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Abstract
Background In sudden, unexpected, non-traumatic death in
young individuals, structural abnormalities of the heart are
frequently identified at autopsy. However, the findings may
be unspecific and cause of death may remain unclear. A sig-
nificant proportion of these cases are most likely caused by
inherited cardiac diseases, and the cases are categorized as
sudden cardiac death (SCD). The purpose of this study was
to explore the added diagnostic value of genetic testing by

next-generation sequencing (NGS) of a broad gene panel, as
a supplement to the traditional forensic investigation in cases
with non-diagnostic structural abnormalities of the heart.
Methods and results We screened 72 suspected SCD cases
(<50 years) using the HaloPlex Target Enrichment System
(Agilent) and NGS (Illumina MiSeq) for 100 genes previously
associatedwith inherited cardiomyopathies and channelopathies.
Fifty-two cases had non-diagnostic structural cardiac abnormal-
ities and 20 cases, diagnosed with a cardiomyopathy post-
mortem (ARVC=14, HCM=6), served as comparators. Fifteen
(29 %) of the deceased individuals with non-diagnostic findings
had variants with likely functional effects based on conservation,
computational prediction, allele-frequency and supportive litera-
ture. The corresponding frequency in deceased individuals with
cardiomyopathies was 35 % (p=0.8).
Conclusion The broad genetic screening revealed variants
with likely functional effects at similar high rates, i.e. in 29
and 35% of the suspected SCD cases with non-diagnostic and
diagnostic cardiac abnormalities, respectively. Although the
interpretation of broad NGS screening is challenging, it can
support the forensic investigation and help the cardiologist’s
decision to offer counselling and clinical evaluation to rela-
tives of young SCD victims.

Keywords Cardiomyopathy . Sudden death . Sudden cardiac
death . Genetics . Pathology . Next-generation sequencing

Introduction

Sudden cardiac death (SCD) is one of the most frequent causes
of sudden and unexplained death in the young population
(<50 years) and is mainly caused by premature ischemic heart
disease, cardiomyopathies or channelopathies [1]. SCD is de-
fined as sudden, natural and unexpected death due to cardiac
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or unknown causes that occurs, if witnessed, within 1 h of symp-
tom onset and, if unwitnessed, occurring less than 24 h after the
deceased was last seen alive and functioning normally [2]. In
cases where an autopsy is performed, two thirds of young SCD
victims have some degree of structural abnormalities of the heart
[3], and in half of these individuals, the aetiology has been re-
ported to be inherited cardiac diseases [4, 1]. However, it is not
always possible to establish a definite post-mortem diagnosis as
the structural findings may be unspecific and does not fulfil the
diagnostic criteria for a specific disease phenotype.

In cases of sudden unexplained death, forensics is involved
in most countries. The purpose of forensic investigations is to
establish the mode of death and, if possible, also to identify the
cause of death. However, the autopsy is also of importance for
the identification—or exclusion—of the presence of an
inherited cardiac disease, as this may indicate whether rela-
tives could be at risk of SCD and if family screening is
warranted [5, 6].

The introduction ofmolecular autopsy in forensics has proven
to be valuable in sudden unexplained death (SUD) cases [7–10].
Post-mortem studies of young deceased individuals with nega-
tive autopsy (n=15–173) have identified putative pathogenic
variants in genes associated with channelopathies in 11 to
26 % of the cases [7–10]. However, only a few post-mortem
studies of SCD victims with structural abnormalities of the heart
have been published. Allegue et al. [11] genetically investigated
23 deceased individuals with hypertrophic cardiomyopathy
(HCM) for 16 genes previously associated with HCM (MYH7,
MYBPC3, TNNI3, TNNT2, TMP1, TNNC1, ACTC, MYH6,
MYL2, MYL3, TCAP, GLA, PRKAG2, TTN, MYLK2 and
MYO6) and found putative pathogenic variants in 2 (9 %) of
the investigated cases. Zhang et al. [12] screened 25 deceased
diagnosed with arrhythmogenic right ventricular cardiomyopa-
thy (ARVC) for variants in PKP2 and identified 6 (25 %) pos-
sibly disease-causing or novel variants. Larsen et al. [13] inves-
tigated 41 deceased individuals with HCM, ARVC or dilated
cardiomyopathy (DCM) for the most commonly associated
genes (HCM: MYH7, MYBPC3, TNNI3, TNNT2, MYL2,
MYL34; ARVC: JUP, DSP, PKP2, DSG2, DSC2, TMEM43;
DCM: LMNA). This study identified four (10 %) individuals
with a presumed disease-causing variant. In a recent review, we
reported that the success rate of genetic testing of probands in a
clinical setting is two to three times higher than that in a forensic
setting [14]. This is most likely due to the challenges of defining
a precise phenotype post-mortem as this is only based on struc-
tural findings, as opposed to the broad range of diagnostic tools
applied in clinical cardiology, e.g. assessment of symptoms, clin-
ical evaluations, ECG’s, imaging, pharmacological and physio-
logical testing etc. In the SCD cases with non-diagnostic struc-
tural findings of the heart, molecular autopsy may be an impor-
tant supplementary diagnostic tool, especially with next-
generation sequencing (NGS), as large-scale gene sequencing
can efficiently and rapidly be applied.

The aim of this study was to identify variants with func-
tional effects in the exons of 100 genes associated with
inherited cardiomyopathies and channelopathies in a cohort
of young suspected SCD victims with non-diagnostic struc-
tural abnormalities of the heart in a forensic setting. For com-
parison, we included SCD victims fulfilling the diagnostic
criteria for cardiomyopathy at autopsy. The overall purpose
of this study was to explore the added diagnostic value of
genetic testing by using NGS of a broad gene panel as a
supplement to the conventional forensic investigation.

Materials

In Denmark, forensic autopsies are requested by the legal
authorities and are performed in cases with suspicion of crim-
inal involvement or in cases of unexpected death without an
established cause of death after external examination.
Between 2009 and 2011, a total of 829 deceased (<50 years)
were autopsied at the Section of Forensic Pathology,
Department of Forensic Medicine, Faculty of Health and
Medical Sciences, University of Copenhagen, Denmark. In
348 (42 %) of the cases, the death was assumed to be of
natural cause and 142 (17 %) of these were categorized as
suspected SCD including cases with negative autopsy. For this
study, we recruited the suspected SCD cases meeting the fol-
lowing inclusion criteria: (a) presence of unspecific (non-
diagnostic) structural findings of the heart without any other
plausible cause of death or (b) a cardiomyopathy diagnosis
established post-mortem without any other plausible cause
of death. We excluded sudden unexpected death (SUD) cases
and cases with myocarditis, primary valve disease, aortic dis-
eases, coronary artery occlusion or myocardial infarction. The
identification of eligible cases was based on autopsy reports,
police reports and hospital records if available. All autopsies
were performed by forensic pathologists and included general
examination as well as thorough macroscopic and microscop-
ic investigations of the heart, following a best practice proto-
col. Toxicology screening was performed if indicated accord-
ing to the existing guidelines of the Section of Forensic
Pathology. ARVC was diagnosed according to the
International Task Force criteria, revised in 2010 [15],
<45 % residual myocytes, fibrous replacement of the right
ventricular free wall myocardium in more than one sample,
with or without fatty replacement. The HCM diagnosis was
fulfilled with an increased heart weight and additionally asym-
metric left ventricular (LV) hypertrophy and/ or histological
abnormalities of LV including disorganization of cardiac mus-
cle cells and/or interstitial fibrosis [16]. All cardiomyopathy
diagnoses were confirmed by a cardio-pathologist. Non-
diagnostic findings included cases not fulfilling diagnostic
criteria for any specific diagnosis and comprised isolated hy-
pertrophy, increased heart weight, mild dilation of one or
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several chambers, moderate to severe fibrosis, fatty replace-
ments or scattered inflammatory foci in the myocardium.

Methods

Genetic investigations

DNA was extracted from blood (n=66) using the QIAamp
DNA Mini Kit (Qiagen, Stockach, Germany) or from fresh
frozen muscle (n=4) and spleen (n=2) using the Biorobot
EZ1 and the EZ1 DNA Investigator Kit (Qiagen, Stockach,
Germany). The extracted DNA was quantified with the
Quantifiler Human DNA Quantification Kit (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer’s
protocol.

A total of 100 genes (Table 1) were investigated using
NGS. All genes had been reported to be associated with
cardiomyopathies or channelopathies and thereby predispo-
sing to SCD. The genes were selected according to the avail-
able literature and Online Mendelian Inheritance in Man
(OMIM) [17].

The 25 bp of adjacent introns and 5′- and 3′-UTR regions of
the 100 investigated genes were isolated and captured using a
custom design of the HaloPlex Target Enrichment system
(Agilent, USA) (150 bp read lengths). The HaloPlex Target
Enrichment protocol was used according to the manufac-
turer’s version D.5 of the protocol. In brief, the following
was performed: (1) digestion of 200 ng of genomic DNAwith
different restriction enzymes in eight tubes and analysis of the
fragments using the 2100 Bioanalyzer (Agilent Technologies,
USA) and (2) hybridization of digested DNA to HaloPlex
probes. The ends of the probes were complementary to the
fragments of the target regions. In the hybridization, the frag-
ments were circularized. Indices with barcodes, sequencing
motifs and biotin were incorporated. (3) The target DNA
was captured with HaloPlex magnetic beads. (4) The nicks
in the circularized DNA fragments were repaired by ligation.
(5) The captured target DNAwas eluted, PCR-amplified and
purified. After library build, the amount of DNA was mea-
sured using a Qubit Fluorometer 2.0 with the dsDNA HS
assay (Invitrogen, USA). The size distribution of the DNA
was analysed using a 2100 Bioanalyzer and the High
Sensitivity DNA kit (Agilent Technologies, USA). The
DNAwas sequenced on a MiSeq (Illumina, USA) according
to the manufacturer’s instructions with 150 bp paired-end se-
quencing using the MiSeq Reagent Kit V2 (300 cycles).

Data analysis and bioinformatics

SureCall (Agilent Technologies, USA) was used for post-
base-calling analysis using default settings with an unknown
algorithm. In brief, SureCall trimmed the reads to remove

adapter sequences and low-quality reads and aligned the reads
to the human genome reference (GRCh37/hg19) [18] using
BWA MEM [19]. Variant calling was done by BAQ SNP
Caller using SAMtools [20] for identifying single-nucleotide
polymorphisms (SNPs), multiple-nucleotide polymorphisms
(MNPs) and indels (insertion-deletions) (<100 bp). SureCall
filtered out false-positive SNPs, MNPs and indels based on
read depth and variant quality. A complete list of identified
variants was created in Variant Caller Format (VCF).

The target size of the designed gene panel included
788 kbp. Overall, 99.6 % of the bases were covered >50×.
Two exons were not covered sufficiently (SCN5A exon 1b
NG_008934.1, JPH2 exon 3 NG_031867.1) The median
coverage for all samples and regions was 528 (range: 200–
710). Variants with a coverage <50 was excluded from further
evaluation.

Alamut Batch v. 1.2.0 and Alamut Visual v.2.5 (Interactive
Biosoftware, France) were used for the annotation and evalu-
ation of missense, nonsense, splice site variants and small
indels. Variants were selected by (1) an in house in silico
analysis tool developed for determining the likelihood of var-
iant pathogenicity, (2) frequency <1 % in the relevant refer-
ence population [21, 22] and associations to cardiac diseases
reported in HGMD [23]. The in silico analysis was based on
parameters of conservation (Grantham distance, AlignGVGD
class, BLOSUM62, orthologues), computational prediction
(MAPP, SIFT), frequency in the relevant reference population
(dbSNP [22], Exome Sequencing Project (ESP) [21]), the lo-
cation in the genome (distance to nearest splice site) and the
coding effect. Details of the scoring of variants in the in silico
analysis was described by Hertz et al. [10] The variants were
evaluated and classified independently as (a) likely, (b) un-
known or (c) unlikely to have functional effects by two
medical doctors (CLH and MD). The available databases
and literature were reviewed for each variant in order to
determine the possible effect. Variants were categorized as
likely to have functional effects based on the genomic al-
terations and the supporting literature [24]. Evidence for
pathogenicity included null variants (nonsense, frameshift,
near splice sites, initiation codon), known disease-causing
amino acid change or residue, functional studies, preva-
lence of the variants in affected individuals with the asso-
ciated disease, location in exon and/or functional domain
with known disease-causing variants, assumed de novo, co-
segregation studies and a minor-allele frequency (MAF)
below the disease prevalence [24–26]. Given that rare
variants are also subject to population stratification [27],
we identified a local Danish reference population (n=
2000) that was whole-exome sequenced. Half of the cohort
comprised metabolically healthy individuals and the other
half were patients with type 2 diabetes [28]. Additionally,
allele frequencies from ESP (European-American population)
[21] and dbSNP [22] were used.
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The software, R v. 2.11.0 [29] was used to perform the
statistical analyses and for the scoring of variants in the in
silico analysis using a custom script. Fisher’s exact test and
Mann-Whitney-Wilcoxon test were used to compare mean
and median values, respectively. P values below 0.01 were
considered statistically significant. The coverage information
were calculated using a custom script in python with the
docopt packages and R v.3.1 [29] with dplyr, magrittr, gplots
and tools packages and the Bioconductor v.2.14 [30, 31] with
packages biomaRt and rtracklayer.

DNA variants were numbered according to reference se-
quence applied in Table 1 using HGVS nomenclature (www.
HGVS.org).

Ethical standards

The study was approved by the Committees on Health
Research Ethics in the Capital Region of Denmark (H-2-
2012-017) and the Danish Data Protection Agency (2011-
54-1262).

Table 1 Investigated genes and associated diseases

Disease Genes Other associated diseases

ARVC DSC2 (NM_024422.3), DSG2a (NM_001943.3), DSPa (NM_004415.2),
JUP (NM_021991.2), PKP2b (NM_004572.3), RPSA (NM_001012321.1),
TGFB3 (NM_003239.2), TMEM43 (NM_024334.2)

aDCM, bBrS

BrS CACNA1C (NM_199460.3), CACNB2 (NM_201596.2), GPD1Lc

(NM_015141.3), HCN4d (NM_005477.2), KCND3 (NM_004980.4),
KCNE3 (NM_005472.4), KCNJ8e (NM_004982.3), MOG1 (NM_016492.4),
SCN1Bf,g (NM_199037.3), SCN3Bf (NM_018400.3), SCN4Bf,h (NM_174934.3),
SCN5Aa,d,e,f,g,h,i (NM_001099404.1), TRPM4g (NM_017636.3)

aDCM, cRBBB, dSSS, eSIDS, fFAF,
gCCD, hLQTS, PFVFi

CPVT CASQ2 (NM_001232.3), RYR2j (NM_001035.2) jARVC

CTD SLC22A5 (NM_003060.3)

DCM ABCC9f (NM_005691.3), ACTN2k (NM_001103.3), BAG3 (NM_004281.3),
CTF1 (NM_001330.3), CRYAB (NM_001289807.1), DES (NM_001927.3),
DMD (NM_004006.2), EYA4 (NM_172105.3), FHL2 (NM_001450.3), FKTN
(NM_006731.2), GAA (NM_000152.3), ILK (NM_001014794.2),
LAMA4 (NM_001105206.2), LDB3k,l (NM_001171610.1), LMNAj

(NM_170707.2), MYPNk (NM_001256267.1), NEBL (NM_006393.2),
NEXNk (NM_144573.3), PLNk (NM_002667.3), PRDM16l (NM_022114.3),
PSEN1 (NM_000021.3), PSEN2 (NM_000447.2), RBM20 (NM_001134363.2),
RPS7 (NM_001011.3), SDHA (NM_004168.2), SGCD (NM_000337.5), STARD3
(NM_006804.3), TAZl (NM_000116.3), TCAP (NM_003673.3), TMPO
(NM_003276.2), TNNC1k (NM_003280.2), TNNI3k (NM_000363.4)

fFAF, jARVC, kHCM, lLVNC

FAF CACNA1D (NM_000720.3), GJA5 (NM_005266.6), HCN1d (NM_021072.3),
KCNA5 (NM_002234.3), NPPA (NM_006172.3), RANGRF (NM_016492.4),
SCN2B (NM_004588.4)

dSSS

FD GLA (NM_000169.2)

HCM ACTC1a,l (NM_005159.4), ANKRD1 (NM_014391.2), CALR3 (NM_145046.4),
CAV3m (NM_001234.4), CSRP3a (NM_003476.4), JPH2 (NM_020433.4),
LAMP2 (NM_001122606.1), MYBPC3a,l (NM_000256.3), MYH6a,d

(NM_002471.3), MYH7a,l (NM_000257.2), MYL2 (NM_000432.3), MYL3
(NM_000258.2), MYLK2 (NM_033118.3), MYOZ2 (NM_016599.4),
PRKAG2n (NM_016203.3), SLC25A4 (NM_001151.3), TNNT2a,l

(NM_001276345.1), TPM1a,l (NM_000366.5), TTNa (NM_001267550.1),
VCLa (NM_014000.2)

aDCM, dSSS, lLVNC, mLQTS, nWPW

LQTS AKAP9 (NM_005751.4), ANK2 (NM_001148.4), CALM1e,p (NM_006888.4),
CALM2e,p (NM_001743.4), CALM3e (NM_005184.2), KCNE1 (NM_000219.5),
KCNE1Lf (NM_012282.2), KCNE2f (NM_172201.1), KCNE4
(NM_080671.3), KCNH2o (NM_000238.3), KCNJ2f,o (NM_000891.2), KCNJ5
(NM_000890.3), KCNQ1f,o (NM_000218.2), SNTA1 (NM_003098.2)

eSIDS, fFAF, oSQTS, pCPVT

LVNC DTNA (NM_001390.4)

PFVF DPP6 (NM_130797.3)

All genes included in the genetic analysis and their associated diseases

ARVC arrhythmogenic right ventricular cardiomyopathy, BrS Brugada syndrome, CCD cardiac conduction disease, CPVT catecholaminergic polymor-
phic ventricular tachycardia, CTD carnitine transporter deficiency, DCM dilated cardiomyopathy, FAF familial atrial fibrillation, HCM hypertrophic
cardiomyopathy, LQTS long QT syndrome, LVNC left ventricular non-compaction, PFVF paroxysmal familial ventricular fibrillation, SIDS sudden
infant death syndrome, SSS sick sinus syndrome, SQTS short QT syndrome, WPW Wolff-Parkinson-White syndrome
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Results

The cohort

We identified 72 individuals who fulfilled the inclusion
criteria. Of these, 50 (69 %) were males and the median
age at time of death was 41 years. Overall, death occurred
during sleep in 20 (28 %) cases, at rest in 14 (19 %) cases,
during or after physical activity in 8 (11 %) cases and
during unknown activity in 28 (39 %) cases. Twenty-two
(31 %) had reported symptoms prior to death, including
dizziness, syncope, chest pain, dyspnoea and/or palpitations
(Table 2).

In 20 (28 %) of the cases, a cardiomyopathy diagnose
(ARVC=14, HCM=6) was established by a forensic pathol-
ogist. The remaining 52 (72%) individuals had unspecific and
non-diagnostic post-mortem findings of the heart without any
other plausible cause of death. Descriptive data of the study
population is shown in Table 2.

The group of cases with diagnosed cardiomyopathies
were younger than the cases with non-diagnostic findings
(32 and 43 years, respectively, p=0.004). In the group of
diagnosed cardiomyopathies, 6 (30 %) victims died during
physical exercise, compared to 2 (4 %) in the group of
non-diagnostic structural findings (p=0.005). Four (20 %)
victims diagnosed with cardiomyopathies had reported
chest pain prior to death, compared to none in the non-
diagnostic group (p=0.005). There were no statistically sig-
nificant differences in the remaining symptoms prior to
death, medical history, family history of SCD or toxicology
results (Table 2).

Genetic findings

Cardiomyopathies

Of the 20 individuals with cardiomyopathy, 12 variants
with likely functional effects were found in 7 (35 %) of
the cases (Table 3). The median age of time of death
was 31 years (range 21–42 years). Four (57 %) of the
genotype positive deceased were males. Four (20 %)
individuals had a variant in genes associated with car-
diomyopathy and three (15 %) individuals had both a
variant in genes associated with cardiomyopathies and
in genes associated with channelopathies (Fig. 1). Of
the 14 individuals diagnosed with ARVC, five (36 %)
had variants with likely functional effects although only
two individuals had variants in the desmosome genes.
Two (40 %) of the five HCM individuals had variants
with likely functional effects in genes involved in the
coding for sarcomere proteins. One of the individuals
had an additional variant in a gene associated with
altered ion channel function.

Non-diagnostic structural findings

Of the 52 individuals with non-diagnostic structural findings
of the heart, 15 (29 %) individuals had variants with likely
functional effects, of which two (4 %) had more than one
variant in one or more genes (Table 4). Nine (60 %) of the
genotype positive individuals were males, and the median age
was 45 years (range 1–50 years). Seven (14 %) individuals
had variants with likely functional effects in genes associated
with cardiomyopathies, and eight (15 %) individuals had a
variant in genes associated with channelopathies (Fig. 1). In
total, 28 (54 %) individuals had hypertrophy, either isolated or
with fibrosis and/or fatty infiltrations. Eleven (39 %) of these
individuals had variants with likely functional effects that
were equally distributed among cardiomyopathy and chan-
nelopathy associated genes. Fourteen (27 %) individuals had
isolated fibrosis or fibro-fatty replacement in the myocardium,
of which three (21 %) had variants with likely functional ef-
fects in genes associated with channelopathies. In the cases
with isolated fatty infiltrations (n=3) or dilation of one or
several chambers, no variants with likely functional effects
were found (Table 5).

The difference between the frequency of found variants in
the group of diagnosed cardiomyopathies and non-diagnostic
structural findings was not statistically significant (p=0.8).

Discussion

We investigated 72 suspected SCD victims with diagnostic or
non-diagnostic cardiac findings at autopsy for variants with
likely functional effects in 100 genes known to be associated
with cardiomyopathies or channelopathies using NGS. Our
major finding was that when expanding the genetic testing
to a broad gene panel, the identified frequency of variants with
likely functional effects in young suspected SCD victims with
non-diagnostic and diagnostic cardiac changes, more than
doubled compared to previous reports applying limited phe-
notype specific gene panels [11–13]. Another novel finding
was that variants with likely functional effects were identified
at similar rates in the two groups, hence in 29 % of the indi-
viduals with non-diagnostic structural abnormalities of the
heart and in 35 % of the individuals with a cardiomyopathy
diagnosis.

Post-mortem diagnosed cardiomyopathies

In the group of cases with a diagnosed cardiomyopathy, var-
iants with likely functional effects were mainly found in genes
previously associated with cardiomyopathies, i.e. a reasonable
overall genotype-phenotype relationship was seen. However,
in the five genotype-positive ARVC individuals, only two had
gene variants coding for proteins in the desmosome complex.
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Table 2 Descriptive data of the suspected SCD victims

Characteristics All (n=72) Diagnostic (n=20) Non-diagnostic (n=52) P value*

Male gender 50 (69 %) 15 (75 %) 35 (67 %) 0.6

Median age at time of death (years) 41 (Range 1–50) 32 (Range 12–49) 43 (Range 1–50) 0.004

Median BMI 25 (Range 15–47)a 24 (Range 15–36) 25 (Range 17–47) a 0.7

Pathological findings at autopsy

ARVC 14 (19 %) 14 (70 %) – – –

HCM 6 (8 %) 6 (30 %) – – –

Non-diagnosticb 52 (72 %) – – 52 (100 %) –

Witnessed death 21 (29 %) 6 (30 %) 15 (29 %) 1.0

Event at death

Sleep 20 (28 %) 9 (45 %) 11 (21 %) 0.08

At rest 14 (19 %) 5 (25 %) 9 (17 %) 0.5

Physical exercise 8 (11 %) 6 (30 %) 2 (4 %) 0.005

Post coital 2 (3 %) 0 – 2 (4 %) 1.0

Unknown 28 (39 %) 0 – 28 (54 %) 0.0001

Symptoms prior to death 21 (29 %) 8 (40 %) 14 (27 %) 0.4

Dizziness/syncope 8 (11 %) 3 (15 %) 5 (10 %) 0.7

Malaise 4 (6 %) 0 – 4 (8 %) 0.6

Nausea/vomiting 4 (6 %) 1 (5 %) 3 (6 %) 1.0

Chest pain 4 (6 %) 4 (20 %) 0 – 0.005

Seizure 3 (4 %) 1 (5 %) 2 (4 %) 1.0

Dyspnoea 3 (4 %) 1 (5 %) 2 (4 %) 1.0

Palpitations 2 (3 %) 1 (5 %) 1 (2 %) 0.5

Medical history

Psychiatric diseasec 9 (13 %) 2 (10 %) 7 (13 %) 1.0

Hypertension 7 (10 %) 0 – 7 (13 %) 0.2

Asthma 6 (8 %) 2 (10 %) 4 (8 %) 0.7

Diabetes mellitus 5 (7 %) 0 – 5 (10 %) 0.3

Epilepsy 3 (4 %) 2 (10 %) 1 (2 %) 0.2

Hypercholesterolemia 1 (1 %) 0 – 1 (2 %) 1.0

Muscular dystrophy 1 (1 %) 0 – 1 (2 %) 1.0

Family history of SCD 3 (4 %) 2 (10 %) 1 (2 %) 0.2

Post-mortem toxicologyd 56 (78 %) 15 (75 %) 41 (79 %) 0.8

Negative 25 (45 %) e 10 (67 %) e 15 (37 %) e 0.07

Strong analgesics 7 (13 %) e 2 (10 %) e 5 (12 %) e 1.0

Antiepileptic drugs 6 (11 %) e 1 (5 %) e 5 (12 %) e 1.0

Anxiolytics/hypnotics 5 (9 %) e 1 (5 %) e 4 (10 %) e 1.0

Illegal drugs f 5 (9 %) e 0 – 5 (12 %) e 0.3

Antipsychotics 4 (7 %) e 0 – 4 (10 %) e 0.6

Antidepressants 2 (4 %) e 1 (5 %) e 1 (2 %) e 0.5

Otherg 14 (25 %) e 2 (10 %) e 12 (29 %) e 0.3

BMI body mass index, ARVC arrhythmogenic right ventricular cardiomyopathy, HCM hypertrophic cardiomyopathy, SCD sudden cardiac death

*Comparison of diagnostic and non-diagnostic suspected SCD victims
a Excluding two children (age 1 and 3)
b Isolated hypertrophy, increased heart weight, mild dilation of one or several chambers, moderate to severe fibrosis, fatty replacements or scattered
inflammatory foci in the myocardium
c Schizophrenia, psychosis or depression
dNo drugs reached toxic levels, potentially explaining the cause of death
e Percentage of the cases with a performed post-mortem toxicology screening
f Tetrahydrocannabiol (THC), cocaine, gamma-hydroxybutyrat (GHB), amphetamine or anabolic steroids
g Anticoagulants, antidiabetics, antihypertensive drugs, cholesterol lowering medications, corticosteroids, non-opioid analgesics or proton pump
inhibitors
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The remaining three genotype-positive individuals had vari-
ants in genes previously shown to be associated with DCM
(LMNA and LDB3). This probably reflects the challenges in
establishing specific cardiomyopathy diagnoses by post-
mortem investigations. Clinically, there is also a well-known
overlap between ARVC and DCM [32, 33]. Moreover, some
of the assumed associations between the gene variants and
specific diseases are based on studies of few cases with phe-
notypes that might have been misdiagnosed. On this basis it
seems prudent to test a broad gene panel in suspected cardio-
myopathy cases—rather than to test a narrow gene panel con-
sidered to be associated with a specific cardiomyopathy.

Non-diagnostic structural
abnormalities—cardiomyopathies or channelopathies?

In the 52 cases with non-diagnostic structural findings, the
frequencies of variants with likely functional effects were
equally distributed in cardiomyopathy (47 %) and channelop-
athy (53%) associated genes. The high frequency of identified
variants in genes associated with channelopathies corresponds
to previous findings made by Papadakis et al. [6] This study
clinically and genetically evaluated family members of vic-
tims of either SADS (sudden arrhythmic death syndrome) (n=
163) or individuals with unspecific abnormalities of the heart
(n=41). Targeted genetic analysis was performed dependent
on the suspected phenotype (KCNQ1, KCNH2, SCN5A,
KCNE1, KCNE2 in long QT syndrome (LQTS); SCN5A in
Brugada syndrome (BrS); RYR2 in catecholaminergic poly-
morphic ventricular tachycardia (CPVT)). They found a sim-
ilar proportion (47 and 51 %, respectively) of channelopathic
diseases in the relatives of the two groups. The predominant
diagnoses were LQTS and BrS in both cohorts. This demon-
strates the diversity of both the phenotypic and genotypic
expression of the inherited cardiac diseases. The findings in
the present study supported by previous findings by Papadakis
et al. [6] suggests that SCD cases with unspecific structural
findings of the heart may belong to the category of SUD, i.e.
as a primary channelopathy or to the structural group of car-
diomyopathies. Previous post-mortem studies of young SUD
victims have genetically investigated only the genes most

commonly associated with cardiac channelopathies, including
LQTS, BrS and CPVT. The reported frequencies in the inves-
tigated SUD cohorts have been 11 to 26 % [7–10]. However,
two recent whole-exome sequencing studies of young SUD
victims reported variants in cardiomyopathy associated genes
in 4 (14 %) and 6 (43 %) victims, respectively, with no or
minor abnormalities of the heart [34, 35]. This could reflect
that cardiomyopathies may present with malignant arrhythmia
at an early stage before the overt structural phenotype has
developed. On the other hand, in the cases with only variants
with likely functional effects in genes associated with chan-
nelopathies, the observed unspecific structural changes in the
heart may not represent significant pathological changes, but
changes that may also be present in normal hearts. Thus, car-
diomyopathies may present in various ways and may not be
precisely defined at autopsy. Wider genetic screening, includ-
ing both cardiomyopathy- and channelopathy-associated
genes, is therefore a valuable supplement to forensic investi-
gations and will increase the probability of finding the likely
cause of death in these particular cases.

Multiple genetic variants

In the present study, 22 individuals (31 %) of the study cohort
had variants with likely functional effects. Of these, five
(23 %) had more than one variant in one or more genes. In
the group of diagnosed cardiomyopathies, half of the geno-
type positive individuals had several variants affecting genes
associated with cardiomyopathies and genes associated with
channelopathies. The presence of variants affecting the func-
tion of the ion channels in the myocardium might potentially
increase the risk of arrhythmias and thereby SCD in cases with
structurally affected heart. The significance of several variants
is not yet clear, but there might be an interaction between
genes with different functions and possible modifying effects.
The use of NGS in genetic screening commits to the challenge
of interpreting the large amount of results that may be gener-
ated. This will most likely be increasingly common as the new
genetic methods offer investigations of large numbers of
genes so that the likelihood of finding rare variants with un-
known significance increases.

Fig. 1 Percentage of variants
with likely functional effects in
the suspected SCD cases with a
cardiomyopathies and b non-
diagnostic structural findings at
the heart
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Genetics in forensic medicine

For the prospect of implementation of genetic testing as part of
forensic investigations, collaboration between all specialties
involved is essential. A specific phenotype is crucial in the
management of SCD cases and should be based on medical
records including symptoms, predispositions and family his-
tory. Moreover, a thorough forensic autopsy comprising ex-
pert cardiac evaluation is needed. With the combined knowl-
edge gained from adequate medical history, autopsy findings
and genetic data, a comprehensive evaluation and diagnostics
can be made, and counselling and clinical cardiology evalua-
tion can be offered to the first degree relatives.

Limitations

There is a selection bias in our study, since only autopsied
cases from the Department of Forensic Medicine at the
University of Copenhagen were included. Furthermore, the
study was retrospective and the selection was based on avail-
able records from the forensic investigation, not always in-
cluding hospital records and clinical information prior to
death. It was not possible to investigate the families to the
deceased. Thus, segregation of the pheno- and genotypes
was not explored. Several of the observed variants were novel.
Therefore, the classification of variants was solely based on
the coding effect, prediction of amino acid substitutions and
the functional effect and previously established disease-
causing variants in the nearby exon and/or protein domain.
To verify the possible pathogenic impact of the observed var-
iants, segregation studies and functional studies are needed.

We did not verify the results or cover the missing exonic
regions of the design with another sequencing method.
However, the genetic results presented in this study were of

high quality and the vast majority of the targeted regions were
highly covered, supporting the reliability of the results
[36–38]. The currently used 100 gene panel was previously
validated by comparing all observed variants in 47 individuals
with another NGS based method (Ion AmpliSeq, Ion Personal
Genome Machine, Thermo Fischer Scientific). The results
were concordant [47]. We also investigated 34 arrhythmia-
associated genes in 15 individuals [10] using NimbleGen cap-
ture design (Roche) and found full concordance between the
results compared to the 100 gene method (unpublished data).

Conclusion

To our knowledge, this is the first large post-mortem
genetic study using NGS to investigate suspected SCD
victims with structural abnormalities. The study shows
the potential of genetic analysis of a large number of
genes associated with cardiac diseases in forensic med-
icine with the use of NGS, as approximately one third
of the investigated cases had variants likely to have
functional effects. Hence, broad genetic screening may
support the medico-legal investigation, particular in
cases with non-diagnostic autopsy findings and no clear
cause of death. This may also be of importance for
follow-up by clinical cardiac evaluation in the relatives
left behind
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Table 5 Pathological findings
and genotypes in the suspected
SCD victims with non-diagnostic
abnormalities of the heart

Pathological findings All (%) Variants with likely functional effects

Total (%) Cardiomyopathy
genes

Ion channel
genes

Hypertrophy 9 (17) 3 (33) 3 –

Fibrosis 6 (12) 2 (40) – 2

Fatty infiltrations 3 (6) 0 – –

Fibro-fatty infiltrations 8 (16) 1 (12) – 1

Dilation of one or several chamber 3 (6) 0 – –

Hypertrophy, fibrosis 13 (26) 5 (38) 2 3

Hypertrophy, fibro-fatty infiltrations 4 (8) 2 (50) 1 1

Hypertrophy, fibrosis, inflammatory foci 2 (4) 1 (50) – 1

Other 4 (8) 1 (25) 1 –

Total 52 (100) 15 (29) 7 8

Details of the distribution of pathological findings and variants with likely functional effects in the suspected
SCD victims with non-diagnostic abnormalities of the heart. Cardiomyopathy genes:DSP, MYH6, MYH7, NEXN
and TTN; ion channel genes: CACNA1C, CASQ2, KCNA5, KCNH2, KCNQ1, NPPA, TRPM4 and RYR2
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