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Abstract: Background: Sudden death of a newborn is a rare entity, which may be caused by ge-
netic cardiac arrhythmias. Among these diseases, Long QT syndrome is the most prevalent ar-
rhythmia in neonates, but other diseases such as Brugada syndrome, Short QT syndrome and
Catecholaminergic Polymorphic Ventricular Tachycardia also cause sudden death in infants. All
these entities are characterized by well-known alterations in the electrocardiogram and the first
symptom of the disease may be an unexpected death. Despite the low prevalence of these diseases,
the performance of an electrocardiogram in the first hours or days after birth could help identify
these electrical disruptions and adopt preventive measures. In recent years, there has been an im-
portant impulse by some experts in the scientific community towards the initiation of a newborn
electrocardiogram-screening program, for the detection of these electrocardiographic abnormalities.
In addition, the use of genetic analysis in neonates could identify the cause of these heart altera-
tions. Identification of relatives carrying the genetic alteration associated with the disease allows
adoption of measures to prevent lethal episodes.

Conclusion: Recent technological advances enable a comprehensive genetic screening of a large
number of genes in a cost-effective way. However, the interpretation of genetic data and its transla-
tion into clinical practice are the main challenges for cardiologists and geneticists. However, there
is important controversy as to the clinical value, and cost-effectiveness of the use of electrocardio-
gram as well as of genetic testing to detect these cases. Our review focuses on these current matters

of argue.
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1. INTRODUCTION

A sudden death (SD) is a non-traumatic, unexpected fatal
event occurring within 1 hour of the onset of symptoms in an
apparently healthy subject. The definition applies when the
victim was in good health 24 hours before the event if death
is not witnessed. It can be caused by a wide range of condi-
tions [1]. Cardiac alterations are the most prevalent origin of
SD, referred to as Sudden Cardiac Death (SCD). This term is
used when a congenital, or acquired, potentially fatal cardiac
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condition was known to be present during life; or autopsy
has a cardiac or vascular anomaly as the probable cause of
the event; or no obvious extra-cardiac causes have been by
post-mortem examination and therefore an arrhythmic event
is a likely cause of death. In young people under 35 years
old, the main cause of SCD is primary inherited electrical
diseases [2]. When post-mortem examination is performed
and both autopsy and toxicology investigations are inconclu-
sive, and the heart is structurally normal at gross and his-
tological examination, and non-cardiac aetiologies are ex-
cluded, in adults is called Sudden Arrhythmic Death Syn-
drome (SADS) [3], as well as Sudden Infant Death Syn-
drome (SIDS) in infants [4]. In addition, clinical assessment
and genetic analysis identify an arrhythmogenic disease in
19-30% of families, reinforcing the comprehensive analysis
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of paediatric family members in SADS [5]. In SIDS cases,
molecular autopsy identifies a lower burden of ion channel
disease compared with SADS and sporadic genetic disease
as a cause of sudden death may be more frequent [6].

SIDS is the leading cause of death in the first year of life,
more frequently in infants between 2 and 4 months old and
decrease thereafter [7]. Boys are more likely to die from
SIDS (ratio of 3:2), and racial and ethnic disparities exist in
its incidence [8]. Different mechanisms have been proposed
to be responsible for SIDS although decisive pathogenic sub-
strates or mechanisms triggering an infant’s sudden demise
remain unclear Fig. (1) (triple-risk model) [9]. Arrhyth-
mogenic origin has been suggested as one of the reasons
after no conclusive comprehensive autopsy [10]. A lethal
event can be the first manifestation of the disease and mo-
lecular autopsy may unravel the cause of death in the neo-
nates [11]. These malignant arrhythmogenic entities are
commonly called cardiac channelopathies, causing a per-
centage of SIDS cases up to 15% [12, 13].

Development

Fig. (1). Triple risk factors for SIDS.

2. CHANNELOPATHIES

Electrical heart disruption may be due to pathogenic al-
terations in genes encoding for ion channels, their subunits
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or associated proteins that play a key role in the function of
the channel. These genetic alterations lead to an arrhyth-
mogenic substrate in a structurally normal heart [14]. Car-
diac channelopathies may be clinically identified by the
presence of characteristic abnormalities in the Electrocardio-
gram (ECG) [15]. However, the distinctive ECG patterns
that characterize these disorders may be masked due to in-
complete penetrance and variable expressivity, hallmarks of
inherited arrhythmogenic disorders. This group mainly in-
cludes the Long QT Syndrome (LQTS), Short QT Syndrome
(SQTS), Brugada Syndrome (BrS), and Catecholaminergic
Polymorphic Ventricular Tachycardia (CPVT). Currently,
hundreds of pathogenic or potentially pathogenic variants
have been identified in nearly 40 genes, which encode
mainly sodium, potassium and calcium ion channels Fig. (2)
[16]. Concerning genetic analysis in SIDS cases, contradic-
tory results have been published so far, mainly due to re-
duced cohorts and a different number of genes analyzed.
Therefore, recent studies suggest that pathogenic variants in
a cardiac ion-channel-related gene may be the putative cause
of death up to 15% of SIDS cases [17, 18]. It is well
established that de novo genetic variants were more frequent
than inherited gene variants [8]. In addition, all data con-
clude that LQTS is the main responsible arrhythmogenic
entity of lethal episodes in SIDS population.

2.1. Long QT Syndrome

The LQTS is an inherited arrhythmogenic disease charac-
terized by delayed ventricular repolarization resulting as a
QT prolongation on the 12-lead ECG, always in a structur-
ally normal heart Fig. (3). Nowadays, LQTS is diagnosed
with either QTc >480 ms in repeated 12-lead ECGs or LQTS
risk score >3. Diagnosis of LQTS should be also considered
in the presence of a QTc >460 ms in repeated 12-lead ECGs
in patients with an unexplained syncopal episode in the ab-
sence of secondary causes for QT prolongation [1]. Finally,
LQTS is diagnosed in the presence of a confirmed patho-
genic LQTS mutation, irrespective of the QT duration, de-
spite establishing a definitely conclusive pathogenic role of a
genetic variant remains a current matter of discussion. The
phenotype can range from asymptomatic (10%-35% of pa-
tients present with a normal QT interval when measured on a
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Fig. (2). Main arrhythmogenic entities associated with SIDS. Distribution of genes associated with each arrhythmogenic syndrome, showing

both main and minority genes.
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Fig. (3). Electrocardiogram showing Long QT syndrome in a neonate. Both arrows show a prolonged QT interval in two different leads.
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Fig. (4). Electrocardiogram showing Short QT syndrome in a child.

resting 12-lead ECG) to ventricular tachyarrhythmias (for-
sade de pointes), and even SCD [19]. The prevalence is es-
timated from 1:2000 to 1:5000 due to the heterogeneity of
the disease [20, 21]. To date, more than 600 pathogenic vari-
ants (Human Genome Mutation Database, HGMD) have
been identified in 20 genes following mainly an autosomal
dominant pattern of inheritance. Few recessive cases have
also been reported and usually associated with severe pheno-
types. All these genes together are responsible for 80%—85%
of all LQT cases being KCNQI (LQT type 1) (30%-35%),
KCNH?2 (LQT type 2) (25%-30%), and SCN54 (LQT type 3)
(5%-10%), three major genes associated with the disease
[22]. Therefore, part of LQT cases continue without a ge-
netic diagnosis and the real prevalence of these LQT-related
genes remain to be clarified [14]. Current clinical guidelines
recommend only the screening of the main genes focused on
a cost-effective way [1]. In addition, genetic testing of rela-
tives is also recommended to identify carriers at risk. In
SIDS population, the LQT type 3 is considered the most le-
thal entity as the proportion of pathogenic variants in sodium
channel is ten times higher in comparison to older population
suffering of LQTS [23]. Usually, SIDS occurs during the
night, at rest, accordingly to pathophysiological mechanisms
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related to sodium channels [24, 25]. Treatment with beta-
blockers has been demonstrated effective, with mortality
below 3% among treated patients carrying pathogenic vari-
ants in the SCN5A4 gene (LQTS type 3) [26], despite ICD
should be considered in severe cases at risk of SCD. There-
fore, early identification and adoption of preventive thera-
peutic measures help to avoid lethal events in pediatric popu-
lation.

2.2. Short QT Syndrome

This lethal arrhythmogenic disease was reported in 2000
[27]. Tt is characterized by a reduced duration of cardiac re-
polarization (QTc<330 ms), which constitutes the substrate
for the development of life-threatening arrhythmias. In the
ECG, a high sharp T wave and a short interval between the
peak and the end of the T wave can also be identified Fig.
(4). Clinical manifestations range from lack of symptoms to
syncope and even SCD. In the young population less than 40
years old, the probability of a first cardiac arrest is >40%
[28]. Given the small size of the populations reported so far,
the high lethality may partially reflect a reporting bias related
to the under-detection of SQTS in asymptomatic patients,
especially young population [29]. Regarding genetics, few
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Fig. (5). Electrocardiogram showing Brugada syndrome in an infant.

pathogenic alterations have been identified in different genes
(KCNQI, KCNJ2, KCNH2, CACNAIC, CACNB2,
CACNA2DI, and SLC443), following an autosomal domi-
nant pattern of inheritance [30]. A comprehensive genetic
analysis identifies the genetic origin in nearly 40% of fami-
lies. Concerning SIDS population, only one report including
three families with SQTS described two male patients who
died suddenly (at 8 and 3 months), carrying a pathogenic
variant in KCNH?2 [31]. A negative autopsy of a neonate who
died suddenly could be explained by this arrhythmogenic
entity if the family is diagnosed with this lethal disease or if
a de novo pathogenic variant is identified in a SQTS-
associated gene.

2.3. Brugada Syndrome

This rare arrhythmogenic entity is characterized by an
ECG pattern consisting of coved-type ST-segment elevation
in atypical right-bundle branch block in leads V1 to V3 (of-
ten referred to as type-1 Brugada ECG pattern) Fig. (5). It
supposes an increased risk for SCD resulting from episodes
of polymorphic ventricular tachyarrhythmias [32]. Brugada
syndrome is estimated to be responsible for up to 20% of
SCD in patients with structurally normal hearts. It involves
mainly young male adults (about 40 years old), and syncope
usually occurs at rest [33] Patients with BrS usually remain
asymptomatic and modulating factors such as fever, exercise
or drugs (www.brugadadrugs.org), may play a major role in
the dynamic nature of the ECG. The ECG pattern can be
baseline or intermittent, and it can be unmasked during a
drug test (class IC sodium channel-blockers) [34]. Currently,
25 genes have been associated to the disease (4BCCY,
CACNAIC, CACNA2DI, CACNB2b, FGFI2, GPDI-L,
HCN4, HEY2, KCND2, KCND3, KCNE3, KCNE5, KCNH2,
KCNJS, LRRCI10, PKP2, RANGRF, SCNI10A, SCNIB,
SCN2B, SCN3B, SCN5A4, SEMA3A, SLMAP, and TRPM4)
but a comprehensive genetic analysis only identify the ge-
netic alteration in 35% of all diagnosed cases [35]. Ap-
proximately 30% of patients with BrS carry a pathogenic
alteration in the SCN5A4 gene [36]. The prevalence of BrS in
children remain unclear due to few cases have been pub-
lished so far. BrS exist in children but becomes clinically
unmasked with increasing age. Concerning the association of
SIDS and BrS, a study reported several family members suf-
fering of BrS (including two SIDS of male infants) carrying

a pathogenic variant in the SCN54 gene [37]. Despite the
risk of ventricular arrhythmias is generally low in children,
these circumstances might be especially pertinent to SIDS. A
negative autopsy of a neonate who died during night could
be explained by this arrhythmogenic entity.

2.4. Catecholaminergic Polymorphic Ventricular Tachy-
cardia

It is an inheritable disorder characterized by a normal
ECG at rest (occasionally with bradycardia and U waves),
and triggered exclusively by adrenergic stimulus (mainly
exertion, extreme stress or emotion) leading to bidirectional
and polymorphic VT in a normal heart [38]. The estimated
prevalence is 1 in 10,000 [1]. The clinical manifestations of
CPVT usually occur in the first decade of life and are
prompted by physical activity or emotional stress [39].
CPVT shows a high mortality rate occurring mainly in chil-
dren and adolescents and it is increasingly recognized as a
cause of SADS in young individuals, predominantly males
[40]. To date, more than 200 pathogenic alterations have
been identified in eight genes (ANK2, CALMI, CALM?2,
CALM3, CASQ2, KCNJ2, RyR2, and TRDN) being RyR2 the
main gene responsible of nearly 50% of all cases. A compre-
hensive genetic analysis explains around 60% of CPVT
cases [22]. CPVT diagnosis can be difficult especially in
children because patients with CPVT have a normal ECG,
therefore an exercise stress test that elicits atrial and ven-
tricular arrhythmias (bidirectional or polymorphic VT) is
recommended [1]. Concerning SIDS, few cases have been
reported showing pathogenic variants (mainly de novo) [41,
42]. Because of adrenergic triggers are main inductors of
CPVT, this entity is a potential cause of death in neonates.

3. MOLECULAR AUTOPSY

Post-mortem genetic analysis may help to identify the
cause of deaths due to an arrhythmogenic cardiac disease but
also allow the identification of relatives who carry the same
inherited genetic disorder and, consequently, are at risk of
SCD [3]. All relatives of a SD victim with a no conclusive
cause of death may undergo a clinical assessment by a
multidisciplinary team including cardiologists, forensic pa-
thologists and geneticists because unraveling the cause of
death is extremely complicated, mainly when the victim is an



34 Current Cardiology Reviews, 2019, Vol. 15, No. 1

infant [43, 44]. Therefore, as genetic analysis is nowadays
widely accepted as a diagnostic tool, current guidelines rec-
ommend performing the molecular autopsy as part of the
comprehensive medico-legal investigation in SD cases with-
out conclusive cause of death, especially in pediatric popula-
tion [45, 46]. However, molecular autopsy is not performed
in most part of forensic centers mainly due to lack of eco-
nomic resources or legal restrictions involved with the sam-
pling and storage of DNA [47]. Collection of blood and/or
suitable tissue for molecular autopsy is recommended in
SIDS cases, because post-mortem genetic testing focused on
arrhythmia syndromes can be useful [48].

An additional crucial point is which genes should be ana-
lyzed. Nowadays, more than 40 genes have been associated
with cardiac channelopathies. However, current guidelines
recommend performing a genetic analysis of only the main
channelopathies-associated genes (KCNQI, KCNH2, SCN5A4
for LQTS, SCN5A4 for BrS, RyR2, CASQ2 for CPVT, and
KCNQI, KCNJ2, KCNH2 for SQTS), focused on cost-
effective approach [1]. Focused on SIDS cases, most part of
pathogenic variants identified so far are located in the
SCN5A gene, associated with LQTS and BrS, despite punc-
tual variants have been reported in genes encoding potassium
channels [8]. Curiously, in recent years additional variants
have been identified in genes encoding structural genes.
These reports analyzed SIDS cases (showing completely
normal hearts at post-mortem examination) and identified
rare variants in genes associated with hypertrophic cardio-
myopathy, dilated cardiomyopathy, arrhythmogenic cardio-
myopathy, and valvular cardiac disease [42, 49]. All variants
were predicted as possibly pathogenic or probably patho-
genic by in silico analysis [50]; no other criteria were used in
order to classify the potential pathogenicity of these variants,
mainly family segregation [51]. Despite these limitations,
data suggest that subtle forms of cardiomyopathy might pre-
dispose to SIDS, even in the absence of an overt phenotype
at autopsy [52].

Recent developments in massively parallel genetic se-
quencing (Next Generation Sequencing -NGS-) allow a cost-
effective analysis of several genes in a reduced time [53].
NGS can detect simple genetic variants, insertions/deletions
(indels) of single nucleotide polymorphisms (SNPs) and
variations in the number of copies (Copy Number Varia-
tions, CNVs). These technologies have been used with suc-
cess in cardiac genetics [45, 54], such as studies for the de-
tection of pathogenic variants associated with LQTS [55, 56]
as well as in SIDS cases [25, 51, 57]. The utilization of NGS
technology allows a comprehensive genetic analysis, identi-
fying several rare variants in practically all samples ana-
lyzed. The main current challenge in genetic area is the in-
terpretation of variants identified as well as clinical transla-
tion. Hence, only up to 10% of rare variants previously clas-
sified as pathogenic play a conclusive deleterious role in
SIDS after a suitable carefully classification [13, 48]. These
results entail that most parts of identified rare variants
remain of unknown/ambiguous significance. The identifica-
tion of variants of uncertain significance leaves clinicians
with inconclusive data that does not help either the diagnosis
or the adoption of potential therapeutic measures for treat-
ment and prevention of malignant arrhythmias. Therefore,
translation into clinical practice should be performed care-
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fully. Guidelines focusing on this point have been recently
published by American College of Medical Genet-
ics/Association for Molecular Pathology (ACMG/AMP) [58,
59] suggesting functional analysis (in vitro, in silico, in
vivo), family history information, segregation of genetic
variant and genotype-phenotype correlations as crucial items
to elucidate a definite role of each variant identified [60]. It
is very important to remark that genetic testing is just one
more tool that complements the diagnosis; it should not be
used as the only factor to confirm or exclude a clinical diag-
nosis.

4. ELECTROCARDIOGRAPHIC ASSESSMENT

In 1951 Ziegler published electrocardiographic altera-
tions in infants [61]. Most part of these alterations concerns
to the physiologic adaption of heart and it is well-accepted
that during the first days after birth, the ECG shows changes
in relation to these adaptations. Normal values, as well as
ranges of ECG amplitudes and interval durations in each
state, have been published [62]. In addition, structural and
electric heart defects that are not associated with normal evo-
lution are also identified [63]. Hence, several reports have
advocated for the inclusion of an ECG in neonatal screening,
with the argument that the abnormal findings may carry a
lethal outcome, and that early identification may potentially
prevent SCD [25]. However, due to the lack of conclusive
studies, it remains as a controversial area and, each pediatri-
cian and cardiologist implement [64] or not [65] the neonatal
ECG screening Fig. (6).

Nowadays, it is suggested that nearly 10% of cases of
SIDS may actually be caused by LQTS [66]. However, few
studies have been published assessing the value of neonatal
QTc screening and reporting a prolonged QTc between 2.5%
and 50% of neonates; this wide range depends on QT correc-
tion formula to be used in ECG, the value of QTc prolonga-
tion and method of ECG acquisition [67, 68]. Hence, exist a
controversy regarding the choice of the QT correction for-
mula to be used in ECG in neonates for the screening of QT
interval. Recently, an exhaustive revision was published
concerning this point, concluding that Bazett’s correction
provides an effective HR independent QT correction and
accurately identifies the neonates affected by LQTS with a
cut-off value of 460ms. It can be used with confidence to
make recommendations for diagnostic or therapeutic deci-
sions in neonates. However, Fridericia’s or Framingham
correction methods could also be employed, albeit using
different cut-off values [69]. Regarding QT interval meas-
urements, the reading error, which occurs among experts, is
not negligible. Practically all published studies state that at
least two independent cardiologists should measure the value
in order to avoid QTc discrepancies. Hence, in neonates, if
the QTc interval is >450ms, the expected rate of false posi-
tive is 4.5/1,000 meanwhile if the QTc interval is >460ms,
the expected rate decrease to 1/1.000 [68]. Current guide-
lines establish a QTc of >470ms as potentially positive but
specified that repetitive measures should be performed at
different times in order to avoid false positive values [1]. It is
stated that the appropriate period for ECG recording is at 3-4
weeks of life, when the QT pattern has stabilized and in a
period before the most common window for neonatal death
[68]. Concerning the method of acquisition of ECG, current



Electrocardiogram and Genetics in Neonates

QTc 2480ms or QTc 2460ms in patients
with an unexplained syncopal episode
in the absence of secondary causes
for QT prolongation.

Long QT syndrome

12-lead ECG recording

v

QTc <330ms and high sharp
T wave and a short interval
between the peak and the
end of the T wave.

r“’,f \._,_.,__I'J \
!

Short QT syndrome

v

Genetic Analysis in index case

v

Current Cardiology Reviews, 2019, Vol. 15, No. 1 35

Coved-type  ST-segment
elevation in atypical right-
bundle branch block in
leads V1 to V3.

NN\~

Brugada syndrome

Clinical and Genetic Family Segregation

Fig. (6). Algorithm for identification and genetic analysis.

recording systems are equipped with interpretation software
to facilitate the work of cardiologists, following recommen-
dations by the American Heart Association, the American
College of Cardiology, and the Heart Rhythm Society [70].
However, the gold standard for an accurate ECG interpreta-
tion is the expert in the field, the pediatric cardiologist. Re-
cently, Murphy et al performed a randomized crossover
study of methods of acquiring ECG in stable infants [71, 72].
The authors identified that connecting the ECG leads to the
machine before applying the leads to the neonate resulted in
quicker heart rate acquisition and proposed that this method
should be used when acquiring an ECG in neonates. In 2015,
a review focused on available evidence on the cost-
effectiveness of genetic and ECG testing strategies for the
diagnosis of LQTS in neonates was published [73]. The
authors concluded that ECG screening in neonates is cost-
effective in high-risk groups but no strong data are available
regarding global screening.

In recent years, there has been an impulse in the medical
community to introduce the ECG into routine neonatal
screening [64] despite an equal steady impulse has been per-
formed in the opposite way. This ECG testing is crucial in
order to identify QT alterations but also other electric altera-
tions that could be related to any arrhythmogenic syndrome
and, in consequence, at risk of SCD [74]. Therefore, up to
20% of neonatal ECGs obtained in the acute setting may
have clinically significant abnormal findings and an early
identification, as well as proper interpretation, allow the
adoption of personalized measures avoiding potential lethal
episodes [75]. Despite published data, not everybody agrees
though, and it has become an area of active discussion and
health policy deliberation, due to concerns about the eco-
nomic, clinical, social and even psychological implications
of having a borderline QTc or any ECG alteration without a
conclusive diagnosis [65]. Regarding genetic testing, it re-
mains as not cost-effective due to the high economic cost
and lack of genetic services in all hospitals, especially in
underprivileged countries. Thus, genetic testing is at present
only recommended in clear familial diseases, as well as in
highly suspected symptomatic cases.

CONCLUSION

Performing an ECG in the neonatal population is an ac-
tion that may identify malignant arrhythmias. The first mani-
festation of the disease could be the death, therefore, early
identification is crucial to adopt preventive antiarrhythmic
therapies. New genetic technologies allow a comprehensive
analysis of the main genes associated with arrhythmogenic
diseases. In SIDS cases, molecular autopsy identifies genetic
alterations associated with cardiac channelopathies up to
15% of cases, mainly due to LQTS. As these are inherited
diseases, relatives can also benefit from a clinical and ge-
netic analysis. The identification of genetic carriers, despite
remaining asymptomatic, allow the adoption of personalized
preventive measures in order to reduce the risk of SCD. De-
spite all these facts, the cost-effectiveness of ECG screening
and genetic analysis remains controversial, especially due
low incidence of malignant arrhythmias in the neonatal
population.
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