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A B S T R A C T

In many SCD cases, in particular in pediatric age, autopsy can be completely negative and then a post-mortem
genetic testing (molecular autopsy) is indicated. In NGS era finding new/rare variants is extremely frequent and,
when only variants of unknown significance are found, molecular autopsy fails to find a cause of death. We
describe the emblematic case of the sudden death of a 7-year-old girl. We performed a full-body micro-CT
analysis, an accurate autopsy, a serum tryptase test and toxicological tests. Since the only macroscopic ab-
normality we found was a myocardial bridging (length: 1,1 cm, thickness: 0,5 cm) of the left anterior descending
coronary artery, a molecular autopsy has been performed. NGS analysis on victim DNA detected rare variants in
DPP6, MYH7, SCN2B and NOTCH1 and segregation analysis was then achieved. On the basis of ACMG/AMP
(clinical) guidelines, all the found variants were classified as of unknown significance. In other words, both the
macroscopic and genetic anomalies we found were of uncertain significance and then the autopsy failed to find
the cause of the death. Our case raises three main discussion points: (a) economical, ethical and legal limitations
of genetic investigation; (b) risk that genetic testing does not succeed in finding a certain cause of the death; (c)
absence of specific guidelines to face the problem of VUS in forensic cases.

1. Introduction

Sudden death (SD) is traditionally defined as the unexpected natural
death of a healthy individual occurring within the first hour after the
onset of symptoms or, if death is unwitnessed, within 24 h of the victim
being seen in a healthy state. These events draw the interest of medical
and legal communities that investigate, for different purposes, the
predictability and the preventability of SDs, as well as the interest of the
society, which has a primordial fear of unpredictable phenomena. In
the general population, almost 85% of SDs has a cardiac origin, while in
the young population (<35 years), this percentage is as low as 57%
[1,2]. These deaths are defined as sudden cardiac death (SCD). Young

individuals represent 2–10% of total SCD victims [3]. The incidence of
SCD is 2–8 cases per 100,000 persons per year in those younger than
35 years. In details, it is 1–2 per 100,000 per year in those aged be-
tween 15 and 35 and is particularly low among children between 6 and
10 years of age [3–6]. However, the incidence of SCD is certainly un-
derestimated: in many ambiguous cases, the identification of a macro-
scopic and/or microscopic abnormality at the autopsy, regardless of its
functional significance, is considered sufficient to certify the cause of
death [7]. In the general population, about the 80% of SCD is due to
ischemic heart disease, while in the subpopulation of young adults, the
main aetiology is represented by familial cardiomyopathies (especially
hypertrophic cardiomyopathy) [8,9]. SCD often occurs at home and/or
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during sleep, although factors such as intense physical exercise, epi-
leptic seizures, febrile illness and emotional or acoustic stress are
globally considered potential triggers [2,4,8,10,11]. Autopsy-negative
SDs (the so-called sudden unexplained deaths, SUDs) are particularly
common in young adult population: in up to 53% of these cases, neither
macroscopic, microscopic nor toxicologic anomalies are found
[2,5,12,13]. Cardiomyopathies (Table 1) cause SUDs mainly in children
and athletes, in which at the autopsy the identification of their dis-
tinctive macroscopic and microscopic features and the differential di-
agnosis with benign conditions can be difficult [14]. On the other side,
channelopathies (Table 2) are the leading cause of SUD.

Syndromes responsible for SUD are generally characterized by au-
tosomal dominant inheritance, locus heterogeneity, incomplete pene-
trance and variable expressivity [10,14–16]. Currently, more than 100
genes have been associated with syndromes leading to SCD, but in cases
at risk genetic analyses often are restricted to a limited number of genes
- mainly because of economic reasons [17].

Regarding the variants found by the genetic testing, many of them
are classified as variants of unknown significance (VUS), because there
is not sufficient evidence to define their functional role in phenotype. In
2015, the ACMG/AMP published clinical guidelines on the genetic
classification of variants based on several items such as in silico pre-
dictions, global population frequencies and functional in vivo/in vitro
analysis [18]. In recent years, additional reports including modifica-
tions of these guidelines have been published, improving the potential
pathogenic classification of rare variants [19–21]. At the present time,
there are no forensic guidelines on the management and interpretation
of cases in which VUS are found.

In this paper we want to discuss the main elements and issues that
differentiate the forensic management of cases in which VUS are found,
starting from the description of a SD pediatric case in which at mole-
cular autopsy only VUS were found.

2. Case report

In the early morning, an obese (height: 128 cm, weight: 40 kg) 7-
year-old girl was found dead when she was at home with her mother.
The girl was last seen awake and in a healthy state by her parents about
an hour earlier. The medical examiner did not find external signs of
violence.

2.1. Anamnestic data

Her clinical history was negative, but in the last weeks, she had
frequently been visited by a pediatrician to treat seasonal allergies. We
were not authorized to obtain clinical information on her first-degree
relatives.

2.2. Preautopsy imaging

A full-body CT-scan was performed to exclude abuse or trauma. It

did not show any anomaly (Fig. 1).

2.3. Autopsy results

Prosecutor requested an autopsy to find the cause of the death and
to exclude chiefly child abuse and pediatrician malpractice. It was
performed the day after death. The heart (weight: 240 g, longitudinal
diameter: 11 cm, transverse diameter: 10 cm, thickness of the anterior
wall of the right ventricle: 0·3 cm, thickness of the left ventricle: 1·0 cm)
did not reveal morphologic or structural anomalies of ventricular walls
and valves. The coronary circulation was right-dominant and presented
myocardial bridging (length: 1·1 cm, thickness: 0·5 cm) involving the
middle segment of the left anterior descending coronary artery (Fig. 2).
No other significant elements were found upon macroscopic observa-
tion, with the exception of pulmonary edema. The histopathological
examination (Fig. 2) showed patchy interstitial fibrosis, myocyte dis-
array and waving of the myofibers in the tissue surrounding the tun-
neled artery. Several areas of interstitial and subendocardic fibrosis in
the other samples of the left ventricular myocardium were also ob-
served.

2.4. Postmortem tests

The low value of serum tryptase (6·12 µg/L) excluded a fatal ana-
phylaxis [62]. Toxicology tests were negative.

2.5. Genetic testing

Genomic DNA was extracted from postmortem whole blood of the
proband with Chemagic MSM I (PerkinElmer, Waltham, MA, USA).
Spectrophotometric measurements were performed to assess quality
ratios of absorbance (260/280:260/230 minimum of 1.8:2.2). DNA
concentration was determined by a Qubit fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA), and 3 μg of DNA was used for library
preparation. Whole blood samples of the proband mother, father and
sister were obtained to extract genomic DNA and thus to perform
Sanger sequencing to analyze the segregation of each genetic variant
identified by NGS.

For NGS analysis we used a custom resequencing panel which in-
cluded 147 genes associated with cardiomyopathies and channelo-
pathies, designed and optimized by Gendiag.exe SL and commercialized
by Ferrer inCode as SudD inCode® (Table 3) [63–66]. The final size was
442,13 kb of encoding regions and UTR boundaries. We sequenced an
isoform for each gene and only coding exons and 10 base pairs inside
intronic regions. Exons were obtained from Ensembl site version 81 in
GRCh38 and translated to hg19 [67]. Bait design was achieved using an
in-house algorithm and submitted to Agilent SureSelect Design Web.
The chip design was achieved using variable tailing bait and variable
multiplicity bait to obtain homogeneous coverage and optimize sample
load. The present bait design algorithm considers the GC content of the
bait itself, as well as the target and the surrounding region of the

Table 1
Cardiomyopathies.

HCM DCM ACM

Prevalence 1/500 [8,14,22–26] Uncertain (commonest estimate: 1/2,500)
[22,34–36].

1/2,000–1/5,000 [31,43]

Mortality Annual cardiac mortality depends on the age: 6% in
pediatric populations, 1–2% in adult populations,
and 0.64% in the over 60 age group [22,23,27–29]

Annual incidence of ventricular arrhythmia
or SCD: 1.6–6.9% (depending on the
presence of fibrosis) [22]

Annual cardiac mortality: 0.9–2.0%
[29,44,45]

Genetics More than 50 (main: MYBPC3, MYH7, TNNI3, and
TNNT2) [30–36]

More than 60 (main: BAG3, LMNA, and
TTN) [22,30,31,37–42]

More than 10 (main: DSC2, DSP, PKP2,
and DSG2) [14,30,31,34,43,46–49]

Diagnostic yield of
comprehensive genetic
analysis

Nearly 80% [22,24,27,30] 30–40% in sporadic cases and nearly 60%
in familial cases [35,36,38]

Nearly 50% [22]

HCM – hypertrophic cardiomyopathy; DCM – dilated cardiomyopathy; ACM - arrhythmogenic cardiomyopathy.
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targeted gene. This algorithm also considers multimapping of the bait
regions and uses, when available, previous NGS results. Genomic DNA
was fragmented by sonication using the Bioruptor (Diagenode). The
147 genes were enriched using the SureSelect Custom Target Enrich-
ment System Kit (Agilent Technologies, Santa Clara, CA USA) according
to the manufacturer’s instructions for the “SureSelect Target Enrich-
ment System for Illumina Paired-End Sequencing version B.1″ (Sur-
eSelect XT Custom library, Agilent Technologies, Inc.). The paired-end
sequencing process was carried out on MiSeq System (Illumina) using
2 × 76 bp read length.

NGS analysis was submitted to GendiCall Pipeline (Gendicall
Software from FerrerIncode), which cleans up and trims fastq files from
sequencers and then Gendicall maps using either GEM or BWA mapper
[68]. Subsequently, bam files were generated and sorted, and dupli-
cates were removed with Picard (http://picard.sourceforge.net). Var-
iant calls for SNVs and Small Indels were performed using Samtools
(v.1.3.1) and internal Gendicall Caller. Annotation of called variants
was based on several sources, and for population data, dbSNP [69],
1000 Genomes Project [70], Exome Variants Server (EVS) (Exome
Variant Server, NHLBI GO Exome Sequencing Project (ESP), Seattle,
WA 2014), Exome Aggregation Consortium (ExAC) Cambridge, MA
[19] and Genome Aggregation Database (gnomAD; http://gnomad.
broadinstitute.org) were used. The protein predictors consulted were
PolyPhen2 [71], Sift [72], Provean [73] and Mutation Taster [74]. Fi-
nally, we also used the splicing predictors MaxEntScan [75], FSPLICE,
GeneSplicer [76] and NNsplice [77]. Sanger sequencing was performed
to sequence regions with coverage lower than 30X, as well as to vali-
date the uncommon variants identified (allele frequency lower than 1%
in general population). First, polymerase chain reaction (PCR) was
performed, and the product was purified by ExoSAP-IT (USB Corpora-
tion, Cleveland, OH, USA) and directly sequenced by the dideoxy chain-
termination method in an ABI Prism Big Dye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, USA). Sequencing was processed
in a 3130XL Genetic Analyzer (Applied Biosystems) and analyzed by
SeqScape Software v2.5 (Life Technologies), comparing the obtained
results with the reference sequence from hg19. Protein numbering re-
flects the translation initiator methionine as + 1. Genetic variants were
reported following the recommendations of the Human Genome Var-
iation Society (HGVS). Regarding copy number variation (CNV), our
approach was focused on capturing significant differences between
expected normalized coverage and obtained normalized coverage for a
given sample in a region of interest. Several samples were analyzed to
corroborate similar levels of coverage between samples, as already
published by our group [78,79]. Finally, each variant was classified
according the current recommendations of the American College of
Medical Genetics and Genomics and the Association for Molecular Pa-
thology (ACMG/AMP) [18]. All the investigators discussed data in-
cluded in each item of the ACMG and reached a consensus on the final
classification of all the variants.

We identified five rare genetic variants in heterozygous state
(Table 4). Then, we performed Sanger sequencing on the DNA extracted
from the mother, the father and the sister of the proband. The father
carried both variants identified in the DPP6 gene, whereas the mother
carried the rare variants identified in MYH7, SCN2B and NOTCH1. The
sister carried all the genetic variants (Fig. 3). Following ACMG/AMP
criteria [18], all the variants were classified as VUS.

The mutated positions of all the variants proved to be conserved
among different species (Fig. 4).

3. Discussion

In forensic field the assessment of the significance of a variant is
linked to a complex web of medico-legal issues. In particular, attri-
buting a precise likelihood to the causal relationship between the found
variant and an event of legal interest is important to meet an adequate
standard of proof.Ta
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Regarding the interpretation/management of cases in which VUS
are found, an important aspect is represented by the legal responsibility
of the medical examiner: autopsy is requested by public authorities to
obtain certain answers, and an undefined cause of death could jeo-
pardize an entire investigation and raise unwarranted suspicions (in our
case, that of a child abuse) in public opinion and among the in-
vestigators. Furthermore, a forensic pathologist/forensic geneticist who
underestimates the pathogenicity of a variant could be considered
legally responsible for the possible cardiac events or SCD of the victim’s
relatives [80]. On the other hand, the overestimation of these data can

wrongfully lead to dramatic life changes (e.g., the ineligibility for sports
and particular jobs) and to highly invasive interventions (like the im-
plantation of an ICD). In cases in which SD is suspected to have a
cardiac origin, the pathologist task is further complicated by the fact
that the carrier of the VUS is dead, and so he cannot opt for watchful
waiting.

These are not niche issues: finding VUS is extremely common in
forensic practice, since in the majority of cases, the assignment of a
certain or likely significance to the found variants is impossible because
of the lack of supporting data [18].

Fig. 1. negative micro-CT.
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We decided to start the discussion of this topic presenting a case of
SCD in the young because in this subpopulation autopsies are generally
more challenging (in particular because of the frequency of SUDs) and
bear a particular social and legal burden [81].

The described case is an example of possible medicolegal issues in
SCD-VUS cases. The victim’s body did not show external signs of abuse,
and the reported circumstances of the death were compatible with SD/
SCD. We decided to perform a CT-scan before the autopsy to exclude
traumatic causes of death, such as strangulation [8,82]. After obtaining
the (negative) result, we performed the autopsy, which only revealed
myocardial bridging (MB) in the context of a macroscopically normal
heart with a weight near the upper limit of the normal (240 g – note
that, according to Scholz et al., the normal heart weight of a 40 Kg
female child ranges from 105 to 245 g) [83].

We were uncertain about the significance of the deep MB and then,
before considering the autopsy negative, we consulted the scientific
literature on the clinical significance of MB.

MB is a common (40–80% of the autopsies) congenital anomaly, has
a mean length of 14·64 ± 9·03 mm and a mean thickness of
1·23 ± 1·32 mm, and in 67–98% of cases (like in this case) affects the
middle trait of the left anterior descending coronary artery [84,85]. It
has been associated with major cardiac events, such as acute myo-
cardial infarction and severe arrhythmias [86].

Hostiuc et al. found an association between hemodynamically sig-
nificant (width ≥ 2 mm) MB and interstitial fibrosis [86,87]. In gen-
eral, the recurrence of this anomaly in HCM cases is well assessed [88].
Regarding the pediatric age, Yetman et al. described MB in children
with HCM as a possible cause of myocardial ischemia and Gori et al.
reported a case affected by both these conditions in which SCD oc-
curred at rest [87,89]. In the light of these data, Thiene stated that
“myocardial bridge is part of the phenotypic spectrum of HCM and can
account in selected cases for ischemia” [90]. Despite this evidence, its
clinical and prognostic significance appears to be highly controversial:
a recent metanalysis confirmed that MB may cause myocardial ischemia
but excluded a statistically significant relationship between MB and
cardiovascular death [91]. Moreover, 2017 AECVP guidelines classify
this anomaly as an uncertain cause of SCD [6].

In addition to the MB, in this case we found myocyte disarray and
interstitial fibrosis, that, as stated by 2017 AECVP guidelines, are sug-
gestive of HCM even in the absence of myocyte hypertrophy [6]. It
should be considered that HCM is an extremely insidious syndrome: in
young patients the phenotypic expression is usually absent or mild, and
in 2017 the HCMNet Study found that the carriers of pathogenic var-
iants tend to show altered cardiac function even if the ventricular
thickness is normal [92]. This phenomenon has been reconducted to
two main mechanisms: haploinsufficiency and the so-called “poison
polypeptide effect” (the abnormal sarcomeric proteins could impair the
global function of the heart) [26].

In particular, in our case at microscopic examination of the heart we

Fig. 2. A. Macroscopic picture of the myocardial bridge (black arrow) involving
the middle segment of the left anterior descending coronary artery; B.
Histological section of the left anterior descending coronary artery (black arch
on the resected tunneled tract); C. Focal myocardial disarray in the surrounding
myocardium.

Table 3
List of the genes included in the custom resequencing panel.

ABCC9, ACTA2, ACTC1, ACTN2, AKAP9, ANK2, ANKRD1, BAG3, BRAF, CACNA1C,
CACNA2D1, CACNA1G, CACNA1H, CACNA1I, CACNB2, CALM1, CALM2,
CALM3, CALR3, CASQ2, CAV3, CBL, COL3A1, CRYAB, CSRP3, CTNNA3, GJA1,
CTF1, DES, DMD, DMPK, DPP6, DSC2, DSG2, DSP, DTNA, ECE1, EMD, EN1,
EYA1, EYA4, FBN1, FBN2, FHL2, FKTN, FLNA, FLNC, GAA, GJA5, GLA, GPD1L,
HCN1, HCN2, HCN4, HRAS, JPH2, JUP, KCNA5, KCND3, KCNE1, KCNE2,
KCNE3, KCNE4, KCNE5, KCNH2, KCNJ2, KCNJ5, KCNJ8, KCNQ1, KRAS, LAMA4,
LAMP2, LDB3, LMNA, MAP2K1, MAP2K2, MYBPC3, MYH11, MYH6, MYH7,
MYL2, MYL3, MYLK2, MYOZ2, MYPN, NEBL, NEXN, NF1, NOS1AP, NOTCH1,
NPPA, NRAS, NUP155, PDLIM3, PHOX2A, PHOX2B, PITX2, PKP2, PLN, PRKAG2,
PTPN11, RAF1, RANGRF, RBM20, RET, RIT1, RYR2, SCN1B, SCN2B, SCN3B,
SCN4B, SCN5A, SCN10A, SDHA, SGCD, SHOC2, SLC22A5, SLC6A4, SLC8A1,
SLMAP, SLN, SMAD3, SNTA1, SOS1, SOS2, SPRED1, TAZ, TCAP, TGFB2, TGFB3,
TGFBR1, TGFBR2, TGFBR3, TLX3, TMEM43, TMPO, TNNC1, TNNI3, TNNT2,
TP63, TPM1, TRDN, TRIM63, TRPM4, TTN, TTR, VCL
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found diffuse fibrosis, a feature that is particularly interesting if the
victim age and her (negative) medical history are considered.

In HCM cases the association between myocardial bridging and fi-
brosis is well-known, and, according to some authors, in young patients
affected by HCM and with a negative medical history, myocardial dis-
array and ischemia-caused fibrosis (possibly due to vascular abnorm-
alities like myocardial bridging) could cause electrical instability and
thus SCD [26]. Moreover, in HCM fibrosis can be considered an in-
dependent risk factor of SCD [93].

Since, as said, there is not a solid scientific basis for the inter-
pretation of the deep MB we found as the cause of death and, at the
same time, a certain diagnosis of HCM could not be made on the basis of
our macroscopic/microscopic findings, we decided to perform a mole-
cular autopsy.

We found variants in DPP6, MYH7, SCN2B, and NOTCH1. MYH7
gene is very often implicated in HCM cases and, in particular, the
specific variant that we found has been proposed by some authors to be

disease-causing [94]. However, the application of ACMG/AMP guide-
lines lead to the interpretation of all the found variants as VUS.

Overall, the main issue of the described case is that on one side there
are histopathological features suggestive of HCM together with a
morphological abnormality of unknown significance but considered by
some authors part of the phenotypic spectrum of HCM (myocardial
bridging), while on the other side there are genetic abnormalities of
unknown significance, one of which affects a gene typically involved in
HCM and has already been described in an HCM case. These findings
should be communicated to family members for clinical evaluation,
since in adult carriers of pathogenic variants it is more likely to find an
explicit phenotype of HCM (and thus defining the variant significance
could be easier after thorough evaluation) [92].

However, from a forensic point of view, the evidentiary value that
should be given to these findings is highly debatable. In this specific
case, for example, in our opinion the presence of HCM and its role as
cause of (arrhythmic) death remain the most plausible hypothesis.

Table 4
Report of rare genetic variants identified in the index case.

Gene Variant dbSNP ExAC NFE
count1

ExAC total
count2

gnomAD PPH2 SIFT Provean Mutation
Taster

ClinVar ACMG
score

MYH7 c.2585C > T
p.(Ala862Val)

rs149576470 3·295e-05 1·499e-05 8/282828 (0.002829%) B T N DC UC VUS

SCN2B c.93G > T
p.(Glu31Asp)

rs767173208 8·237e-06 0 5/ 251,370
(0.001989%)

B T N DC UC VUS

NOTCH1 c.6938G > A
p.(Arg2313Gln)

rs371069660 0·0001364 0 24/278680
(0.008612%)

PD T N DC UC VUS

DPP6 c.2140G > A
p.(Ala714Thr)

rs188276022 0·001543 0·002353 375/244858 (0.15%) B T N P UC VUS

DPP6 c.2259 + 9C > A rs373530414 0 <0·0013 19/227850 (0.0083%) – – – – UC VUS

DC: Disease Causing; P: Polymorphism; N: Neutral; T: Tolerated; B: Benign; PD: Probably Damaging; PPH2: PolyPhen2; UC: Uncertain Significance; VUS: Variant
Unknown Significance.

1 Allele count from ExAC (European Non Finnish).
2 Allele count from ExAC (All populations).
3 Data obtained from NHLBI Exome Sequencing Project.

Fig. 3. pedigree.
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However, currently there is not a standardized way to critically eval-
uate and express this hypothesis and its likelihood (or the ratio of the
likelihood of finding this evidence – in particular these genetic variants
- in HCM and the likelihood of finding it in other contexts) in a stan-
dardized form that could be unequivocal, practical and useful from both
public health and judiciary perspectives.

Our forensic investigation hence did not find a certain cause of the
death and raises three main discussion points:

(a) economical, ethical and legal limitations of genetic investigation
(b) risk that genetic testing does not succeed in finding a certain cause

of the death
(c) absence of specific guidelines to face the problem of VUS in forensic

cases

(a) ESC guidelines recommend analysis of potentially disease-
causing genes in all sudden death victims in whom a specific inheritable
channelopathy or cardiomyopathy is suspected [29]. In most of the
western countries medical examiners investigations are bound by the
local laws and by the decisions of prosecutors. More generally, they are
functions of several economical, legal and ethical factors (e.g. the ad-
ditional cost/time requested by genetic testing, the reluctance among
prosecutors to accept a thesis on the cause of the death only based on
genetic data). Moreover, a SCD case has a relevant cost, also in terms of
human resources, since it implies the involvement of multiple health
professionals (e.g. pathologists, cardiologists, geneticists, genetic
counselors, bioinformaticians) and the use of expensive and complex
technologies. Anyway, a broader perspective is needed to perform a
correct cost-benefit analysis: hundreds of thousands of dollars per fa-
mily can be saved by the healthcare systems indicating molecular au-
topsies in selected cases [95–98].

Lastly, there is the relevant issue of the access to clinical informa-
tion of the victim relatives: in many countries, the possibility to collect
the clinical history of the victim family depends on the decisions of

prosecutors. However, lack of this information is certainly a limitation,
but it usually does not jeopardize the investigation, since segregation of
a variant is rarely considered a strong and highly reliable evidence of
pathogenicity [18].

In our opinion, the most cost-effective strategy would be to perform
them in referral centers where NGS is possible. It is important to remark
that an NGS analysis can be completed in few days - thus it does not
require too much time for a criminal investigation [99]. Regarding the
access to information, a clear explanation of judicial and public health
benefits and a standardized workflow would certainly sensitize prose-
cutors on the importance of this issue.

(b) As above mentioned, more than 100 gens have been associated
with diseases leading to SCD but current guidelines only recommend
the analysis of main prevalent in each disease: BrS (SCN5A), LQTS
(KCNQ1, KCNH2, and SCN5A), SQTS (KCNQ1, KCNH2, and KCNJ2),
CPVT (RyR2), HCM (MYH7, MYBPC3, TNNI3, and TNNT2), DCM
(LMNA and BAG3 –not TTN, despite it has recently been reported as the
main prevalent-), and in ACM (PKP2, DSC2, DSG2, and DSP) [29]. The
sensitivity of genetic testing depends on the specific disease: diagnostic
rate ranges from approximately 30% in BrS to 80–85% in LQTS or
HCM. These data indicate that there still is a consistent share of SCDs in
which no cause is found. It should be taken into account that the custom
gene strategy can only identify variants in the genes of which the as-
sociation with the targeted disease has already been assessed. For this
reason, when a panel of genes usually associated with channelopathies
and cardiomyopathies fails to find variants that can explain the pro-
band phenotype, as occurred in the case presented, a wider analysis
provided by WES (whole exome sequencing) and WGS (whole genome
sequencing) can be considered [100]. At the present time, the economic
cost of resequencing panel, WES and WGS is similar. However, clear
insight into the diagnostic sensitivity of WES and WGS remains still a
matter of argue due to few studies published in this area. It is accepted
that the genetic diagnostic rate reached by WES was higher than that
achieved by commercially available genetic panels [101] but WES is

Fig. 4. Conservation between different species diagram.
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generally considered to have a lower coverage than that of the re-
sequencing panels. LaDuca et al. showed that these two techniques can
achieve similar coverages [102], at least for clinical diagnosis due to
threshold currently established at 30x. In addition, Lionel et al. recently
suggested that WGS could have a higher diagnostic yield than WES and
genetic panels, if proper technical coverage is obtained [103]. Lastly,
Rueda et al., focusing on SUD in the young, have shown that the di-
agnostic yield did not improve when the genetic analysis escalated from
gene panels to WES [104].

Because of these controversial aspects, in our opinion the best ap-
proach is a combination of strategies: a massive parallel sequencing of
target disease-related genes and candidate genes, complemented with a
posterior confirmation and validation of the identified potentially pa-
thogenic variants by the Sanger method. In case of negative results after
comprehensive genetic analysis and familial segregation analysis (in-
cluding genotype-phenotype correlation), WES is next step to consider.
Concerning WGS, nowadays it is not a good approach for diagnosis
despite remains a main tool in genetic research. Despite all these NGS
approaches, Sanger will still remain the gold standard to confirm ge-
netic variations identified using NGS (if the coverage is lower than 30x)
as well as in family segregation of potentially disease-related variants
[100].

(c) Concerning the role of the guidelines, there are no unanimous
indications for the molecular autopsy or for the medico-legal inter-
pretation of its results. In 2017 the Association for European
Cardiovascular Pathology (AECVP) recommended interpreting a prob-
able or uncertain cause always in light of the entire body of the evi-
dences, considering also the clinical history of the victim and the cir-
cumstances of the death [6]. More recently, in 2019, a group of
European authors (including representatives of the AECVP) published
some recommendations on the same matter, focusing on the importance
of a multidisciplinary management of SCD cases [105]. Regarding ge-
netic aspects, the authors did not give explicit recommendation/in-
dication criteria but observed that “if there is a clear indication for
genetic testing, for instance, in case of inherited cardiac disease, such as
cardiomyopathy, a panel of genes related to the condition could be
used. However, the indication for genetic testing is more debated when
the phenotype is unclear (the autopsy is normal, unexplained SCD,
SADS)”. Furthermore, they specified that when VUS are found pheno-
typic information of the deceased and segregation analysis are needed.
Finally, they stated that coroners often do not indicate a molecular
autopsy because they think it would require much too money and time
and it would have no impact on the judicial procedure.

The reported opinion of some medical examiners proves to be cer-
tainly wrong not only in the cases like the one here described but also,
for example, in the cases of athletes SDs [106].

In these cases, the molecular autopsy may give information of ex-
treme evidentiary value, since it can help to identify arrhythmogenic
syndromes that could have been diagnosed by the physicians (e.g.
cardiologists, sports medicine experts) who followed the athlete before
the death [60]. In other words, when a suspected medical malpractice is
claimed and autopsy is inconclusive, how is it possible to discuss the
possibility of a missed diagnosis if the exact cardiac disease/cause of the
death remains uncertain? This consideration is valid not only when the
death has been caused by channelopathies, but also, for example, in the
frequent scenario of athlete HCM difficult to be differentiated from an
insidious sport-induced ventricular remodeling [92].

Regarding genetic aspects, more explicit and complete indications
were given in 2015 by the ACMG/AMP clinical guidelines, that re-
commended considering different parameters (among which the phe-
notypic information and segregation analysis) to orientate the attribu-
tion of one of the five possible significances (benign/likely benign/of
unknown significance/likely pathogenic/pathogenic) to the variant
[17]. However, each of these criteria has strong limitations, especially
when used in forensic context, and is neither sufficient nor necessary to
define the pathogenicity of a variant. Moreover, these guidelines advise

against the use of VUS in the decision-making [17].

4. Conclusion

In the present forensic scenario, molecular autopsies frequently
identify genetic variants which are classified as VUS. In these cases, the
autopsy should be declared uncertain or inconclusive. However, it is
easy to imagine that investigating authorities would be disappointed by
this line of action, because in the legal field this attitude would lead to a
dead-end investigation.

On the other hand, the arbitrary attribution of significance to a VUS
is not acceptable, because legal goals cannot justify the absence of
scientific rigour.

For these reasons, in many SCD cases, pathologists and forensic
geneticists seem to be condemned to operate beneath a sword of
Damocles.

Sharing data about variants significance indicators in public data-
bases and regularly revisiting variant classifications can help to contain
the incidence of VUS in SCD cases are, but in forensic field these
measures are not sufficient [107,108].

In facts, despite the difficulty of defining a common line of action
that takes into account the huge legal, economic and cultural hetero-
geneity of different countries, forensic community would benefit from
clear, explicit and detailed indications for molecular autopsy and
guidelines on management/interpretation of rare/new genetic variants
in SCD cases that take into account the peculiarities, the limitations and
the goals of forensic investigations. These innovations could help, for
example, to standardize the decision-making process (public authorities
are usually more inclined to authorize international consensus-based
methodologies) and to communicate the medico-legal significance of
results, avoiding allegations caused by misunderstanding or suspicion
of malpractice.

In conclusion, in our opinion, since forensic investigations serve the
public interest, when in a SD case obtaining a diagnosis is not otherwise
possible, performing a molecular autopsy is needed both as a last at-
tempt to obtain evidence for judicial purposes and as a public health
intervention.

Funding sources

This work was supported by Obra Social “La Caixa Foundation” (ID
100010434), Fondo Investigacion Sanitaria (FIS, PI14/01773 and PI17/
01690) from Instituto Salud Carlos III (ISCIII), and “Fundacio Privada
Daniel Bravo Andreu.” CIBERCV is an initiative of the ISCIII, Spanish
Ministry of Economy and Competitiveness.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

References

[1] O. Campuzano, C. Allegue, S. Partemi, A. Iglesias, A. Oliva, R. Brugada, Negative
autopsy and sudden cardiac death, Int. J. Legal Med. 128 (4) (2014) 599–606,
https://doi.org/10.1007/s00414-014-0966-4.

[2] A.L. Naneix, M.C. Périer, F. Beganton, X. Jouven, G. Lorin de la Grandmaison,
Sudden adult death: an autopsy series of 534 cases with gender and control
comparison, J. Forensic Leg. Med. 32 (2015) 10–15, https://doi.org/10.1016/j.
jflm.2015.02.005.

[3] M. Coll, A. Pérez-Serra, J. Mates, B. Del Olmo, M. Puigmulé, A. Fernandez-
Falgueras, A. Iglesias, F. Picó, L. Lopez, R. Brugada, O. Campuzano, Incomplete
penetrance and variable expressivity: hallmarks in channelopathies associated
with sudden cardiac death, Biology (Basel) 7 (1) (2017) pii: E3, https://doi.org/
10.3390/biology7010003.

[4] R.D. Bagnall, R.G. Weintraub, J. Ingles, J. Duflou, L. Yeates, L. Lam, A.M. Davis,
T. Thompson, V. Connell, J. Wallace, C. Naylor, J. Crawford, D.R. Love, L. Hallam,
J. White, C. Lawrence, M. Lynch, N. Morgan, P. James, D. du Sart, R. Puranik,

S. Grassi, et al. Legal Medicine 45 (2020) 101712

8

https://doi.org/10.1007/s00414-014-0966-4
https://doi.org/10.1016/j.jflm.2015.02.005
https://doi.org/10.1016/j.jflm.2015.02.005
https://doi.org/10.3390/biology7010003
https://doi.org/10.3390/biology7010003


N. Langlois, J. Vohra, I. Winship, J. Atherton, J. McGaughran, J.R. Skinner,
C. Semsarian, A prospective study of sudden cardiac death among children and
young adults, N. Engl. J. Med. 374 (25) (2016) 2441–2452, https://doi.org/10.
1056/NEJMoa1510687.

[5] E.L. Stattin, I.M. Westin, K. Cederquist, J. Jonasson, B.A. Jonsson, S. Mörner,
A. Norberg, P. Krantz, A. Wisten, Genetic screening in sudden cardiac death in the
young can save future lives, Int. J. Legal Med. 130 (1) (2016) 59–66, https://doi.
org/10.1007/s00414-015-1237-8 Epub 2015 Jul 31.

[6] C. Basso, B. Aguilera, J. Banner, S. Cohle, G. d'Amati, R.H. de Gouveia, C. di Gioia,
A. Fabre, P.J. Gallagher, O. Leone, J. Lucena, L. Mitrofanova, P. Molina,
S. Parsons, S. Rizzo, M.N. Sheppard, M.P.S. Mier, S. Kim Suvarna, G. Thiene,
A. van der Wal, A. Vink, K. Michaud, Guidelines for autopsy investigation of
sudden cardiac death: 2017 update from the Association for European
Cardiovascular Pathology, Virchows Arch. 471 (6) (2017) 691–705, https://doi.
org/10.1007/s00428-017-2221-0.

[7] M. Papadakis, H. Raju, E.R. Behr, S.V. De Noronha, N. Spath, A. Kouloubinis,
M.N. Sheppard, S. Sharma, Sudden cardiac death with autopsy findings of un-
certain significance: potential for erroneous interpretation, Circ Arrhythm
Electrophysiol 6 (3) (2013) 588–596, https://doi.org/10.1161/CIRCEP.113.
000111 Epub 2013 May 13.

[8] K. Michaud, S. Grabherr, C. Jackowski, M.D. Bollmann, F. Doenz, P. Mangin,
Postmortem imaging of sudden cardiac death, Int. J. Legal Med. 128 (1) (2014)
127–137, https://doi.org/10.1007/s00414-013-0819-6 Epub 2013 Jan 16.

[9] R.D. Bagnall, K.J. Das, J. Duflou, C. Semsarian, Exome analysis-based molecular
autopsy in cases of sudden unexplained death in the young, Heart Rhythm 11 (4)
(2014) 655–662, https://doi.org/10.1016/j.hrthm.2014.01.017 Epub 2014
Jan 17.

[10] A.S. Amin, A.A.M. Wilde, The future of sudden cardiac death research, Progr.
Pediatr. Cardiol. 45 (2017) 49–54, https://doi.org/10.1016/j.ppedcard.2017.02.
008.

[11] O. Devinsky, Sudden, unexpected death in epilepsy, N. Engl. J. Med. 365 (19)
(2011) 1801–1811, https://doi.org/10.1056/NEJMra1010481.

[12] N.J. Boczek, D.J. Tester, Ackermantang AJ. The molecular autopsy: an indis-
pensable step following sudden cardiac death in the young?
Herzschrittmacherther Elektrophysiol 23 (3) (2012).

[13] M. Coll, A. Oliva, S. Grassi, R. Brugada, O. Campuzano, Update on the Genetic
Basis of Sudden Unexpected Death in Epilepsy, Int. J. Mol. Sci. 20 (8) (2019) 1979.

[14] Y. Tang, J. Stahl-Herz, B.A. Sampson, Molecular diagnostics of cardiovascular
diseases in sudden unexplained death, Cardiovasc. Pathol. 23 (1) (2014) 1–4,
https://doi.org/10.1016/j.carpath.2013.09.002 Epub 2013 Oct 22.

[15] S.A. Lubitz, P.T. Ellinor, Next-generation sequencing for the diagnosis of cardiac
arrhythmia syndromes, Heart Rhythm 12 (5) (2015) 1062–1070, https://doi.org/
10.1016/j.hrthm.2015.01.011 Epub 2015 Jan 24.

[16] M. Brion, B. Sobrino, M. Martinez, A. Blanco-Verea, A. Carracedo, Massive parallel
sequencing applied to the molecular autopsy in sudden cardiac death in the young,
Forensic Sci. Int. Genet. 18 (2015) 160–170, https://doi.org/10.1016/j.fsigen.
2015.07.010 Epub 2015 Jul 23.

[17] S. Magi, V. Lariccia, M. Maiolino, S. Amoroso, S. Gratteri, Sudden cardiac death:
focus on the genetics of channelopathies and cardiomyopathies, J. Biomed. Sci.
15;24(1) (2017) 56, https://doi.org/10.1186/s12929-017-0364-6.

[18] S. Richards, N. Aziz, S. Bale, D. Bick, S. Das, J. Gastier-Foster, W.W. Grody,
M. Hegde, E. Lyon, E. Spector, K. Voelkerding, H.L. Rehm, Standards and guide-
lines for the interpretation of sequence variants: a joint consensus recommenda-
tion of the American College of Medical Genetics and Genomics and the
Association for Molecular Pathology, Genet. Med. 17 (5) (2015) 405–423, https://
doi.org/10.1038/gim.2015.30.

[19] M. Lek, K.J. Karczewski, E.V. Minikel, et al., Analysis of protein-coding genetic
variation in 60,706 humans, Nature 536 (7616) (2016) 285–291, https://doi.org/
10.1038/nature19057.

[20] Y. Kobayashi, S. Yang, K. Nykamp, J. Garcia, S.E. Lincoln, S.E. Topper, Pathogenic
variant burden in the ExAC database: an empirical approach to evaluating popu-
lation data for clinical variant interpretation, Genome Med. 9 (1) (2017) 13,
https://doi.org/10.1186/s13073-017-0403-7.

[21] A.N. Abou Tayoun, T. Pesaran, M.T. DiStefano, A. Oza, H.L. Rehm, L.G. Biesecker,
ClinGen Sequence Variant Interpretation Working Group. Recommendations for
interpreting the loss of function PVS1 ACMG/AMP variant criterion, Hum. Mutat.
39 (11) (2018) 1517–1524, https://doi.org/10.1002/humu.23626.

[22] G. Atteya, R. Lampert, Sudden cardiac death in genetic cardiomyopathies, Card
Electrophysiol. Clin 9 (4) (2017) 581–603, https://doi.org/10.1016/j.ccep.2017.
07.009.

[23] P.M. Elliott, A. Anastasakis, M.A. Borger, M. Borggrefe, F. Cecchi, P. Charron,
A.A. Hagege, A. Lafont, G. Limongelli, H. Mahrholdt, W.J. McKenna, J. Mogensen,
P. Nihoyannopoulos, S. Nistri, P.G. Pieper, B. Pieske, C. Rapezzi, F.H. Rutten,
C. Tillmanns, H. Watkins, 2014 ESC guidelines on diagnosis and management of
hypertrophic cardiomyopathy: the task force for the diagnosis and management of
hypertrophic cardiomyopathy of the european society of cardiology (ESC), Eur.
Heart. J. 35 (39) (2014) 2733–2779, https://doi.org/10.1093/eurheartj/ehu284
Epub 2014 Aug 29.

[24] A.C. Garfinkel, J.G. Seidman, C.E. Seidman, Genetic pathogenesis of hypertrophic
and dilated cardiomyopathy, Heart Fail Clin 14 (2) (2018) 139–146, https://doi.
org/10.1016/j.hfc.2017.12.004.

[25] B. Stallmeyer, E. Schulze-Bahr, Cardiovascular disease and sudden cardiac death:
between genetics and genomics, Eur. Heart J. 36 (26) (2015) 1643–1645, https://
doi.org/10.1093/eurheartj/ehv173.

[26] S.E. Hughes, The pathology of hypertrophic cardiomyopathy, Histopathology 44
(5) (2004) 412–427, https://doi.org/10.1111/j.1365-2559.2004.01835.x.

[27] T.M. Lee, D.T. Hsu, P. Kantor, J.A. Towbin, S.M. Ware, S.D. Colan, W.K. Chung,
J.L. Jefferies, J.W. Rossano, C.D. Castleberry, L.J. Addonizio, A.K. Lal,
J.M. Lamour, E.M. Miller, P.T. Thrush, J.D. Czachor, H. Razoky, A. Hill,
S.E. Lipshultz, Pediatric Cardiomyopathies, Circ. Res. 121 (7) (2017) 855–873,
https://doi.org/10.1161/CIRCRESAHA.116.309386.

[28] S.M. Al-Khatib, W.G. Stevenson, M.J. Ackerman, A.M. Gillis, W.J. Bryant,
M.A. Hlatky, D.J. Callans, C.B. Granger, A.B. Curtis, S.C. Hammill, B.J. Deal,
J.A. Joglar, T. Dickfeld, G.N. Kay, M.E. Field, D.D. Matlock, G.C. Fonarow,
R.J. Myerburg, R.L. Page, 2017 AHA/ACC/HRS guideline for management of
patients with ventricular arrhythmias and the prevention of sudden cardiac death:
Executive summary, Heart Rhythm 15 (10) (2018) e190–e252, https://doi.org/10.
1016/j.hrthm.2017.10.035.

[29] S.G. Priori, C. Blomström-Lundqvist, A. Mazzanti, N. Blom, M. Borggrefe,
J. Camm, P.M. Elliott, D. Fitzsimons, R. Hatala, G. Hindricks, P. Kirchhof,
K. Kjeldsen, K.-H. Kuck, A. Hernandez-Madrid, N. Nikolaou, T.M. Norekvål,
C. Spaulding, D.J. Van Veldhuisen, 2015 ESC Guidelines for the management of
patients with ventricular arrhythmias and the prevention of sudden cardiac death:
The Task Force for the Management of Patients with Ventricular Arrhythmias and
the Prevention of Sudden Cardiac Death of the European Society of Cardiology
(ESC)Endorsed by: Association for European Paediatric and Congenital Cardiology
(AEPC), Eur. Heart J. 36 (41) (2015) 2793–2867, https://doi.org/10.1093/
eurheartj/ehv316.

[30] J.E. Wilcox, R.E. Herschberger, Genetic cardiomyopathies, Curr. Opin. Cardiol. 33
(3) (2018) 354–362, https://doi.org/10.1097/HCO.0000000000000512.

[31] C.L. Hertz, L. Ferrero-Miliani, R. Frank-Hansen, N. Morling, H. Bundgaard, A
comparison of genetic findings in sudden cardiac death victims and cardiac pa-
tients: the importance of phenotypic classification, Europace 17 (3) (2015)
350–357, https://doi.org/10.1093/europace/euu210 Epub 2014 Oct 26.

[32] S. Okuda, Y. Sufu-Shimizu, T. Kato, M. Fukuda, S. Nishimura, T. Oda,
S. Kobayashi, T. Yamamoto, S. Morimoto, M. Yano, CaMKII-mediated phosphor-
ylation of RyR2 plays a crucial role in aberrant Ca2+ release as an arrhythmogenic
substrate in cardiac troponin T-related familial hypertrophic cardiomyopathy,
Biochem. Biophys. Res. Commun. 496 (4) (2018) 1250–1256, https://doi.org/10.
1016/j.bbrc.2018.01.181.

[33] T. Hayashi, T. Arimura, K. Ueda, H. Shibata, S. Hohda, M. Takahashi, H. Hori,
Y. Koga, N. Oka, T. Imaizumi, M. Yasunami, A. Kimura, Identification and func-
tional analysis of a caveolin-3 mutation associated with familial hypertrophic
cardiomyopathy, Biochem. Biophys. Res. Commun. 313 (1) (2004) 178–184.

[34] R.E. Hershberger, D.J. Hedges, A. Morales, Dilated cardiomyopathy: the com-
plexity of a diverse genetic architecture, Nat. Rev. Cardiol. 10 (9) (2013) 531–547,
https://doi.org/10.1038/nrcardio.2013.105 Epub 2013 Jul 30.

[35] A. Pérez-Serra, R. Toro, G. Sarquella-Brugada, D. de Gonzalo-Calvo, S. Cesar,
E. Carro, V. Llorente-Cortes, A. Iglesias, J. Brugada, R. Brugada, O. Campuzano,
Genetic basis of dilated cardiomyopathy, Int. J. Cardiol. 1 (224) (2016) 461–472,
https://doi.org/10.1016/j.ijcard.2016.09.068 Epub 2016 Sep 21.

[36] E.M. McNally, L. Mestroni, Dilated Cardiomyopathy: Genetic Determinants and
Mechanisms, Circ. Res. 121 (7) (2017) 731–748, https://doi.org/10.1161/
CIRCRESAHA.116.309396.

[37] A.G. Japp, A. Gulati, S.A. Cook, M.R. Cowie, S.K. Prasad, The diagnosis and eva-
luation of dilated cardiomyopathy, J. Am. Coll. Cardiol. 67 (25) (2016)
2996–3010, https://doi.org/10.1016/j.jacc.2016.03.590.

[38] P. Garcia-Pavia, M. Cobo-Marcos, G. Guzzo-Merello, M. Gomez-Bueno,
B. Bornstein, E. Lara-Pezzi, J. Segovia, L. Alonso-Pulpon, Genetics in dilated car-
diomyopathy, Biomark Med 7 (4) (2013) 517–533, https://doi.org/10.2217/
bmm.13.77.

[39] R. Malhotra, P.K. Mason, Lamin A/C deficiency as a cause of familial dilated
cardiomyopathy, Curr. Opin. Cardiol. 24 (3) (2009) 203–208, https://doi.org/10.
1097/HCO.0b013e32832a11c6.

[40] W.P. McNair, G. Sinagra, M.R. Taylor, A. Di Lenarda, D.A. Ferguson, E.E. Salcedo,
D. Slavov, X. Zhu, J.H. Caldwell, L. Mestroni, SCN5A mutations associate with
arrhythmic dilated cardiomyopathy and commonly localize to the voltage-sensing
mechanism, J. Am. Coll. Cardiol. 57 (21) (2011) 2160–2168, https://doi.org/10.
1016/j.jacc.2010.09.084.

[41] C. Shen, L. Xu, S. Han, Z. Dong, X. Zhao, S. Wang, S. Qian, B. Li, X. Ma, P. Wang,
H. Zhu, Y. Zou, Z. Fan, J. Ge, A. Sun, Novel idiopathic DCM-related SCN5A var-
iants localised in DI-S4 predispose electrical disorders by reducing peak sodium
current density, J. Med. Genet. 54 (11) (2017) 762–770, https://doi.org/10.1136/
jmedgenet-2017-104780 Epub 2017 Aug 4.

[42] J. Haas, K.S. Frese, B. Peil, W. Kloos, A. Keller, R. Nietsch, Z. Feng, S. Müller,
E. Kayvanpour, B. Vogel, F. Sedaghat-Hamedani, W.K. Lim, X. Zhao, D. Fradkin,
D. Köhler, S. Fischer, J. Franke, S. Marquart, I. Barb, D.T. Li, A. Amr,
P. Ehlermann, D. Mereles, T. Weis, S. Hassel, A. Kremer, V. King, E. Wirsz,
R. Isnard, M. Komajda, A. Serio, M. Grasso, P. Syrris, E. Wicks, V. Plagnol,
L. Lopes, T. Gadgaard, H. Eiskjær, M. Jørgensen, D. Garcia-Giustiniani, M. Ortiz-
Genga, M.G. Crespo-Leiro, R.H. Deprez, I. Christiaans, I.A. van Rijsingen,
A.A. Wilde, A. Waldenstrom, M. Bolognesi, R. Bellazzi, S. Mörner, J.L. Bermejo,
L. Monserrat, E. Villard, J. Mogensen, Y.M. Pinto, P. Charron, P. Elliott,
E. Arbustini, H.A. Katus, B. Meder, Atlas of the clinical genetics of human dilated
cardiomyopathy, Eur. Heart J. 36 (18) (2015) 1123–1135, https://doi.org/10.
1093/eurheartj/ehu301 Epub 2014 Aug 27.

[43] M. Alcalde, O. Campuzano, C. Allegue, M. Torres, E. Arbelo, S. Partemi, A. Iglesias,
J. Brugada, A. Oliva, A. Carracedo, R. Brugada, Sequenom MassARRAY approach
in the arrhythmogenic right ventricular cardiomyopathy post-mortem setting:
clinical and forensic implications, Int. J. Legal Med. 129 (1) (2015) 1–10, https://
doi.org/10.1007/s00414-014-0996-y Epub 2014 May 16.

[44] A. Bhonsale, J.A. Groeneweg, C.A. James, D. Dooijes, C. Tichnell, J.D. Jongbloed,

S. Grassi, et al. Legal Medicine 45 (2020) 101712

9

https://doi.org/10.1056/NEJMoa1510687
https://doi.org/10.1056/NEJMoa1510687
https://doi.org/10.1007/s00414-015-1237-8
https://doi.org/10.1007/s00414-015-1237-8
https://doi.org/10.1007/s00428-017-2221-0
https://doi.org/10.1007/s00428-017-2221-0
https://doi.org/10.1161/CIRCEP.113.000111
https://doi.org/10.1161/CIRCEP.113.000111
https://doi.org/10.1007/s00414-013-0819-6
https://doi.org/10.1016/j.hrthm.2014.01.017
https://doi.org/10.1016/j.hrthm.2014.01.017
https://doi.org/10.1016/j.ppedcard.2017.02.008
https://doi.org/10.1016/j.ppedcard.2017.02.008
https://doi.org/10.1056/NEJMra1010481
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0060
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0060
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0060
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0065
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0065
https://doi.org/10.1016/j.carpath.2013.09.002
https://doi.org/10.1016/j.hrthm.2015.01.011
https://doi.org/10.1016/j.hrthm.2015.01.011
https://doi.org/10.1016/j.fsigen.2015.07.010
https://doi.org/10.1016/j.fsigen.2015.07.010
https://doi.org/10.1186/s12929-017-0364-6
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/nature19057
https://doi.org/10.1038/nature19057
https://doi.org/10.1186/s13073-017-0403-7
https://doi.org/10.1002/humu.23626
https://doi.org/10.1016/j.ccep.2017.07.009
https://doi.org/10.1016/j.ccep.2017.07.009
https://doi.org/10.1093/eurheartj/ehu284
https://doi.org/10.1093/eurheartj/ehu284
https://doi.org/10.1016/j.hfc.2017.12.004
https://doi.org/10.1016/j.hfc.2017.12.004
https://doi.org/10.1093/eurheartj/ehv173
https://doi.org/10.1093/eurheartj/ehv173
https://doi.org/10.1111/j.1365-2559.2004.01835.x
https://doi.org/10.1161/CIRCRESAHA.116.309386
https://doi.org/10.1016/j.hrthm.2017.10.035
https://doi.org/10.1016/j.hrthm.2017.10.035
https://doi.org/10.1093/eurheartj/ehv316
https://doi.org/10.1093/eurheartj/ehv316
https://doi.org/10.1097/HCO.0000000000000512
https://doi.org/10.1093/europace/euu210
https://doi.org/10.1016/j.bbrc.2018.01.181
https://doi.org/10.1016/j.bbrc.2018.01.181
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0165
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0165
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0165
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0165
https://doi.org/10.1038/nrcardio.2013.105
https://doi.org/10.1016/j.ijcard.2016.09.068
https://doi.org/10.1161/CIRCRESAHA.116.309396
https://doi.org/10.1161/CIRCRESAHA.116.309396
https://doi.org/10.1016/j.jacc.2016.03.590
https://doi.org/10.2217/bmm.13.77
https://doi.org/10.2217/bmm.13.77
https://doi.org/10.1097/HCO.0b013e32832a11c6
https://doi.org/10.1097/HCO.0b013e32832a11c6
https://doi.org/10.1016/j.jacc.2010.09.084
https://doi.org/10.1016/j.jacc.2010.09.084
https://doi.org/10.1136/jmedgenet-2017-104780
https://doi.org/10.1136/jmedgenet-2017-104780
https://doi.org/10.1093/eurheartj/ehu301
https://doi.org/10.1093/eurheartj/ehu301
https://doi.org/10.1007/s00414-014-0996-y
https://doi.org/10.1007/s00414-014-0996-y


B. Murray, A.S. te Riele, M.P. van den Berg, H. Bikker, D.E. Atsma, N.M. de Groot,
A.C. Houweling, J.F. van der Heijden, S.D. Russell, P.A. Doevendans, T.A. van
Veen, H. Tandri, A.A. Wilde, D.P. Judge, J.P. van Tintelen, H. Calkins, R.N. Hauer,
Impact of genotype on clinical course in arrhythmogenic right ventricular dys-
plasia/cardiomyopathy-associated mutation carriers, Eur. Heart J. 36 (14) (2015)
847–855, https://doi.org/10.1093/eurheartj/ehu509 Epub 2015 Jan 23.

[45] J.A. Groeneweg, A. Bhonsale, C.A. James, A.S. te Riele, D. Dooijes, C. Tichnell,
B. Murray, A.C. Wiesfeld, A.C. Sawant, B. Kassamali, D.E. Atsma, P.G. Volders,
N.M. de Groot, K. de Boer, S.L. Zimmerman, I.R. Kamel, J.F. van der Heijden,
S.D. Russell, M. Jan Cramer, R.J. Tedford, P.A. Doevendans, T.A. van Veen,
H. Tandri, A.A. Wilde, D.P. Judge, J.P. van Tintelen, R.N. Hauer, H. Calkins,
Clinical Presentation, Long-Term Follow-Up, and Outcomes of 1001
Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy Patients and
Family Members, Circ Cardiovasc Genet 8 (3) (2015) 437–446, https://doi.org/
10.1161/CIRCGENETICS.114.001003 Epub 2015 Mar 27.

[46] F.I. Marcus, W.J. McKenna, D. Sherrill, C. Basso, B. Bauce, D.A. Bluemke,
H. Calkins, D. Corrado, M.G. Cox, J.P. Daubert, G. Fontaine, K. Gear, R. Hauer,
A. Nava, M.H. Picard, N. Protonotarios, J.E. Saffitz, D.M. Sanborn, J.S. Steinberg,
H. Tandri, G. Thiene, J.A. Towbin, A. Tsatsopoulou, T. Wichter, W. Zareba,
Diagnosis of arrhythmogenic right ventricular cardiomyopathy/dysplasia: pro-
posed modification of the Task Force Criteria, Eur. Heart J. 31 (7) (2010)
806–814, https://doi.org/10.1093/eurheartj/ehq025 Epub 2010 Feb 19.

[47] D. Erkapic, T. Neumann, J. Schmitt, J. Sperzel, A. Berkowitsch, M. Kuniss,
C.W. Hamm, H.F. Pitschner, Electrical storm in a patient with arrhythmogenic
right ventricular cardiomyopathy and SCN5A mutation, Europace 10 (7) (2008)
884–887, https://doi.org/10.1093/europace/eun065 Epub 2008 Mar 29.

[48] J. Yu, J. Hu, X. Dai, Q. Cao, Q. Xiong, X. Liu, X. Liu, Y. Shen, Q. Chen, W. Hua,
K. Hong, SCN5A mutation in Chinese patients with arrhythmogenic right ven-
tricular dysplasia, Herz 39 (2) (2014) 271–275, https://doi.org/10.1007/s00059-
013-3998-5 Epub 2013 Dec 8.

[49] A.S. Te Riele, E. Agullo-Pascual, C.A. James, A. Leo-Macias, M. Cerrone, M. Zhang,
X. Lin, B. Lin, N.L. Sobreira, N. Amat-Alarcon, R.F. Marsman, B. Murray,
C. Tichnell, J.F. van der Heijden, D. Dooijes, T.A. van Veen, H. Tandri, S.J. Fowler,
R.N. Hauer, G. Tomaselli, M.P. van den Berg, M.R. Taylor, F. Brun, G. Sinagra,
A.A. Wilde, L. Mestroni, C.R. Bezzina, H. Calkins, J. Peter van Tintelen, L. Bu,
M. Delmar, D.P. Judge, Multilevel analyses of SCN5A mutations in ar-
rhythmogenic right ventricular dysplasia/cardiomyopathy suggest non-canonical
mechanisms for disease pathogenesis, Cardiovasc. Res. 113 (1) (2017) 102–111,
https://doi.org/10.1093/cvr/cvw234.

[50] A. Fernández-Falgueras, G. Sarquella-Brugada, J. Brugada, R. Brugada,
O. Campuzano, Cardiac channelopathies and sudden death: recent clinical and
genetic, Adv. Biol. (Basel) 6 (1) (2017) E7, https://doi.org/10.3390/
biology6010007.

[51] R. Brugada, O. Campuzano, G. Sarquella-Brugada, J. Brugada, P. Brugada,
Brugada syndrome, Methodist Debakey Cardiovasc J. 10 (1) (2014) 25–28.

[52] C. Napolitano, S.G. Priori, Brugada syndrome, Orphanet J. Rare Dis. 14 (1) (2006)
35, https://doi.org/10.1186/1750-1172-1-35.

[53] J. Francis, C. Antzelevitch, Brugada syndrome, Int. J. Cardiol. 101 (2) (2005)
173–178, https://doi.org/10.1016/j.ijcard.2004.03.068.

[54] J. Sieira, G. Conte, G. Ciconte, G.B. Chierchia, R. Casado-Arroyo, G. Baltogiannis,
G. Di Giovanni, Y. Saitoh, J. Juliá, G. Mugnai, M. La Meir, F. Wellens, J. Czapla,
G. Pappaert, C. de Asmundis, P. Brugada, A score model to predict risk of events in
patients with Brugada Syndrome, Eur. Heart J. 38 (22) (2017) 1756–1763,
https://doi.org/10.1093/eurheartj/ehx119.

[55] S.S. Chugh, Early identification of risk factors for sudden cardiac death, Nat. Rev.
Cardiol. 7 (6) (2010) 318–326, https://doi.org/10.1038/nrcardio.2010.52 Epub
2010 Apr 27.

[56] M. Coll, C. Allegue, S. Partemi, J. Mates, B. Del Olmo, O. Campuzano, V. Pascali,
A. Iglesias, P. Striano, A. Oliva, R. Brugada, Genetic investigation of sudden un-
expected death in epilepsy cohort by panel target resequencing, Int. J. Legal Med.
130 (2) (2016) 331–339, https://doi.org/10.1007/s00414-015-1269-0 Epub 2015
Sep 30.

[57] Lahrouchi N, Behr ER, Bezzina CR. Next-Generation Sequencing in Post-mortem
Genetic Testing of Young Sudden Cardiac Death Cases. Front Cardiovasc Med
2016; 3(13). doi: 10.3389/fcvm.2016.00013. eCollection 2016.

[58] P.J. Schwartz, S.G. Priori, C. Spazzolini, A.J. Moss, G.M. Vincent, C. Napolitano,
I. Denjoy, P. Guicheney, G. Breithardt, M.T. Keating, J.A. Towbin, A.H. Beggs,
P. Brink, A.A. Wilde, L. Toivonen, W. Zareba, J.L. Robinson, K.W. Timothy,
V. Corfield, D. Wattanasirichaigoon, C. Corbett, W. Haverkamp, E. Schulze-Bahr,
M.H. Lehmann, K. Schwartz, P. Coumel, R. Bloise, Genotype-phenotype correla-
tion in the long-QT syndrome: gene-specific triggers for life-threatening ar-
rhythmias, Circulation 103 (1) (2001) 89–95.

[59] C. Antzelevitch, G.D. Pollevick, J.M. Cordeiro, O. Casis, M.C. Sanguinetti,
Y. Aizawa, A. Guerchicoff, R. Pfeiffer, A. Oliva, B. Wollnik, P. Gelber, E.P. Bonaros
Jr, E. Burashnikov, Y. Wu, J.D. Sargent, S. Schickel, R. Oberheiden, A. Bhatia, L.-
F. Hsu, M. Haïssaguerre, R. Schimpf, M. Borggrefe, C. Wolpert, Loss-of-Function
Mutations in the Cardiac Calcium Channel Underlie a New Clinical Entity
Characterized by ST-Segment Elevation, Short QT Intervals, and Sudden Cardiac
Death, Circulation 115 (4) (2007) 442–449, https://doi.org/10.1161/
CIRCULATIONAHA.106.668392.

[60] C. D'Ovidio, A. Carnevale, V.M. Grassi, E. Rosato, B. Del Olmo, M. Coll,
O. Campuzano, A. Iglesias, R. Brugada, A. Oliva, Sudden death due to catecho-
laminergic polymorphic ventricular tachycardia following negative stress-test
outcome: genetics and clinical implications, Forensic Sci. Med. Pathol. 13 (2)
(2017) 217–225, https://doi.org/10.1007/s12024-017-9862-9 Epub 2017 Apr 13.

[61] A.M. Goldman, E.R. Behr, C. Semsarian, R.D. Bagnall, S. Sisodiya, P.N. Cooper,

Sudden unexpected death in epilepsy genetics: Molecular diagnostics and pre-
vention, Epilepsia 57 (Suppl 1) (2016) 17–25, https://doi.org/10.1111/epi.
13232.

[62] D.E. Mayer, A. Krauskopf, W. Hemmer, K. Moritz, R. Jarisch, C. Reiter, Usefulness
of post mortem determination of serum tryptase, histamine and diamine oxidase in
the diagnosis of fatal anaphylaxis, Forensic Sci. Int. 212 (1-3) (2011) 96–101,
https://doi.org/10.1016/j.forsciint.2011.05.020.

[63] M. Pieroni, P. Notarstefano, A. Oliva, O. Campuzano, P. Santangeli, M. Coll,
M. Nesti, A. Carnevali, A. Fraticelli, A. Iglesias, S. Grassi, R. Brugada, L. Bolognese,
Electroanatomic and Pathologic Right Ventricular Outflow Tract Abnormalities in
Patients With Brugada Syndrome, J. Am. Coll. Cardiol. 72 (22) (2018) 2747–2757,
https://doi.org/10.1016/j.jacc.2018.09.037 PubMed PMID: 30497561.

[64] S. Partemi, M.C. Vidal, P. Striano, O. Campuzano, C. Allegue, M. Pezzella, M. Elia,
P. Parisi, V. Belcastro, S. Casellato, L. Giordano, M. Mastrangelo, N. Pietrafusa,
S. Striano, F. Zara, A. Bianchi, D. Buti, A. La Neve, C.A. Tassinari, A. Oliva,
R. Brugada, Genetic and forensic implications in epilepsy and cardiac arrhythmias:
a case series, Int. J. Legal Med. 129 (3) (2015) 495–504, https://doi.org/10.1007/
s00414-014-1063-4 Epub 2014 Aug 15 PubMed PMID: 25119684.

[65] O. Campuzano, M. Alcalde, A. Iglesias, C. Barahona-Dussault, G. Sarquella-
Brugada, B. Benito, D. Arzamendi, J. Flores, T.K. Leung, M. Talajic, A. Oliva,
R. Brugada, Arrhythmogenic right ventricular cardiomyopathy: severe structural
alterations are associated with inflammation, J. Clin. Pathol. 65 (12) (2012)
1077–1083, https://doi.org/10.1136/jclinpath-2012-201022 Epub 2012 Sep 3
PubMed PMID: 22944624.

[66] Hu D, Viskin S, Oliva A, Cordeiro JM, Guerchicoff A, Pollevick GD, Antzelevitch C.
Genetic predisposition and cellular basis for ischemia-induced ST-segment
changes and arrhythmias. J Electrocardiol 2007;40(6 Suppl):S26-9. PubMed
PMID: 17993325; PubMed Central PMCID: PMC2121617.

[67] Kersey PJ, Staines DM, Lawson D, Kulesha E, Derwent P, Humphrey JC, et al.
Ensembl Genomes: an integrative resource for genome-scale data from non-ver-
tebrate species. Nucleic acids research 40(Database issue). 2012; D91-7. Epub
2011/11/10. doi: 10.1093/nar/gkr895.

[68] Li H, Durbin R. nFast and accurate long-read alignment with Burrows-Wheeler
transform. Bioinformatics. 2010; 26(5):589-95. Epub 2010/01/19. doi: 10.1093/
bioinformatics/btp698.

[69] S.T. Sherry, M.H. Ward, M. Kholodov, J. Baker, L. Phan, E.M. Smigielski, et al.,
dbSNP: the NCBI database of genetic variation, Nucleic Acids Res. 29 (1) (2001)
308–311.

[70] Abecasis GR, Auton A, Brooks LD, DePristo MA, Durbin RM, Handsaker RE, et al.
An integrated map of genetic variation from 1,092 human genomes. Nature. 2012;
491(7422):56-65. Epub 2012/11/07. doi: 10.1038/nature11632.

[71] I.A. Adzhubei, S. Schmidt, L. Peshkin, V.E. Ramensky, A. Gerasimova, P. Bork,
et al., A method and server for predicting damaging missense mutations, Nat.
Methods 7 (4) (2010) 248–249, https://doi.org/10.1038/nmeth0410-248.

[72] P. Kumar, S. Henikoff, P.C. Ng, Predicting the effects of coding non-synonymous
variants on protein function using the SIFT algorithm, Nat. Protoc. 4 (7) (2009)
1073–1081, https://doi.org/10.1038/nprot.2009.86.

[73] Y. Choi, G.E. Sims, S. Murphy, J.R. Miller, A.P. Chan, Predicting the functional
effect of amino acid substitutions and indels, PLoS One 7 (10) (2012) e46688, ,
https://doi.org/10.1371/journal.pone.0046688.

[74] J.M. Schwarz, D.N. Cooper, M. Schuelke, D. Seelow, MutationTaster2: mutation
prediction for the deep-sequencing age, Nat. Methods 11 (4) (2014) 361–362,
https://doi.org/10.1038/nmeth.2890.

[75] G. Yeo, C.B. Burge, Maximum entropy modeling of short sequence motifs with
applications to RNA splicing signals, J. Comput. Biol. 11 (2–3) (2004) 377–394,
https://doi.org/10.1089/1066527041410418.

[76] M. Pertea, X. Lin, S.L. Salzberg, GeneSplicer: a new computational method for
splice site prediction, Nucleic Acids Res. 29 (5) (2001) 1185–1190.

[77] M.G. Reese, F.H. Eeckman, D. Kulp, D. Haussler, Improved splice site detection in
Genie, J. Comput. Biol. 4 (3) (1997) 311–323, https://doi.org/10.1089/cmb.
1997.4.311.

[78] J. Mates, I. Mademont-Soler, B. del Olmo, C. Ferrer-Costa, M. Coll, A. Pérez-Serra,
F. Picó, C. Allegue, A. Fernandez-Falgueras, P. Álvarez, R. Yotti, M.A. Espinosa,
G. Sarquella-Brugada, S. Cesar, E. Carro, J. Brugada, E. Arbelo, P. Garcia-Pavia,
M. Borregan, E. Tizzano, A. López-Granados, F. Mazuelos, A. Díaz de Bustamante,
M.T. Darnaude, J.I. González-Hevia, F. Díaz-Flores, F. Trujillo, A. Iglesias,
F. Fernandez-Aviles, O. Campuzano, R. Brugada, Role of copy number variants in
sudden cardiac death and related diseases: genetic analysis and translation into
clinical practice, Eur. J. Hum. Genet. 26 (7) (2018) 1014–1025, https://doi.org/
10.1038/s41431-018-0119-1.

[79] O. Campuzano, G. Sarquella-Brugada, I. Mademont-Soler, et al., Identification of
genetic alterations, as causative genetic defects in long qt syndrome, using next
generation sequencing technology, PLoS One 9 (2014) e114894.

[80] B. Madea, P. Saukko, A. Oliva, F. Musshoff, Molecular pathology in forensic
medicine—Introduction, Forensic Sci. Int. 203 (1-3) (2010) 3–14, https://doi.org/
10.1016/j.forsciint.2010.07.017.

[81] R.W. Byard, C.P. Dobson, Genetic testing in sudden infant death – a wolf in sheep’s
clothing? Forensic Science, Med. Pathol. (2018), https://doi.org/10.1007/s12024-
018-0047-y.

[82] P. Fais, C. Giraudo, A. Viero, D. Miotto, F. Bortolotti, F. Tagliaro, M. Montisci,
G. Cecchetto, Micro computed tomography features of laryngeal fractures in a case
of fatal manual strangulation, Leg. Med. (Tokyo) 18 (2016) 85–89, https://doi.
org/10.1016/j.legalmed.2016.01.001 Epub 2016 Jan 4.

[83] D.G. Scholz, D.W. Kitzman, P.T. Hagen, D.M. Ilstrup, W.D. Edwards, Age-Related
Changes in Normal Human Hearts During the First 10 Decades of Life. Part I
(Growth): A Quantitative Anatomic Study of 200 Specimens From Subjects From

S. Grassi, et al. Legal Medicine 45 (2020) 101712

10

https://doi.org/10.1093/eurheartj/ehu509
https://doi.org/10.1161/CIRCGENETICS.114.001003
https://doi.org/10.1161/CIRCGENETICS.114.001003
https://doi.org/10.1093/eurheartj/ehq025
https://doi.org/10.1093/europace/eun065
https://doi.org/10.1007/s00059-013-3998-5
https://doi.org/10.1007/s00059-013-3998-5
https://doi.org/10.1093/cvr/cvw234
https://doi.org/10.3390/biology6010007
https://doi.org/10.3390/biology6010007
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0255
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0255
https://doi.org/10.1186/1750-1172-1-35
https://doi.org/10.1016/j.ijcard.2004.03.068
https://doi.org/10.1093/eurheartj/ehx119
https://doi.org/10.1038/nrcardio.2010.52
https://doi.org/10.1038/nrcardio.2010.52
https://doi.org/10.1007/s00414-015-1269-0
https://doi.org/10.1007/s00414-015-1269-0
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0290
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0290
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0290
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0290
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0290
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0290
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0290
https://doi.org/10.1161/CIRCULATIONAHA.106.668392
https://doi.org/10.1161/CIRCULATIONAHA.106.668392
https://doi.org/10.1007/s12024-017-9862-9
https://doi.org/10.1111/epi.13232
https://doi.org/10.1111/epi.13232
https://doi.org/10.1016/j.forsciint.2011.05.020
https://doi.org/10.1016/j.jacc.2018.09.037
https://doi.org/10.1007/s00414-014-1063-4
https://doi.org/10.1007/s00414-014-1063-4
https://doi.org/10.1136/jclinpath-2012-201022
https://doi.org/10.1136/jclinpath-2012-201022
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0345
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0345
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0345
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nprot.2009.86
https://doi.org/10.1371/journal.pone.0046688
https://doi.org/10.1038/nmeth.2890
https://doi.org/10.1089/1066527041410418
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0380
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0380
https://doi.org/10.1089/cmb.1997.4.311
https://doi.org/10.1089/cmb.1997.4.311
https://doi.org/10.1038/s41431-018-0119-1
https://doi.org/10.1038/s41431-018-0119-1
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0395
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0395
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0395
https://doi.org/10.1016/j.forsciint.2010.07.017
https://doi.org/10.1016/j.forsciint.2010.07.017
https://doi.org/10.1007/s12024-018-0047-y
https://doi.org/10.1007/s12024-018-0047-y
https://doi.org/10.1016/j.legalmed.2016.01.001
https://doi.org/10.1016/j.legalmed.2016.01.001


Birth to 19 Years Old, Mayo Clin. Proc. 63 (2) (1988) 126–136, https://doi.org/
10.1016/S0025-6196(12)64945-3.

[84] M.T. Corban, O.Y. Hung, P. Eshtehardi, E. Rasoul-Arzrumly, M. McDaniel,
G. Mekonnen, L.H. Timmins, J. Lutz, R.A. Guyton, H. Samady, Myocardial
Bridging, J. Am. Coll. Cardiol. 63 (22) (2014) 2346–2355, https://doi.org/10.
1016/j.jacc.2014.01.049.

[85] S.M. Yuan, Myocardial Bridging, Braz J. Cardiovasc Surg. 31 (1) (2016) 60–62,
https://doi.org/10.5935/1678-9741.20150082.

[86] S. Hostiuc, G.C. Curca, D. Dermengiu, S. Dermengiu, M. Hostiuc, M.C. Rusu,
Morphological changes associated with hemodynamically significant myocardial
bridges in sudden cardiac death, Thorac. Cardiovasc. Surg. 59 (7) (2011) 393–398,
https://doi.org/10.1055/s-0030-1270703 Epub 2011 Mar 29.

[87] A.T. Yetman, B.W. McCrindle, C. MacDonald, R.M. Freedom, R. Gow, Myocardial
bridging in children with hypertrophic cardiomyopathy–a risk factor for sudden
death, N. Engl. J. Med. 22;339(17) (1998) 1201–1209.

[88] C. Basso, G. Thiene, S. Mackey-Bojack, A.C. Frigo, D. Corrado, B.J. Maron,
Myocardial bridging, a frequent component of the hypertrophic cardiomyopathy
phenotype, lacks systematic association with sudden cardiac death, Eur. Heart J.
30 (2009) 1627–1634.

[89] F. Gori, C. Basso, G. Thiene, Myocardial Infarction in a Patient with Hypertrophic
Cardiomyopathy, N. Engl. J. Med. (2000).

[90] G. Thiene, Sudden cardiac death in the young: a genetic destiny? Clinical Medicine
18 (2) (2018) 17–23.

[91] S. Hostiuc, M.C. Rusu, M. Hostiuc, R.I. Negoi, I. Negoi, Cardiovascular con-
sequences of myocardial bridging: A meta-analysis and meta-regression, Sci. Rep.
7 (1) (2017) 14644, https://doi.org/10.1038/s41598-017-13958-0.

[92] C.Y. Ho, S.M. Day, S.D. Colan, M.W. Russell, J.A. Towbin, M.V. Sherrid,
C.E. Canter, J.L. Jefferies, A.M. Murphy, A.L. Cirino, T.P. Abraham, M. Taylor,
L. Mestroni, D.A. Bluemke, P. Jarolim, L. Shi, L.A. Sleeper, C.E. Seidman,
E.J. Orav, The Burden of Early Phenotypes and the Influence of Wall Thickness in
Hypertrophic Cardiomyopathy Mutation Carriers: Findings From the HCMNet
Study, JAMA Cardiol 2 (4) (2017) 419, https://doi.org/10.1001/jamacardio.
2016.5670.

[93] Z. Weng, J. Yao, R.H. Chan, J. He, X. Yang, Y. Zhou, Y. He, Prognostic Value of
LGE-CMR in HCM, JACC: Cardiovascular Imaging 9 (12) (2016) 1392–1402,
https://doi.org/10.1016/j.jcmg.2016.02.031.

[94] S. Santos, V. Marques, M. Pires, L. Silveira, H. Oliveira, V. Lança, D. Brito,
H. Madeira, J.F. Esteves, A. Freitas, I.M. Carreira, I.M. Gaspar, C. Monteiro,
A.R. Fernandes, High resolution melting: improvements in the genetic diagnosis of
hypertrophic cardiomyopathy in a Portuguese cohort, BMC Med. Genet. 13 (1)
(2012), https://doi.org/10.1186/1471-2350-13-17.

[95] J. Dong, N. Williams, M. Cerrone, C. Borck, D. Wang, B. Zhou, L.S. Eng,
E. Subbotina, S.Y. Um, Y. Lin, K. Ruiter, L. Rojas, W.A. Coetzee, B.A. Sampson,
Y. Tang, Molecular autopsy: using the discovery of a novel de novo pathogenic
variant in the KCNH2 gene to inform healthcare of surviving family, Heliyon 4
(12) (2018) e01015, , https://doi.org/10.1016/j.heliyon.2018.e01015.

[96] C.G. Loporcaro, D.J. Tester, J.J. Maleszewski, T. Kruisselbrink, M.J. Ackerman,
Confirmation of cause and manner of death via a comprehensive cardiac autopsy
including whole exome next-generation sequencing, Arch. Pathol. Lab. Med. 138
(8) (2014) 1083–1089, https://doi.org/10.5858/arpa.2013-0479-SA Epub 2013
Dec 3.

[97] Y. Yang, B. Xie, J. Yan, Application of next-generation sequencing technology in
forensic science, Genom. Proteomics Bioinformatics 12 (5) (2014) 190–197,
https://doi.org/10.1016/j.gpb.2014.09.001.

[98] K. Payne, S.P. Gavan, S.J. Wright, A.J. Thompson, Cost-effectiveness analyses of
genetic and genomic diagnostic tests, Nat. Rev. Genet. 19 (4) (2018) 235–246,
https://doi.org/10.1038/nrg.2017.108 Epub 2018 Jan 22. Review.

[99] H.P. Buermans, J.T. den Dunnen, Next generation sequencing technology:
Advances and applications, BBA 1842 (10) (2014) 1932–1941, https://doi.org/10.

1016/j.bbadis.2014.06.015 Epub 2014 Jul 1.
[100] H.L. Rehm, S.J. Bale, P. Bayrak-Toydemir, J.S. Berg, K.K. Brown, J.L. Deignan,

M.J. Friez, B.H. Funke, M.R. Hegde, E. Lyon, Working Group of the American
College of Medical Genetics, Genomics Laboratory Quality Assurance Committee.
ACMG clinical laboratory standards for next-generation sequencing, Genet. Med.
15 (9) (2013) 733–747, https://doi.org/10.1038/gim.2013.92.

[101] O.J. Dillon, S. Lunke, Z. Stark, A. Yeung, N. Thorne, C. Gaff, S.M. White, T.Y. Tan,
Exome sequencing has higher diagnostic yield compared to simulated disease-
specific panels in children with suspected monogenic disorders, Eur. J. Hum.
Genet. 26 (5) (2018) 644–651, https://doi.org/10.1038/s41431-018-0099-1.

[102] LaDuca H, Farwell KD, Vuong H, Lu HM, Mu W, Shahmirzadi L, Tang S, Chen J,
Bhide S, Chao EC. Exome sequencing covers >98% of mutations identified on
targeted next generation sequencing panels. PLoS One 2017; 2;12(2):e0170843.
doi: 10.1371/journal.pone.0170843. eCollection 2017.

[103] A.C. Lionel, G. Costain, N. Monfared, S. Walker, M.S. Reuter, S.M. Hosseini,
B. Thiruvahindrapuram, D. Merico, R. Jobling, T. Nalpathamkalam, G. Pellecchia,
W.W.L. Sung, Z. Wang, P. Bikangaga, C. Boelman, M.T. Carter, D. Cordeiro,
C. Cytrynbaum, S.D. Dell, P. Dhir, J.J. Dowling, E. Heon, S. Hewson, L. Hiraki,
M. Inbar-Feigenberg, R. Klatt, J. Kronick, R.M. Laxer, C. Licht, H. MacDonald,
S. Mercimek-Andrews, R. Mendoza-Londono, T. Piscione, R. Schneider, A. Schulze,
E. Silverman, K. Siriwardena, O.C. Snead, N. Sondheimer, J. Sutherland,
A. Vincent, J.D. Wasserman, R. Weksberg, C. Shuman, C. Carew, M.J. Szego,
R.Z. Hayeems, R. Basran, D.J. Stavropoulos, P.N. Ray, S. Bowdin, M.S. Meyn,
R.D. Cohn, S.W. Scherer, C.R. Marshall, Improved diagnostic yield compared with
targeted gene sequencing panels suggests a role for whole-genome sequencing as a
first-tier genetic test, Genet. Med. 20 (4) (2018) 435–443, https://doi.org/10.
1038/gim.2017.119 Epub 2017 Aug 3.

[104] Rueda M, Wagner JL, Phillips TC, Topol SE, Muse ED, Lucas JR, Wagner GN, Topol
EJ, Torkamani A. Molecular Autopsy for Sudden Death in the Young: Is Data
Aggregation the Key? Front Cardiovasc Med 2017; 9;4:72. doi: 10.3389/fcvm.
2017.00072. eCollection 2017.

[105] F. Fellmann, C.G. van El, P. Charron, K. Michaud, H.C. Howard, S.N. Boers,
A.J. Clarke, A.M. Duguet, F. Forzano, S. Kauferstein, H. Kayserili, A. Lucassen,
Á. Mendes, C. Patch, D. Radojkovic, E. Rial-Sebbag, M.N. Sheppard, A.M. Tassé,
S.G. Temel, A. Sajantila, C. Basso, Wilde AAM, Cornel MC; on behalf of European
Society of Human Genetics, European Council of Legal Medicine, European Society
of Cardiology working group on myocardial and pericardial diseases, European
Reference Network for rare, low prevalence and complex diseases of the heart
(ERN GUARD-Heart), Association for European Cardiovascular Pathology.
European recommendations integrating genetic testing into multidisciplinary
management of sudden cardiac death, Eur. J. Hum. Genet. 27 (12) (2019)
1763–1773, https://doi.org/10.1038/s41431-019-0445-y.

[106] A. Oliva, V.M. Grassi, O. Campuzano, M. Brion, V. Arena, S. Partemi, M. Coll,
V.L. Pascali, J. Brugada, A. Carracedo, R. Brugada, Medico-legal perspectives on
sudden cardiac death in young athletes, Int. J. Legal Med. 131 (2) (2017 Mar)
393–409, https://doi.org/10.1007/s00414-016-1452-y.

[107] O. Campuzano, G. Sarquella-Brugada, A. Fernandez-Falgueras, M. Coll, A. Iglesias,
C. Ferrer-Costa, S. Cesar, E. Arbelo, A. García-Álvarez, P. Jordà, R. Toro, C. Tiron
de Llano, S. Grassi, A. Oliva, J. Brugada, R. Brugada, Reanalysis and re-
classification of rare genetic variants associated with inherited arrhythmogenic
syndromes, EBioMedicine 54 (2020), https://doi.org/10.1016/j.ebiom.2020.
102732.

[108] J. Mates, I. Mademont-Soler, A. Fernandez-Falgueras, G. Sarquella-Brugada,
S. Cesar, E. Arbelo, A. García-Álvarez, P. Jordà, R. Toro, M. Coll, V. Fiol,
A. Iglesias, A. Perez-Serra, B.D. Olmo, M. Alcalde, M. Puigmulé, F. Pico, L. Lopez,
C. Ferrer, C. Tiron, S. Grassi, A. Oliva, J. Brugada, R. Brugada, O. Campuzano,
Sudden cardiac death and copy number variants: What do we know after 10 years
of genetic analysis? Forensic Sci. Int. Genet. 47 (2020), https://doi.org/10.1016/j.
fsigen.2020.102281.

S. Grassi, et al. Legal Medicine 45 (2020) 101712

11

https://doi.org/10.1016/S0025-6196(12)64945-3
https://doi.org/10.1016/S0025-6196(12)64945-3
https://doi.org/10.1016/j.jacc.2014.01.049
https://doi.org/10.1016/j.jacc.2014.01.049
https://doi.org/10.5935/1678-9741.20150082
https://doi.org/10.1055/s-0030-1270703
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0435
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0435
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0435
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0440
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0440
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0440
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0440
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0445
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0445
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0450
http://refhub.elsevier.com/S1344-6223(20)30046-8/h0450
https://doi.org/10.1038/s41598-017-13958-0
https://doi.org/10.1001/jamacardio.2016.5670
https://doi.org/10.1001/jamacardio.2016.5670
https://doi.org/10.1016/j.jcmg.2016.02.031
https://doi.org/10.1186/1471-2350-13-17
https://doi.org/10.1016/j.heliyon.2018.e01015
https://doi.org/10.5858/arpa.2013-0479-SA
https://doi.org/10.5858/arpa.2013-0479-SA
https://doi.org/10.1016/j.gpb.2014.09.001
https://doi.org/10.1038/nrg.2017.108
https://doi.org/10.1016/j.bbadis.2014.06.015
https://doi.org/10.1016/j.bbadis.2014.06.015
https://doi.org/10.1038/gim.2013.92
https://doi.org/10.1038/s41431-018-0099-1
https://doi.org/10.1038/gim.2017.119
https://doi.org/10.1038/gim.2017.119
https://doi.org/10.1038/s41431-019-0445-y
https://doi.org/10.1007/s00414-016-1452-y
https://doi.org/10.1016/j.ebiom.2020.102732
https://doi.org/10.1016/j.ebiom.2020.102732
https://doi.org/10.1016/j.fsigen.2020.102281
https://doi.org/10.1016/j.fsigen.2020.102281

	Genetic variants of uncertain significance: How to match scientific rigour and standard of proof in sudden cardiac death?
	Introduction
	Case report
	Anamnestic data
	Preautopsy imaging
	Autopsy results
	Postmortem tests
	Genetic testing

	Discussion
	Conclusion
	Funding sources
	Declaration of Competing Interest
	References




