this form of transparency when the variants’ significances are

discussed.

Variants of unknown significance
Before the publication of the 2015 ACMG/AMP guidelines,5

ambiguous variants were the Achilles’ heel of genetic diagnosis

both in clinical and forensic setting. To address this, specific ap-

proaches were suggested a decade ago, particularly for HCM

cases, recommending periodic reassessments, although no

specific time frame was established.51 The publication of the

ACMG/AMP guidelines aimed to provide unified criteria for the

classification of variants, reducing ambiguities between labora-

tories and thus achieving more reliable and unanimous classifi-

cations. The application of the ACMG/AMP guidelines was car-

ried out progressively since their publication, but genetic

laboratories soon realized that their high number of items did

not allow them to achieve a conclusive role in most of the vari-

ants, especially if they were rare diseases with incomplete pene-

trance and variable expressivity, as is the case of the IAS. Due to

their rarity, insufficient cases with the same deleterious variant

exist to corroborate findings, as most families carry unique

causal variant.3 Furthermore, family segregation is not always

available or does not provide conclusive data since incomplete

penetrance and variable expressivity are intrinsic characteristics

of all IAS. Functional studies clarifying the pathophysiological

mechanisms of variants are exceedingly rare, further compli-

cating definitive classification. For this reason, several studies

began to be published focusing on specific genes or specific

IAS that helped clarify the role that each variant could play, al-

ways based on the clinical diagnosis of any channelopathy52–61

or cardiomyopathy.8,21,62–65 Therefore, a close and continuous
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interaction between clinicians and geneticists is crucial to clarify

the role of genetic variants in clinical practice.

In recent years, the number of VUS in IAS pathologies has

been progressively reduced thanks to the incorporation of data

from clinical studies and basic research. Despite these ad-

vances, the percentage of VUS remains high in IAS, leading to

suggestions for subclassifications within the VUS group. These

subclassifications help recommend potentially harmful or benign

classifications, although clinically they are not actionable data

because they are not completely conclusive. The subclassifica-

tions consist of determining whether the VUS may have a

possible deleterious character (VUS-LP or HOT-VUS), benign

(VUS-LB or COLD-VUS) or neutral (VUS-VUS or solely VUS),

based on the data published up to the date of the subclassifi-

cation.66 In general terms, the lack of data (especially population

frequencies) suggests a deleterious trend, whereas the exis-

tence of contradictory data allows us to adopt positions that

are not so deleterious.32,34,35,39,67,68 Despite this tendency, no

VUS can be definitively classified as deleterious or benign unless

it strictly adheres to the current ACMG/AMP guidelines. Ongoing

advances aim to clarify the role of VUS to make them actionable

in clinical practice and alleviate the anxiety of families, even

when the precise cause of IAS remains unknown.

Role of clinical assessment in genetic analysis
Clinical assessment is fundamental prior to perform a genetic

analysis focused on genes currently associated with IAS,

providing essential phenotypic context for variant interpretation.

A genetic analysis in patients without a completely established

clinical diagnosis of an IAS, or at least with a high suspicion of

IAS, will, inmost cases, lead to an ambiguous result in the genetic

classification or even a possible misinterpretation of the variants

identified. Currently, the genetic diagnosis of IAS through the

ACMG/AMP recommendations5 provides a structured frame-

work for variant classification, including a list of items but clinical

data remain as the main point to take into consideration. In addi-

tion, variable expressivity and incomplete penetrance lead to an

increased burden of VUS.1,6,69 This issue is particularly chal-

lenging for missense VUS, whose functional consequences are

harder to predict.70 To address these challenges, recent studies

have suggested that integrating IAS-specific phenotype and clin-

ical data into variant adjudication can help reduce VUS ambigu-

ity.56,60 In addition, a periodic review in multidisciplinary work

teams may further improve variant classification and help reduce

the number of uncertain variants.1,2 The experience of our multi-

disciplinary group recognizes that a definitive clinical diagnosis is

a crucial factor in the reinterpretation of rare variants, especially if

missense. Therefore, a phenotype-based approach should

improve genetic reanalysis, ensuring that test results match the

patient’s clinical presentation.

Clinical implications of variant reclassification
The clinical implications of variant reclassification in IAS risk

stratification and management are specific of each IAS-gene/

variant and in most cases are still under discussion.2 Modifica-

tions of a previous classification may lead to revise medical sur-

veillance. From a clinical decision-making perspective, although

VUS should not guide patient management due to no conclusive
role, their reclassification to a deleterious role can influence ge-

notype-specific counseling as well as therapeutic measures.

Conversely, reclassification to no deleterious role can prevent

unnecessary interventions and medical surveillance. Addition-

ally, psychological well-being is an important consideration, as

reclassification of a VUS to a no deleterious variant may alleviate

anxiety in patients/families as well as clinicians. Furthermore,

reclassification can alter family screening recommendations,

affecting cascade genetic testing and guiding risk assessment

in relatives. Consequently, a multidisciplinary approach, ensu-

ring ongoing communication between clinicians and geneticists,

as well as timely genetic counseling to patients, is essential to

optimize patient care.

Legal/ethical responsibilities
Periodical reinterpretation/reclassification of variants included in

a genetic diagnosis is crucial, especially when a genetic diag-

nosis remains ambiguous/inconclusive. Currently, there is no

legal obligation to perform reinterpretation or reclassification of

genetic data, nor clarity on who holds responsibility for updating

genetic diagnoses or recontacting patients and families, if

necessary.71,72 The European Society of Human Genetics

(ESHG) suggests that patients could be recontacted for updates

that may have clinical or personal utility.73 The ACMG/AMP rec-

ommends shared responsibility among patients, laboratories,

and clinicians, with patients encouraged to reach out to their

practitioner for updates,74 as also recently suggested by the Ca-

nadian College of Medical Geneticists (CCMG).75 We propose

that informed consent forms should explicitly address the issue

of data updates and provide an approximate time frame for

future reinterpretation or reclassification.

Contact with patients and their families should always be facil-

itated by a specialized clinician, as genetic modification may

require adjustments to the clinical treatment currently in

place.76,77 Each patient and their relatives should be thoroughly

informed about the genetic diagnosis and its implications before

undergoing the test. Psychosocial impact of a reinterpretation/re-

classification has not been extensively studied in IAS patients but

is dependent on several factors, such as downgrading/upgrading

of the reinterpretation/reclassification, medical management (if

any), and patient understanding.78 Therefore, the results should

be explained individually and in detail by a specialized team until

each genetic carrier of the variant fully understandswhat it means

to carry that variant.74 However, it is important to note that

although there is no legal obligation for healthcare providers to re-

contact patients or families, there remains an ethical responsibil-

ity rooted in the principles of the Hippocratic Oath.40 That being

said, even in absence of an explicit legal indication, since the

consistent evidence supporting the need of periodical reclassifi-

cation, failing to comply could be still considered as a breach of

duty (and then a source of liability) in some countries. The profile

of forensic expert is diverse under this perspective, because he/

she has only the duty to perform the required analysis (and,

consequently, flag any critical issue connected to its results)

but, because of the specific nature of themandate, he/she cannot

be considered obliged to reclassify variants (and, even if the

forensic expert decides to do so, it should be carefully evaluated

if he/she still has the right to do so, being the availability of the
iScience 28, 112300, May 16, 2025 7
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genetic data and the possibility to process them restricted to the

forensic analysis/scope and not to future processes).

Economic cost
Other important point that has not yet been discussed in depth is

who should bear the economic cost of this reinterpretation/re-

classification. Legislation in each country should establish base-

line recommendations, accounting for the diversity of healthcare

systems worldwide. At this point, a distinction must also be

made between genetic analyses performed within the frame-

work of public healthcare systems and those conducted by pri-

vate laboratories. As mentioned earlier, these points should be

included in the patient’s informed consent form before genetic

analysis. To date, there is a lack of comprehensive data address-

ing the economic aspects of reinterpretation and reclassifica-

tion.40 The issue can be even more complex in specific contexts

like the forensic one, where the public authority can be repre-

sented by public prosecutors, who pay for the analyses but

cannot sustain the economic cost of future reclassifications.7

We believe it is essential to consider these additional costs

into account when calculating the final economic value of a ge-

netic analysis to ensure optimal patient care.

Limitations of the study
In our study there are limitations that we would like to mention.

They consist of not carrying out an exhaustive reinterpretation/

reclassification regarding each IAS, as well as each gene or

even the type of VUS. Regarding the pathology, the studies

analyzed showed a similar percentage of reinterpretation/reclas-

sification in all IAS, without variation in the time of reinterpreta-

tion/reclassification whether it is cardiac channelopathy or car-

diomyopathy. Concerning genes, the number of VUS is greater

in mean genes associated with each IAS as well as the percent-

age of reinterpretation/reclassification. This is not unexpected

due to different phenotypes associated with some of these

genes and, in consequence, proportionally more variants re-

ported in these major genes in comparison to minority genes.

At this point it is important to highlight that minor genes are usu-

ally reported in few families and sometimes with ‘‘phenotype-

like,’’ so obtaining conclusive role of VUS seems to be difficult.

In the case of the type of VUS, those grouped as radicals

(nonsense, indels, or frameshift) have more definitive classifica-

tions following the ACMG/AMP guidelines, and it is especially

themissense ones that remain as VUS due to increased difficulty

to ascertain based on consequences for protein function; thus,

there is proportionally more percentage of reinterpretation/re-

classification in missense variants. These aspects are very spe-

cific, so we believe that large number of studies are necessary in

this way to obtain definite answers for each one of these above-

mentioned items. A possible solution to address this gap could

be to create specific international registries where this informa-

tion can be shared and thus progress in obtaining a conclusive

deleterious or benign role for a variant previously considered

ambiguous can be more quickly updated.

Conclusions
Currently, the genetic diagnosis of IAS must comply with the

ACMG/AMP guidelines and always be guided by a thorough
8 iScience 28, 112300, May 16, 2025
prior clinical assessment. However, limited data availability or

conflicting results often lead to ambiguity in variant classifica-

tion, hindering their practical application in clinical settings.

The continuous improvement of clinical and genetic data implies

that the interpretation of each variant may vary over time, mainly

those that remain with an ambiguous meaning. While the reinter-

pretation and reclassification of variants are broadly accepted

practices, the optimal time frame for performing these updates

remains uncertain and requires further investigation, particularly

in the context of IAS. The data obtained from several studies

published so far suggest a time window of no more than 5 years,

with a minimum time to be determined depending on the IAS

analyzed, although always following the ACMG/AMP guidelines.

These recommendations must be adapted in each patient de-

pending on the diagnosis/suspected IAS, conclusive/ambiguous

genetic diagnosis, and available personal/economic resources.

Population allele frequencies that are continually updated with

increasing precision provide a straightforward and cost-effective

opportunity to reassess variants. We recommend reviewing the

frequency of variants in IAS at least once a year, especially those

that remain ambiguous, as well as a period of reclassification of

variants every 2 to 5 years, including all new evidence available.

Responsibilities regarding who should perform and financially

support these updates remain undefined. Genetic consent

should include all these aspects, and patients should be fully

informed about all these aspects before genetic analysis. Finally,

it should be noted that the close and continuous interaction be-

tween clinicians and geneticists is crucial to clarify the role of ge-

netic variants in clinical practice.
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Ferrer-Costa, C., et al. (2023). Reevaluation of ambiguous genetic variants

in sudden unexplained deaths of a young cohort. Int. J. Legal Med. 137,

345–351.

35. Perez-Serra, A., Toro, R., Martinez-Barrios, E., Iglesias, A., Fernandez-Fal-

gueras, A., Alcalde, M., Coll, M., Puigmule, M., Del Olmo, B., Pico, F., et al.

(2024). Implementing a New Algorithm for Reinterpretation of Ambiguous

Variants in Genetic Dilated Cardiomyopathy. Int. J. Mol. Sci. 25, 3807.

36. Fernandez-Falgueras, A., Coll, M., Iglesias, A., Tiron, C., Campuzano, O.,

and Brugada, R. (2024). The importance of variant reinterpretation in in-

herited cardiovascular diseases: Establishing the optimal timeframe.

PLoS One 19, e0297914.

37. Young, W.J., Maung, S., Ahmet, S., Kirkby, C., Ives, C., Schilling, R.J.,

Lowe, M., and Lambiase, P.D. (2024). The frequency of gene variant re-

classification and its impact on clinical management in the inherited

arrhythmia clinic. Heart Rhythm 21, 903–910.

38. Martin, S., Jenewein, T., Geisen, C., Scheiper-Welling, S., and Kauferstein,

S. (2024). Re-evaluation of variants of uncertain significance in patients

with hereditary arrhythmogenic disorders. BMC Cardiovasc. Disord.

24, 390.

39. Horgan, S., Kotwal, H., Malan, A., Sekhri, N., and Lopes, L.R. (2024). Re-

assessment and reclassification of variants of unknown significance in pa-

tients with cardiomyopathy in a specialist department. J. Med. Genet.

62, 185.

40. Appelbaum, P.S., Burke, W., Parens, E., Roberts, J., Berger, S.M., and

Chung, W.K. (2023). Cases in Precision Medicine: Is There an Obligation

to Return Reinterpreted Genetic Results to Former Patients? Ann. Intern.

Med. 176, 563–567.
10 iScience 28, 112300, May 16, 2025
41. Deignan, J.L., Chung, W.K., Kearney, H.M., Monaghan, K.G., Rehder,

C.W., and Chao, E.C.; ACMG Laboratory Quality AssuranceCommittee

(2019). Points to consider in the reevaluation and reanalysis of genomic

test results: a statement of the American College of Medical Genetics

and Genomics (ACMG). Genet. Med. 21, 1267–1270.

42. Xiang, J., Yang, J., Chen, L., Chen, Q., Yang, H., Sun, C., Zhou, Q., and

Peng, Z. (2020). Reinterpretation of common pathogenic variants in

ClinVar revealed a high proportion of downgrades. Sci. Rep. 10, 331.

43. Asatryan, B., Yee, L., Ben-Haim, Y., Dobner, S., Servatius, H., Roten, L.,

Tanner, H., Crotti, L., Skinner, J.R., Remme, C.A., et al. (2021). Sex-

Related Differences in Cardiac Channelopathies: Implications for Clinical

Practice. Circulation 143, 739–752.

44. Diez-Escute, N., Arbelo, E., Martinez-Barrios, E., Cerralbo, P., Cesar, S.,

Cruzalegui, J., Chipa, F., Fiol, V., Zschaeck, I., Hernandez, C., et al.

(2023). Sex differences in long QT syndrome. Frontiers in cardiovascular

medicine 10, 1164028.

45. Zaveri, S., Qu, Y.S., Chahine, M., and Boutjdir, M. (2023). Ethnic and racial

differences in Asian populations with ion channelopathies associated with

sudden cardiac death. Front. Cardiovasc. Med. 10, 1253479.

46. Rosamilia, M.B.M.A., Kishnani, P.S., and Landstrom, A.P. (2024). Under-

representation of Diverse Ancestries Drives Uncertainty in Genetic Vari-

ants Found in Cardiomyopathy-Associated Genes. JACC (J. Am. Coll.

Cardiol.) 3, 100767.

47. Rosamilia, M.B., Lu, I.M., and Landstrom, A.P. (2022). Pathogenicity

Assignment of Variants in Genes Associated With Cardiac Channelopa-

thies Evolve Toward Diagnostic Uncertainty. Circ. Genom. Precis. Med.

15, e003491.

48. Novelli, V., Memmi, M., Malovini, A., Mazzanti, A., Liu, N., Yanfei, R., Bon-

gianino, R., Denegri, M., Monteforte, N., Bloise, R., et al. (2022). Role of

CACNA1C in Brugada syndrome: Prevalence and phenotype of probands

referred for genetic testing. Heart Rhythm 19, 798–806.

49. Novelli, V.M.M., Sommariva, E., Colombo, G., Biondi, M.L., Mushtaq, S.,

Farina, S., Roberto, M., Pizzamiglio, F., Casella, M., and Pompilio, G.

(2022). Reinterpretation of variant of unknown significance in the clinical

setting of inherited cardiac conditions. ESC Congress 43, 363.

50. Kobayashi, Y., Chen, E., Facio, F.M., Metz, H., Poll, S.R., Swartzlander, D.,

Johnson, B., and Aradhya, S. (2024). Clinical Variant Reclassification in

Hereditary Disease Genetic Testing. JAMA Netw. Open 7, e2444526.

51. Das K, J., Ingles, J., Bagnall, R.D., and Semsarian, C. (2014). Determining

pathogenicity of genetic variants in hypertrophic cardiomyopathy: impor-

tance of periodic reassessment. Genet. Med. 16, 286–293.

52. Clemens, D.J., Lentino, A.R., Kapplinger, J.D., Ye, D., Zhou, W., Tester,

D.J., and Ackerman, M.J. (2018). Using the genome aggregation data-

base, computational pathogenicity prediction tools, and patch clamp het-

erologous expression studies to demote previously published long QT

syndrome type 1 mutations from pathogenic to benign. Heart Rhythm

15, 555–561.

53. Vanoye, C.G., Desai, R.R., Fabre, K.L., Gallagher, S.L., Potet, F., De-

Keyser, J.M., Macaya, D., Meiler, J., Sanders, C.R., and George, A.L.,

Jr. (2018). High-Throughput Functional Evaluation of KCNQ1 Decrypts

Variants of Unknown Significance. Circ. Genom. Precis. Med. 11,

e002345.

54. Hosseini, S.M., Kim, R., Udupa, S., Costain, G., Jobling, R., Liston, E., Ja-

mal, S.M., Szybowska, M., Morel, C.F., Bowdin, S., et al. (2018). Reap-

praisal of Reported Genes for Sudden Arrhythmic Death: An Evidence-

Based Evaluation of Gene Validity for Brugada Syndrome. Circulation

138, 1195.

55. Chen, C.Y.J., Juang, J.M.J., Lin, L.Y., Liu, Y.B., Ho, L.T., Yu, C.C., Huang,

H.C., Lin, T.T., Liao, M.C., Chen, J.J., et al. (2019). Gender difference in

clinical and genetic characteristics of Brugada syndrome: SADS-TW BrS

registry. QJM : monthly journal of the Association of Physicians 112,

343–350.

http://refhub.elsevier.com/S2589-0042(25)00561-9/sref26
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref26
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref27
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref27
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref27
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref27
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref27
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref28
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref28
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref28
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref28
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref29
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref29
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref29
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref29
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref29
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref29
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref30
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref30
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref30
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref30
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref31
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref31
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref31
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref31
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref31
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref32
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref32
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref32
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref32
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref32
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref33
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref33
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref33
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref33
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref34
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref34
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref34
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref34
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref34
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref35
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref35
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref35
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref35
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref36
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref36
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref36
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref36
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref37
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref37
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref37
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref37
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref38
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref38
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref38
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref38
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref39
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref39
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref39
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref39
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref40
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref40
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref40
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref40
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref41
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref41
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref41
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref41
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref41
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref42
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref42
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref42
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref43
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref43
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref43
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref43
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref44
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref44
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref44
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref44
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref45
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref45
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref45
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref46
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref46
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref46
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref46
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref47
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref47
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref47
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref47
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref48
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref48
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref48
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref48
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref49
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref49
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref49
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref49
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref50
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref50
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref50
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref51
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref51
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref51
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref52
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref52
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref52
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref52
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref52
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref52
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref53
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref53
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref53
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref53
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref53
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref54
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref54
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref54
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref54
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref54
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref55
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref55
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref55
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref55
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref55


iScience
Article

ll
OPEN ACCESS
56. Giudicessi, J.R., Lieve, K.V.V., Rohatgi, R.K., Koca, F., Tester, D.J., van

der Werf, C., Martijn Bos, J., Wilde, A.A.M., and Ackerman, M.J. (2019).

Assessment and Validation of a Phenotype-Enhanced Variant Classifica-

tion Framework to Promote or Demote RYR2 Missense Variants of Uncer-

tain Significance. Circ. Genom. Precis. Med. 12, e002510.

57. Giudicessi, J.R., Rohatgi, R.K., Bos, J.M., and Ackerman, M.J. (2019).

Prevalence and clinical phenotype of concomitant long QT syndrome

and arrhythmogenic bileaflet mitral valve prolapse. Int. J. Cardiol. 274,

175–178.

58. Ng, C.A., Perry, M.D., Liang, W., Smith, N.J., Foo, B., Shrier, A., Lukacs,

G.L., Hill, A.P., and Vandenberg, J.I. (2020). High-throughput phenotyping

of heteromeric human ether-a-go-go-related gene potassium channel var-

iants can discriminate pathogenic from rare benign variants. Heart Rhythm

17, 492–500.

59. Glazer, A.M., Wada, Y., Li, B., Muhammad, A., Kalash, O.R., O’Neill, M.J.,

Shields, T., Hall, L., Short, L., Blair, M.A., et al. (2020). High-Throughput

Reclassification of SCN5A Variants. Am. J. Hum. Genet. 107, 111–123.

60. Bains, S., Dotzler, S.M., Krijger, C., Giudicessi, J.R., Ye, D., Bikker, H., Ro-

hatgi, R.K., Tester, D.J., Bos, J.M., Wilde, A.A.M., and Ackerman, M.J.

(2022). A phenotype-enhanced variant classification framework to

decrease the burden of missense variants of uncertain significance in

type 1 long QT syndrome. Heart Rhythm 19, 435–442.

61. Adler, A., Novelli, V., Amin, A.S., Abiusi, E., Care, M., Nannenberg, E.A.,

Feilotter, H., Amenta, S., Mazza, D., Bikker, H., et al. (2020). An Interna-

tional, Multicentered, Evidence-Based Reappraisal of Genes Reported

to Cause Congenital Long QT Syndrome. Circulation 141, 418–428.

62. Murphy, S.L., Anderson, J.H., Kapplinger, J.D., Kruisselbrink, T.M., Gersh,

B.J., Ommen, S.R., Ackerman, M.J., and Bos, J.M. (2016). Evaluation of

the Mayo Clinic Phenotype-Based Genotype Predictor Score in Patients

with Clinically Diagnosed Hypertrophic Cardiomyopathy. J. Cardiovasc.

Transl. Res. 9, 153–161.

63. Kelly, M.A., Caleshu, C., Morales, A., Buchan, J., Wolf, Z., Harrison, S.M.,

Cook, S., Dillon, M.W., Garcia, J., Haverfield, E., et al. (2018). Adaptation

and validation of the ACMG/AMP variant classification framework for

MYH7-associated inherited cardiomyopathies: recommendations by

ClinGen’s Inherited Cardiomyopathy Expert Panel. Genet. Med. 20,

351–359.

64. Morales, A., Kinnamon, D.D., Jordan, E., Platt, J., Vatta, M., Dorschner,

M.O., Starkey, C.A., Mead, J.O., Ai, T., Burke, W., et al. (2020). personnel

participating in this study: Study Principal I, Co-Investigators DCMCCSPI,

Clinical Site Other Significant Contributors . The following clinical s and in-

dividuals contributed to the submission of Ro 1 H L 128857 as Site Prin-

cipal Investigators or as Other Significant Contributors DHasasc-piTf.

Variant Interpretation for Dilated Cardiomyopathy: Refinement of the

American College of Medical Genetics and Genomics/ClinGen Guidelines

for the DCM Precision Medicine Study. Circ. Genom. Precis. Med. 13,

e002480.

65. Stroeks, S.L.V.M., Hellebrekers, D.M.E.I., Claes, G.R.F., Tayal, U., Kra-

pels, I.P.C., Vanhoutte, E.K., van den Wijngaard, A., Henkens, M.T.H.M.,

Ware, J.S., Heymans, S.R.B., et al. (2021). Clinical impact of re-evaluating

genes and variants implicated in dilated cardiomyopathy. Genet. Med. 23,

2186–2193.

66. Martinez-Barrios, E., Greco, A., Cruzalegui, J., Cesar, S., Diez-Escute, N.,

Cerralbo, P., Chipa, F., Zschaeck, I., Fogaca-da-Mata, M., Diez-Lopez, C.,
et al. (2024). Actionable Variants of Unknown Significance in Inherited Ar-

rhythmogenic Syndromes: A Further Step Forward in Genetic Diagnosis.

Biomedicines 12, 2553.

67. Yang, H., Ma, Y., Luo, M., Zhu, G., Zhang, Y., Li, B., Shu, C., and Zhou, Z.

(2020). Genetic profiling and cardiovascular phenotypic spectrum in a Chi-

nese cohort of Loeys-Dietz syndrome patients. Orphanet J. Rare Dis.

15, 6.

68. van der Crabben, S.N., Mörner, S., Lundström, A.C., Jonasson, J., Bikker,

H., Amin, A.S., Rydberg, A., and Wilde, A.A.M. (2022). Should variants of

unknown significance (VUS) be disclosed to patients in cardiogenetics

or not; only in case of high suspicion of pathogenicity? Eur. J. Hum. Genet.

30, 1208–1210.

69. Martinez-Barrios, E., Cesar, S., Cruzalegui, J., Hernandez, C., Arbelo, E.,

Fiol, V., Brugada, J., Brugada, R., Campuzano, O., and Sarquella-Bru-

gada, G. (2022). Clinical Genetics of Inherited Arrhythmogenic Disease

in the Pediatric Population. Biomedicines 10, 106.

70. Walsh, R., Lahrouchi, N., Tadros, R., Kyndt, F., Glinge, C., Postema, P.G.,

Amin, A.S., Nannenberg, E.A., Ware, J.S., Whiffin, N., et al. (2021).

Enhancing rare variant interpretation in inherited arrhythmias through

quantitative analysis of consortium disease cohorts and population con-

trols. Genet. Med. 23, 47–58.

71. Clayton, E.W., Appelbaum, P.S., Chung, W.K., Marchant, G.E., Roberts,

J.L., and Evans, B.J. (2021). Does the law require reinterpretation and re-

turn of revised genomic results? Genet. Med. 23, 833–836.

72. Giesbertz, N.A.A., van Harten, W.H., and Bredenoord, A.L. (2019). A duty

to recontact in genetics: context matters. Nat. Rev. Genet. 20, 371–372.

73. Carrieri, D., Howard, H.C., Benjamin, C., Clarke, A.J., Dheensa, S., Do-

heny, S., Hawkins, N., Halbersma-Konings, T.F., Jackson, L., Kayserili,

H., et al. (2019). Recontacting patients in clinical genetics services: recom-

mendations of the European Society of Human Genetics. Eur. J. Hum.

Genet. 27, 169–182.

74. David, K.L., Best, R.G., Brenman, L.M., Bush, L., Deignan, J.L., Flannery,

D., Hoffman, J.D., Holm, I., Miller, D.T., O’Leary, J., et al. (2019). Patient re-

contact after revision of genomic test results: points to consider-a state-

ment of the American College of Medical Genetics and Genomics

(ACMG). Genet. Med. 21, 769–771.

75. Goh, E.S.Y., Chad, L., Richer, J., Bombard, Y., Mighton, C., Agatep, R.,

Lacaria,M., Penny, B., Thomas,M.A., Zawati, M.H., et al. (2024). Canadian

College of Medical Geneticists: clinical practice advisory document - re-

sponsibility to recontact for reinterpretation of clinical genetic testing.

J. Med. Genet. 61, 1123–1131.

76. Bombard, Y., Brothers, K.B., Fitzgerald-Butt, S., Garrison, N.A., Jamal, L.,

James, C.A., Jarvik, G.P., McCormick, J.B., Nelson, T.N., Ormond, K.E.,

et al. (2019). The Responsibility to Recontact Research Participants after

Reinterpretation of Genetic and Genomic Research Results. Am. J.

Hum. Genet. 104, 578–595.

77. Vears, D.F., Niemiec, E., Howard, H.C., and Borry, P. (2018). Analysis of

VUS reporting, variant reinterpretation and recontact policies in clinical

genomic sequencing consent forms. Eur. J. Hum. Genet. 26, 1743–1751.

78. Wong, E.K., Bartels, K., Hathaway, J., Burns, C., Yeates, L., Semsarian,

C., Krahn, A.D., Virani, A., and Ingles, J. (2019). Perceptions of genetic

variant reclassification in patients with inherited cardiac disease. Eur. J.

Hum. Genet. 27, 1134–1142.
iScience 28, 112300, May 16, 2025 11

http://refhub.elsevier.com/S2589-0042(25)00561-9/sref56
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref56
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref56
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref56
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref56
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref57
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref57
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref57
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref57
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref58
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref58
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref58
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref58
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref58
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref59
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref59
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref59
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref60
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref60
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref60
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref60
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref60
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref61
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref61
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref61
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref61
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref62
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref62
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref62
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref62
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref62
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref63
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref63
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref63
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref63
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref63
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref63
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref65
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref65
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref65
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref65
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref65
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref66
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref66
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref66
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref66
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref66
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref67
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref67
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref67
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref67
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref68
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref68
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref68
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref68
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref68
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref69
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref69
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref69
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref69
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref70
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref70
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref70
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref70
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref70
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref71
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref71
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref71
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref72
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref72
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref73
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref73
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref73
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref73
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref73
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref74
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref74
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref74
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref74
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref74
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref75
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref75
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref75
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref75
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref75
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref76
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref76
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref76
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref76
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref76
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref77
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref77
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref77
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref78
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref78
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref78
http://refhub.elsevier.com/S2589-0042(25)00561-9/sref78


iScience
Article

ll
OPEN ACCESS
STAR+METHODS
METHOD DETAILS

Comprehensive systematic research of studies published in several databases (Medline, ResearchGate, Embase,Wiley, ScienceDir-

ect, Scopus, and Google) since 2015 (year of publication of the ACMG/AMP guidelines5) until December 2024 was performed. Spe-

cific terms of the search were: (inherited arrhythmogenic syndrome OR familial arrhythmogenic syndromes OR channelopathies OR

cardiomyopathies OR familial cardiomyopathies) AND (molecular autopsy OR sudden unexplained death OR sudden cardiac death

OR post-mortem genetic analysis) AND (reinterpretation OR reclassification OR reanalysis OR variant) AND (genetic analysis OR ge-

netic testing OR genetic diagnosis). More than 500 articles were collected. After removing duplicates, abstracts and studies pub-

lished in English, a total of 429 were reviewed. Original studies were selected based on their use of variant classification following

the ACMG/AMP guidelines. At this point, 196 articles were selected. Data focused on the reclassification (downgrade or upgrade)

and potential reinterpretation (with or without clinical implications) of rare genetic variants associated with IAS were exhaustively an-

alysed. After this last filter, only 20 original studies were included in our analysis (Figure 1).

QUANTIFICATION AND STATISTICAL ANALYSIS

To ensure objectivity, all investigators discussed the extracted data, and a consensus was reached to minimize bias.
e1 iScience 28, 112300, May 16, 2025
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