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Inherited cardiomyopathies and arrhythmias (ICAs) are a prevalent and clinically heterogeneous group of genetic disorders that are
associated with increased risk of sudden cardiac death and heart failure. Making a genetic diagnosis can inform the management of
patients and their at-risk relatives and, as such, molecular genetic testing is now considered an integral component of the clinical care
pathway. However, ICAs are characterised by high genetic and allelic heterogeneity, incomplete / age-related penetrance, and variable
expressivity. Therefore, despite our improved understanding of the genetic basis of these conditions, and significant technological
advances over the past two decades, identifying and recognising the causative genotype remains challenging. As clinical genetic testing
for ICAs becomes more widely available, it is increasingly important for clinical laboratories to consolidate existing knowledge and
experience to inform and improve future practice. These recommendations have been compiled to help clinical laboratories navigate
the challenges of ICAs and thereby facilitate best practice and consistency in genetic test provision for this group of disorders. General
recommendations on internal and external quality control, referral, analysis, result interpretation, and reporting are described. Also
included are appendices that provide specific information pertinent to genetic testing for hypertrophic, dilated, and arrhythmogenic
right ventricular cardiomyopathies, long QT syndrome, Brugada syndrome, and catecholaminergic polymorphic ventricular tachycardia.
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INTRODUCTION
It has been almost two decades since the first molecular genetic
tests for inherited cardiomyopathies and arrhythmias (ICAs) were
translated into the clinical laboratory; in many countries, these
services are now considered a routine component of clinical care
[1–3]. Over this period, technological developments have enabled
laboratories to improve and expand test services. Consequently,
there has been a huge increase in the number of clinical
laboratories providing testing and a wide range of massively
parallel sequencing (MPS) gene panel tests are now available.
However, as more genetic data becomes available from case

cohorts, and from large-scale population-based cohorts, we are
gaining a better understanding of the genetic basis of these
conditions and the challenges associated with genetic testing in a
clinical setting. The recent EHRA/HRS/APHRS/LAHRS consensus
statement on the state of genetic testing for cardiac diseases
provides a comprehensive overview of the principles of genetic
disease and genetic testing, the clinical characteristics of the
common inherited cardiac conditions, and guidance on the
clinical utility of testing in these conditions [4]. Here, we focus
on the main challenges in genetic testing for ICAs and provide
recommendations for clinical testing laboratories to facilitate best
practice and encourage consistency in test provision.

These guidelines focus on the most common inherited cardio-
myopathies and arrhythmias. Recommendations common to these
conditions are presented below. This general guidance is supple-
mented by disease-specific appendices which provide relevant
clinical and genetic information for each condition (Table 1).
Disease-specific appendices do not extend to rare conditions/
phenotypes where the evidence base relating to the genetic basis is
still evolving, clinical genetic testing is less well-established, and
ClinGen disease-gene curations are not yet available (e.g., non-
compaction cardiomyopathy, restrictive cardiomyopathy) [4].

Inherited cardiomyopathies and arrhythmias
Inherited cardiomyopathies and arrhythmias encompass a group
of clinically and genetically heterogeneous conditions that affect
different aspects of heart function [1–3]. Due to the risk of sudden
cardiac death (SCD) and heart failure associated with these
conditions, early diagnosis and management are critical [1–4].

Clinical features of common inherited cardiomyopathies and
arrhythmias
The key clinical features, prevalence estimates, and clinical guide-
lines relevant to each ICA are provided in the disease-specific
appendices. The clinical features and symptoms of these disorders
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can be variable, even within families, and can appear at any age
[1–3]. Another complicating factor, common to all ICAs, is
incomplete penetrance, whereby some individuals carrying a known
disease-causing variant do not appear to develop the condition
even at an advanced age, and phenotypic variability within families,
even with the same genetic cause, is extensive [1–3].

Genetic basis of common inherited cardiac conditions
The genetic characteristics of each ICA, including the definitive
genes; classes of variants considered to be pathogenic; mode of
inheritance; and genotype-phenotype characteristics; are provided
in the disease-specific appendices. Most of these conditions are
caused by monoallelic variants in single genes, and inherited in an
autosomal dominant manner, often with incomplete and age-
related penetrance [1–4]. Autosomal recessive forms (caused by
biallelic variants in a single gene), or digenic forms (caused by
monoallelic variants in two genes) are also described, and, rarely,
variants in X-linked and mitochondrial genes (note: variants in
mitochondrial genes are not part of the scope in this document)
[4]. The appendix for HCM also includes genes in which variants
cause important phenocopy disorders that may be misdiagnosed
as HCM. In most of the ICA genes, pathogenic variants cause
primary cardiomyopathy or arrhythmia; however, a small number
of genes are associated with syndromic disorders. Recurrent and
founder disease-causing variants have been described in some
genes [5–7]; however, many variants appear to be novel, or private
to a family. While there are several well-established ICA genes,
there are also many genes where the genotype/phenotype
relationship is less definitive [8–13].

Genetic testing
The clinical utility of genetic testing for individuals with ICAs has
been widely reported and genetic testing is now considered an
integral component of the diagnosis and management of affected
individuals and their at-risk relatives [1–3]. Genetic testing should be
initially performed in the index case (the first affected individual in a
family referred for clinical screening because of symptoms
suggestive of the disorder), or the most severely affected individual
in a family, to determine if a variant in one of the known genes has
contributed to their phenotype [1–4]. If a disease-causing variant is
identified in the index case, genetic testing can be used to
definitively identify relatives, who may be at increased risk of
developing the disease and of sudden death, and release genotype-
negative individuals from clinical screening [1–4]. However, the
clinical and genetic heterogeneity of these conditions present
challenges in terms of test strategy and results interpretation [4, 14].

METHODS
Eight representatives from five centres across Europe were invited
to share their expertise and experience in genetic testing for

inherited cardiomyopathies and arrhythmias. The representatives
met in person on 11th February 2020 to discuss the writing
strategy and thereafter conducted virtual meetings over regular
intervals between March 2020 and October 2021 to draft the
guidelines through group consensus.
The following points were discussed:

● Referral criteria
● Testing strategy
● Genes tested
● Methodology
● Variant detection rate
● Interpretation of results
● Tools/resources used to investigate pathogenicity
● Classification of variants
● Reporting

The main challenges and barriers to testing were discussed and
different approaches to practice explored. Following the creation
of the draft guidelines, the document was made available through
EMQN to a community of 85 participating laboratories in the
EMQN-organised external quality assessment schemes for Cardiac
Arrhythmias and Hypertrophic Cardiomyopathies. The community
consultation period was held between 23rd June and 25th July
2022. Based on the representative discussions, as well as feedback
collected and evaluated during the EMQN community consulta-
tion, final consensus recommendations for genetic testing in ICA
were defined. In addition to these general recommendations, it
was decided that brief, disease-specific summaries would be
provided for individual indications (Appendices 1–6).

RECOMMENDATIONS
These guidelines have been produced to assist laboratories in
developing a consistent ‘best’ practice for the following:

● Internal and external quality control
● Referral
● Analysis
● Results interpretation
● Reporting

These recommendations are based on data from the literature
and from participating clinical laboratories.

Internal and external quality control
It is recommended that all laboratories offering molecular genetic
testing for cardiac conditions follow established good laboratory
practice, as documented for example in Guidelines for Quality
Assurance in Molecular Genetic Testing [15], published by the
Organisation for Economic Co-operation and Development and
MM09 - Nucleic Acid Sequencing Methods in Diagnostic
Laboratory Medicine, 2nd Edition from the Clinical and Laboratory
Standards Institute (CLSI).
In addition to following such guidelines, a laboratory should

ideally demonstrate that it complies with internationally recog-
nised standards for laboratory testing (e.g., ISO standards 15189:
2012 Medical laboratories – requirements for quality and
competence), by achieving formal accreditation with a member
organisation of the International Laboratory Accreditation Coop-
eration (ILAC) or equivalent national accreditation body.
All tests should be validated/verified in individual laboratories

prior to implementation; it is not acceptable to rely on the
validation of a test by another laboratory since that does not
guarantee that it will perform accurately and reliably in all labs. A
series of control samples representing all variant types should
therefore be collected by each laboratory to facilitate test
validation/verification, and exchange of samples between labora-
tories is encouraged to allow this. It is also recommended to use

Table 1. Disease-specific appendices.

Inherited cardiac condition Disease specific
information

Hypertrophic cardiomyopathy (HCM) Appendix 1

Dilated cardiomyopathy (DCM) Appendix 2

Arrhythmogenic right ventricular
cardiomyopathy (ARVC)

Appendix 3

Long QT syndrome (LQTS) Appendix 4

Brugada syndrome (BrS) Appendix 5

Catecholaminergic polymorphic
ventricular tachycardia (CPVT)

Appendix 6

See Supplementary Information.
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reference samples in the validation of NGS assays [16]. External
quality assessment (EQA) schemes provide further validation of
testing procedures and methods, and laboratories should
participate annually in appropriate EQA schemes for cardiac
genetic testing including independent evaluation of testing and of
reporting. Annual participation in a technical EQA evaluating NGS
performance is also recommended. If this is not possible, inter-
laboratory exchange of samples should be arranged to compare
and validate test results.

Referral
A multidisciplinary approach, involving close communication
between Cardiology, Clinical Genetics and the testing laboratory
is recommended throughout the referral process. Clinical diag-
nosis should be made or discussed within an experienced
cardiology department; guidelines relating to the clinical diagnosis
and management of individuals with inherited conditions have
previously been published and will not be reiterated here [1–4].
Genetic counselling by trained healthcare professionals with
specialised knowledge of these cardiac conditions is recom-
mended for individuals considering genetic testing, in particular
for relatives of individuals diagnosed with an inherited cardiac
condition [17].
In cases of unexplained sudden death, referrals may be received

from Pathology Departments; again, a multidisciplinary approach
involving close communication between Pathology, Clinical
Genetics, and the testing laboratory, will facilitate this process
and ensure that the family receives appropriate counselling prior
to testing and that the most appropriate samples are taken for
genetic analysis.

Information provided with referral. In addition to basic patient
demographic data (i.e., age, sex, ethnicity), clinical information
should be provided with each referral to ensure the laboratory
undertakes the most appropriate analysis. Minimally, this should
include the headline phenotype (e.g., ‘hypertrophic cardiomyo-
pathy’, or ‘long QT syndrome’), age at diagnosis (if different from
age at referral), and information on family history (ideally a
pedigree showing familial relationships, sex, and clinical status).
More detailed clinical information may be required when

referring atypical or unusual cases (e.g., early age of onset, severe
phenotype, extra-cardiac features, mixed cardiac phenotypes
within family) as alternative test strategies may be considered.
For example, additional genes may be added to the routine test
panel, or alternative test panels may be initiated to cover a
broader range of phenotypes or inheritance patterns (autosomal
recessive, X-linked, or mitochondrial). Details on the genes and / or
genetic disorders which may be considered as part of the
differential diagnoses for each ICA are provided in the disease-
specific appendices.

Analysis
The core genes recommended for inclusion in test panels for each
ICA are listed in the disease-specific appendices. These lists take
into consideration existing ClinGen gene-disease clinical validity
curation publications [8–13]. Testing of additional genes may be
appropriate; however, testing is only recommended for genes
where there is robust empirical evidence supporting a gene-
disease relationship. Ongoing gene curation efforts will inform the
core content of future clinical test panels for each ICA.

Evaluating genes for inclusion in test panels. The number of genes
linked to ICAs has increased considerably in recent years and the
increased capacity offered by high throughput sequencing
methodologies means that these ‘new’ genes are readily
incorporated into test panels. However, for many of the recently
implicated genes there is little evidence to support a causal role
(e.g., small case numbers, limited or no segregation studies, no

functional data), as such it is difficult to interpret the clinical
significance of rare variants detected in these genes, and many are
reported as VUS [18, 19]. To avoid high numbers of inconclusive,
clinically un-actionable results, it is recommended that analyses
focus on genes with a definitive gene-disease relationship.
The Clinical Genome Resource (ClinGen) gene curation working

groups have an active program of gene ICA gene curation,
therefore, information supporting the clinical validity of a gene-
disease pair may be available on the Clinical Genome Resource
(ClinGen) website (https://clinicalgenome.org/working-groups/
gene-curation/). Where this information is not available, labora-
tories should curate the available evidence prior to considering a
gene for inclusion in a test panel. The ClinGen Gene Curation
working group has created a framework to facilitate and
standardise gene curation and provides resources that may be
used by clinical laboratories for curation activities [20].

Selection of test panel. To minimise the risk of identifying variants
of uncertain clinical significance, for straightforward cases with
‘typical’ phenotype, we would caution against broad, overly
inclusive genetic analysis. However, in cases where the clinical
phenotype in an individual and/or their extended family is
unclear, where multiple phenotypes exist in one family, or where
there is atypical presentation (early age of onset, severe
phenotype, extra cardiac features), it may be appropriate to use
an extended test panel incorporating genes from a broader range
of ICA phenotypes.

Individuals with more than one variant. Despite uncertainty in the
frequency of cases with more than one pathogenic variant, it is
acknowledged that cases of compound / double heterozygosity
do occur [21]; therefore, complete analysis of key genes is
warranted, particularly in cases with early age of onset and/or
more severe presentation.

Test methodology. The majority of pathogenic variants detected
in ICA genes are single nucleotide substitutions and small
insertions/deletions [18, 19, 22]. Therefore, analysis techniques
should be able to detect these types of variants with high
sensitivity and specificity. In some genes, larger insertions/
deletions involving one or more exons of a gene have been
reported [23–25]. Therefore, copy number variant (CNV) analyses
are recommended for some genes (e.g., computational methods
to detect CNVs in sequencing data or multiplex-ligation depen-
dent probe amplification [MLPA] analysis). Testing for intronic
variants, beyond the canonical splice acceptor/donor sites, may be
appropriate for some genes [26–29]; frequently detected patho-
genic variants that lie within deeper intronic regions beyond
canonical splice sites and adjacent sequences are listed in the
disease-specific appendices.

Considerations for variant calling and annotation. An important
consideration for laboratories undertaking genetic testing is the
choice of reference transcript/s used for variant calling and
annotation. Where possible, to ensure consistency and continuity,
and to facilitate variant sharing, laboratories should use the
transcripts selected by the Matched Annotation from the NCBI and
EMBL-EBI (MANE) project [30] for variant calling and annotation.
However, additional transcripts may be required to ensure that
the isoforms predominantly expressed in cardiac tissue are
represented. Information on the genome build and reference
transcript/s used (including version number), should be docu-
mented. The use of genome build GRCh38 / hg38 is recom-
mended. The commonly used transcripts for the key genes are
listed in the disease-specific appendices. For new and/or novel
genes, careful consideration should be given to transcript
selection to minimise the risk of false positive or negative variant
annotation.
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Results interpretation
We recommend that variant assessment and classification is
carried out according to the published American College of
Medical Genetics (ACMG)/Association for Molecular Pathology
(AMP) guidelines [31], taking into consideration the ClinGen
adapted guidelines for the MYH7 gene [32], and additional
ClinGen guidance relating to specific ACMG/AMP criteria [33, 34].
It is important to note that guidance on variant interpretation is
continually evolving, and additional disease- and/or gene-specific
guidance is likely to become available in the future. Periodic
review and re-evaluation of previously described variants should
be considered to ensure that classification is based on con-
temporary evidence and interpretation guidelines [35]. General
points to consider when evaluating variants in ICA genes are
highlighted below.

Interpretation of truncating variants. Existing guidelines recog-
nise that the predicted protein-truncating nature of certain types
of variants (e.g., nonsense or frameshift variants, exon-scale
deletions, or variants that affect canonical [+/− 1 or 2] splice
sites or initiation codons) can be considered ‘strong’ or ‘very
strong’, evidence for a pathogenic classification [33]. The genes in
which truncating variants are known to play a causal role in
disease are listed in the disease-specific appendices. This should
not be considered an exhaustive list, and furthermore, non-
truncating variants detected in these genes cannot be assumed to
be benign. Importantly, even in these genes, the classification of a
truncating variant as pathogenic should not be automatic, but
only made after consideration of important caveats. Existing
guidelines recommend caution regarding novel truncating
variants located more 3’ than any truncating variant previously
established as pathogenic in the literature [33] In particular,
caution should be applied whenever the novel stop codon is
predicted to occur in the final exon or within 50 bp upstream (5’)
of the final splice junction, as stop signals in this region may not
elicit nonsense-mediated mRNA decay (i.e., functional or partially
functional protein may still be expressed) [33].
The mRNA isoform or exon that the variant is predicted to affect

should also be considered. A truncating variant that is predicted to
primarily affect an isoform or exon that is not significantly expressed
in cardiac tissue is unlikely to be pathogenic. The consideration of
alternative splice forms also extends to missense and other types of
in-frame variants. Any variant that is predicted to exclusively affect
an mRNA splice form that is known not to be expressed in cardiac
tissue should be considered unlikely pathogenic.
Truncating variants in genes where there is no strong evidence to

support the causality of this variant type should not be
automatically dismissed as benign. For example, splice variants
may cause in-frame deletions or insertions at RNA / protein levels,
while frameshift variants in the terminal exon may be expected to
introduce a series of missense changes in the protein. Hence,
although not obviously pathogenic, these types of variants may still
have pathogenic potential.

RNA studies. The putative effect of variants on splicing can be
investigated or verified by studies of RNA extracted from tissue or
by in vitro splicing tests, such as minigene assays [36].
Demonstration of an effect on splicing that is not seen in at least
one matched control sample can be considered strong evidence
for pathogenicity if studies are undertaken on RNA extracted from
cardiac tissue. However, it is recognised that cardiac tissue is rarely
available for analysis. For some genes, it may be possible to
perform RNA studies using more readily available tissue, such as
peripheral blood. Since splice patterns in blood may not
necessarily represent those in cardiac tissue, an effect should be
interpreted with a degree of caution. If non-cardiac tissue is
analysed, it is important to consider existing knowledge regarding
the tissue specific splicing patterns of the relevant exon.

Functional studies. Functional studies can provide important
information that can help to distinguish truly pathogenic variants
from benign linked markers. Although few diagnostic laboratories
have the resources to undertake these studies, many functional
assessments of variants in ICA genes can be found in the literature.
Literature reports of functional studies should be interpreted with
caution and – where the knowledge exists – with a clear
understanding of the normal functions of the relevant proteins.
For example, since HCM is primarily a disease of the sarcomere,
readers should at least have a basic understanding of sarcomere
structure and of the roles played by relevant proteins, ATP
hydrolysis, and Ca2+ ions in the sliding filament theory of muscle
contraction. It should also be borne in mind that many functional
assays are highly sensitive to experimental conditions. This makes
it very difficult for scientists with no experience of the assay to
appreciate parameters that may bias the results.
When evaluating functional studies, it is important to consider

how closely the experiment or measured effect might reflect the
situation in human cardiac tissue or cardiomyocytes [34]. For
example, owing to differences in sarcomeric protein composition
between murine and human cardiac ventricular tissue, murine
models may not precisely recapitulate the phenotype in humans
(e.g., α-myosin is the predominant cardiac isoform in mice, versus
β-myosin in humans) [37].
Additionally, the directionality of any reported effects should be

borne in mind when interpreting functional studies. For example,
a significant body of evidence suggests that pathogenic HCM
variants generally cause an increase in calcium sensitivity,
consistent with the diastolic dysfunction characteristic of HCM.
The opposite effect (i.e., decreased calcium sensitivity) is more
often observed with variants related to DCM [38].
Recommendations for evaluation and weighting of functional

evidence have been published by the ClinGen Sequence variant
interpretation working group [34]. However, it is acknowledged
that few, if any, published functional studies investigating ICA
gene variants would meet the stringent criteria proposed in this
document.

Use of normal control or population cohort variant frequency
data. The assessment of variant frequency in healthy or random
control cohorts, or in population-based cohorts, is recognised as a
useful means to evaluate potential pathogenicity. Current guide-
lines state that a control allele frequency of >5% is sufficient
evidence for a benign classification [31]. They also state that for
early-onset, fully penetrant, dominant conditions, the detection of
a variant in just one healthy adult individual can be considered
strong evidence for a benign interpretation. However, ICAs are
rarely early-onset, frequently non-penetrant or undiagnosed, and
do not generally affect reproductive success; hence, for most ICAs,
the detection of pathogenic variants in control cohorts is not
unexpected. Therefore, when evaluating variant frequency in
control cohorts, the primary aim is not necessarily to demonstrate
absence of the variant, but instead to demonstrate that the variant
is not more frequent in controls or the general population than
would be expected given conservative estimates for the disease
prevalence, penetrance, and genetic heterogeneity.
In the recent past, the non-detection of a variant in just a few

hundred control individuals was used as evidence for pathogeni-
city. However, a cohort of this magnitude is severely under-
powered. For example, the non-detection of a variant in 300
control individuals provides 95% confidence that that the variant
is not detectable in only 1 in 100 members of the general
population. Clearly, for conditions with prevalence of less than 1 in
500 individuals, and for which the vast majority of pathogenic
variants account for fewer than 1% of probands (if not ‘private’ to
individual families), much larger cohorts of controls (e.g.,
thousands to tens of thousands) are required for meaningful
inferences to be drawn.
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Since few diagnostic genetics laboratories have access to large
normal control cohorts, the assessment of variant frequency in
publicly available population databases is considered an appro-
priate alternative. The Genome Aggregation Database (gnomAD,
www.gnomad.broadinstitute.org) [39] is widely used for this
purpose. Currently, this resource includes sequence data for
>200,000 unrelated individuals sequenced as part of various
disease-specific and population genetic studies. While none were
selected for ICA phenotypes, it should be borne in mind that
individuals with an inherited cardiomyopathy or arrhythmia are
likely to be included in this dataset at a frequency assumed to
approximate population prevalence. Accordingly, these databases
include known pathogenic variants in some ICA genes and are
likely to also include currently unknown pathogenic variants. For
this reason, small allele counts should not be over-interpreted as
evidence for an unlikely pathogenic classification. As individuals
affected by severe paediatric disease have been removed from the
gnomAD database, this dataset provides a useful reference when
assessing allele frequencies for variants in genes that cause severe
infant onset ICAs (e.g., CALM genes [40]).
The effective use of population-based cohorts is dependent on

the setting of a disease- or gene-specific allele frequency
threshold. Gene-specific minor allele frequency (MAF) thresholds
are specified in the existing MYH7 guidelines [32]. These MAF
thresholds calculations were based on the frequency of one of the
most common known pathogenic variants amongst the inherited
cardiac conditions covered by these guidelines (MYBPC3,
p.(Arg502Trp) [18, 19]). As such, they are expected to be
sufficiently conservative for assessment of variants in the other
inherited ICA genes in the context of dominant inheritance.
However, these population MAF thresholds are not applicable
when assessing variants that display markedly reduced or
incomplete penetrance (e.g., KCNQ1 p.(Arg518*) [41]), or where
there is a possibility of recessive inheritance (e.g., CASQ2 [42] or
MYL2 [43]).
Additionally, although many pathogenic variants are rare, if not

private, pathogenic founder variants with relatively high fre-
quency have been described in some populations [5–7]. Clearly,
the above recommendations do not apply to founder variants that
are well-established to be pathogenic. The possibility of yet-to-be-
identified founder variants should always be borne in mind,
especially with regards to probands from populations known to
have proliferated from small or isolated settlements. In addition to
founder variants, the existence of population-specific benign
polymorphisms should also be borne in mind. For this reason, zero
or low cohort frequencies should only be used as evidence for
pathogenicity if the ancestry of the proband is well-represented in
the control cohort.

Segregation studies. Segregation studies are a useful means to
gather evidence in support of either a pathogenic or a benign
classification. However, it is important to remember that these
studies only provide evidence for or against linkage of the locus
with the phenotype, not the pathogenicity of the variant.
Therefore, segregation studies should ideally only be undertaken
in families of probands in whom all relevant regions of the gene
have been analysed and should be approached with extreme
caution in consanguineous pedigrees. Demonstration of segrega-
tion of a variant with affected status in multiple unrelated families
provides much greater confidence of the pathogenic status of a
specific variant. General guidance on the weighting of segregation
data as evidence for or against pathogenicity has been provided
elsewhere; following this guidance is recommended [32, 44].
The utility of segregation studies can be limited by confounding

factors, several of which are particularly relevant to ICAs. For
example, many causal variants are incompletely penetrant or have
age-related penetrance; hence, the detection of a variant in
unaffected (especially young) family members cannot be used as

evidence against pathogenicity [14]. Conversely, due to the
relatively high prevalence of non-genetic phenocopies (e.g.,
hypertensive hypertrophy, athlete’s heart, etc), or non-specific
symptoms (e.g., syncope, palpitations), the non-detection of a
variant in an apparently affected family member should only be
used as evidence against pathogenicity if the clinical diagnosis in
those individuals is certain.
For these reasons, it is highly recommended that segregation

studies are only undertaken in family members who have
undergone thorough cardiological investigations [4, 14]. Also,
because the result will have no clinical predictive value, testing for
variants of uncertain significance in unaffected family members is
not recommended [14, 17]. Ideally, the clinical status of family
members with ‘borderline’ or ‘possibly affected’ cardiac pheno-
types should be clarified prior to testing, as knowledge of the test
result could bias the diagnosis. If family members with uncertain
clinical status are tested, the results should not be used as evidence
for or against pathogenicity until clinical status has been clarified.
Molecular screening of large gene panels has meant that the

detection of multiple potentially pathogenic variants is quite a
frequent occurrence [18, 19, 22]. This phenomenon complicates
segregation studies. Generally, for dominant cardiomyopathies and
arrhythmias, the non-detection of a variant in an affected family
member who has another variant cannot be used as evidence
against pathogenicity of the non-detected variant [32]. In contrast,
detection of >1 variant in an affected family member should not
generally be used as evidence for pathogenicity of either variant.
However, the correlation of >1 variant in family members with a
more severe or earlier-onset phenotype as compared with affected
members with just one variant can provide some evidence for
pathogenicity of both variants [21]. Nonetheless, caution should be
applied when using this logic, as pathogenic variants can exhibit
significant variable expressivity (e.g., some pathogenic TPM1
missense variants are associated with extreme intrafamilial
variation in both age at onset and severity of cardiomyopathy
[45]). The clearest evidence for or against pathogenicity of either
variant is obtained from affected family members that either have
neither or just one variant.

De novo variants. Probands with inherited cardiomyopathies and
arrhythmias often have no clinically affected relatives. Assuming a
genetic aetiology, in many of the ICAs, non-penetrance is a
common explanation; however, an alternative is that the
phenotype in the index case is due to a de novo variant. Since
these conditions usually have a minimal effect on reproductive
success, in the majority of ICA genes, de novo variants are
generally not a frequent aetiologic mechanism [19]. However, they
are found at a higher rate in genes which cause paediatric onset
disorders (e.g., CALM1-related LQTS [40] and RYR2-related CPVT
[46]) and in cases with early-onset presentation in the absence of a
family history [19, 47].

Reporting
It is appreciated that reporting guidelines are influenced by local
policy/practice and vary between laboratories and countries.
There are a few published guidelines [48, 49]; readers should refer
to these, and to local guidance, for information relating to best
practice in reporting of genetic test results. Ideally, results should
be reported to healthcare professionals with specialised knowl-
edge of genetics and inherited cardiac conditions, to ensure that
the clinical implications of any findings are considered for the
index case and the family, and to facilitate cascade testing of at-
risk relatives where appropriate [4, 14, 17]. If results are being
reported to a non-specialist, it may be appropriate to include a
statement in the report recommending referral to a specialist
genetics centre.
Individuals with pathogenic variants in certain genes may be at

risk of developing extra-cardiac clinical features (refer to disease-
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specific appendices for further details). Detection of pathogenic
variants in these genes is also likely to inform the clinical
management of the patient e.g., individuals with Fabry disease
and a pathogenic GLA variant may be offered life-altering enzyme
replacement therapy [50]. Therefore, when reporting the detec-
tion of a pathogenic variant in these genes or conditions, it is
important to communicate these risks to the relevant specialist
within the clinical report; reference to additional testing or clinical
follow-up is also important.
Additionally, it may be helpful to confer with the referring

clinician for further information prior to reporting as that may allow
for more accurate variant classification, e.g., details of additional
clinical or physical features, or the results of additional biochemical
tests or referrals to other specialities other than cardiology.

Family/cascade testing. Where a ‘pathogenic’ variant has been
identified in a proband, molecular testing may be offered to
extended family members; the results of this analysis may be used
to guide clinical management [4, 14]. More caution should be
applied when dealing with variants classified as ‘likely to be
pathogenic’. Genetic testing in other clinically confirmed
phenotype-positive family members is recommended prior to
considering predictive genetic testing in phenotype-negative
relatives. Molecular testing of phenotype-negative family mem-
bers is not recommended for ‘variants of uncertain significance
(VUS)’, with the exception of parental testing to determine
whether a variant has arisen de novo. Molecular genetic testing
may be considered in clinically confirmed phenotype-positive
family members; demonstration of segregation of a variant in
other affected family members may provide additional evidence
for pathogenicity. In some instances, it may be appropriate to test
DNA from stored tissue of a deceased relative. Due to the
increased risk of a false-negative result when testing DNA
extracted from paraffin-embedded material, non-detection of a
familial variant in this sample type should be interpreted with
caution, especially when used for guiding cascade genetic testing
of other relatives.

Data sharing
To facilitate and improve results interpretation laboratories should
aim to submit variant information (including headline phenotype,
a summary of the evidence used to make variant classification,
segregation data and the date of interpretation) to a curated locus
specific database (e.g., ClinVar [https://www.ncbi.nlm.nih.gov/
clinvar/] or Decipher [https://decipher.sanger.ac.uk/]). It is also
important to update variant database entries as new evidence
becomes available.

CONCLUSION
This document reflects the consensus opinion of representatives
of the writing group and EMQN scheme participants. Guidelines
and expert opinions published in the literature have also been
considered. These recommendations are intended to provide
clinical laboratories with a practical approach to the analysis,
interpretation, and reporting of referrals for genetic testing in
inherited cardiomyopathies and arrhythmias.
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