This article was
published on 23 Jan
2019 at www.hkmj.org.

ORIGINAL ARTICLE

Sudden arrhythmia death syndrome in young
victims: a five-year retrospective review and two-
year prospective molecular autopsy study by next-
generation sequencing and clinical evaluation of
their first-degree relatives

Chloe M Mak, NS Mok *, HC Shum, WK Siu, YK Chong, Hencher HC Lee, NC Fong, SF Tong, KW Lee,
CK Ching, Sammy PL Chen, WL Cheung, CB Tso, WM Poon, CL Lau, YK Lo, PT Tsui, SF Shum, KC Lee

ABSTRACT

Objective: Sudden arrhythmia death syndrome
(SADS) accounts for about 30% of causes of sudden
cardiac death (SCD) in young people. In Hong Kong,
there are scarce dataon SADS and alack of experience
in molecular autopsy. We aimed to investigate the
value of molecular autopsy techniques for detecting
SADS in an East Asian population.

Methods: This was a two-part study. First, we
conducted a retrospective 5-year review of autopsies
performed in public mortuaries on young SCD

victims. Second, we conducted a prospective
2-year study combining conventional autopsy
investigations, molecular autopsy, and cardiac

evaluation of the first-degree relatives of SCD
victims. A panel of 35 genes implicated in SADS was
analysed by next-generation sequencing.

Results: There were 289 SCD victims included in
the 5-year review. Coronary artery disease was the
major cause of death (35%); 40% were structural
heart diseases and 25% were unexplained. These
unexplained cases could include SADS-related
conditions. In the 2-year prospective study, 21 SCD
victims were examined: 10% had arrhythmogenic
right ventricular cardiomyopathy, 5% had
hypertrophic cardiomyopathy, and 85% had negative
autopsy. Genetic analysis showed 29% with positive
heterozygous genetic variants; six variants were
novel. One third of victims had history of syncope,
and 14% had family history of SCD. More than half of
the 11 first-degree relatives who underwent genetic
testing carried related genetic variants, and 10% had
SADS-related clinical features.

Conclusion: This pilot feasibility study shows
the value of incorporating cardiac evaluation of

surviving relatives and next-generation sequencing
molecular autopsy into conventional forensic
investigations in diagnosing young SCD victims in
East Asian populations. The interpretation of genetic
variants in the context of SCD is complicated and we
recommend its analysis and reporting by qualified
pathologists.
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* This study provides important data on the prevalence and types of sudden arrhythmia death syndrome (SADS)
among young victims of sudden cardiac death in an East Asian population.

* This is the first local feasibility study on the service model incorporating cardiac evaluation of surviving
relatives and molecular autopsy by next-generation sequencing into the conventional forensic investigations.

*  Genomic testing should be conducted on patients with cardiomyopathies and channelopathies.

* Clinical assessment should be provided for at-risk family members irrespective of genetic findings.

*  Molecular autopsy together with conventional autopsy conducted by qualified pathologists should be applied to
victims of SADS, sudden unexpected death in epilepsy, or sudden infant death syndrome.

Hong Kong Medical Journal

©2019 Hong Kong Academy of Medicine. CC BY-NC-ND 4.0

21


https://creativecommons.org/licenses/by-nc-nd/4.0/

@ Mak et al &

FEEREETHRBOERERCTHEIIE
hFEIREERFELUR K ERAFEEE B R
HERRBETHRATGERIEEM R
w256 AR BEE REER  FTES - HOER
Bins  FRZ RERE - BN - REE - B
EER - BESR - EIEM © HIRE LI - 88
B89 : RBEOREBTTALH (SADS) RAEFEEALRIES
5 (SCD) BERI30% ° 757 - BRISADSHER ML - BRME)
WSBRARR © AFIR STEREB N SRR TR R A

FEA AT R R AR BT HASHE A T B SADSHIE(E -

755%  EEREEEMBS | HEBELEIEARBEREESCD
RIEEETLRE  RTETARMENNEERR - SF R
# « ERMAHAHSCORIEE HRXRBI OB R MR - 2R
RIEARAEEAT » HHESADSIEBIN3SERE -

R R EBONAERETREE289RSCDELE | HAREE
TR BTBREIRERE (35%) @ HRXBEBEOER (40%) 5 BN
25%FRERER &R AL EIEESADSIHE BRI © IS SR
R RIRE R ZE R 2 1 ZSCDIETLE HETONT © 10%8 WVERE A
DEOIVE © 5% B IREMOIVE » HERS5%EE 4 RS P AT
R o ERDITETR29% B EAERER ;| B/ NE#ERGH UM
WG o WA =D —MESEEBERE 0 14%2BSCDRIRE © 1185
SEHABINERBRED  —FLU B EHEBREREE © 1025354
SADS#EEIHIERPREIR

fham © ARSE AT STIEE T R REARFESCDELERITEA

AEPEEERRBNRATENOEAERAFNEE - BRR/E
BSADSIREERERNEIENE EKER - BABERMITH—HEK

BR - BIREBERER -

RERERBIFER - BEREA - BARTE

FENERBETEER - SCONHBERNEEREMN - HMEEA
BERNRENBEETONERSE -

22

Introduction

Sudden death is defined as death occurring within 1
hour of the onset of symptoms or within 24 hours of
the victim being seen alive.! Sudden death due to an
underlying heart disease is known as sudden cardiac
death (SCD). The worldwide annual incidence of
SCD is about 4 to 5 million cases per year.* A tragic
and devastating complication of a number of heart
diseases, SCD is most often unexpected and has
major implications for the surviving family and the
community. The majority of SCD cases in middle-
aged and older individuals are caused by coronary
artery disease; however, SCD is rare in young people
and the causes are more diversified.** Autopsy
studies have shown no structural heart disease was
found in up to 30% of young SCD victims.>®
Molecular autopsy was first described by
Ackerman et al’ in 1999, to determine the cause
of death in uncertain cases after conventional
autopsy by genetic analysis. Post-mortem genetic
studies have shown that SCD in these victims can
be caused by fatal arrhythmias secondary to a
group of inheritable cardiac electrical disorders

collectively known as sudden arrhythmia death
syndrome (SADS).!!* These include Brugada
syndrome (BrS), long QT syndrome (LQTS), short
QT syndrome, catecholaminergic polymorphic
ventricular tachycardia (CPVT), arrhythmogenic
right  ventricular  cardiomyopathy  (ARVC),
hypertrophic cardiomyopathy (HCM), and other
cardiomyopathies.

Because SADS-related conditions are genetic
diseases, there are two different approaches to
identify SADS among young sudden unexplained
death (SUD) victims. The first approach involves
detailed clinical and targeted genetic examination of
the surviving relatives of SCD victims. Studies using
this approach suggest that SADS may account for
approximately 40% of autopsy-negative sudden death
in young people.'®'> However, this approach may not
be able to identify subjects with concealed form of
SADS due to incomplete penetrance and variable
expressivity of the pathological mutations. The
second approach is to perform molecular autopsy on
SCD victims, which involves post-mortem genetic
testing for SADS. A landmark study on molecular
autopsy by the Mayo Clinic showed over one third
of SCD cases hosted a presumably pathogenic
mutations of cardiac ion channel diseases.*'¢ Thus
a combined approach using both cardiac evaluation
of surviving relatives and molecular autopsy on SUD
victims should give a higher yield on elucidating the
underlying causes of SUD.

In Hong Kong, there are scarce data on the
prevalence and types of SADS underlying SCD or
SUD in young people. The present study aimed to
investigate the prevalence and types of SADS in an
East Asian population, and to perform a pilot study
on incorporating cardiac evaluation of surviving
relatives and molecular autopsy by next-generation
sequencing (NGS) into conventional forensic
investigations.

Methods

In the present study, first, we carried out a 5-year
retrospective review of the records of all autopsies
for young sudden death victims performed in public
mortuaries in Hong Kong. Second, we conducted a
2-year study to determine the prevalence and types of
SADS as the underlying causes of SCD among local
young victims through conventional and molecular
autopsy, and evaluated their first-degree relatives.

Five-year retrospective review of autopsy
records

The Forensic Pathology Service, Department of
Health, provides all public autopsy services for over
7 million people in Hong Kong. We performed this
retrospective review of the records of all autopsies
in public mortuaries for young sudden death victims
(aged 5-40 years) between 1 January 2008 and 31
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December 2012. Sudden death was defined as death
occurring within 1 hour of the onset of symptoms
or within 24 hours of the victim being seen alive.!
Sudden death victims were recruited into the study
for a detailed review of their autopsy records. Data
including age, height, weight, sex, circumstances
of death, clinical history of cardiac disease, and
pathologic findings at autopsy were collected and
analysed. Sudden death victims whose deaths were
caused by trauma, accidents, drowning, and drug
toxicity, and those whose autopsy records were
either incomplete or not accessible for retrospective
review were excluded.

Two-year prospective study by conventional
and molecular autopsy

In this prospective study, young SCD victims (aged
5-40 years) were identified and recruited into the
study by forensic pathologists after a finding of either
aninheritable arrhythmogenic cardiomyopathy or no
anatomical cause of death (including other structural
heart disease) on autopsy, and a negative toxicology
screening. Clinical history, including personal history
of arrhythmic events and history surrounding the
sudden death event of the SCD victim was collected
during identification interviews with next-of-kin
as far as possible by forensic pathologists. DNA-
friendly blood samples were collected for molecular
autopsy. Written informed consent for a molecular
autopsy was obtained from the next-of-kin of each
victim. The first-degree relatives of the victims were
referred by forensic pathologists to the study centre
for genetic counselling and recruitment into the
study. Clinical history, including personal history
of arrhythmic events and history surrounding the
sudden death event of the SCD victim was collected
from family members. All recruited first-degree
relatives underwent clinical evaluation including
12-lead electrocardiogram (ECG), signal-averaged
ECG, echocardiogram, 24-hour Holter analysis and
treadmill exercise testing. Additional investigations
were used only as required, such as flecainide
provocation testing (if BrS is suspected in subjects
>18 years) and targeted genetic screening (if positive
molecular autopsy findings in the index SUD victim).
All first-degree relatives provided written informed
consent for these procedures and for publication of
the results.

A panel of 35 genes implicated in SADS for
BrS, LQTS, short QT syndrome, CPVT, ARVC, and
HCM was tested using NGS (Table 1). The NGS was
performed using targeted gene capture technique
on a MiSeq Sequencing System (Illumina, Inc, San
Diego [CA], United States). Target regions of interest
were restricted to the coding regions and the 10-bp
flanking regions. Target rates indicated percentage
of bases with a minimum depth of coverage of
20x. Alignments to the February 2009 (GRCh37/

% Sudden arrhythmia death syndrome in young victims

TABLE 1. All 35 genes included in the SADS gene panel
analysed by next-generation sequencing

Gene LQTS BrS CPVT ARVC HCM

AKAP9 +

ANK2 +

CACNA1C + +

CACNB2 +

CASQ2 +

CAV3 + +
DSC2 +

DSG2 +

DSP +

GPD1L +

HCN4 +

JUP +

KCND3 +

KCNET1 +

KCNE2 +

KCNE3 +

KCNH2 +

KCNJ2 +

KCNJ8 +

KCNQ1 +

LMNA + +
MYBPC3 +
MYH7 +
PKP2 +
RANGRF +

RYR2 + +

SCN1B +

SCN3B +

SCN4B +

SCN5A + +

SNTA1 +

TGFB3 +

TMEMA43 +

TNNI3 +
TNNT2 +

Abbreviations: ARVC = arrhythmogenic right ventricular
cardiomyopathy; BrS = Brugada syndrome; CPVT =
catecholaminergic polymorphic ventricular tachycardia; HCM =
hypertrophic cardiomyopathy; LQOTS = long QT syndrome; SADS
= sudden arrhythmia death syndrome

hgl9) human genome assembly and variant calls
were generated using dual pipelines, SoftGenetics
NextGENe (v2.4.1) and an in-house one where
sequencing reads were aligned by Burrows-Wheeler
Aligner (v0.7.5a-r405) to hg19 genome and processed
with picard-tools (v1.114). Local realignment for
indels and base quality recalibration were performed
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with Genome Analysis Toolkit (GATK, v3.2). Variant
calls were made with UnifiedGenotyper (GATK
v3.2). Only those genes included in the requested
gene panel were processed for variant calling.
Variants identified were annotated and analysed
with VariantStudio (v2.2.1; [llumina, Inc); in general,
variants with an allele frequency of <0.1% for
dominant disorders or <1.0% for recessive disorders
were reported. Pathogenic and likely pathogenic
variants were confirmed by Sanger sequencing;
benign and likely benign variants were not reported.

The genetic variant pathogenicity was
established according to the Practice Guidelines for
the Interpretation and Reporting of Unclassified
Variants in Clinical Molecular Genetics by the
Clinical Molecular Genetics Society (http://
www.acgs.uk.com/media/774853/evaluation_
and_reporting_of_sequence_variants_bpgs_
june_2013_-_finalpdf.pdf). Major criteria include
degree of conservation, population allele frequencies,
co-segregation pattern, literature data, functional
studies and in silico prediction. The pathogenicity of
novel missense variants was analysed by PolyPhen-2,
SIFT, MutationTaster and Assessing Pathogenicity
Probability in Arrhythmia by Integrating Statistical
Evidence (https://cardiodb.org/APPRAISE/) and
that of novel splicing variants was by Splice Site
Finder-like, MaxEntScan, GeneSplicer and Human
Splicing Finder, wherever appropriate. Splicing
variants were considered to be damaging if the
score was more than 10% lower than the wild-type
prediction. Allele frequencies among populations
were as reported in the Genome Aggregation
Database (gnomAD, http://gnomad.broadinstitute.
org/).

A diagnosis of SADS was established when
molecular autopsy in SCD victims identified a
positive genetic variant implicated in SADS or
generally accepted clinical criteria for a particular
disease were fulfilled in the SCD victims or their
first-degree relatives. The descriptive statistics
were analysed using Excel 2016 (Microsoft Corp,
Redmond [WA], United States).

Results

Five-year retrospective review of autopsy
records

There were 17187 autopsies performed during the
study period and 2748 (16%) deaths were aged 5 to 40
years. There were 420 sudden death victims. Among
them, 289 (69%) were SCD (male:female ratio=9:2).
The median age was 32 years (range, 7-40 years).
Coronary artery diseases accounted for 35% of the
causes of death; other causes of death were aortic
dissection (6%), myocarditis (6%), left ventricular
hypertrophy (4%), dilated cardiomyopathy (9%),
other structural heart diseases (9%), HCM (4%),
ARVC (2%), and unexplained (25%).

Two-year study by conventional and
molecular autopsy

There were 32 SCD victims aged 5 to 40 years between
1 July 2014 and 30 June 2016 with a finding of either
aninheritable arrhythmogenic cardiomyopathy or no
anatomical cause of death (including other structural
heart disease) on autopsy and negative toxicology
results. Eleven individuals were excluded: two who
had no Hong Kong identity card and nine whose
families refused consent. Finally, 21 SCD victims (18
male, 3 female) were recruited into the study. Table
2 shows the clinical and forensic data of the 21 SCD
victims. The median age was 31 years (range, 14-39
years). From the conventional autopsy, 18 (86%) were
unrevealing; two (10%) SCD victims had ARVC and
one (5%) had HCM. The majority died during resting
(48%) or sleeping (24%). Only three SCD victims
(14%) died during exercise. Three (14%) SCD victims
had family history of SCD and seven (33%) had a
history of syncope. Many (71%) of the SCD victims
had unremarkable past health. Genetic analysis
showed 29% with positive heterozygous genetic
variants (Table 3). Seven variants were identified in
seven genes, six variants of which were novel. The
genetic background was heterogeneous without any
common mutations found. Combining conventional
and molecular autopsy findings, the cause of death in
12 (57%) still remains unknown; cause of death was
confirmed in four (19%) as ARVC, in two (10%) as
BrS, and one (5%) each in HCM, LQTS, and CPVT.

Overall, more than half of first-degree relatives
(6 of 11 individuals) who underwent genetic testing
carried the positive genetic variants. Among them,
SADS-related clinical features were detected in three
first-degree relatives from two families (cases 14
and 16). The true clinical phenotype can sometimes
be detected in surviving relatives upon appropriate
clinical evaluation, which in turn significantly aids
the interpretation of genetic findings. Cases 14 and
16 illustrate the importance of this (Fig 1). The first-
degree relatives of these two cases showed SADS-
related clinical features after cardiologist’s assessment.

Case 14wasa17-year-old male victim who died of
sudden nocturnal death. He had an episode of syncope
fewmonthspriortohisdeathbuthedid notseekmedical
attention. Family screening by clinical evaluation
found no structural heart disease but ECG revealed
prolonged QTc interval in his asymptomatic father
and sister (530 ms and 480 ms, respectively) suggesting
a diagnosis of LQTS (Fig 1). Molecular autopsy found
heterozygous NM_199460.2(CACNA1C):c.2276C>G
NP_955630.2:p.(Ala759Gly). This novel variant is
predicted to be damaging and absent in the gnomAD.
CACNAIC is the gene encoding for the alpha-1c
subunit of the type 1 voltage-dependent calcium
channel involved in the cardiac myocyte membrane
polarisation. Its mutations have been reported in BrS
and LQTS.
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TABLE 2. Clinical and forensic data of the 21 SCD victims

% Sudden arrhythmia death syndrome in young victims

Case Sex/ Clinical details Family history of SCD  Forensic findings Molecular autopsy findings
age (autopsy and
(years) toxicology screening)
1 M/26  Known autism and mental retardation. On No Negative Negative
antipsychotic and anti-epileptic drugs. Found
unconscious on bed in hostel
2 M/22  Good past health. Found collapsed at home Yes (mother and Negative Negative
maternal aunt had SCD
at 20s-30s)
3 M/38 Chronic smoker. Good past health. Found No Negative Negative
unconscious on bed at home
4 M/27  History of substance abuse. Found unconscious No Negative Negative
on bed at detoxification centre
5) M/32  Known mental retardation and epilepsy. Found No Autopsy as ARVC and  NM_024422.3(DSC2):c.2368G>A
collapsed in hostel toxicology negative (p.Gly790Arg)*
6 M/33  Good past health. Played football the night No Negative Negative
before and felt chest discomfort. Found
unconscious on bed in the next morning
7 F/14  Birth asphyxia with no residual effects. Dizziness No Negative NM_005751.4(AKAP9):c.3752-1G>A*
with sweating and paleness in past 2 to 3
months. Suddenly collapsed in school after
lunch. Given defibrillation on ambulance
8 F/14  History of ovarian cyst and menorrhagia. No Negative Negative
Suddenly collapsed at home. Electrocardiogram
showed ventricular fibrillation with defibrillation
on ambulance and at the Emergency Department
9 F/26  Good past health. Found collapsed in swimming Yes (elder brother had ~ Autopsy as ARVC and  Negative
pool history of recurrent toxicology negative
syncope and sudden
death at 17 years)
10 M/32  History of exertional syncope. Found Yes (paternal cousin Negative NM_001035.2(RYR2):c.1509C>A
unconscious on bed at home had sudden death at (p.Asp503Glu)*
24 years)
11 M/36 Good past health. Recent fever and diarrhoea. No Negative Negative
Found unconscious on bed at home
12 M/32  Good past health. Low-grade fever for 1 day. No Negative Negative
Enterovirus positive. Found unconscious on bed
at home. Electrocardiogram showed ventricular
fibrillation with defibrillation at the Emergency
Department
13 M/27  Good past health. Lived in Shenzhen. Found No Autopsy as HCM and Negative
unconscious on bed at home. Body transferred toxicology negative
to Hong Kong
14 M/17  History of chest discomfort and fainting during No Negative NM_199460.2(CACNA1C):c.2276C>G
bathing few months ago. Found unconscious on (p.Ala759Gly)*
bed at home
15 M/27  Good past health. Found unconscious on bed No Negative Negative
at home
16 M/19  Good past health. Found unconscious on bed No Autopsy as suspected  NM_198056.2(SCN5A):c.2893C>T
at home pulmonary arterial (p-Arg965Cys)
hypertension and
toxicology negative
17 M/31  History of pulmonary tuberculosis and hepatitis. No Negative Negative
Found collapsed at workplace
18 M/33  Chronic smoker. Good past health. Found No Negative Negative
collapsed at home. Electrocardiogram showed
ventricular fibrillation with defibrillation at the
Emergency Department
19 M/35  Chronic drinker. Good past health. Found No Negative Negative
collapsed at home
20 M/39  Good past health. Suddenly collapsed during No Autopsy as HCM and NM_004415.3(DSP):c.1045G>C
ball game. Electrocardiogram showed ventricular toxicology negative (p.Ala349Pro)*
fibrillation with defibrillation at the Emergency NM_002230.2(JUP):c.751C>A
Department (p.His251Asn)*
21 M/38  Good past health. Found unconscious on bed No Autopsy as ARVC and  Negative

at home

toxicology negative

Abbreviations: ARVC = arrhythmogenic right ventricular cardiomyopathy; HCM = hypertrophic cardiomyopathy; SCD = sudden cardiac death
* Novel variant
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TABLE 3. Positive genetic findings of six sudden cardiac death cases detected by next-generation sequencing

Case Genetic findings

gnomAD

Allele frequency by

In silico prediction HGMD accession

. PolyPhen-2
. MetaSVM
. PROVEAN

10

14

16

20

NM_024422.3(DSC2):c.2368G>A (p.Gly790Arg)*

NM_001035.2(RYR2):c.1509C>A (p.Asp503GIu)*

NM_198056.2(SCN5A):c.2893C>T (p.Arg965Cys)

NM_005751.4(AKAP9):c.3752-1G>A* -

0% (0/1620, EAS)

NM_199460.2(CACNA1C):c.2276C>G (p.Ala759Gly)* -

NM_004415.3(DSP):c.1045G>C (p.Ala349Pro)* -

NM_002230.2(JUP):c.751C>A (p.His251Asn)*

0.0004% (1/245 860, all)
0.0058% (1/17 240, EAS)

0.0066% (16/243 648, all)
0.058% (10/17 136, EAS)

. Probably damaging -
. Damaging
. Damaging

OO OTO

Abolishment of acceptor -
splice site (Splice Site Finder,
MaxEntScan, GeneSplicer,

Human Splicing Finder)

0.0008% (2/242 560, all) a. Probably damaging -

b. Damaging
c. Damaging

a. Probably damaging -
b. Damaging
c. Damaging

. Probably damaging

. Damaging
. Damaging

CMO024644 (Brugada
syndrome)

a
b

c

a. Probably damaging -
b. Damaging

c. Damaging

a. Probably damaging

b. Damaging

c. Damaging

Abbreviations: all = allele frequency in all populations; EAS = allele frequency in East Asian populations; gnomAD = Genome Aggregation Database; HGMD:
Human Gene Mutation Database Professional 2017.2

* Novel variant
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Case 16 was a 19-year-old male victim who
also died of sudden nocturnal death. There was no
known syncope or preceding symptoms ahead of
the collapse. He had history of abnormal heart beat,
although ECG was not done. His family history
was unremarkable. Autopsy revealed pulmonary
hypertension.  Molecular  autopsy  detected
heterozygous = NM_198056.2(SCN5A):c.2893C>T
(p.Arg965Cys) which has been reported as a disease
causing mutation of BrS.”"* The same variant has also
been reported in patients with LQTS (with digenic
mutation in KCNH2 in one case).?*?! The allele
frequency of this variant (rs199473180) is reported
to be 0.058% in East Asians (gnomAD). In silico
analyses by SIFT, MutationTaster, and PolyPhen-2
have revealed this variant to be damaging, disease
causing, and probably damaging, respectively.
Functional study showed that the p.(Arg965Cys)
mutant led to slower recovery from inactivation as
a result of channels with a more negative potential
in steady state inactivation.” Family screening found
his father carrying the same SCN5A mutation and
a type 2 Brugada ECG pattern (Fig 1). However,
no type 1 Brugada ECG feature was revealed by a
flecainide provocation test. The clinical phenotype
in this case supports the pathogenicity of this novel
genetic variant.

Discussion

To elucidate the cause of SCD, a comprehensive
post-mortem evaluation is required. Figure 2
shows the combined approach using both cardiac
evaluation of surviving relatives and molecular
autopsy on SUD victims which would give a higher
yield on elucidating the underlying causes of SUD.
Any history of syncope, cardiac symptoms especially
related to exertion, emotion and stress, previous ECG,
circumstances of SCD (activity at the time of death),
any family history of cardiac disease, premature or
sudden death, near-arrest attack, and epilepsy should
be investigated. Patients with SADS can present with
or be (incorrectly) labelled as having epilepsy.?>*
Guidelines on post-mortem examination of SUD in
the young have been published by the Royal College
of Pathologists of Australasia (https://www.rcpa.
edu.au/getattachment/89884c69-f066-411d-a3d1-
39460444db13/Guidelines-on-Autopsy-Practice.
aspx). In addition to traditional autopsy, some reports
have used whole-body computed tomography and
magnetic resonance imaging to identify structural
heart abnormalities such as ARVC and HCM.?%
However, these imaging modalities were not used in
the present study.

Technologies applied in molecular autopsy
have changed from Sanger sequencing targeting a
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few major SUD-related genes to NGS targeting an
expanded gene panel of up to 200 genes.?® The former
approach achieved diagnostic yields of around 15% to
20%.216232 With increasing throughput capacities at
more affordable costs, the large gene panel or exome
approach by NGS is becoming more appealing in
molecular autopsy. A proof-of-principle exome-
wide study was carried out among 50 SUD subjects,
with likely pathogenic variants identified in 32%.%
The diagnostic yield from various NGS studies,
including our own, is up to 35%, despite the different
lengths of gene lists.**3¢ However, the spectrum of
diseases might be different and rarer causes might
be identified, because substantial clinical suspicion
is typically lacking among young SCD victims
with unremarkable premorbid history. However, a
negative genetic result does not necessarily exclude
the possibility of a genetic basis for the disease.

The major difficulty of molecular autopsy is
establishing the causation between the death and
the genetic variants. Applying molecular autopsy
to the investigation of death causes involves
probabilistic rather than binary “yes or no” answers.
Interpretation of variant pathogenicity relies
heavily on the characteristics of the genetic variant,
allele rarity in population frequencies, in silico
predictions, co-segregation patterns among affected
family members, previous literature data on reports
of similar cases, and available functional data.
This approach follows the usual practice by which
pathologists deal with genetic reporting.

There are two main advantages of molecular
autopsy in SCD. First, molecular autopsy enables a
correct diagnosis of SCD to be established, which can
bring some level of closure to the family. Findings of
a SADS-related condition can differentiate a natural
cause from an unnatural cause of death, such as the
possibility of drowning precipitated by an inherited
arrhythmia during swimming. Second, the ultimate
goal of diagnosing SCD is to prevent another tragedy
among family members. The majority of SADS-
related disorders are autosomal dominant inherited,
and family members are at 50% risk of inheriting the
mutation, with variable penetrance. Family pedigree
for at least three generations should be included in
the extended clinical workup, and genetic counselling
should be considered for second- or higher-degree
relatives wherever appropriate.

There are limitations to our study. First, SCD
victims with autopsy conducted in a public hospital
were not recruited in this study. Hence, the sample
numbers may not be representative for the whole
territory. Second, no premorbid ECG findings of the
victims were available to correlate with the genetic
results. Third, despite multiple efforts, no genetic
mutations were found in over two thirds of the SCD
victims in our study. Expanding the gene list may be
able to increase the yield. The associated phenotypes
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QTc:530 ms | -
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] QTc:480 ms
M/17y, history of chest discomfort and o e [ - - -

fainting during bathing few months
ago. No premorbid ECG. Found
unconscious on bed at home.

SR S B Sy i L

NM_199460.2(CACNA | 0):c.2276C>G
(p-Ala759Gly)

o ; 4 E Asymptomatic

Brugada type |

M/19y, died of sudden nocturnal death. Query
history of abnormal heart beat. No premorbid ECG.

:-_. S/ I "'_";j J r'._____.li.-'I ..“_IJ) L=

NM_198056.2(SCN5A):c.2893C>T (p.Arg965Cys)

FIG |. Pedigrees of cases 14 and 16 with SADS-related clinical features
Abbreviations: ECG = electrocardiogram; SADS = sudden arrhythmia death syndrome

Conventional autopsy by forensic pathologists

Collection of DNA-friendly sample

Molecular autopsy by NGS reported by chemical
pathologists

At-risk family members with clinical assessment by cardiologists

Genetic counselling and cascade testing by clinical geneticists

{J

FIG 2. Proposed model of combining molecular autopsy and clinical assessment
with conventional forensic investigation
Abbreviation: NGS = next-generation sequencing
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and pathogenesis of some genes are still yet to be
further elucidated.

Conclusion

Sudden arrhythmia death syndrome is a significant
cause of SCD in the young. This study is first of
its kind in an East Asian population and provides
important data on the prevalence and types of SADS
among young SCD victims. This is also the first local
feasibility study on incorporating cardiac evaluation
of surviving relatives and NGS molecular autopsy
into the conventional forensic investigations. The
interpretation of genetic variants in the context of
SCD is complicated and we recommend its analysis
and reporting by qualified pathologists. This model
may be considered to cover all age-groups of SCD
victims, as well as other potential applications such
as sudden unexpected death in epilepsy, or sudden
infant death syndrome. This local pilot study should
be considered an important advance in diagnosing
young SCD victims in East Asian populations.
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