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Abstract Genetically transmitted diseases are an impor-
tant cause of juvenile sudden cardiac death (SCD). In a
considerable proportion of individuals in which a medico-
legal investigation is performed, structural heart disease is
absent, and the medical examiner fails to discover an
adequate cause of death. In such cases, an inherited ar-
rhythmogenic disease should be considered, which man-
ifests with life-threatening ventricular tachycardia or SCD.
Molecular diagnosis is progressively becoming an im-
portant tool for these questions. Therefore, postmortem
genetic testing (“molecular autopsy”) should be considered
as a part of the comprehensive medicolegal investigation in
SCD cases without apparent structural heart disease. It will
have implications not only for the deceased individual but
also for living family members in preventing (further)
cardiac events by expert counseling, appropriate lifestyle
adjustment, and adequate treatment, if available.
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Introduction

The frequency of sudden death in children and adolescents
has been investigated in retrospective reviews by several
groups. It accounts for approximately 5% of all deaths in
children and adolescents, with an incidence of 1.5–8 per
100,000 patient-years [1]. About 5,000–7,000 “asymptom-
atic” children die suddenly in the United States annually,
compared to 300,000–400,000 sudden cardiac deaths
(SCDs) per year in adults.

Whereas SCD in the adult is mostly due to coronary
artery disease often associated with previous myocardial
infarction [2], a large spectrum of cardiac disorders
underlies SCD in the young [1]. The majority of deaths
in childhood are due to previously diagnosed diseases. The
most frequent causes include infection, asthma, epilepsy, as
well as myocarditis and other cardiovascular abnormalities.
In a study on juvenile sudden death in the Veneto region
(Italy), cardiac causes accounted for more than 80% of the
cases, and about one third of sudden deaths were due to
congenital heart defects [3]. Wren et al. [4] documented the
incidence and causes of sudden death in a region in
England over a 10-year period. Eleven percent were
sudden deaths (270 of 2,523), and more than half of these
(53%) were attributed to previously diagnosed conditions
(e.g., epilepsy, asthma, cardiovascular disease, etc.). One
third (32%) were attributed to causes discovered at
necropsy (e.g., respiratory tract infection, cardiovascular
abnormalities), and 15% remained unexplained after a
thorough examination (Fig. 1). Driscoll and Edwards [1]
reviewed 13 studies with 61 children and adolescents with
unexpected sudden death. The most common structural
abnormalities identified were hypertrophic cardiomyopa-
thy (HCM), coronary abnormalities, and aortic stenosis.
Corrado et al. [5] reported the results of 273 SCD victims
not more than 35 years of age in the Veneto region of Italy
and found 76 patients (28%) with apparently normal hearts
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and 197 (72%) patients with macroscopic structural
changes such as cardiomyopathy, obstructive coronary
atherosclerosis, valve disease, non-atherosclerotic coro-
nary artery disease, aortic rupture, and postoperative
congenital heart disease (Fig. 2).

However, in a certain percentage, no structural abnor-
malities can be identified at autopsy, which suggests the
presence of primary electrical diseases, i.e., molecular
changes that lead to subcellular changes without gross
structural abnormalities. These can be suspected by pos-
sible premonitory symptoms like (recurrent) syncope, a
family history of sudden death at young age, or electro-
cardiographic abnormalities identified before death. The
suspicion can be confirmed by “molecular autopsy.”
Therefore, the knowledge of inherited arrhythmias should
be of special interest for all those who perform autopsies in
these victims.

Spectrum of cardiac abnormalities associated with SCD

Cardiac abnormalities associated with SCD include not
only known and recognizable (congenital and acquired)

heart diseases [e.g., primary cardiomyopathies, arrhyth-
mogenic right ventricular cardiomyopathy (ARVCM), and
primary pulmonary hypertension] but also known but
unrecognizable (electrical) heart diseases [e.g., long-QT
syndrome (LQTS), Brugada syndrome, and catecholamin-
ergic polymorphic ventricular tachycardia (CPVT)].

Inherited ventricular arrhythmias

Ventricular tachycardia and SCD are not common in
children and young adults. However, whenever such an
event occurs, it has a great impact on the family as well as
on the physician who took care of the patient. In the
previous two decades, a number of inherited ventricular
arrhythmias were identified, which account for the majority
of SCD in young otherwise healthy children. The spectrum
includes so-called primary electrical diseases, in which an
organic heart disease is not detectable, and so-called
arrhythmogenic cardiomyopathies, in which an inherited
myocardial disease may primarily manifest with ventricu-
lar tachycardia and/or SCD. This may happen in a very
early stage of the disease when structural abnormalities are

Fig. 1 Incidence and causes of
more than 2,500 sudden deaths
in children and young adoles-
cents in an English region over a
10-year period from 1985 to
1994 (modified from Wren et al.
[4])

Fig. 2 Prevalence of subtle
morphologic substrates and
causes of sudden cardiac death
in 237 patients not more than
35 years of age over a time
interval from 1979 to 1998 in
the Veneto region of Italy
(modified from Corrado et al.
[5]). SCD Sudden cardiac death,
ARVCM arrhythmogenic right
ventricular cardiomyopathy,
CAD coronary artery disease
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absent and autopsy fails to discover a morphologic
abnormality.

Arrhythmias without structural heart disease

By definition, in primary electrical heart disease, there is no
morphologic substrate at autopsy. The changes occur on
the molecular level, which leads to electrophysiological
abnormalities that form the electrical substrate.

The prevalence of primary electrical heart diseases in a
population is difficult to estimate due to the lack of easily
applicable tools to discover underlying morphologic or
genetic abnormalities. Most of these diseases have a
variable expression and incomplete penetrance. For ven-
tricular tachycardia or ventricular fibrillation, there may be
minor structural abnormalities that may remain undetected
if not specifically searched for.

The long-QT syndrome

The long-QT syndrome (LQTS) is associated with SCD in
children [6, 7] and has been well documented by the
International LQTS Registry [8, 9].

Congenital LQTS is a hereditary disease. There is a more
common form, the autosomal dominant Romano–Ward
syndrome, with a frequency of approximately 1:7,000
newborns. The Jervell and Lange–Nielsen syndrome
(JLNS) is the more severe but rarer homozygous form
which is associated with sensorineural deafness. It occurs
with a frequency of about 1–5% of that of the Romano–
Ward syndrome. Both syndromes are caused predomi-
nantly by mutations of genes that encode for cardiac ion
channels. At present, over 200 mutations in five potassium
channel genes (KCNQ1, HERG, KCNE1, KCNE2, KCNJ2)
[10–14], one sodium channel gene (SCN5A) [15], and one
non-ion channel protein (Ankyrin-B) [16] that is involved
in the structural integrity of ion channels have been
identified. Recently, mutations in the L-type calcium
channel (CaV1.2) gene were found to be responsible for
QT prolongation in Timothy syndrome, a multisystem
disorder that causes syncope and sudden death [17]. Thus,
the L-type calcium channel gene has to be considered as a
further LQT-causing channel, if mutated.

The LQTS accounts for 3,000–4,000 sudden deaths
annually in childhood in the USA. The leading premoni-
toring symptoms are syncope and subsequent SCD due to
ventricular arrhythmias, typically of the torsade de pointes
type (Fig. 3a,b), or SCD may be the first manifestation of
the disease. In most cases, torsade de pointes is self-
terminating, producing a syncopal episode, but occasion-
ally, it degenerates into ventricular fibrillation and causes
SCD. Symptoms can manifest at any time from the
neonatal period to young adulthood and later. However,
more than 50% of patients have experienced their first
episode of syncope or cardiac arrest by the age of 15 years

[8]. Therefore, syncope in the history of otherwise healthy
children should always raise the suspicion of an undiag-
nosed LQTS.

Zareba et al. [18] reported the clinical characteristics and
risk of cardiac events in 844 LQTS children below 15 years
and in 1,123 affected family members. The children were
followed in three age groups (0–5 years, n=844; 6–
10 years, n=812; and 11–15 years, n=748) over a period of
4–5 years, and the frequency of cardiac events (syncope,
aborted cardiac arrest, or death related to LQTS) was
documented. Cardiac events occurred in 14, 25, and 34% in
the respective age groups compared with a frequency of
cardiac events in the affected family members of 5, 8, and
11%. The gender differences showed a significant higher
risk for males [16] having cardiac events in the age groups
of 0–5 years (7 vs 3%) and 6–10 years (11 vs 6%) but not in
the age group of 11–15 years (11 vs 11%). The authors
concluded that children not more than 5 years of age have a
lower risk of cardiac events than children at age 6–15 years.
In 1998, Zareba et al. [19] also reported the clinical and
genetic data and the prognosis in 112 LQT1, 72 LQT2, and
62 LQT3 subjects of the International LQTS Registry.
LQT5 and LQT6 as sporadic causes for LQTS and their
function as β-subunits in the potassium channel were not
included. The median age at first cardiac event was 9 years
for LQT1 and 14 and 16 years for LQT2 and LQT3,
respectively. By the age of 15 years, the cumulative
probability of cardiac events was 53% in LQT1 patients,
29% in LQT2 patients, and only 6% in LQT3 patients [17].
Another important observation was that death as the first
cardiac event in these patients occurred in 1–3% without
preceding symptoms. In 2001, the same authors [20]
reported the influence of the genotype on the clinical
course of 504 LQTS children (224 LQT1, 202 LQT2, and
78 LQT3). They documented the first cardiac event
(syncope, aborted cardiac arrest, or LQTS-related death)
at specific age intervals of 0–5, 6–10, and 11–15 years and
the cardiac event rate per patient-year. In LQT1 children,
the cardiac event rate was the highest between 6 and
10 years (0.28), whereas in LQT2 children, it was the
highest at age 11–15 years (0.13). In LQT3 children, it was
infrequent. First cardiac events were found more often in
LQT1 patients in all age intervals. Aborted cardiac arrest or
death as the first event was observed in 3 of 103 LQT1, 0 of
42 LQT2, and 2 of 5 LQT3 carriers, respectively.

In 1993, Garson et al. [6] defined children at low risk for
SCD when they were asymptomatic with normal QTc and
high risk when the QTc exceeded 600 ms1/2. This
observation could be confirmed by others who observed
several children in whom an extensively prolonged QT
interval was associated with an increased risk of fatal
arrhythmias [21, 22]. Priori et al. [23] analyzed three
variables (gender, QTc, and mutated gene) that were
sufficient to identify low-, intermediate-, or high-risk
patients for developing LQTS-related symptoms until the
age of 40 years. The initiation and association of arrhyth-
mic events by specific circumstances were investigated by
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Schwartz et al. [9] and Chiang and Roden [24] in LQTS
patients. Patients with mutations in the KCNQ1 gene
(LQT1 subtype) developed early and frequent symptoms
during exercise or periods of physical stress, whereas
patients with a sodium channel defect (SCN5A gene)
developed symptoms more often during sleep [8].

Overall, LQTS plays an important role as a cause of
SCD in young otherwise healthy children. Due to large
numbers of well-characterized LQTS index patients and
their families, genotype/phenotype correlations and risk
stratification have been established on a solid basis.

Thus, inquiries in cases of sudden unexpected death
should include a search for prior ECG tracings which
naturally exist less frequently in children of any age than in
adults. However, from our own experience, children may
have presented with syncope leading to an ECG recording
with marginally or even markedly prolonged QT interval,
which had not been accounted for in the subsequent
management of these patients. However, even if no ECG is
available from the deceased patient, ECG from the parents
and other relatives may point to a genetic background if
some of them have prolonged QT intervals.

The long-QT syndrome and the sudden infant death
syndrome

The sudden infant death syndrome (SIDS) is a frequent
cause of death among infants. The etiology of SIDS is
unknown, and several theories, including fatal ventricular
arrhythmias, have been suggested. Therefore, several
studies were conducted in the past, with different results
of an association between QT prolongation and SIDS [25,
26]. In 2000, Schwartz et al. [27] demonstrated a relation

between LQTS and SIDS in performing a postmortem
analysis and thereby identifying a de novo mutation in the
cardiac sodium channel gene SCN5A. A more comprehen-
sive genetic analysis of the LQT genes in SIDS victims was
reported by Ackerman et al. [28]. They investigated the
LQT3 gene (SCN5A) in 93 consecutive SIDS cases. Two
heterozygous mutations have been identified, and the
frequency of SCN5A mutations in SIDS was estimated at
about 2%. In the further extended investigation of the other
LQTS genes, the data indicate a prevalence of 5.1% in
white infants and 2.9% in black infants [29]. Our group
performed a comprehensive gene mutation screening in 41
consecutively SIDS victims and identified in a single SIDS
case a LQTS mutation (LQT1) without a yet identified
functional effect [30]. Taking the various reports of the
associative and genetic analyses together, the data confirm
that in some SIDS victims, mutations in cardiac ion
channels may provide an arrhythmogenic substrate for
malignant tachyarrhythmias, although the frequency is yet
unclear and has to be investigated in larger SIDS
collectives.

Short-QT syndrome

Recently, a new syndrome associated with SCD has been
described, the short-QT syndrome (SQTS) [31]. Six
patients from two European families with histories of
SCD were extensively tested by noninvasive and invasive
methods. QT intervals never exceeded 280 ms or a QTc of
300 ms1/2. In each family, three living members had short-
QT intervals and histories of syncope, palpitations, atrial
fibrillation, and, in one case, resuscitated cardiac arrest at
the age of 8 months after a loud noise (adrenergic stress).

Fig. 3 a Surface ECG of a patient with congenital long-QT
syndrome, QT interval corrected for heart rate of 650 ms1/2.
b Torsade de pointes tachycardia (not from the same patient) which

is typical for patients with long-QT syndrome. Note the typical
twisting axis of the QRS vector that gave this particular form of
ventricular tachyarrhythmia the name
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One relative died suddenly at the age of 3 months and was
diagnosed as SIDS. On electrophysiological evaluation, all
investigated individuals had short atrial and ventricular
refractory periods, and three out of four tested had
inducible ventricular fibrillation. Four patients received
an implantable cardioverter-defibrillator.

Genetic analysis revealed mutations in the HERG gene
(SQT1 gene). The gene product IKr (rapidly acting
component of the outward-rectifying potassium current)
is largely responsible for repolarization and, thus, the QT
interval duration. The mutation increases IKr (gain of
function), leading to an increase of the repolarizing current
and, thus, to shortening of action potential duration and
refractoriness. In contrast, patients with LQT2 have
mutations in the HERG gene that decrease IKr (loss of
function). Meanwhile, two other groups demonstrated that
SQTS is like other primary electrical diseases that are
genetically heterogeneous and can also be caused by
mutation in the KCNQ1 (=SQT2) and KCNJ2 (=SQT3)
genes [32, 33]. ECG analysis of patients with SQT3 show
a special ECG phenotype characterized by asymmetrical
T waves [32].

The Brugada syndrome

In 1992, Brugada and Brugada [34] described eight
patients with a history of aborted sudden death and a
characteristic electrocardiogram with a right bundle branch
block-like pattern with ST segment elevation in leads V1 to
V2 and normal QT intervals in the absence of any structural
heart disease (Fig. 4). The prognosis of symptomatic
patients with this syndrome is poor if they do not receive an
implantable defibrillator [35, 36]. In 1998, the genetic
nature of the disease as an ion channelopathy (mutation of
the gene SCN5A) was identified [37]. The electrical
heterogeneity within right ventricular epicardium leads to

the development of phase 2 and circus movement reentry,
which then precipitates ventricular tachycardia or ventric-
ular fibrillation [38].

The prevalence of a Brugada syndrome-like disease is
highest in men of Asian origin. Sudden and unexpected
death of young adults during sleep is endemic in Japan and
Southeast Asia, where it is a leading cause of death among
young adults. In Thailand, the incidence of ECGs
compatible with the syndrome is 4:10,000. SCD due to
Brugada syndrome is the most common cause of death
after traffic accidents in these regions [39]. Studies of the
adult Japanese population showed prevalences of ECGs
compatible with the syndrome between 0.05% [40] and
0.6% [40]. However, in children from Japan, the incidence
of ECG changes was only 0.0006% [40]. Oe et al. [41]
determined the prevalence and clinical course in children
exhibiting Brugada-type ECG in a community-based
population in Osaka, Japan. Of the 21,944 subjects
(11,282 boys and 10,662 girls) who underwent ECG
during their first year elementary school health examina-
tions between 1992 and 2001, four subjects (0.02%)
showed a Brugada-type ECG (two boys and two girls). No
history of structural heart disease was documented in these
four subjects, and no episode of unexpected sudden death,
syncopal attack, and fatal arrhythmia occurred during a
follow-up of about 7 years. These data suggest that SCD
due to the Brugada syndrome occurs predominantly in
adulthood. However, in a case report, a family is described
in which five children died after unexplained cardiac arrest.
Brugada syndrome was suspected because of a transient
manifestation of the typical ECG pattern in one of them and
further confirmed by mutation analysis [42]. In another
report, Todd et al. [43] identified a Brugada syndrome in a
15-month-old girl who presented after cardiac arrest and
who later died. Further investigation of the proband
revealed a mutation in the SCN5A gene. This mutation
was also present in two deceased maternal relatives. Both

Fig. 4 ECG features of Brug-
ada syndrome. The 12-lead sur-
face ECG demonstrates a typical
coved-type (so-called type 1) ST
segment elevation with atypical
right bundle branch block in
V1–V3 as a hallmark of the
syndrome

249



of them were attributed to the SIDS because of death at 8
and 6 months without identifying an adequate cause of
death.

Catecholaminergic polymorphic ventricular tachycardia

In 1978, Coumel et al. [44] described four cases of severe
ventricular tachycardia in children with normal QT
intervals. Today, catecholaminergic polymorphic ventricu-
lar tachycardia (CPVT) is a clearly defined entity that
occurs preferably in children and young adults. The terms
CPVT and familial polymorphic ventricular tachycardia
both apply to the same clinical entity. Affected individuals
present with a distinct pattern of stress-related bidirectional
or polymorphic ventricular tachycardia, syncope, and SCD
(Fig. 5) [45, 46]. In one third of the cases, a family history
of juvenile sudden death and stress-related syncope is
present. Mortality is high and reaches up to 30–50% by the
age of 30 years [47].

CPVT is a genetically diverse disease, involving several
loci: one form of familial polymorphic ventricular tachy-
cardia is inherited in an autosomal dominant pattern that
was initially linked to chromosome 1q42–q43 [48].
Subsequent studies identified mutations in the gene for
the human cardiac ryanodine receptor (RyR2), which is also
called the cardiac sarcoplasmic calcium release channel.
The ryanodine receptor is localized across the membrane of
the sarcoplasmic reticulum, and it releases Ca2+ from the
sarcoplasmic reticulum in response to the calcium influx
through the L-type channels, during the phase 2 of the
action potential. Mutations found in RyR2 gene linked to a
CPVT phenotype are all missense mutations located in
functionally important regions of the protein: Functional
characterization of the mutants has shown that they all
produce abnormal calcium release “leaky RyR2 channels”
in response to adrenergic stimulation (e.g., exercise, beta-

adrenergic stimulation). This mechanism supports the
hypothesis that life-threatening ventricular tachycardia is
induced by triggered activity.

The clinical features of this form of familial polymorphic
ventricular tachycardia were evaluated in two unrelated
families with 24 members who had experienced exercise-
induced ventricular tachycardia or syncope or had an
episode of cardiac arrest. Some of the family members had
delayed onset of clinical manifestations, which necessi-
tated continued observation and repeated evaluation. The
cumulative incidence of SCD by the age of 30 was 31%.
Only one heterozygous carrier was clinically unaffected,
suggesting high disease penetrance by adulthood in these
families. The frequency with which RyR2 mutations occur
in patients with familial catecholaminergic ventricular
tachycardia was assessed in a series of 30 probands and 118
family members [46]. RyR2 mutations were detected in 14
of the 30 probands (47%) and in nine family members, four
of whom were silent carriers. The patients with RyR2
mutations, compared to those without such mutations, had
events at a younger age (age at first syncope, 8 vs 20 years).
Male sex was an important risk factor for syncope. In
contrast, 90% of the subjects without an RyR2 mutation
were female. The distribution of arrhythmias in these 14
patients was polymorphic ventricular tachycardia in seven,
bidirectional ventricular tachycardia in five, and catechol-
aminergic idiopathic ventricular fibrillation (IVF) in two.
Tester et al. [49] performed targeted molecular analysis at
autopsy in 49 victims of sudden unexplained death, 13 with
a family history of syncope, cardiac arrest, or SCD. The
mean age at death was 14.2 years (SD ±10.9 years). They
investigated 18 of the 105 exons and identified six RyR2
missense mutations in seven cases. They concluded that
analysis of the cardiac ryanodine receptor revealed a
potential CPVT-causing RyR2 mutations in one of every
seven cases (14%). Denjoy et al. [50] reported on the
genetic and clinical data from 25 children (19 with syncope

Fig. 5 Series of ECG tracings from an 11-year-old patient with
CPVT before and during exercise testing. The family history
revealed an SCD of the 14-year-old brother while playing soccer.
a At rest, a normal sinus rhythm with a heart rate of 72 bpm is

documented. With increasing exercise level, first a bigeminus (b,
80 W) and then later on (c, 105 W) polymorphic ventricular beats
occurred, which finally led to discontinuation of exercise test
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and 6 with resuscitated sudden death during exercise) with
CPVT. Analysis of the RyR2 gene showed mutations in 13
of the 25 cases. Ninety-six percent of patients remained
asymptomatic over an average follow-up of about 7.5 years
under beta-blocker therapy, although some of them
continued to display polymorphic ventricular extrasystoles
on exercise. Twelve percent of the cases died suddenly or
suffered further syncope during follow-up.

A second genetic form of familial polymorphic ventric-
ular tachycardia, with autosomal recessive inheritance, has
been identified in seven related Bedouin families [51].
These families included nine children who died suddenly at
an average age of 7 years and 12 others with a history of
recurrent syncope or seizures beginning at 6 years of age.
The 12 symptomatic patients had a relative resting
bradycardia and polymorphic ventricular tachycardia in-
duced by exercise or isoproterenol infusion. Genetic
studies of these families have identified a mutation in the
calsequestrin 2 gene (CASQ2) that is responsible for the
disease [52]. The calsequestrin 2 protein has an ability to
bind extremely large amounts of calcium. While the
mechanism by which the reported mutation causes ven-
tricular arrhythmias is not clearly established, the mutated
protein may directly increase the calcium content within
the sarcoplasmic reticulum, alter the function of the
ryanodine receptor to which it is connected, or impair the
calcium release process. In conclusion, CPVT is rare but
clearly, in young age, occurring as inherited arrhythmia,
and children with syncope or sudden death during exercise
may suffer from this disease.

Idiopathic right ventricular outflow tract tachycardia

Idiopathic ventricular tachycardia (RVOVT) in the absence
of structural heart disease may arise from the right or left
ventricle causing either a left bundle branch block-like
pattern (right ventricular origin) or a right bundle branch
block-like pattern (left ventricular origin) in the ECG
during tachycardia. The majority of cases occur sporadic
rather than familial. Idiopathic RVOVT is the most
frequent form of idiopathic ventricular tachycardia and is
usually catecholamine sensitive, believed to be secondary
to cAMP-mediated triggered activity. The VT may be
repetitive and occur at rest, or it may be provoked by
exercise. It is sometimes impossible to differentiate this
entity from mild or subclinical forms of ARVCM.
Although long-term prognosis of idiopathic RVOVT is
good, syncope, cardiac arrest due to life-threatening
arrhythmias, or SCD have been reported in rare cases.
However, RVOVT or SCD is uncommon in children and
young adults, and episodes of ventricular tachycardia are
well tolerated in most cases due to the preserved global
ventricular function.

Lerman et al. [53] identified in a patient with RVOVT
and insensitivity to adenosine therapy a mutation in the
GTP-binding domain of the inhibitory G protein Gαi2. This
mutation was shown to increase intracellular cAMP
concentration and inhibit suppression of cAMP by aden-

osine. The mutation was detected in biopsy samples from
the arrhythmic focus but not in myocardial tissue sampled
from regions remote from the origin of tachycardia or from
peripheral lymphocytes. The authors concluded that
somatic cell mutations in the cAMP-dependent signal
transduction pathway occurring during myocardial devel-
opment may be responsible for some forms of idiopathic
ventricular tachycardia.

Idiopathic ventricular fibrillation

The remaining group of sudden deaths with neither an
identifiable structural heart disease nor an inherited genetic
background, myocardial ischemia, drug effects, or electro-
lyte or metabolic abnormalities is classified as having
idiopathic ventricular fibrillation (IVF). IVF accounts for
approximately 6–12% of all SCD. Although it occurs more
often in the younger age group below 40 years, children are
infrequently affected. In a review from Viskin and
Belhassen [54], the mean age of patients belonging to the
group of IVF was 36, with a male to female ratio of 2.5:1.
A combined Task Force of the Unexplained Cardiac Arrest
Registry of Europe (UCARE) and Idiopathic Ventricular
Fibrillation Registry of the USA (IVF-US) recently
summarized a variety of minor abnormalities that may be
compatible with the diagnosis of IVF [55]. Since the
mechanism of initiating ventricular fibrillation has been
discovered in the Brugada syndrome, this entity has not
been considered as a distinct subgroup of IVF anymore.

Arrhythmias with structural heart disease

Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is characterized by
left and/or right ventricular hypertrophy and is familial in a
large proportion of cases with an autosomal dominant trait.
The results of molecular genetic studies have shown that
HCM is a disease of the sarcomere involving mutations in
11 different genes encoding proteins of the myofibrillar
apparatus. In a recent analysis of 744 consecutively
enrolled patients with HCM, Maron et al. [56] identified
86 HCM-related deaths over 8±7 years. Fifty-one percent
of these occurred suddenly and unexpectedly and were
most common in young patients (45±20 years), whereas
heart failure- and stroke-related deaths were observed more
frequently in midlife and beyond. Although data on the
incidence of HCM in sudden death in children and young
adults are lacking, HCM was identified in nearly all series
ranging from sporadic cases to the most predominate
finding [57]. According to these data, it is appropriate to
investigate any child with exercise-related death, a family
history of HCM, or sudden death for the presence of HCM.

The phenotype of HCM is first influenced by factors
varying the penetrance like age and gender. Second, the
phenotype depends on the responsible mutation. Especially
in HCM, several mutations have been identified which are
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associated with a high risk of SCD, e.g., Arg403Gln in the
beta-myosin heavy chain (MYH7) gene, whereas others
(e.g., Val606Met) in the same gene have a good prognosis
as regards arrhythmic events. Furthermore, the propensity
to ventricular fibrillation does not always correlate to the
extent of hypertrophy; for example, some mutations in the
cardiac troponin T (TNNT2) gene lead to subclinical
hypertrophy but are associated with a high risk of SCD
[58], whereas others are completely penetrant but without a
high risk of arrhythmic events [59]. This underscores the
importance of identifying malignant mutations during
medicolegal workup when considering death related to
HCM and when counseling living family members.

Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is a genetically and
clinically heterogeneous disease. It is an important cause
of chronic congestive heart failure and cause of heart
transplantation in infants and children. However, whereas
SCD accounts for approximately 30% of deaths in adult
DCM patients, it was found only in sporadic cases in
several postmortem analyses in children. The prevalence of
DCM is about 2.6 patients in 100,000 inhabitants [60].
Manifestation age is often the first years of life with
nonspecific symptoms. If symptoms are present, they
usually develop gradually. Some patients are asymptomatic
and have left ventricular dilatation for months or years, and
others rapidly develop symptoms of heart failure including
ventricular tachycardia. Death in DCM patients occurs not
only due to progressive congestive heart failure or as a
complication of thromboembolism but also abruptly due to
an arrhythmic cardiac arrest when the disease is still in its
early stage. Idiopathic DCM seems to represent a common
expression of myocardial damage produced by a variety of
myocardial insults. The three most possible basic mecha-
nisms of damage could be (1) familial and genetic factors,
(2) viral myocarditis and other cytotoxic insults, and (3)
immunological abnormalities. In 20–30% of patients, a
first-degree relative also shows evidence of DCM,
suggesting that familial transmission is frequent and at
least 25% of the DCM cases are familial [61].

Although DCM is clinically and genetically heteroge-
neous, some clinical presentations lead to the suspicion of a
familial form of DCM especially in children [62]. If the
patient is male, has a short stature, and presents with
granulocytopenia, Barth syndrome should be suspected,
and the methylglutaconic acid should be measured in the
urine. Barth syndrome [63] is a rare X-linked disease for
which the gene tafazzin has recently been identified. If the
patient presents with hypoglycemia without ketonuria and
chronic muscle weakness, carnitine deficiency should be
suspected [64]. Carnitine plays a key role in the metabo-
lism of fatty acids since it is essential for their transfer into
the mitochondria. Disorders in the oxidation of fatty acids
are associated with ventricular tachycardia and conduction
defects in children [65]. If the patient has early contractures
of skeletal muscles and associated atrioventricular block,

the Emery–Dreifuss disease with defects in the X-linked
emerin has to be ruled out [66].

Arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVCM)
is characterized by regional atrophy of right ventricular
myocardium and subsequent replacement by fatty and
fibrous tissues. The disease may often be overlooked in the
presence of an early stage of the disease (“concealed
disease”). ARVCM manifests in young adulthood with an
approximately 2:1 predominance in males. The most
frequent clinical features of ARVCM consist of ventricular
arrhythmias with left bundle branch block morphology
ranging from isolated ventricular beats to sustained VT or,
rarely, ventricular fibrillation [67]. Typical symptoms
include palpitations due to ventricular extrasystoles, dizzi-
ness, syncope, and SCD due to ventricular tachyarrhyth-
mias. On the surface ECG at rest, a somewhat broader than
normal QRS complex (0.11 s) in V1–V3 with an epsilon
potential (low voltage potentials at the end of the QRS due
to delayed conduction in the right ventricular myocardium)
might be visible.

Since ARVCM has a familial occurrence, an inherited
disorder was assumed early on [68]. Meanwhile, several
gene loci and at least four genes which are associated with
ARVCM have been identified (plakoglobin, desmoglobin,
ryanodine receptor, plakophilin-2). In 2000, McKoy et al.
[69] identified the first gene for autosomal recessive
ARVCM in Naxos disease (autosomal recessive ARVCM,
palmoplantar keratoderma, and wooly hair) on chromo-
some 17, occurring on the island of Naxos in Greece. The
gene product is a key protein component of the desmo-
somes and adherens junctions and is responsible for the
tight cell-to-cell adhesion in the heart. In the recent years,
several other genes have been identified, all of them
playing a crucial role as cytoskeletal proteins to form and
stabilize cell adhesion structures at the cytoplasmic mem-
brane and the connection of these contact sites to
corresponding sites of adjacent cells. The plakoglobin
and desmoglobin genes encode for proteins that maintain
desmosomal cell junction integrity [69, 70]. Very recently,
Gerull et al. [71] have been identified in 32 of 120
unrelated individuals with ARVCM heterozygous muta-
tions in the desmosomal protein plakophilin-2 (PKP2).
PKP2 are armadillo repeat-containing proteins, localized in
the desmosomal plaque and cell nucleus. According to
these findings, the authors concluded that mutations in this
gene are common in patients with ARVCM.

Despite several reports on the familial occurrence of
ARVCM, its prevalence in childhood and young adulthood
can only be guessed. Zardini et al. [72] reported the clinical
course and the onset of first symptoms of 80 patients with
ARVCM (mean age at onset of symptoms: 33±14 years). In
a study from Dalal et al. [73], only 1 out of 100 ARVCM
patients was below 13 years of age. Most of the patients
presented between the second and fifth decades of life
either with symptoms of palpitations (27%) and syncope
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associated with ventricular tachycardia (26%) or with SCD
(23%). Risk factors for SCD in the adult age group are a
markedly dilated right ventricle and progressive fibrofatty
replacement of right ventricular myocardium. However, at
present, no similar data are available in the young age
group. Thiene et al. [67] conducted a postmortem study of
60 cases under 35 years of age who had died suddenly. At
autopsy, they found 12 subjects (7 males and 5 females,
20%) at the age of 13–30 with the morphologic features of
right ventricular cardiomyopathy. In five cases, sudden
death was the first sign of the disease.

Wolff–Parkinson–White syndrome

The Wolff–Parkinson–White (WPW) syndrome is char-
acterized by accessory pathways that, beside the AV node/
His bundle system, represent additional pathway conduc-
tion from the atria to the ventricles or vice versa. The
conduction properties of the accessory pathway determine
the rate of ventricular response (the shorter the refractory

period of the pathway, the higher is the ventricular rate,
e.g., during atrial fibrillation).

Population studies have detected WPW syndrome in up
to 2:1,000 apparently normal teenagers and young adults
[74]. A minority suffers from arrhythmias, suggesting that
a considerable proportion of WPW syndrome is asymp-
tomatic. The spectrum of symptoms includes palpitations,
dizziness, and syncope or SCD. The latter two occur when
atrial fibrillation complicates WPW syndrome with a rapid
ventricular response over the accessory pathway, which
degenerates into ventricular fibrillation. In patients with
WPW syndrome, natural history of SCD rate has been
reported, 0.15% per year. Patients who survived cardiac
arrest tend to be symptomatic and have short cycle (RR)
intervals (<250 ms) during atrial fibrillation. The clinical
course of asymptomatic children with WPW syndrome has
recently been investigated [75]. The authors investigated
165 children (5–12 years) in which prophylactic radio-
frequency catheter ablation of accessory pathways was
compared with no ablation in asymptomatic children who
were at high risk for arrhythmias (i.e., reproducible

Table 1 Common inherited diseases (except for congenital heart diseases) that cause arrhythmia and sudden death in children and young
adults and the possible clinical correlates

Cause Family history of sudden
death

Prodromal
syncope

ECG
abnormality

Significance for CA/SCD in
children

Arrhythmogenic cardiomyopathies
Hypertrophic CM + ++ + ++
Arrhythmogenic right ventricular cardio-
myopathy

+ + + (+)

Dilated cardiomyopathy + + + (+)
Arrhythmias from primary electrical dis-
eases
Long-QT syndrome ++ ++ +a +
Short-QT syndrome ++ ++ +a (+)
Brugada syndrome + + +a (+)
Idiopathic VF − − − −
CPVT ++ ++b − ++
Idiopathic RVOVT − + − −
WPW syndrome − + + (+)

CPVT Catecholaminergic polymorphic ventricular tachycardia, RVOVT right ventricular outflow tract tachycardia, VF ventricular
fibrillation, WPW Wolff–Parkinson–White, CA/SCD cardiac arrest/sudden cardiac death
aECG changes in long-QT, short-QT, and Brugada syndrome may be variable
bReproducibly, stress-induced

Table 2 Proposed questionnaire during a medicolegal workup focussing on underlying inherited cardiac diseases

• Is there a family history of sudden death in young (below 50 years) otherwise healthy family members?
• Is there a history of (recurrent) dizziness, syncope, and/or seizure disorder without improvement under medication? If yes, was/is it
related to exercise (CPVT, LQT1), acoustic arousal (LQT2), or rest (LQT3)?
• Is there a history of SIDS, recurrent cyanotic episodes, or seizures in the first years of life?
• Is there a history of palpitations or tachycardia? If yes, does an ECG/long-term ECG/Holter exist?
• Does consanguinity exists in nearer family members (JLNS)?
• Is there any evidence for (congenital) deafness/deaf–mute in the victim and/or family members (JLNS)?
• Is there any evidence for heart failure in early years (DCM/HCM)? Has there been any sudden death?
• Has there been any medication/drug intake that prolongs the QT interval?

253



induction of atrioventricular reciprocating tachycardia or
atrial fibrillation). During follow-up (median 34 months),
one child in the ablation group (5%) and 12 in the control
group (44%) had arrhythmic events. Two children in the
control group had ventricular fibrillation, and one died
suddenly. Thus, even in asymptomatic children, WPW
syndrome is associated with a risk of SCD and may be first
detected during postmortem investigation. According to
these results, high-risk children with WPW syndrome may
benefit from prophylactic catheter ablation by reducing the
risk of life-threatening arrhythmias. Furthermore, in those
cases, siblings and first-degree relatives should be screened
for preexcitation.

Five to ten percent of HCM patients have ventricular
preexcitation. An association between WPW and familial
HCM had been noted in earliest descriptions of the latter
condition. It is proposed that abnormal ventricular activa-
tion might result in regional myocardial hypertrophy or that
localized hypertrophy might disrupt normal cardiac
electrical discontinuity at the atrial ventricular ring.

In 2001, Gollob et al. [76] noted that the PRKAG2 gene
is located in the critical genomic region of the WPW
syndrome locus identified by linkage on chromosome
7q34–q36. In affected members of two families with WPW
syndrome, they identified a mutation in the PRKAG2 gene.
An additional sequence variation in the 3’ untranslated
region of PRKAG2 was present in all affected members of
family 2 but not family 1, indicating that the two families
are unrelated. The same author reported a third, unrelated
family in which affected members manifested ventricular
preexcitation, atrial fibrillation, and conduction defects
from childhood. The molecular defect in this family was a
novel PRKAG2 mutation.

Conclusion

Although sudden unexpected death in children and young
adolescents is relatively uncommon, it has a devastating
psychosocial impact on the families. Many patients who
die suddenly have identifiable cardiac disease and are
known to have been at risk. In the past, the etiology of
many of these deaths was unknown and deemed “idio-
pathic.” However, subsequent discoveries have identified
the cause of death in more and more of these patients.
During recent years, the genetic basis of several ion
channel disorders has been identified. In these diseases,
structural abnormalities are usually absent, and SCD may
be the first symptom (Table 1). Especially the pathologist
or the forensic pathologist who is involved in such cases
should be aware of these diseases. Analysis of published
reports on children with syncope, cardiac arrest, and
sudden death shows that very different populations have
been included. This may be partly explained by the fact that
postmortem diagnosis of previously unidentified arrhyth-
mias is almost impossible. However, the following could
help us further elaborate on these categories:

Morphological investigation

Very detailed autopsy which must contain extended
histological examination of all organs, immunohis-
tochemistry, microbiology, virology, toxicological
screening, and x-ray examination of the skeleton to
exclude morphologically defined natural and un-
natural causes of death. Highly specialized mor-
phological investigation of the heart including
histology, immunohistochemistry, and investigation
of the cardiac conduction system to exclude myo-
carditis and other morphologically defined causes
of death.

Molecular autopsy

Genetic postmortem investigations in cases without
morphologically defined cause of death. We
strongly suggest the construction of a multilocus/
multigenic kit carrying all known disorders of
genetic origin.

Heart history

Evaluation of the “heart history” of the child and in
family members including available cardiac docu-
ments (Table 2).

Moreover, such process will not only elucidate the cause
of death in these groups of cases but also will have
implications for the remaining family members in
preventing (further) cardiac events due to expert counsel-
ing, appropriate lifestyle adjustment, and adequate pro-
phylactic treatment.
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