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Aims The targeted genetic screening of Sudden Arrhythmic Death Syndrome (SADS) probands in a molecular autopsy has a
diagnostic yield of up to 35%. Exome sequencing has the potential to improve this yield. The primary aim of this study is
to examine the feasibility and diagnostic utility of targeted exome screening in SADS victims, utilizing familial clinical
screening whenever possible.

Methods
and results

To determine the feasibility and diagnostic yield of targeted exome sequencing deoxyribonucleic acid (DNA) was iso-
lated from 59 SADS victims (mean age 25 years, range 1–51 years). Targeted exome sequencing of 135 genes asso-
ciated with cardiomyopathies and ion channelopathies was performed on the Illumina HiSeq2000 platform.
Non-synonymous, loss-of-function, and splice-site variants with a minor allele frequency ,0.02% in the NHLBI exome
sequencing project and an internal set of control exomes were prioritized for analysis followed by ,0.5% frequency
threshold secondary analysis. First-degree relatives were offered clinical screening for inherited cardiac conditions.
Seven probands (12%) carried very rare (,0.02%) or novel non-sense candidate mutations and 10 probands (17%)
had previously published rare (0.02–0.5%) candidate mutations–a total yield of 29%. Co-segregation fully confirmed
two private SCN5A Na channel mutations. Variants of unknown significance were detected in a further 34% of
probands.

Conclusion Molecular autopsy using targeted exome sequencing has a relatively low diagnostic yield of very rare potentially disease
causing mutations. Candidate pathogenic variants with a higher frequency in control populations are relatively common
and should be interpreted with caution.
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Introduction
Sudden Arrhythmic Death Syndrome (SADS) causes �500 deaths
in England and Wales every year.1 International guidelines recom-
mend clinical assessment of the surviving first-degree relatives of
SADS victims to identify probable cause of death and protect sur-
viving family members.2 Several studies have shown that clinical
screening alone identifies an inherited cardiac condition in 22–
53% of families.3 Targeted genetic screening of deoxyribonucleic
acid (DNA) from deceased probands identifies pathological
variants in genes coding for cardiac ion channels in up to 35% of
cases (see Supplementary material online, References S1–S19).
A recent study undertook exome sequencing in 28 sudden death
cases with a diagnostic yield of 32% for rare variants in arrhythmia/
cardiomyopathy genes.4 The primary aim of this study was to
examine the feasibility and diagnostic utility of targeted exome
screening in SADS victims, utilizing familial clinical screening when-
ever possible.

Methods
The study complies with the declaration of Helsinki and the project is
approved by the UCL/UCLH Joint Research Ethics Committee. All fam-
ilies gave informed consent for genetic analysis in their deceased rela-
tive. The cohort consisted of families referred to specialist inherited
cardiovascular disease clinics in seven European centres. Sudden Ar-
rhythmic Death Syndrome families were enrolled when the deceased
proband fulfilled the following criteria: (i) age 1–55 years (ii) no cause
of death identified at post-mortem (iii) negative toxicology screen. The
first-degree relatives were offered clinical screening for inherited chan-
nelopathies and cardiomyopathies using a standard protocol.3 This con-
sisted of an outpatient consultation and resting and exercise 12 lead
electrocardiogram (ECG), 24 h ECG, trans-thoracic echocardiography
(+cardiac magnetic resonance if any abnormalities) and ajmaline chal-
lenge if there was a suspicion of Brugada syndrome from the 12 lead
ECG or the mode of death of the proband, or if all other investigations
are normal. This was not possible for every family member and the most
significant contributing factor was families declining some (commonly an
ajmaline test) or all of the screening. Co-segregation testing was per-
formed in cases of definite pathological variants when thought clinically
appropriate with family consent.

Controls
We used aggregate summary statistics data from the NHLBI exome se-
quencing dataset (up to 6500 exomes, either African-American or

European-American). We also used an in-house collection of 4042
whole-exome sequences (UCL-exomes, or UCL-ex consortium). The
UCL-ex collection (for which patient-level data, as opposed to summary
statistics) consists of patients sequenced for genetic diagnosis at UCL or
collaborating centres in the UK. We excluded from UCL-ex any patient
referred for genetic diagnosis because of a trait related to heart disease
and used genetic data to exclude all patients of non-European ancestry.
These filters selected a subset of 2867 samples (70.9% of the cohort).

DNA extraction and sequencing
Genomic DNA from frozen blood or spleen tissue taken at post-
mortem was extracted with the QIAamp DNA Mini and EZ1 DNA
Tissue kits (Qiagen) following standard protocols. Quality and quantity
of the extracted DNA were assessed by Qubit Fluorometer (Invitrogen)
and Bioanalyser (Agilent) assays. Targeted exonic regions were cap-
tured with the Agilent SureSelect Human All Exon Kit (v4, 51 MB) fol-
lowing the manufacturer’s protocol. Exome sequencing of captured
DNA was performed on the Illumina HiSeq2000 platform with
100 bp paired-end reads at a minimum of 50× coverage. Analysis of
sequence data was confined to a pre-defined list of 135 genes known
to be associated with cardiomyopathies and/or ion channelopathies
(see Supplementary material online, Table S1). Paired-end reads aligned
using the Novoalign software on the human reference genome
build hg19. Following the exclusion of PCR duplicate reads (using Picard
tools v1.100), insertion – deletions (indels) and single-nucleotide
polymorphisms (SNPs) were called using the single-sample gVCF
Haplotype Caller module of the software (GATK) (version 3.2.0).
gVCF were subsequently combined to emulate multi-sample calling
jointly with the whole UCL-exome cohort (.4000 exomes). These
calls were annotated using Annovar and the Ensembl gene annotation
set. We used the recalibration strategy suggested in the GATK best
practices (hard calling for indels, clustering-based recalibration for
SNPs) and excluded samples that did not have a calibration threshold
of variant rarity in the control population.

Principal component analysis to identify
European individuals in UCL-ex
To ensure that the ethnic matching is correct between cases and UCL-ex
controls, we used a principal component analysis to identify individuals of
European descent. To maximize the resolution of ethnic ancestry, we
combined the UCL-ex data with 1092 samples of known ethnicity from
the 1000 genomes project (www.1000genomes.org) across 3012 com-
mon and well-covered SNPs chosen to discriminate across ethnic groups.

Variant filtering
Primary analysis
Sequence data were filtered using a strict minor allele frequency
threshold of ≤0.02% based on the NHLBI exome sequencing project
and our internal UCL-ex set of control exomes. We further restricted
this list to putative functional variants, i.e. variants annotated as non-
synonymous, loss of function, or splice altering (within 2 bp of the
splice site).

Secondary analysis
A second analysis using a threshold of ≤0.5% was also performed.5

Candidate pathogenic variants in this secondary analysis were selected
using the following criteria:

(i) Published pathogenic mutation
(ii) Variants supported by co-segregation and/or functional data.
(iii) Novel protein truncating (non-sense) or published missense

mutation without definite co-segregation/functional data.

What’s new?
† Molecular autopsy of Sudden Arrhythmic Death Syndrome

victims is best undertaken in the context of a multidisciplinary
assessment involving detailed clinical screening of first-
degree relatives so that genetic results are interpreted in
the context of the relatives’ phenotype.

† Molecular autopsy utilizing targeted exome sequencing re-
sults in a high frequency of candidate pathogenic variants
that require further evaluation to determine their clinical im-
portance and should be interpreted with caution.
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(iv) Novel missense variants of unknown significance (VUS).

In a parallel analysis, prediction of in silico pathogenicity for novel mis-
sense variants detected at a threshold of ≤0.5% was performed using
Polyphen2 and SIFT prediction software. A variant was predicted to
be pathogenic if it was classified as simultaneously ‘damaging’ by SIFT
and ‘possibly’ or ‘probably damaging’ by Polyphen2.

Case–control analysis
We used a case–control strategy to test whether we could detect an
excess of rare and potentially pathogenic variants in cases. We consid-
ered putative functional variants (i.e. annotated as splice altering, loss
of function, or non-synonymous) in a list of 20 genes that, based on
the scientific literature, are most likely to harbour rare pathogenic
variants associated with sudden cardiac death [KCNQ1, KCNH2,
HERG, MIRP1, SCN5A, KCNE1, KCNE2, CACNA1C, CACNB2, SCN10A,
RYR2, DES, DSP, PKP2, DSG2, DSC2, MYH7, MYBPC3, TNNT2, lamin
A/C protein (LMNA)]. We also considered only rare variants, on the
basis that common variants with a sizable effect on sudden cardiac
death are unlikely to exist. To define rare variants, we used a threshold
of 0.2%, which was defined jointly based on the NHLBI dataset and
1000 individuals of UK descent from the UCL-ex cohort. This initial
frequency threshold determination left 1867 UCL-ex that were used
as controls for the 59 sudden death samples.

Results

Study cohort
Ninety deceased probands met the inclusion criteria; 28
were rejected due to insufficient quantity or poor quality of
DNA. The next of kin refused consent in an additional three cases.
Table 1 summarizes the clinical characteristics of the 59 probands
who underwent DNA analysis. Thirty-nine patients had structural-
ly normal hearts and 20 had subtle cardiac structural abnormalities
detected at post-mortem not reaching diagnostic criteria for
a cardiomyopathy following expert cardiac pathologist review
(i.e. fibrosis without disarray). Filtering the dataset for variants
present in 135 target genes at a threshold of 0.5% generated a
dataset of 80 coding variants (mean of 1.36 variants per proband).
A single non-synonymous mutation was present in two samples
(DMD gene, N1319K); hence, we found 79 distinct variants.
Figure 1 illustrates the results of sequencing divided into three
proband groups: pathogenic/likely pathogenic variants, in silico
predicted pathogenic variants only, and VUS. Supplementary
material online, Tables S2 and S3 show the distribution of variants
in the 59 probands and the 23 probands with VUS predicted
by in silico testing to result in disease, respectively. In total, 134
first-degree relatives from 54 (92%) families underwent some
degree of clinical testing (mean 3 relatives per family). Data on
clinical screening in families with rare variants are presented in
Tables 2 and 3.

Sequence analysis
Primary analysis
Seven probands (12%) carried very rare variants (published mis-
sense mutations or novel non-sense mutations) found in ,0.02%
of the control population (Table 2).

Ion channel variants (frequency <0.02% of controls)
SCN5A R1623Q
A 4-year-old female, who died during sleep, carried the SCN5A vari-
ant R1623Q. This is frequently a de novo mutation associated with
long QT syndrome in infancy.6,7 Clinical screening of the first-degree
relatives revealed no evidence of QT prolongation and co-segregation
analysis confirmed this was a private mutation in the deceased.

SCN5A V411M
A 6-year-old male, who died during his sleep, carried the SCN5A
variant V411M. Post-mortem showed a macroscopically normal
heart with large amount of fat in the right ventricle but no other fea-
tures of arrhythmogenic right ventricular cardiomyopathy (ARVC).
The variant is associated with long QT type 3.8– 10 Family screening
has revealed no evidence of QT prolongation, negative ajmaline
provocation in the parents. The parents and two siblings do not
carry the mutation.

Ryr2 N1551S
A 26-year-old female with a structurally normal heart on post-
mortem whose death was triggered by an acoustic stress (phone
call) carried the RyR2 variant N1551S. This variant has been pub-
lished in a case of a 8-year-old proband with exertional syncope,
family history of sudden cardiac death, and polymorphic ventricular
tachycardia on exercise requiring resuscitation.11 Family screening
revealed no clear phenotype for catecholaminergic polymorphic
VT (CPVT); however, both the mother and sister of the proband
have a history of palpitations and are positive for N1551S. There
is a malignant family history with four sudden cardiac deaths on

Table 1 Summary of proband characteristics

n 59

Mean age (range) 25.3 (1–51)
years

Sex 76% male

Circumstances of death

Daily activities 37%

Sleep/at rest 36%

Exercise 17%

Acoustic stress 2%

Unknown/not recorded 8%

Previous symptoms 20.3%

Syncope 8

Diagnosis of epilepsy 2

Aborted cot death 1

Chest pain 1

Previous 12 lead ECG 13.6%

No specific finding 5

Inferior J point elevation 1

Non-specific intra-ventricular conduction delay 1

Anterior early repolarisation changes not
diagnostic of Brugada phenotype

1

Family history of sudden cardiac death 15.3%

Age at death ,50 years 5

No age specified 4
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the maternal side, and the father and brother, who are asymptom-
atic, are negative for this variant.

Cardiomyopathy variants (frequency <0.02% of controls)
DSC2 (Desmocolin) S868F
Published desmosmal variant12 identified in a 14-year-old male who
died playing basketball. Post-mortem demonstrated mild fibrosis
and hypertrophy but no disarray/fibro-fatty replacement.

TTN E23106X
A very rare novel cardiomyopathy variant was discovered in an
18-year-old female who died during daily activities with a structur-
ally normal heart on post-mortem.

MYOT Q453X
A very rare novel cardiomyopathy variant identified in a 39-year-old
male who died during daily activities and was found to have fatty in-
filtration in the RV and localized LV walls without fibrosis.

GJA5 Y197X
A very rare novel variant in GJA5, responsible for coding the gap
junction protein connexin 40, was found in a 21-year-old proband
who died during their sleep. Post-mortem confirmed a structurally
normal heart.

Secondary analysis
Candidate variants identified in >0.02–0.5% of controls
Ten probands (17%) had rare, previously reported pathological var-
iants or variants likely to be pathogenic are summarized in Table 3.

Ion channel variants (frequency >0.02–0.5% of controls)
CACNA1C G37R
A 34-year-old male who died during his sleep carried the CAC-
NA1C variant G37R. This variant occurs in a highly conserved re-
gion and has been identified in two cases of Brugada syndrome, a
case of idiopathic ventricular fibrillation and early repolarisation syn-
drome.13 Two siblings had positive ajmaline provocation tests, but
are yet to be tested for this variant in order to assess this mutation’s
clinical relevance.

CACNA1C P817S
A 23-year-old male died during daily activities and carried the pub-
lished CACNA1C P817S variant associated with Brugada syn-
drome.13,14 The post-mortem showed myocardial bridging of the
LAD and fatty infiltration of the RV with a minor degree of fibrosis
not diagnostic for ARVC.

KCNH2 P347S
A 27-year-old male who died during his sleep had a past history of
hypoacusia and epilepsy with seizures occurring during emotional

90 cases
recruited

31 excluded
28 inadequate DNA quantity/quality

3 refused consent

Whole exome
sequencing n = 59

Variants of
unknown

significance
n = 19

Pathogenic or
likely pathogenic

mutations
n = 17

Rare
0.02–0.5%

n = 10

Ion channelopathy
associated variants n = 6

Cardiomyopathy
associated variants n = 4

Ion channelopathy
associated variants n = 3

Cardiomyopathy
associated variants n = 4

Very rare
<0.02%

n = 7

In silico predicted
pathogenic

variants
n = 23

Figure 1 Flow diagram of genetic and clinical diagnostic yield.
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stress, carried the KCNH2 variant P347S. The post-mortem
showed an inflammatory eosinophilic infiltrate in the atrial myocar-
dium near the AV node. The variant has been reported in multiple
publications associated with long QT 2 syndrome6,15,16 but is also a
rare variant in Caucasians, present in up to 0.15% of controls. Func-
tional studies have demonstrated a reduction in IKr of 50–60%.

RANGRF E61X
A 22-year-old female, who died during sleep and with a structurally
normal heart, carried the RANGRF E61X variant. This is a stop-gain
(non-sense) mutation resulting in the truncation of more than two
thirds of the encoded protein and has been previously reported as
having a possible association with Brugada syndrome.9,17 Despite
being present in a low frequency of controls, functional studies
have demonstrated reduced cardiac sodium channel (Nav1.5) cur-
rent due to decreased ion channel trafficking.

CACNA2D1 S709N
An 11-year-old male who died playing football and had a structurally
normal heart at post-mortem carried the CACNA2D1 variant
S709N. This variant is associated with Brugada syndrome13,14 but

has recently been found in a higher prevalence of Danish controls
than previously detected thus questioning its pathogenicity,18 paren-
tal ajmaline testing would enable pathological confirmation in this
case if the family consented.

ANK2 E1837K
A 33-year-old male who died during normal daily activities carried
the ANK2 variant E1837K which has been associated with long
QT syndrome.19–21

Cardiomyopathy variants (frequency ≥0.02–0.5%
of controls)
DSP A2294G
This desmoplakin variant, possibly associated with ARVC22 was dis-
covered in a 42-year-old female who died during her sleep. Post-
mortem concluded a structurally normal heart.

LMNA R644C
An 18-month-old infant who died during normal activities with a
structurally normal heart on post-mortem carried the LMNA
(lamin) variant R644C. This variant has been published as a disease

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Seven probands with very rare variants identified (<0.02% in NHLBI and UCL-exomes cohorts)

Age at death/
sex

Circumstance
of death
(post-mortem
findings)

Gene and
disease
associated

Amino
acid
change

Frequency in
UCL-ex
exomes (2867
individuals)

Frequency in
NHLBI exome
sequencing
(6500 exomes)

Frequency in
ExAC dataset
(60 706
exomes)

Familial clinical
evaluation

4 years/female Sleep (normal
heart)*

SCN5A
LQT6,7

R1623Q 0 0 0 Parents and siblings
no LQT/BrS
phenotype.
All R1623Q
negative

6 years/male Sleep (RV fat
infiltration with
no fibrosis)*

SCN5A
LQT8–10

V411M 0 0 0 Parents and siblings
no LQT/BrS
phenotype.
All V411M
negative

18 years/
female

Daily activities
(normal heart)*

TTN
DCM/
HCM

E23106X Undetermined 0 0.00083 Family declined
screening

26 years/
female

Phone call
(normal heart)*

RyR2
CPVT11

N1551S 0 0 0.034 Parents and siblings
no CPVT
phenotype but
mother and sister
positive N1551S
and 4 sudden
deaths on maternal
side

32 years/male Sleep (normal
heart)*

GJA5
Familial AF

Y197X 0 0 0 Family declined
screening

39 years/male Daily activities (fat
infiltration both
RV and LV, but
no fibrosis)*

MYOT
LGMD

Q453X 0 0 0.00165 Family declined
screening

44 years/male Daily activities
(mild fibrosis with
no disarray)*

DSC2
ARVC12

S868F 0 0.0077 0.0058 Young child normal
ECG and echo

All variant frequencies are listed as percentages. Expert cardiac pathology review denoted with an asterisk.
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causing mutation in more than one study associated with dilated car-
diomyopathy.23 – 25 The variant affects a highly conserved region
producing a change from a charged to an uncharged amino acid
implying significant changes in physicochemical properties. It has
been reported in controls with a frequency of 0.2%.

MYPN Y20C
Myopallidin MYPN Y20C published variant26 discovered in a
41-year-old male who died during daily activities. There was a prior
history of syncope and an implantable loop recorder documented
ventricular tachycardia on the day of his death. Post-mortem
confirmed a structurally normal heart and prior ECG was also
normal.

RBM20 E1125K
RNA binding motif protein 20 published variant27 was documented
in a 28-year-old male who died during exercise who had concentric
left ventricular hypertrophy (LVH) in the absence of disarray on
post-mortem.

Case–control analysis
Our case–control analysis is based on 59 sudden cardiac death
cases ethnically matched with 1867 UCL-ex control. Based on
our filtering criteria (control frequency ,0.2%, putatively functional
in 20 strongest candidate genes, see Methods), we identified
an average of 0.38 candidate variant per control compared with
0.51 variant per case. This difference is statistically non-significant

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Ten probands with rare variants identified (>0.02–0.5% of controls)

Age at death/
sex

Circumstance
of death
(post-mortem
findings)

Gene and
disease
associated

Amino
acid
change

Frequency in
UCL-ex
exomes (2867
individuals)

Frequency in
NHLBI exome
sequencing
(6500 exomes)

Frequency in
ExAC dataset
(60 706
exomes)

Familial clinical
evaluation

23 years/male Daily activities
(myocardial bridging
of the LAD and fat
infiltration of RV)*

CACNA1C
BrS13,14

P817S 0.7 0.33 0.0194 Parents and
sibling no BrS
phenotype

1 year/male Daily activities (normal
heart)

LMNA
DCM23–25

R644C 0.138 0.10 0.121 Parents normal
ECG and echo

22 years/
female

Sleep (normal heart) RANGRF
BrS9,17

E61X 0.26 0.42 0.3947 Parents normal
ECG and echo
(ajmaline
challenge not
done)

11 years/male Exercise (normal heart) CACNA2D1
BrS13,14

S709N 0.22 0.37 0.2677 Family declined
screening

33 years/male Daily activities (normal
heart)

ANK2
LQT19–21

E1837K 0.29 0.31 0.2677 Parents no LQT
phenotype

27 years/male Daily activities
(inflammatory
eosinophilic
infiltrate in atria)*

KCNH2
LQT6,15,16

P347S 0.16 0.0496 0.1293 Parents and
siblings no
LQT
phenotype

41 years/male Daily activities (normal
heart)

MYPN
HCM26

Y20C 0 0.092 0.091 Parent, siblings
and children
normal ECG,
ETT, echo, and
ajmaline

28 years/male Exercise (concentric
LVH, no disarray)*

RBM20
DCM27

E1125K 0.30 0.37 0.37 Parents and
siblings normal
ECG, ETT,
echo, and
ajmaline

14 years/male Exercise (normal
heart)*

DSP
ARVC22

A2294G 0.12 0.023 0.085 Parents and
siblings normal
ECG, ETT,
echo, and
ajmaline

34 years/male Sleep (normal heart) CACNA1C
BrS13

G37R 0.32 0.23 0.074 Siblings positive
ajmaline
challenges

All variant frequencies are listed as percentages. Expert cardiac pathology review denoted with an asterisk.
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(one-sided x2 test P ¼ 0.059), but is consistent with an excess of
7–8 candidate variants in the full set of 59 cases compared with con-
trols. Nevertheless, this number of variants in excess is consistent
with the fact that we have identified seven putatively functional var-
iants in our primary list. Hence, the lack of statistical significance
could be a consequence of the low yield of strong candidate variants
for sudden cardiac death in cases.

Discussion
This study shows that a small number of individuals who die sudden-
ly with no obvious identifiable cause at post-mortem harbour very
rare potentially pathogenic DNA sequence variants in genes that are
associated with disorders known to cause sudden cardiac death.
Plausible disease associated ion channel mutations have been clearly
identified in three (5%) probands with molecular autopsy providing
a benefit for the family. Private mutations (SCN5A R1623Q and
V411M) were confirmed in two of these families who had negative
clinical screens for Brugada and LQT3 syndrome, and a RyR2 muta-
tion detected in a family with a malignant history but no clear pheno-
type. A further six (10%) probands had rare ion channel variants
which have been reported in association with Brugada syndrome
and long QT syndrome, but were also identified in 0.02–0.5% of
controls. Eight (14%) probands had very rare or rare cardiomyop-
athy variants detected. The significance of these is yet to be deter-
mined and there are no co-segregation data available in this cohort.
It is plausible that an arrhythmia secondary to a cardiomyopathy
maybe responsible for sudden cardiac death in the context of
a structurally normal heart. A concealed phase of ARVC is recog-
nized where electrophysiological abnormalities occur prior to any
structural changes detectable on imaging.28 Similarly, PR prolonga-
tion and sudden cardiac death due to ventricular arrhythmia are
known to occur before the development of dilated cardiomyopathy
in cases of Lamin A/C mutations.29 The pathogenicity of the TTN
variant reported is debatable. Its rarity makes it likely to be import-
ant statistically and, therefore, raises the suspicion of pathogenicity,
although we have no co-segregation data. The gene encoding the
huge titin protein is probably the most complex in the genome con-
sisting of 363 exons used in different alternatively spliced tran-
scripts.30 TTN mutations were identified in 3% of controls31 and,
similarly, new population-based exome data have identified a high
prevalence of previously reported cardiomyopathy associated var-
iants.32 This highlights the clinical relevance of our study. Molecular
autopsy using exome sequencing will lead to the identification of
large numbers of VUS, many of which will be plausible candidate
mutations and the challenge is to then ascertain their pathogenicity.
At present, this approach will inform rather than replace the clinical
screening of the surviving first-degree relatives and, in some cases,
may raise more questions than it answers.

Case–control analysis showed a suggestive but not statistically
significant excess of candidate variants in cases. Limited case sample
size, combined with our limited ability to identify functional and dis-
ease implicated variants, could explain the lack of power of this
case–control analysis. Taken together, these findings indicate that
molecular autopsy complements but does not substitute for clinical
testing.

Variant interpretation
Evaluation of genetic variants in SADS victims is particularly difficult
as the deceased probands have normal hearts and rarely have ante-
mortem clinical phenotype data. The variable and often incomplete
expression of most disorders that cause SCD also hampers co-
segregation analysis of variants identified in the proband. One ap-
proach is to consider only extremely rare variants as potentially
pathogenic, but a potential drawback is the exclusion of relatively
common variants that are nevertheless disease causing or modify
phenotypes.

To date there have been 19 published reports and series encom-
passing �540 cases of SADS with a diagnostic yield ranging from
0–35% (see Supplementary material online, References S1–S19).
The lower yields occurred in studies using paraffin-embedded
formalin-fixed tissue where degradation of DNA often prevents
analysis. One recent study in 28 cases utilized exonic sequencing
and identified rare variants in ion channel/cardiomyopathy genes
in 32% cases,4 but did not evaluate the mutations in the context of
family screening. This compares with a diagnostic yield of 29% of
rare/very rare variants in this series. In contrast to previous studies,
there was a lack of pathogenic mutations in RyR2 mutations in our
series. Interestingly, this was also the case in the recent exonic study
and maybe due to a more strict frequency cut-off for variant calling.4

To improve the specificity in detection of causative mutations, we
defined pathogenicity using a strict frequency threshold of 0.02% in
the general population which reduced the number of candidates to
seven variants (12% of probands) that were either non-sense muta-
tions which truncated the encoded protein or were previously
reported in the literature as likely pathogenic on the basis of clinical
or functional data. Raising the frequency threshold to a less stringent
level of 0.5% increased the yield of candidate variants to 29% and
reliance on in silico prediction would have further increased the yield
of possible disease causing variants to a total of 66%.

In attempting to ascertain the pathogenicity of variants, their pres-
ence among the healthy population can be helpful, but is not the sole
determinant of pathogenicity. A minor allele frequency cut-off of 1%
is considered rare and is part of a proposed scoring system.33 Var-
iants with a 0.5–0.02% yield are included in our analysis, but with
clear separation from those variants with a lower yield ,0.02% in
controls. In three of these families, there has been a complete nega-
tive clinical screen of the first-degree relatives suggesting possible de
novo disease in the proband. The proband with a CACNA1C variant
G37R, there is a family history of Brugada syndrome and the mode
of death was during sleep suggesting this is a plausible causative mu-
tation (although co-segregation is required to prove this). Setting
the bar too low may result in missing potentially harmful variants,
and setting it too high and you run the risk of the important variants
becoming overwhelmed by benign noise.

Ideally, all novel variants should be subjected to functional studies,
but these are costly, time consuming and often impractical in the
clinical setting. They also may not translate into clinically relevant
phenotypes. For example, �4% of healthy white and 6–8% of black
individuals harbour an amino acid-altering genetic variant in one of
the three major long QT syndrome-susceptibility genes (KCNQ1,
KCNH2, or SCN5A).15 In a recent study from the NHLBI GO
Exome Sequencing Project, four variants KCNH2 P347S; SCN5A:
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S216L, V1951L; and CAV3 T78M with significant predicted function-
al effects were identified in 1:32 of a control population of 704 peo-
ple. Only one individual had a corrected QT interval (QTc) of
462 ms and the rest of the carriers of these variants had a QTc
,440 ms.16 Therefore, in this molecular autopsy series, we have
deliberately distinguished the known clinically proven pathogenic
mutations from those that have been shown to be possibly patho-
genic from in silico prediction algorithms.

Clinical implications
This study suggests that the use of molecular autopsy is best under-
taken in the context of a multidisciplinary assessment involving de-
tailed clinical screening so that genetic results are interpreted in the
context of the relatives’ phenotype. When unequivocal mutations in
a proband and subsequently the relative(s) are identified, manage-
ment should be informed by the phenotype except in certain rare
circumstances (e.g. DPP6 mutation carriers), where presence of
the mutation alone may be sufficient to recommend therapy.34

Study limitations
A significant number of families refused access to DNA and could
not be included in the study. Twenty-four percent of the collected
DNA samples were unsuitable for analysis. This highlights the prac-
tical issues regarding the feasibility of tissue storage and DNA
extraction for exome sequencing in real world practice. Compre-
hensive clinical screening of families was not completed, mostly
due to the families declining any or further investigation. Co-
segregation studies were not performed in several cases of rare var-
iants with negative family screening, as there were concerns that this
would not change clinical management or could promote increased
patient anxiety.

Conclusions
Molecular autopsy using targeted exome sequencing of genes impli-
cated in SADS has a relatively low diagnostic yield of very rare po-
tentially disease causing mutations. Candidate pathogenic variants
with a higher frequency in control populations are relatively com-
mon and should be interpreted with caution.

Supplementary material
Supplementary material is available at Europace online.
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A 36-year-old patient was admitted after successful resuscitation due to
ventricular fibrillation. The patient recovered without neurological se-
quelae. Cardiological examination including QTc interval, ajmaline test-
ing, echocardiography, coronary angiography, and cardiac magnetic
resonance imaging revealed no abnormal findings.

The patient received a dual-chamber ICD and was discharged on biso-
prolol therapy. After 6 weeks, he was re-admitted due to recurrent ICD
shocks for ventricular fibrillation. Frequent monomorphic premature
ventricular complexes (PVCs) were recorded on Holter ECG. Recurrent
torsades de pointe tachycardia initiated by PVCs with the same QRS
morphology (arrows) led to almost daily ICD shocks despite DDDR-70 pa-
cing (Figure 1A). Ablation targeting the earliest electrical activity in the distal
Purkinje network during the PVCs (arrow) in the left ventricular septum
eliminated the monomorphic PVCs (Figure 1B) and no further ventricular
tachyarrhythmias occurred during the 6-month follow-up. Genetic evalu-
ation revealed the polymorphism c.1673A . G (H558R) in the sodium
channel a-subunit gene (SCN5A) in a homozygous form.

Successful ablation of monomorphic Purkinje-related PVCs as a focal
trigger eliminated recurrent torsades de pointes tachycardias in
a patient with the common H558R polymorphism in homozygous form. The case highlights the role of otherwise ‘benign’ frequent
PVCs in the context of a relatively common inherited arrhythmogenic substrate.

The full-length version of this report can be viewed at: http://www.escardio.org/Guidelines-&-Education/E%E2%80%93learning/Clinical-
cases/Electrophysiology/EP-Case-Reports.

Published on behalf of the European Society of Cardiology. All rights reserved. & The Author 2015. For permissions please email: journals.permissions@oup.com.
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