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Abstract Forensic medicine defines the unexplained sudden
death as a death with a non-conclusive diagnosis after autopsy.
Molecular diagnosis is being progressively incorporated in
forensics, mainly due to improvement in genetics. New ge-
netic technologies may help to identify the genetic cause of
death, despite clinical interpretation of genetic data remains
the current challenge. The identification of an inheritable
defect responsible for arrhythmogenic syndromes could help
to adopt preventive measures in family members, many of
them asymptomatic but at risk of sudden death. This multi-
disciplinary translational research requires a specialized team.
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Negative autopsy

An autopsy is the examination of a body after death, which
may reveal aspects such as cause of death and the time since
death. The autopsy is considered to be negative when all
protocol efforts fail to reveal the cause of death. Thus,

unexplained death is defined as the death that remains
unsolved after a thorough autopsy of an individual without
previous cardiac history and who has been seen alive within
the previous 12 h of the death [1]. In a typical medical
examiner practice, approximately 50 % of the deaths are
natural, 5–10 % is unexplained after a gross autopsy and 1–
5 % is negative after extensive autopsy (gross and micro-
scopic examination, toxicological analysis and laboratory
investigations) [2]. Recent studies suggest that around 5–
10 % of the autopsy cases remain unexplained in Europe,
(the so-called unexplained sudden death or “mors sine
materia”), suggesting a cardiac death due to electric
inherited disorders without heart structural alterations [3].
The Heart Rhythm Society and the European Heart Rhythm
Association provided an expert consensus statement pro-
viding guidelines for post-mortem genetic testing in cases
of unexplained sudden death [4]. Despite this fact, post-
mortem genetic testing (or molecular autopsy) has not yet
been included into a routine of the conventional autopsy
when the coroner, medical examiner, or forensic patholo-
gist is faced with a negative autopsy with suspicious ar-
rhythmogenic cause of death.

In infancy population, sudden infant death syndrome
(SIDS)—the incidence of sudden unexpected deaths without
conclusive diagnose after autopsy range between 40 and 80%
[5]. A case of definite SIDS is generally accepted to require a
complete post-mortem examination including a negative au-
topsy. Thus, SIDS is a diagnosis of exclusion, remaining the
leading cause of death in the first 6 months after birth in the
industrialized world. Other special kind of sudden death is one
that occurs in a patient previously diagnosed with epilepsy—
sudden unexpected death in epilepsy (SUDEP). The autopsy
did not reveal any anatomical nor toxicological cause of death,
excluding status epilepticus and traumatic death secondary to
a seizure. SUDEP is the most important cause of death in
young epileptic patients [6].
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Reinterviewing family members may reveal helpful infor-
mation not discovered in the initial research. In addition,
consultation with cardiac pathologists, cardiologists, electro-
physiologists and geneticists may be useful. Unfortunately,
collaboration between medical genetics departments and car-
diology only exists for around 20 % of respondents [7]. The
link between the post-mortem forensic investigation of a
victim and the clinical investigation of the surviving family
members is difficult to establish. This difficulty may result
from legal restrictions. Resolving cause of death in natural
deaths, particularly when it occurred suddenly, unexpectedly
or in the young, is a main part of current forensic autopsy
practice in order to assist the relatives of the deceased to deal
with the death.

Sudden cardiac death

Sudden death (SD) is defined as an unexpected natural death
in apparently healthy individuals that takes place during the
first hour after onset of symptoms. Almost 85 % of all SD are
of cardiac origin (sudden cardiac death, SCD), being a leading
cause of death in Western countries, responsible for around
30–200/100,000 every year [8]. The main difficulty of calcu-
lating the effect lies in the definition of the SCD; although also
medical reports are not accessible in all cases, no autopsy is
performed or the cause of death given on the death certificate
is not specific [9]. As a consequence, there are a large propor-
tion of SCD that remains unresolved, without a definitive
diagnosis. Despite these facts, it is established that in individ-
uals over 55 years old, 80 % of SCD cases are consequence of
coronary heart disease, but in the younger population
(<35 years), the SCD cause is mainly due to inherited genetic
variations [10]. A recent retrospective study performed in a
cohort of children and adolescents shows that death in the very
young is often caused by arrhythmic syndromes, and death
during effort is typically seen in those with structural heart
disease [11].

The post-mortem genetic testing has the goal to increase
diagnostic yield, facilitating the cascade screening of family
members with more focused testing [12]. Thus, it was stated
that molecular autopsy should be considered as a part of the
comprehensive medicolegal investigation in SCD cases with-
out structural heart alterations. However, post-mortem genetic
testing of the proband was reported in only 10 % of SCD
patients with no structural alterations. It occurs mainly be-
cause forensic centres do not have the economic resources to
perform genetic testing, and/or do not collect samples for
genetic screening due to currently legal restrictions involved
with the sampling and storage of DNA [7].

To this end, we need to remember that, due to the ease of
storing and transporting formalin fixed–paraffin-embedded
tissue (FF-PET), the vast majority of forensic and general

pathologists archive it as the only source available for DNA
procurement [13]. DNA from FF-PET can be used in clinical
diagnosis, such as cancer testing, but usually DNA is degrad-
ed by formalin and FF-PETs constitute suboptimal sources for
post-mortem genetic testing [14]. In contrast, blood collected
in ethylenediaminetetraacetic acid (EDTA; purple-top tube) or
frozen heart, liver or spleen provides the greatest source of
intact DNA, permitting the successful performance of post-
mortem cardiac channel genetic testing. Moreover, at least
10 ml of EDTA blood or 5 g of fresh tissue should be obtained
at autopsy. The tissue should be stored at −80 °C, until DNA
can be extracted. Alternatively, 50 to 100μl of whole blood on
filter paper can be used for a molecular autopsy. However, this
tends to provide a very limited amount of DNA [13].

But DNA is not the only source for post-mortem studies.
Considering the important role of ion channels and their
function or malfunction in several heritable and acquired
channelopathies, post-mortem mRNA expression analysis on
tissue from pathologic and non-pathologic hearts could be a
very useful source to investigate the expression of Na+ and K+

channels [15]. Taking into account all these information, it is
of extreme importance that guidelines central to the procure-
ment of DNA/mRNA-friendly sources should be added to the
standard of care for the post-mortem analysis of SCD.

Genetics

The role of inheritance in SCD cases has been assessed
by several epidemiological and comprehensive genetic
studies. All these studies reveal that genetic testing of
SD victims is useful for clinical and forensic post-
mortem investigation [16]. It has been published that
between 5 and 40 % of the so-called autopsy-negative
SDs are believed to be due to sudden arrhythmic death
syndrome, and genetic testing can be used to confirm the
presence of a disease-causing mutation. Despite the fact
that some significant overlaps have been reported (Fig. 1),
inherited cardiac diseases associated with SCD can be
classified into two main groups: (1) Channelopathies, in
which the arrhythmogenic substrate is found in the elec-
trical properties of the heart because mutations occur in
genes that encode ion channels proteins (Table 1). This
group is characterized by negative autopsy with no struc-
tural heart alterations and includes Long QT syndrome
(LQTS), Brugada syndrome (BrS), Short QT syndrome
(SQTS) and catecholaminergic polymorphic ventricular
tachycardia (CPVT) [17]; (2) Cardiomyopathies in which
structural abnormalities such as hypertrophy, dilatation or
fatty and/or fibrotic infiltration are responsible for inducing
arrhythmias. Research has shown that it can be caused by
mutations in genes mainly encoding three types of proteins:
sarcomeric, which cause hypertrophic cardiomyopathy
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(HCM); cytoskeletal, which cause dilated cardiomyopathy
(DCM); and desmosomal, which cause arrhythmogenic right
ventricular cardiomyopathy (ARVC) [18].

A hallmark of SCD-related diseases is the incomplete
penetrance and variable expressivity. Despite channelopa-
thies has been define as monogenic diseases, it is difficult
to attribute the marked incomplete penetrance and variable
expressivity observed in Mendelian/monogenic disorders
solely to the interaction between a pathogenic mutation
[19]. However, so far, the identification of a pathogenic
mutation associated with one of these diseases in a post-
mortem case supposes that family members may be at risk
of SCD [20] because despite many of them may remain
asymptomatic, the first manifestation of disease could be
the syncope/death. In the first group, autopsy inconclusive
after macro/microscopic study, and negative toxicological
analysis, is a major health problem. The investigation of
an unexplained sudden death is extremely complicated in
the families of the victims, especially when the victim is a
child (SIDS) [21].

In recent years, advances in genetics of SCD syndromes are
being incorporated as a clinical tool for patients and family
member’s diagnosis [22]. It has been recommended that all
relatives of unexplained SD victims undergo evaluation by a
multidisciplinary team of cardiologists, forensic pathologists
and geneticists [23] (Fig. 2). Unfortunately, nowadays, a ge-
netic investigation in unexplained SD is not yet performed as
part of the standard forensic investigation although recent
legal and ethical issues of post-mortem genetic testing in the
forensic context propose that the genetic analysis should be
considered [24].

Channelopathies

This group includes familial arrhythmogenic syndromes
caused by mutations in genes encoding ion channels or asso-
ciated proteins [25]. Cardiac channelopathies are clinically
identified mainly by characteristic ECG abnormalities be-
cause they are not accompanied by morphological heart de-
fects. However, incomplete penetrance and variable expres-
sivity in inherited arrhythmogenic disorders imply that the
distinctive ECG patterns that characterize these disorders
may bemasked. Interestingly, the absence of the ECGmarkers
of the disease is not an indicator of favourable outcome [26].
Genetic diagnosis helps to identify both the pathogenic vari-
ation and genetic carriers although it does not always occur.
Despite this fact, their diagnosis, prevention and treatment
may be expected to improve greatly with the availability of
genetic tests.

Numerous mutation-related arrhythmogenic diseases, affect-
ing sodium (Na+), potassium (K+) or calcium (Ca2+) ion cur-
rents, have been reported affecting either the generation of the
action potential or calcium homeostasis. Thus, depending on
which ion channel is affected, different syndromes will be
present [27]. However, knowledge is not limited to the familial
form, as it opens up new hypotheses as to how the gene interacts
with the environment, drugs and damaged muscle, and how
arrhythmias arise in acquired or non-inherited forms [17].

Brugada syndrome

This arrhythmogenic syndromewas described 20 years ago by
Pedro and Josep Brugada [28]. It is characterized by an ECG
pattern consisting of coved-type ST-segment elevation in
atypical right-bundle branch block in leads V1 to V3 (often
referred to as type-1 Brugada ECG pattern), and an increased
risk for SCD resulting from episodes of polymorphic ventric-
ular tachyarrhythmia [29]. The prevalence of the disease is 4–
12 % of all SCD causes. The penetrance and expressivity of
the disorder are highly variable, although it is considered a
disorder involving mainly young male adults (30–40 years
old), and SCD typically occurring during sleep. Curiously, in
2002, sudden unexpected nocturnal death syndrome
(SUNDS) was related to the most common cause of natural
death in young Asians [30].

To date, more than 200 pathogenic mutations has been
identified in 16 genes (SCN5A, GPD1-L, SCN1B, SCN3B,
KCNE3, KCNE5, KCNJ8, KCND3, CACNA1C, CACNB2b,
CACNA2D1, RANGRF, HCN4, SLMAP and TRPM4) [31].
Recently, our group has identified the last gene associated
with the disease, the SCN2Bgene [32]. Despite all these genes
have been associated with BrS, an exhaustive genetic test only
identifies the pathogenic cause in nearly 35–40% of clinically
diagnosed cases. Approximately 25–30 % of all these patients
carry a pathogenic mutation in the SCN5A gene (BrS type 1)

Fig. 1 Overlapping of genes associated with channelopathies. BrS
Brugada syndrome, LQT Long QT syndrome, SQT Short QT syndrome,
CPVT Catecholaminergic polymorphic ventricular tachycardia. SCN1B
associated with BrS is an unpublished manuscript, currently under review
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[33]. Therefore, 60–65 % of BrS patients remain without a
pathogenic genetic cause identified. Following these genetic
data, analysing the SCN5A gene should be the most cost-
effective option in post-mortem cases of families showing
no history of cardiac events, and with suspicions of BrS as
cause of death.

Long QT syndrome

LQTS is a channelopathy characterized for a prolongation of
the QT interval in the ECG (QTc>480 ms) [34]. The clinical
presentation can be variable, ranging from asymptomatic pa-
tients to episodes of syncope and SCD due to ventricular

Table 1 Gens associated with
channelopathies

BrSBrugada syndrome, LQT
Long QT syndrome, SQT Short
QT syndrome, CPVTCatechol-
aminergic polymorphic ventricu-
lar tachycardia
a Unpublished manuscript,
currently under review

Channel Disease Gene Protein

Sodium LQT 3

LQT 10

LQT 16a

SCN5A

SCN4B

SCN1Ba

Nav1.5

Navβ4

Navβ1a

BrS 1

BrS 2

BrS 5

BrS 7

Br 16

SCN5A

GPD1-L

SCN1B

SCN3B

SCN2B

Nav1.5

Glycerol-3-P-DH-1

Navβ1

Navβ3

Navβ2

Sodium-related LQT 9

LQT 12

CAV3

SNTA1

M-Caveolin

α-Syntrophin

BrS 10

BrS 14

RANGRF

SLMAP

RAN-G-release factor

Sarcolemma associated protein

Potassium LQT 1

LQT 2

LQT 5

LQT 6

LQT 7

LQT 13

KCNQ1

KCNH2

KCNE1

KCNE2

KCNJ2

KCNJ5

Kv7.1 KvLQT1

hERG Kv11.1

MinK

MiRP1

Kv2.1 Kir2.1

Kv3.4 Kir3.4

SQT 1

SQT 2

SQT 3

KCNH2

KCNQ1

KCNJ2

hERG Kv11.1

Kv7.1 KvLQT1

Kv2.1 Kir2.1

CPVT 3 KCNJ2 Kv2.1 Kir2.1

BrS 6

BrS 8

BrS 9

BrS 11

BrS 12

KCNE3

KCNJ8

HCN4

KCNE5

KCND3

MiRP2

Kv6.1 Kir6.1

Hyperpolarization cyclic
nucleotide-gated 4

Potassium voltage-gated channel
subfamily E member1 like

Kv4.3 Kir4.3

Potassium-related LQT 11 AKAP9 A-kinase anchor protein 9

Calcium BrS 3 and shorter QT (SQT 4)

BrS 4 and shorter QT (SQT 5)

SQT 6

BrS 13

BrS 15

CACNA1C

CACNB2B

CACNA2D1

CACNA2D1

TRPM4

Cav1.2

Voltage-dependent β-2

Voltage-dependent α2/δ1

Voltage-dependent α2/δ1

Transient receptor potential M4

LQT 8

LQT 14

CACNA1C

RYR2

Cav1.2

Ryanodine Receptor 2

CPVT 1

CPVT 2

RYR2

CASQ2

Ryanodine Receptor 2

Calsequestrin 2

Calcium-related CPVT 4

CPVT 5

TRDN

CALM1

Triadin

Calmodulin 1

LQT 4 ANK2 Ank-B
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tachyarrhythmia (torsade de pointes) in the setting of a struc-
turally normal heart, and with a prevalence of 1/2,500 indi-
viduals [35]. However, the penetrance of the disease is not
100 % and therefore individuals and family members at risk
with a normal ECG may be identified through genetic testing.
Due to the ability to identify the individuals at risk through
ECG analysis, and that LQTS is one of the leading causes of
SCD among young people, massive population screening by
ECG has been performed in certain regions, with success of
lowering rates of SD among infants and athletes [36].

Currently, pathogenic single mutations and splice-site alter-
ing mutations have been identified in 15 genes (KCNQ1,
KCNH2, SCN5A, ANK2, KCNE1, KCNE2, KCNJ2, CACN
A1C, CAV3, SCN4B, AKAP9, SNTA1, RYR2 and KCNJ5) [31].
The last gene associated with LQTS is SCN1B, reported recent-
ly by our group and Riuro et al., Heart Rhythm 2013 (under
review). Approximately, all genes together are responsible for
nearly 80–85 % of all LQT cases [37]. Concretely, a 70–75 %
of LQT cases are caused by pathogenic mutations only in three
genes: KCNQ1 (LQT1), KCNH2 (LQT2) and SCN5A (LQT3).
The most common form of LQT (type 1) is caused by muta-
tions in KCNQ1 and it is responsible for around 35 % of the
cases of prolonged QT interval. Several mutations in KCNH2
(hERG, human-ether-a-go-go-related) that codifies the α-
subunit of Ikr were also identified. The mutations in this gene
were supposed to be around 30 % of cases (type 2). Gain of
function mutations in SCN5A (inappropriate prolonged entry of
Na+ into the myocytes), the third gene most prevalent in LQTS
(around 10 %), has been also identified. Therefore, genetic
analysis of these three genes is the cost-effective decision in
post-mortem cases of families showing no history of cardiac
events, and with suspicions of LQTS as cause of death [38].

Short QT syndrome

This rare syndrome was described in 2000 [39]. It is a highly
lethal arrhythmic disease characterized by a short QT interval

in ECG (<330 ms), with a high sharp T wave and a short
interval between the peak and the end of the T wave, leading
some clinical manifestations from lack of symptoms to atrial
fibrillation (AF), recurrent syncope, and SCD. Clinical man-
ifestations may appear as early as childhood, and it is consid-
ered one of the main causes of SIDS [40].

The genetic origin has been reported with an autosomal
dominant pattern of inheritance and high penetrance. To date,
several mutations related to SQTS has been identified in six
genes: three of them (KCNQ1, KCNJ2 and KCNH2) encoding
potassium channels and three more (CACNA1C,CACNB2B and
CACNA2D1) encodes calcium channels [31]. All these six genes
enclose nearly 50 % of clinically diagnosed SQT cases. How-
ever, pathogenic mutations in potassium channels are the most
prevalent, mainly in KCNH2. Type 1 SQTS has been associated
with pathogenic mutations in the KCNH2 gene (hERG). In
general, cardiac events are associated with adrenergic situations
such as noise or exercise, although they have also been reported
at rest. Type 2 SQTS has been linked, so far to two pathogenic
mutations in theKCNQ1gene. There is a particular entity caused
by pathogenic mutation in this same gene which is manifested in
utero as bradycardia andwhich is diagnosed as AF and short QT
in the neonatal period. Type 3 SQTS is related to pathogenic
mutations in the KCNJ2. Pathogenic mutations in CACNA1C,
CACNB2B have been associated to patients affected by an
overlap of BrS and shortened QT [41]. Last year, other patho-
genic mutation in CACNA2D1 was associated to short QT
interval in one patient [42]. Therefore, genetic test of theKCNH2
gene should be the best cost-effective option in post-mortem
cases of families showing no history of cardiac events, and with
suspicions of SQTS as cause of death.

Catecholaminergic polymorphic ventricular tachycardia

CPVT is an inherited disorder characterized by a two-way
polymorphic ventricular tachycardia, trigger by an adrenergic
stimulus. It is an arrhythmogenic cardiac disease associated to
high mortality (around 30 % by the age of 30 years) [43].
Usually, the first manifestation of CPVT is the death of the
patient. This fact supposes that identification of family mem-
bers at risk is crucial to avoid new cases of SCD.

To date, five genes have been related to the disease, being
responsible for nearly 60 % of all clinically diagnosed cases
(RyR2, CASQ2, KCNJ2, TRDN and CALM1) [31]. The main
gene responsible for CPVT is RYR2, that encodes the
ryanodine receptor (autosomal dominant)(type 1). It is respon-
sible for nearly 50 % of all cases. All other genes together are
responsible for nearly 10 % of CPVT cases. The second gene
is CASQ2, that encodes calsequestrin protein (autosomal
recessive)(type 2) [44]. Both RyR2 and CASQ2 are implicated
in regulating intracellular calcium, and pathogenic mutations
in both lead to increased function of encoded proteins, and
consequently increasing outflow of calcium from the

Fig. 2 Flow chart of a multidisciplinary cooperation in cases of SUD/
SCD
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sarcoplasmatic reticulum. Recently, CPVT type 3, type 4 and
type 5 have been described. Type 3 is due to a de novoKCNJ2
pathogenic mutation associated with classic phenotypic fea-
tures of Andersen-Tawil syndrome (type 7) and CPVT mim-
icry [45]. Type 4 is caused by a pathogenic mutation in TRDN
with a recessive autosomic pattern that encodes triadin protein
[46]. The last gene associated with CPVT is CALM1, (type 5)
that encodes calmodulin protein, involved in calcium intracel-
lular pathways [47]. Genetic test of the RyR2 gene should be
the best cost-effective option in post-mortem cases of families
showing no history of cardiac events, and with suspicions of
CPVT as cause of death.

Next-generation sequencing

Current genetic studies focused on inherited channelopathies
associated with SCD are performed using Sanger sequencing
method. This genetic analysis method is called after its creator,
Frederick Sanger, who in 1975 developed the process by
dideoxynucleotide sequencing or Sanger method. Despite
slow and expensive, this technique remains as the gold stan-
dard method. As mentioned before, several genes have been
associated to lethal arrhythmias, and all of them should be
tested in a genetic analysis, the best cost-effective option
would be to analyse only four genes (SCN5A, KCNQ1,
KCNH2 and RyR2). It is according to the key recommenda-
tions of the Heart Rhythm Society/European Heart Rhythm
Association guidelines [4]. However, in the last 10 years, new
technologies has been developed to sequence many genes at
once (even an entire exome or genome), in a few hours and at
low cost. This new genetic technology has been called next-
generation sequencing (NGS).

Despite NGS technology shows great advantages com-
pared to Sanger method, there are some limitations, such as
the high specificity of purity and integrity of DNA in the
process of sample preparation. Another problem of NGS
technology is the amount of data provided. To manage this
problem, new bioinformatic tools appear continuously. How-
ever, the biggest current challenge is distinguishing between
pathogenic mutations and benign rare variants, and the clinical
interpretation of all this genetic data [48]. Despite in silico
predictions of pathogenicity, in vitro studies of selected vari-
ants, genotype-phenotype segregation in relatives and global
database projects including frequency of genetic variants of
unknown significance (GVUS), most part of these GVUS
remains unclassified, without a solid pathogenicity. In addi-
tion, other numerous rare variants are not catalogued yet. The
most accurate solution should be to sequence large control
cohorts of different ethnic origins that have very accurate
cardiovascular phenotypes.

Despite it is not included in current forensics guidelines,
some centres have incorporated Sanger technology in

unsolved cases after autopsy. Recent studies using the Sanger
method identify 25 % of cases carrying a genetic defect that
could explain the sudden death [38, 49]. These studies analyse
only between five and ten genes associated with lethal ar-
rhythmias and SCD. So far, any study using NGS technology
in forensic cases suspicious of SCD has not been reported. To
our acknowledgement, our group has published the first study
in a SIDS case using a target resequencing panel (Campuzano
et al., (under review)).

We believe that the use of NGS technology in forensics
may help to identify more genetic defects in non-conclusive
autopsies. It could explain the cause of death in a high number
of cases, in a shorter amount of time and less cost, being a
cost-effective option in the near future. The molecular autopsy
should be covered by the same institution that pays for toxi-
cological and histological testing, either the hospital or the
legal institution when the death remains unsolved after a
complete autopsy.

Conclusions

The progressive incorporation of genetic testing in non-
diagnosed forensic cases is allowing identifying the genetic
alteration that could be recognized as the probable cause of
death in a high percentage of cases. Positive identification of
the genetic cause not only gives an answer to the family
about the most probable cause of death of the family mem-
ber that died suddenly, but especially helps to identify rela-
tives who are carriers of the genetic alteration at that may be
at risk of sudden death. Therefore, we believe that the
hospital or legal institution should cover the cost of molec-
ular autopsy because it is a measure of prevention. For all
these reasons, in agreement with previous studies [50], we
recommend genetic study in post-mortem cases with a non-
conclusive autopsy, as well as the introduction of this pro-
cess as a routine part of the autopsy protocol. To this end, a
close interdisciplinary collaboration between the forensic
pathologist, the clinical geneticist and the cardiologist is
necessary for the best management of the families involved
in these cases. Forensic pathologists play here a crucial role,
since genetic analysis is an important tool to ascertain the
cause of death and is prospectively lifesaving of those left
behind. Finally, we need to remember that due to the issues
associated with incomplete penetrance and variable expres-
sivity, the genetic test results must be interpreted cautiously
and incorporated into the overall diagnostic evaluation for
these disorders. Even when a genetic variant has been pub-
lished previously as a putative pathogenic mutation, assign-
ment of a specific genetic variant as a true pathogenic
disease-causing mutation still requires vigilant scrutiny. To
be sure, post-mortem genetic tests are fundamentally proba-
bilistic tests rather than absolutely deterministic ones.
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