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Abstract
Multi-gene testing is useful in genetically heterogeneous conditions, including inherited cardiac pathologies. Increasing the
number of genes analysed increases diagnostic yield of variants of certain, likely, or uncertain pathogenicity. Concerns exist
regarding management of variants of uncertain/likely pathogenicity in conditions of oligogenic inheritance or variable
expressivity. We surveyed a sample of colleagues across different specialties and departments internationally to compare
management of patients with class 3 or class 4 variants in genes associated with non-syndromic cardiomyopathy or
arrhythmia. An electronic survey regarding clinical management of variants (www.surveymonkey.com/r/cardiacvariants)
was designed and distributed to colleagues internationally via professional bodies and direct email. 150 respondents (88
centres, 27 countries) completed the survey, most of whom were Clinical Geneticists or Genetic Counsellors. Most
respondents offer pre-symptomatic testing to asymptomatic relatives of an individual with class 4 or class 5 variants. A
minority of respondents offer pre-symptomatic testing for class 3 variants. Considering class 4 variants, 22 (15%) are fully
reassuring that the patient with a negative predictive test would not develop the familial phenotype, while 123 (82%)
counselled patients about the possibility of variant reclassification. Variability existed between and within centres and
specialties. Multiple “free text” comments were provided. Recurring themes including need for multidisciplinary input,
technical concerns, and concern regarding duty to review variants of uncertain significance. This study demonstrates that
variability in management of likely pathogenic/uncertain variants exists. Close multi-disciplinary input is essential. The
development of disorder or gene-specific evidence-based guidelines might ameliorate uncertainty in management.

Introduction

Diagnostic testing using massively parallel genetic
sequencing is the standard approach for individuals with

phenotypes associated with heterogeneous genetic aetiol-
ogy. Heritable cardiac pathologies such as channelopathies
or cardiomyopathies can be phenotypically and genotypi-
cally diverse. Cardiac phenotypes associated with variants
in different genes may be overlapping or indistinct. Multi-
gene panels incorporating increased numbers of genes,
whole exome or whole genome analyses are readily avail-
able for investigation of individuals with such phenotypes.
These broad approaches have increased the diagnostic yield
in such individuals in a time-efficient and cost-efficient
manner, and are particularly useful in post-mortem analysis
when the amount of DNA available for interrogation is
finite [1]. Such approaches also increase the yield of var-
iants of uncertain significance, of variants in genes with
weak or no association with the specific phenotype in
question, and of multiple variants in multiple genes [2–4].

Variants in genes associated with cardiac pathologies often
demonstrate reduced penetrance and variable expressivity,
and affected families often have private variants, adding to the
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challenge of variant classification [5, 6]. Genetic testing may
provide essential information to guide therapy and inform
prognostication; but may also provide results that cause
confusion and anxiety to clinician and patient alike.

The average human genome contains between 4 and 5
million variants. Determining which variants are clinically
significant depend on a number of factors, including the
clinical context (phenotype and genetic locus in which the
variant has been identified), population and disease fre-
quency, computational and functional evidence, and segre-
gation of the variant with disease. Plon et al. defined five
classes of variants depending on probability of pathogeni-
city. Class 5 (pathogenic) variants are those variants with
>99% probability of pathogenicity, and Class 4 (likely
pathogenic) variants those with 95–99% probability of
pathogenicity. Class 1 (benign) variants have <0.1%, and
Class 2 (likely benign) variants 0.1–5% probability of
pathogenicity. Those variants with 5–95% probability of
pathogenicity are categorised as Class 3 variants (variants of
uncertain significance) [7].

The American College of Medical Genetics (ACMG)
have provided a framework to standardise classification of
variants [8], the underlying principles of which largely relate
to rare monogenic disorders. For common, genetically het-
erogeneous disorders, such as inherited cardiac pathologies,
the various lines of evidence referenced in the guidelines are
not always helpful. Most variants in genes associated with
cardiac arrhythmias and cardiomyopathies are missense, and
inherited, and a high frequency in population databases does
not preclude pathogenicity of a variant with reduced pene-
trance. The recognition that these guidelines require adap-
tation for particular genes or genetic disorders have
prompted amendments to the guidelines for MYH7, and
genes in the RAS-MAPK pathway [9] and it is likely that
similar amendments for other genes associated with com-
mon or genetically heterogenous disorders will follow [10].

Approximately 5–16% of heritable cardiac pathologies
have an underlying di-genic or oligo-genic inheritance [4,
11], which may result in atypical phenotypes or inheritance
patterns. Accurate risk estimation may therefore be com-
plex. Likely pathogenic variants in most genes associated
with monogenic disorders are considered clinically action-
able, for which cascade testing of the specific variant
identified may be offered to affected relatives (confirmatory
testing) and unaffected relatives (pre-symptomatic testing).
Colloquially, the term “predictive testing” usually refers to
specific variant testing offered to relatives of a proband in
whom a variant is identified, although some of these rela-
tives may already demonstrate a phenotype.

Considering inherited cardiac pathologies, the lack of
definitive evidence for pathogenicity, and possibility of
unidentified di-genic or oligo-genic contribution, may pre-
clude full reassurance of relatives in whom a negative pre-

symptomatic result is obtained. Pre-symptomatic testing of
variants of uncertain significance is not recommended; but
testing of other affected individuals for such variants may
be helpful for the purposes of segregation analysis [7].

Based on our experience, in the Republic of Ireland, a
proportion of diagnostic genetic testing for inherited cardiac
pathologies is performed by cardiologists in a small number
of tertiary cardiac centres, while most subsequent pre-
symptomatic testing and all remaining diagnostic tests are
requested by genetic healthcare professionals in a single
Clinical Genetics unit. Monthly multi-disciplinary meetings
are attended by cardiologists, geneticists and clinical scien-
tists, generating discussion regarding management of patients
with variants of uncertain or likely pathogenicity, and with
respect to testing and surveillance of their unaffected relatives.
Prompted by these discussions, we aimed to investigate the
practices of international colleagues in managing symptomatic
and asymptomatic carriers of variants of uncertain or likely
pathogenicity in genes associated with cardiac pathology.

Materials and methods

The authors designed a survey (Supplementary Figure 1) to
determine how symptomatic and asymptomatic patients
with, or at risk of inheriting, variants of different classes of
pathogenicity in genes associated with cardiac pathologies,
are managed by colleagues internationally. Data was also
collected with respect to the occupation and subspecialty
interest of the respondent, and characteristics of the centre
in which they practiced. The link to the survey (www.
surveymonkey.ie/cardiacvariants) was distributed to col-
leagues internationally via professional bodies (European
Society of Human Genetics, Association of Genetic Coun-
sellors and Nurses) and by direct email to colleagues in
clinical laboratories and in Departments of Cardiology and
Clinical Genetics. All data was tabulated and analysed using
SPSS v.23 (IBM). Relationships between two categorical
variables were analysed using Chi-squared tests or Fisher’s
exact test as appropriate. Distribution of continuous data
was assessed by Shapiro–Wilk test. Normal data are
described as mean ± standard deviation, and data that are
not normally distributed as median (range).

Thematic analysis of free text comments was performed
by a single author.

Results

Respondent demographics

In total, 150 respondents from 88 centres across 27 countries
completed the survey. Most respondents (73%) were from

Managing uncertainty in inherited cardiac pathologies—an international multidisciplinary survey 1179

http://www.surveymonkey.ie/cardiacvariants
http://www.surveymonkey.ie/cardiacvariants


five countries; including UK (n= 39, 26%), Australia (n=
22, 15%), USA (n= 20, 13%), Canada (n= 15, 10%) or
Ireland (n= 13, 9%) (Fig. 1). The number of responses per
centre is outlined in Supplementary Table 1. The median
number of “cardiac patients” attending each service per year
was 200 (3–10,000). The majority of respondents were clin-
icians working in Clinical Genetics, including consultant (n
= 61, 41%) and trainee clinical geneticists (n= 10, 7%),
genetic counsellors (n= 48, 32%) and clinical scientists (n=
19, 13%), with a minority of responses from cardiologists
(n= 12, 8%). One hundred and one (70%) respondents had a
special interest and/or protected time in their working contract
to practice cardiac genetics (Table 1). Respondents from a
total of 58 (66%) centres stated that at least one consultant
geneticist practicing in their centre had a sub-specialty interest
in Cardiac Genetics; although there were conflicting answers
about this from different respondents in seven centres. Next
generation sequencing analysis for diagnostic cardiac genetic
testing was reportedly performed in house in 44 centres
(19 countries), while otherwise testing was reportedly
outsourced. There were conflicting responses regarding
availability of in-house Next-Generation Sequencing (NGS)-
based testing for inherited cardiac pathologies from respon-
dents in three centres.

Cascade testing

Most respondents would offer pre-symptomatic testing to the
relatives of a patient in whom a class 5 variant (n= 146, 97%)
or class 4 variant (123, 82%) (Table 2) had been identified
(Fig. 2). A proportion of respondents would only offer spe-
cific variant testing to affected individuals for familial class 5
(1, 1%) or class 4 (23, 15%) variants. Two (2%) individuals
(both genetic health professionals) would not offer pre-
symptomatic testing for either class 4 or class 5 variants.

Eighteen respondents (12%) would offer pre-symptomatic
testing to relatives for a familial class 3 variant, including
eight consultant clinical geneticists, three genetic counsellors,
six clinical scientists, and one clinical genetics trainee; while
no cardiologist reported offering pre-symptomatic testing for
such variants (p= 0.053). Of the remaining respondents, 35
(23%) would not offer pre-symptomatic testing for such
variants, while 95 (63%) would offer confirmatory-specific
variant testing of such variants to affected family members to
facilitate segregation analysis.

Management of carriers and non-carriers of likely
pathogenic variants

Considering Class 4 variants (Table 2), most respondents
demonstrated caution in reassuring individuals undergoing
pre-symptomatic testing for such variants, with 110 (81%)
counselling about residual uncertainty with respect to
pathogenicity of a class 4 variant, and a similar proportion
(111, 82%) counselling about the possibility of reclassifi-
cation of the variant in the future.

Australia, 22, 15%

UK, 39, 26%

USA, 20, 13%

Canada, 15, 10%
 

Ireland, 13, 9%
Belgium, 5, 3%

Italy, 5, 3%

Spain, 5, 3%

Sweden, 5, 3%

Germany, 3, 2%

Switzerland, 2, 1%

Austria, 1, 1%
Brazil, 1, 1%
China, 1, 1%
Croa�a, 1, 1%
Czech Republic, 1, 1%
Holland, 1, 1%
Hungary, 1, 1%
Latvia, 1, 1%
Malaysia, 1, 1%
Malta, 1, 1%
Mexico, 1, 1%
New Zealand, 1, 1%
Portugal, 1, 1%
Russia, 1, 1%
Singapore, 1, 1%
Turkey, 1, 1%

Other, 18, 12%

Fig. 1 Country of practice of respondents

Table 1 Occupation and sub-specialty interest of respondents

Occupation Number of
respondents (N)

Specialist interest in
cardiac genetics (N)

Consultant clinical
geneticist

61 36 (59%)

Trainee in clinical
genetics

10 3 (30%)

Genetic counsellor 48 35 (73%)

Clinical scientist 19 17 (89%)

Cardiologist 12 10 (83%)

Total 150 101 (67%)
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For individuals with negative pre-symptomatic tests for
familial class 4 variants, a minority of respondents (22, 15%)
would be entirely reassuring that such individuals were free
from risk of developing the familial phenotype. Trainees in
Clinical Genetics were more likely than any other group of
professionals to be reassuring in this circumstance (p= 0.064,
Fig. 3a). Trainees were also more likely to omit discussion
regarding uncertainty of pathogenicity of a class 4 variant
(Fig. 3b, p= 0.037), or possibility of reclassification of such
variants (Fig. 3c, p= 0.007).

Most respondents (95, 63%) would recommend that
asymptomatic individuals would have a cardiac assessment
if one had not yet been undertaken, even in the setting of a
negative pre-symptomatic test for a familial class 4 variant.
Clinical Genetics Trainees were less likely to do so than
other groups (Fig. 3d, p= 0.009, X2), and were more likely

to recommend discharge of asymptomatic individuals with
negative pre-symptomatic tests for familial class 4 variants
(Fig. 3e, p= 0.002, X2). Variability was noted between and
within centres (Supplementary Figures 1–5).

Variant reinterpretation and reclassification

Most respondents would recommend that routine reinter-
pretation and reclassification of variants be attempted at
least every year (82, 55%) (Table 3). Most respondents (N
= 101, 67%)) felt that attempts at variant reclassification
should be part of standard practice. Most respondents felt
that variant reclassification should be attempted when
another relative in a known family developed a phenotype
(N= 114, 76%), or with development of new conflicting
data regarding the familial phenotype (N= 124, 83%),
through population databases (N= 124, 83%), or in the
published literature (N= 121, 81%). A proportion felt var-
iant reclassification should be mandated by professional
bodies (N= 79, 53%).

Concerns regarding the use of NGS for investigation
of inherited cardiac pathology

A free-text comment box captured concerns of the respon-
dents with many common themes including (Table 4); lack of
consensus between or within departments in management of
carriers and non-carriers of class 3 or class 4 variants; con-
cerns about technical issues, including coverage, and sensi-
tivity of panels in detecting large genomic rearrangements;
continuous expansion of the number of genes on specific
disease panels; the increased potential of detecting variants of
uncertain significance, or variants in genes not typically
associated with the phenotype in question; variability in genes

Table 2 Predictive testing for variants of class 3/4/5

Do you offer predictive testing for the following
variants?

Yes No Only to affected individuals No response

Class 5 variant 146 (97%) 2 (1%) 1 (1%) 1 (1%)

Class 4 variant 123 (82%) 2 (1%) 23 (15%) 2 (1%)

Class 3 variant 18 (12%) 35 (23%) 95 (63%) 2 (1%)

Considering predictive testing for class 4 variants Yes No Defer to Cardiologist to
decide

No response

Are you entirely reassuring that non-carriers have low
risk of developing the family phenotype?

22 (15%) 101 (67%) 21 (14%) 6 (4%)

Do you recommend cardiac assessment of non-carrier
if one has not been performed?

95 (63%) 37 (25%) 10 (7%) 8 (5%)

Do you recommend discontinuation of cardiac follow-
up of asymptomatic individuals with negative test?

40 (27%) 51 (34%) 52 (35%) 7 (5%)

Do you counsel patients about the possibility of
reclassification of variants?

123 (82%) 14 (9%) 13 (9%) 0

95

82

13

100

80

10

98

81

6

100

89

32

100

75

0
0

20

40

60

80

100

Cascade Class 5 Cascade Class 4 Cascade class 3

Consultant Clinical Gene�cist Trainee Clinical Gene�cist Gene�c Counsellor

Clinical Scien�st Cardiologist

Fig. 2 Proportion of respondents who would offer pre-symptomatic
testing of familial variants of different classes to unaffected relatives
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included on panels between different laboratories—a common
issue in genetically heterogeneous conditions [12].

Incomplete penetrance, variable expressivity and oligo-
genic causes of cardiac pathology were also cited as factors

complicating the interpretation of cardiac genetic variants.
One respondent expressed concern about a lack of clar-
ification as to whom should bear responsibility to investi-
gate and reclassify variants (laboratory or clinical staff). The

Fig. 3 Respondent answers by specialty. a Participant response
regarding whether they would be fully reassuring that the asympto-
matic individuals having a negative predictive test for familial class 4
variant would not develop the familial phenotype. b Participant
response regarding discussing uncertainty about pathogenicity of a
class 4 variant with asymptomatic individual having negative pre-
dictive test. c Participant response regarding whether they mention

potential reclassification of class 4 variant to asymptomatic individuals
having negative predictive test. d Participant response regarding
referral of asymptomatic individuals having negative predictive test for
familial class 4 variant for cardiac assessment. e Participant response
regarding whether they recommend discharge of asymptomatic indi-
viduals having negative predictive tests for familial class 4 variant to
asymptomatic individuals having negative predictive test

1182 T. P. McVeigh et al.



nature of working relationship between cardiologists and
clinical geneticists was an area that a proportion of
respondents felt could be improved by closer co-operation
and regular multi-disciplinary team meetings. Some
respondents expressed concern about counselling and con-
senting for genetic testing being undertaken without the
input of a genetics team.

Discussion

These results show clear variability in the management of
carriers and non-carriers of class 4 variants, and in pre-
symptomatic testing practices internationally. Variability
was evident between and within centres, and between and
within specialties. Surprisingly, a proportion of respondents,
all professionals working in genetics, would offer pre-
symptomatic testing to unaffected family members for a
familial class 3 variant, while a minority of individuals
would not offer such testing for class 4 or class 5 variants. A
number of clinicians emailed the authors or utilised the free
text box to clarify their responses, suggesting that differ-
ences in insurance implications, and funding of genetic
testing impacted their practice; while other clinicians sug-
gested that they did not consider these to be modifying
factors in decision-making. Clinicians in some centres trea-
ted class 4 variants with caution; and would not offer pre-
symptomatic testing to unaffected relatives until variant
could be definitively reclassified as a class 5 variant.

There was considerable variability in the proposed man-
agement of asymptomatic relatives of a patient in whom a

class 4 variant had been identified, especially with respect to
ongoing management of those individuals with a negative
pre-symptomatic test result. Standardisation of management
of such variants may be difficult, as a significant proportion of
respondents suggested that management of carriers and non-
carriers of familial variants of different classes was dependent
on the individual and familial phenotype, implying that
decisions may be made on a case-by-case, ad hoc basis.
Certain respondents suggested that management decisions
may be altered depending on the specific probability of
pathogenicity of a particular variant. Tavtigian et al. have
published a Bayesian adaptation of the ACMG classification
guidelines to develop a quantitative approach to variant
classification [13], and it remains to be seen if a continuous
rather than an ordinal scale for classification will be con-
sidered more informative for patient management.

The results of this study suggest that most clinicians in
most centres consider class 4 and class 5 variants to be
clinically actionable, for which pre-symptomatic testing
should be offered. However, most respondents demonstrate
caution with respect to management of asymptomatic non-
carriers of class 4 variants, and most suggest reversion to
phenotype information to determine ongoing management;
which, arguably, calls into question the utility of offering
testing for such variants to asymptomatic individuals. Trai-
nees in Clinical Genetics were more likely to be reassuring to
family members testing negative for familial class 4 variants,
and were also more likely to omit discussing uncertainty in
variant interpretation. This may reflect a lack of awareness, or
lack of confidence among trainees, reflecting potential gaps in
training that should be addressed.

The ACMG guidelines [8] have provided an excellent
framework for variant classification; which should help
standardisation of variant interpretation across laboratories.
The inclusion of high allelic frequency (>5%) in exome or
genome sequencing projects as standalone evidence against
pathogenicity has triggered reclassification of numerous
variants [14]. Some lines of evidence; such as segregation
data, inheritance information or functional evidence; which
might help definitively classify variants as pathogenic or
benign, may not be readily available to every laboratory,

Table 3 How frequently should
variant re-classification be
undertaken?

Consultant clinical
geneticist

Trainee in linical
genetics

Genetic
counsellor

Clinical
scientist

Cardiologist

Six-monthly 4 (7%) 0 3 (6%) 0 1 (8%)

Annually 24 (39%) 4 (40%) 25 (52%) 16 (84%) 5 (42%)

3-yearly 5 (8%) 2 (20%) 3 (6%) 0 0

5-yearly 19 (31%) 4 (40%) 16 (33%) 2 (11%) 6 (50%)

Not at all 8 (13%) 0 0 1 (5%) 0

Not specified 1 (2%) 0 1 (2%) 0 0

Total 61 10 48 19 12

Table 4 Concerns of respondents expressed in free-text box

Comments N

Multidisciplinary Input required for accurate phenotyping and
classification

22

Lack of consistency within and between units/labs 8

Technical limitations 8

Management and Interpretation of Incidental/uncertain results 15

Reduced penetrance 8

Managing uncertainty in inherited cardiac pathologies—an international multidisciplinary survey 1183



and it is still possible that identical variants may be differ-
entially classified between different laboratories where dif-
ferent lines of evidence in the framework have been applied.
Furthermore, the ACMG guidelines have not been uni-
versally adopted in laboratories internationally.

The reduced penetrance, variable expressivity and
genetic heterogeneity of inherited cardiac pathologies are
well reported [5, 15–17]. Individuals found to carry a
pathogenic variant in a gene associated with an arrhythmia
are deemed to have a diagnosis of the condition, even in the
absence of ECG findings [18]; where previously such a
finding in an asymptomatic individual was considered
simply a marker of risk rather than a diagnostic criterion.
This may have serious psychological implications for the
patient and may have economic consequences, impacting
medical insurance premia in certain jurisdictions. Decisions
with respect to offering pre-symptomatic testing may be
made by clinical teams based on variant classification,
familial phenotype, or other factors, but uptake of that offer
may be based on multiple interacting biopsychosocial fac-
tors, as well as clinical recommendations [19, 20].

Identification of a highly penetrant pathogenic variant
associated with an inherited cardiac pathology in an
asymptomatic individual facilitates intervention by surveil-
lance, medication, or device implantation to prevent, or
enable early identification and management of a phenotype,
and, hopefully, to prevent occurrence of a sudden cardiac
death in a family. Misinterpretation of a variant in a family
with a cardiac phenotype can have negative consequences,
with potential mortality or serious morbidity if an actionable
mutation is missed, or with potential over-investigation,
inappropriate medicalisation, and increased anxiety in
patients where pathogenicity is incorrectly ascribed to a
benign variant. Misclassification, and reclassification, of
variants may be a particular issue in patients from popula-
tions underrepresented in population databases [21]. The
workload associated with cascade testing and variant clas-
sification and reclassification is substantial; particularly in
large families [22] or families with di-genic or oligo-genic
contributions, which make up a proportion of our cases.
Currently, laboratories are not expected to perform sys-
tematic reanalysis of old data, unless specific information or
request from laboratory or clinical community prompts a
review of a particular variant [23]. Most respondents in this
study were of the opinion that reinterpretation of variants
should be systematically undertaken.

It is interesting to note that a third of respondents do not
recommend discontinuation of cardiac follow-up in unaf-
fected individuals with negative pre-symptomatic tests for
class 4 familial variants, suggesting heightened awareness
of possibility of future re-classification and downgrading of
such variants, as well as awareness of potentially uni-
dentified di-genic or oligogenic contributions.

In Ireland, our limited resources already struggle to keep
up with demand for testing. Increased use of testing using
expanded panels or whole exome or whole genome
approaches is going to stretch these resources even further.
Increased education and training of clinicians offering
genetic testing for and management of inherited cardiac
pathologies is critical, to ensure that testing is only per-
formed in appropriate circumstances, that interpretation of
variants is performed with accuracy, and to ensure that
patients are counselled appropriately with respect to any
uncertainty or potential outstanding risk. It is also crucial
that robust systems are in place to facilitate identification
and re-contacting of families where reinterpretation and re-
classification of a familial variant occurs.

Limitations of the study

This is a survey-based study with self-reported opinions
from a heterogeneous group of clinicians providing care to
patients with or at risk of inherited cardiac issues. In this
study, we considered heritable channelopathies and cardi-
omyopathies, but did not consider congenital heart diseases
or vasculopathies. There were differences between respon-
dents in terms of specialty, sub-specialty experience, and
practice volume. The survey was disseminated by direct
email to relevant clinicians, and through professional bod-
ies. The authors cannot comment on what proportion of
individuals who were contacted responded to the survey.
The vast majority of responses were from five countries,
and there is an over-representation of individuals with a
special sub-specialty interest in cardiac genetics.
Therefore, the results of the study may not be reflective of
the opinion or practice of generalists, or in clinicians
practicing in under-represented countries where practice
may be influenced by local guidelines for surveillance, or
implications for insurance. Data was not specifically
undertaken regarding criteria for testing, or technology used
in testing.

Conclusion

As more broad genetic testing such as whole exome or gen-
ome sequencing becomes more readily available, manage-
ment of variants of uncertain significance, or secondary
incidental detection of variants in genes unrelated to the
clinical phenotype will become increasingly challenging.
With respect to variants in genes associated with cardiac
pathologies, it is critical that interpretation be undertaken with
multidisciplinary input. It is important that clinicians are
mindful of the genetic heterogeneity of the disorders, and that
missing heritability is considered when providing screening
recommendations to the relatives of a proband with an
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uninformative test result. It is also important to consider
expressivity and age-related penetrance when discharging
apparently unaffected individuals based on phenotype only in
families where the genetic basis has not been fully estab-
lished. It is also important that clinicians consider the possi-
bility of reinterpretation and reclassification of variants when
returning results to patients, so that patients can be counselled
appropriately [24]. Standardisation of practice, and on-going
intradepartmental and interdepartmental audits of reporting
and management of affected families would be beneficial to
both patients and clinicians alike. It should improve con-
fidence in testing process and reduce inconsistency.
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