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ABSTRACT
Sudden cardiac arrest in the young is a rare event with a range of
potential causes including cardiomyopathies, ion channelopathies, and
autonomic nervous system dysfunction. Investigations into the cause
involve a multidisciplinary team, including cardiologists, geneticists,
and psychologists. In addition to a detailed medical history, family
history and circumstances surrounding the event are important in
determining the cause. Clinical investigations including an electrocar-
diogram are fundamental in diagnosis and should be interpreted
cautiously because some children may have atypical presentations
and an evolving phenotype. The potential for misdiagnosis exists that
could lead to incorrect long-term management strategies. If an
inherited condition is suspected, genetic testing of the patient and
cascade screening of family members is recommended with genetic
counselling and psychological support. Medical management is left to
the treating physician acknowledging that a clear diagnosis cannot be
made in approximately half of cases. Secondary prevention implant-
able defibrillators are widely deployed but can be associated with
complications in young patients. A plan for safe return to activity is
recommended along with a proper transition of care into adulthood.
Broad screening of the general population for arrhythmia syndromes is
not recommended; preventative measures include screening paediat-
ric patients for risk factors by their primary care physician. Several
milestone events or activities that take place in youth could be used as
opportunities to promote safety. Further work into risk stratification of
this paediatric population through patient registries and greater
awareness of cardiopulmonary resuscitation and automated external
defibrillator use in saving lives is warranted.
Received for publication November 18, 2021. Accepted February 3, 2022.

Corresponding author: Dr Shubhayan Sanatani, Division of Cardiology,
Department of Pediatrics, Children’s Heart Centre, 1F9, British Columbia
Children’s Hospital, 4480 Oak St, Vancouver, British Columbia V6H 3V4,
Canada. Tel.: þ1-604-875-2295; fax: þ1-604-875-3463.

E-mail: ssanatani@cw.bc.ca

https://doi.org/10.1016/j.cjcpc.2022.02.001
2772-8129/� 2022 The Author(s). Published by Elsevier Inc. on behalf of the Canadi
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
R�ESUM�E
L’arrêt cardiaque subit chez les enfants est un �ev�enement rare dont les
causes possibles comprennent la cardiomyopathie, la maladie des
canaux ioniques ou une dysfonction du système nerveux autonome.
Pour cerner la cause exacte, on fait appel à une �equipe multi-
disciplinaire compos�ee notamment de cardiologues, de g�en�eticiens et
de psychologues. En plus de recueillir les ant�ec�edents m�edicaux
complets du patient, il est �egalement important de s’enqu�erir des
ant�ec�edents familiaux ainsi que des circonstances entourant
l’�ev�enement. Les examens cliniques comme un �electrocardiogramme
sont par ailleurs essentiels pour �etablir le diagnostic, mais doivent être
interpr�et�es avec prudence, car chez certains enfants, le tableau peut
être atypique et le ph�enotype peut �evoluer. Une erreur de diagnostic
pourrait fausser la strat�egie de prise en charge à long terme. Si l’on
soupçonne une cause h�er�editaire, un d�epistage g�en�etique est
recommand�e pour le patient et pour chacun des membres de sa
famille de même qu’une consultation g�en�etique et un soutien psy-
chologique. Il revient au m�edecin traitant de d�eterminer la conduite à
suivre et de ne pas perdre de vue que, dans environ la moiti�e des cas, il
n’est pas possible de poser un diagnostic avec certitude. Les
d�efibrillateurs implantables sont largement employ�es en prophylaxie
secondaire, mais s’accompagnent d’un risque de complications chez
les jeunes patients. Un plan de retour prudent à l’activit�e physique est
recommand�e, et le jeune patient devra être suivi jusqu’à l’âge adulte.
Le d�epistage syst�ematique des symptômes de l’arythmie dans la
population g�en�erale n’est pas recommand�e. En revanche, le m�edecin
de première ligne peut, à titre pr�eventif, �evaluer les facteurs de risque
chez les patients p�ediatriques. Plusieurs �ev�enements marquants ou
�etapes cl�es dans la vie de l’enfant pourraient être l’occasion de pro-
mouvoir les mesures de s�ecurit�e à cet �egard. Enfin, il est n�ecessaire
d’effectuer d’autres �etudes sur la stratification des risques dans la
population p�ediatrique à l’aide des registres de patients et de pro-
mouvoir les manœuvres de r�eanimation cardiorespiratoire ainsi que le
recours aux d�efibrillateurs externes automatis�es pour sauver des vies.

Sudden cardiac arrest (SCA) is rare in children with estimates
between 1 and 3 cases/100,000 children.1 Most cases occur
in apparently previously well children. Prompt recognition of
the situation by witnesses with immediate administration of
cardiopulmonary resuscitation (CPR) and access to an
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automated external defibrillator (AED) can be lifesaving.
Details of a witnessed event are critical in guiding therapy
and diagnostic testing. After initial stabilization and resus-
citation, further management is guided by neurologic,
physical recovery and identification of treatable underlying
conditions. Potential causes are numerous and each condi-
tion is rare, necessitating the management by specialized
multidisciplinary teams (Fig. 1). Despite systematic and
thorough evaluations, approximately 50% of SCA cases
remain unexplained.2 In this review, we focus on the most
frequently encountered genetic and congenital causes of SCA
in the young, with the additional inclusion of some newly
recognized conditions and potential autonomic nervous
system (ANS) contributors. This review does not address
acquired causes including SCA secondary to underlying
infection (eg, myocarditis), illness (eg, malignancy), trauma,
accidents, and drug abuse. Where relevant, we include
atypical features relevant to the paediatric presentation or
that may contribute to a delay in diagnosis. Practical rec-
ommendations for management, follow-up of patients and
their families are presented.
What Is Young?
Sudden infant death syndrome (SIDS) occurs in infants

typically aged 2-3 months with an incidence of 0.2-0.5 per
1000 live births in the majority of countries.3 Several of the
conditions, especially cardiomyopathies and Brugada syn-
drome (BrS), do not present in their typical form until beyond
the paediatric age group, usually defined as younger than 18
years of age. Most studies have limited their participants to
Figure 1. Overview of events that occur after a sudden cardiac arrest (SCA
attend the scene with an AED and/or CPR in an effort to resuscitate the vict
investigation and management. Investigation of the patient with SCA shou
include cardiologists, genetic counsellors, and psychologists. An important p
acquired at the time of the event. Promoting safe communities with overall gr
also outcomes of SCA survivors. AED, automated external defibrillator; CPR
those experiencing cardiac arrest and/or death before ages 35-
40 years. Therefore, although this review does focus on pae-
diatric aspects, much of the information is pertinent for any
patient with SCA younger than 35-40 years.
Causes of Sudden Unexpected Death in the
Young

The most common cause of sudden unexpected death
(SUD) in those aged 1-35 years is arrhythmic syndromes.4

These conditions are largely heritable and include cardiomy-
opathies and ion channelopathies, characterized by variable
expressivity and incomplete penetrance among family mem-
bers. Paediatric patients are often asymptomatic or mis-
diagnosed with benign conditions such as vasovagal syncope;
the first presenting symptom can be an SCA and/or SUD.
These conditions can be detected incidentally or through
cascade family screening. Other causes of SCA and/or SUD in
the young include noncardiac causes such as an abnormal
functioning ANS (Fig. 2).

Cardiomyopathies

Cardiomyopathies are associated with an anatomically
normal heart with abnormal cardiac myocyte structure or
function. Myopathic changes result in areas of ischemia or
microinfarcts and fibrosis that act as substrates for re-entry
and abnormal automaticity triggering arrhythmias.5 Car-
diomyopathies often result from genetic alterations in pro-
teins found in the sarcomere, desmosomes, or cytoskeleton.
Each has distinct morphological features identifiable with
). Subsequent to an infield event, first responders and/or bystander
im. After stabilization, the patient is transferred to a special center for
ld involve a multidisciplinary approach by a team of specialists that
art of the workup is the electrocardiogram recording, especially those
eater CPR and AED awareness will impact not only the infield event but
, cardiopulmonary resuscitation.



Figure 2. Causes of SUD in the young.
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imaging, initially echocardiography and in some cases mag-
netic resonance imaging. Hypertrophic cardiomyopathy
(HCM) accounts for most cases of sudden cardiac death
(SCD) in the young6 and less commonly dilated cardiomy-
opathy (DCM), arrhythmogenic cardiomyopathy (ACM),
and left ventricular noncompaction (LVNC). Cases of SCA
have occurred in those harbouring a genetic risk in the
absence of an overt phenotype.7

Hypertrophic cardiomyopathy

HCM, a common cause of SCD in young athletes, is
characterized by an abnormally thickened ventricular
myocardium that manifests during midlife, though can pre-
sent in infancy and throughout childhood.8 Most cases are
due to causative variants in genes encoding the sarcomere.
Inheritance is usually autosomal dominant with variable
penetrance. SCA in HCM is thought to occur as a result of
ventricular tachycardia (VT) and/or ventricular fibrillation
(VF) but may also result from atrial fibrillation (AF) or rapid
atrial tachycardia with increasing myocardial ischemia, dia-
stolic dysfunction, systemic hypotension, decreased stroke
volume, and secondary ventricular arrhythmias.9 A model for
SCD risk prediction in paediatric HCM has been reported.10

Dilated cardiomyopathy

DCM is characterized by an enlarged, dilated left and/or
right ventricle with or without decreased systolic function.11

Causes of DCM in children are diverse with approximately
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70% of cases categorized as idiopathic. Children with severe
cases of DCM often present with heart failure. Older age at
diagnosis, positive family history, and severity of left ventric-
ular dysfunction are linked to increased risk of SCD.12 Ge-
netic causes of DCM include causative variants in genes
encoding the sarcomere, desmosome, cytoskeleton, and
mitochondria.13 Truncating variants in TTN account for up
to 25% of idiopathic DCM, but onset typically occurs in the
fifth and sixth decades of life.

Arrhythmogenic cardiomyopathy

ACM is characterized by an enlarged, dilated right and/or
left ventricle with or without decreased systolic function and
associated with frequent arrhythmias due to fibrofatty degen-
eration of the right and/or left ventricular myocardium.14 The
right ventricle is predominantly affected; a study of ACM
mutation positive patients revealed that 96% have an abnor-
mality in the right ventricle and 52% in the left ventricle.15

Most cases are autosomal dominant and due to causative var-
iants in genes encoding the desmosome. During early stages of
the disease, ACM consists of a subclinical phase where struc-
tural abnormalities are concealed and patients exhibit no
symptoms, though patients may experience SCA and/or SUD.
This concealed phase, linked to variants in the PKP2 gene,16

may resemble ion channelopathies due to the presence of
ventricular arrhythmias and the absence of structural changes
on imaging. Task force criteria are not applicable to children,
and this diagnosis requires a high degree of suspicion. Pheno-
typing the parents is an important step if one suspects ACM in
a child. ACM typically presents between the second and fourth
decade of life, although in paediatric patients, it presents more
often as SCA and/or SCD than in adults.14,17

Left ventricular noncompaction

LVNC is a heterogeneous cardiomyopathy thought to
result from intrauterine arrest of the compaction process,
frequently affecting the left ventricular apex and characterized
by a prominent left ventricular mesh of trabeculated and/or
noncompacted hypertrophied endocardium, deep inter-
trabecular recesses, and compacted and/or thin epicardial
layer.18 Patients are asymptomatic or experience thrombo-
embolic events, congestive heart failure, and life-threatening
arrhythmias. LVNC may occur in isolation or with other
cardiomyopathy phenotypes, arrhythmias, congenital heart
diseases (CHDs) (including LV and/or right ventricle outflow
tract abnormalities, Ebstein’s anomaly, tetralogy of Fallot, and
double outlet right ventricle), neuromuscular diseases, and
genetic syndromes. LVNC may be sporadic or familial,
inherited in an autosomal dominant or X-linked recessive
manner. Causative variants include genes encoding the
sarcomere, Z-disc, cytoskeleton, and mitochondria. Although
historically considered a cardiomyopathy, there should be
caution in making this diagnosis as LV trabeculation is now
widely considered a physiological trait.

Ion channelopathies

Ion channelopathies are typically associated with normal
cardiac anatomy and result from genetic alterations in mem-
brane ion channels or intracellular proteins that affect ion
transport. Electrocardiogram (ECG) abnormalities at baseline
or under particular stimuli may assist in differentiating ion
channelopathies among living SCA survivors.

Long QT syndrome

Long QT syndrome (LQTS) is characterized by a pro-
longed corrected QT interval (QTc) with abnormalities in
T-wave morphology on an ECG with risk of malignant ar-
rhythmias.19 Caution is needed when measuring the QT
interval in children due to the inaccuracies of various
correction formulae and difficulties with measurement.20

Therefore, it is advised that the ECG be repeated to over-
come these confounders and revisit an LQTS diagnosis as the
child matures (eg, when the child is school aged, can complete
an exercise stress test [EST] typically around ages 8-10). The
LQTS phenotype ranges from asymptomatic to syncope and
SCD caused by torsade de pointes. SIDS has been attributed
to LQTS in approximately 10% of cases.21 LQTS can be
categorized into 3 main subtypes (LQT1-3) due to causative
variants in 3 major susceptibility genes KCNQ1, KCNH2, and
SCN5A or acquired from drugs, CNS processes, or electrolyte
and/or metabolic imbalance as is seen in TANGO2 disease.22

Severe forms of LQTS presenting in infancy or early child-
hood as life-threatening arrhythmias are due to variants in
genes encoding calmodulin and triadin.23 Males are at greater
risk of cardiac events up to age 15 (puberty phase), and the
risk increases in females during adulthood.24 Because of the
risk of life-threatening arrhythmic events, guidelines recom-
mend that patients with a clinical LQTS diagnosis regardless
of phenotype be treated with b-blockers.25

Catecholaminergic polymorphic ventricular tachycardia

Catecholaminergic polymorphic ventricular tachycardia
(CPVT) is characterized by bidirectional and polymorphic VT
(PVT) during emotional stress or exercise, normal resting ECG,
and no structural abnormalities.26 Symptoms associated with
CPVT include palpitations, (near-)syncope, and cardiac arrest
and/or death. The phenotype is usually unmasked during an
EST with the presence of premature ventricular complexes
progressing to bigeminy and ventricular tachyarrhythmias27 as
well as atrial tachyarrhythmias in some cases.28,29 CPVT is
inherited in an autosomal dominant form with variants in
RYR2, which encode the cardiac ryanodine receptor, account-
ing for the majority of cases and less commonly, CASQ2.30

Brugada syndrome

BrS is characterized by a coved-type elevated ST segment in
the right precordial leads on an ECG.31 Variants in the SCN5A
gene account for 20%-25% of BrS patients with the majority
remaining gene elusive and likely to have a strong polygenic
contribution.32 BrS manifests primarily in males during
adulthood although can present in the young and usually oc-
curs during rest and/or sleep, times of high vagal tone, and
fever.25 Young patients may be asymptomatic or can present
with a spectrum of abnormalities including sinus node
dysfunction, atrial arrhythmias, first-degree atrioventricular
block, intraventricular conduction delay, potentially lethal ar-
rhythmias, and SCD secondary to PVT and/or VF33; the
original eponymous series did include several young children.31
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Short QT syndrome

Short QT syndrome (SQTS) is an extremely rare condi-
tion, inherited in an autosomal dominant pattern and high
penetrance.34 It is characterized by an abnormal shortening of
the QTc with prominent and peaked T waves and no evident
structural heart disease. Causative variants in 3 genes encoding
potassium channels (KCNH2, KCNQ1, and KCNJ2) are
implicated with the most prevalent subtype associated with
gain-of-function variants in KCNH2 (SQTS1). SCA, palpi-
tations, syncope, and AF can occur under varying circum-
stances such as a loud noise, at rest, normal activity, or exercise
and often occurs in the first year of life. Application of the
Gollob score (a score diagnostic for SQTS developed in the
adult SQTS population based on 4 criteria: QT interval,
clinical history, family history, and genotype) was challenging
to apply in paediatric SQTS patients due to the high rate of
inappropriate shocks in this population.

Wolff-Parkinson-White syndrome

Although not related to ion channels, Wolff-Parkinson-
White syndrome (WPW) is an important cause of SCA
and/or SUD in the young and is frequently encountered in
clinical practice. One in 1000 individuals have a WPW
pattern on ECG. WPW arises from abnormal cardiac con-
duction due to an accessory pathway between the atrium and
ventricle that bypass the AV node. Most cases of WPW are
sporadic though there are associations with cardiomyopathy
and structural heart disease. Variants in PRKAG2, which leads
to alterations in AMP-activated protein kinase, and other
deleterious variants in genes associated with AF have been
described in some cases.35 Typically, WPW is associated with
nonelife-threatening supraventricular tachycardia; however,
AF, atrial flutter, or atrial tachycardia can develop in children
and lead to VF.36 Loss of accessory pathway conduction in
noninvasive testing was thought to identify patients at low risk
of a cardiac event; however, it is difficult to identify those at
risk of SCA.37 Unlike other primarily electrical conditions,
catheter-based ablation is curative.38

Idiopathic ventricular fibrillation

Idiopathic ventricular fibrillation (IVF) is a rare cause of
SCA characterized by VF of unknown origin.39 IVF is a
distinct condition because a subgroup of IVF patients have
been shown to have a primary electrical disease termed short-
coupled VF.40 The term IVF has been inconsistently used in
the literature to describe survivors of cardiac arrest with no
explanation despite clinical testing.41 Therefore, a standardized
algorithm consisting of clinical tests with high yield such as
cardiac magnetic resonance imaging (CMRI), EST, and
sodium-channel blocker challenge has been developed to
facilitate a uniform diagnosis of IVF in these patients.41

Early repolarization syndrome

Although a common ECG finding in the general popula-
tion, especially healthy adolescents, an early repolarization
(ER) pattern in the inferior and/or lateral leads is associated
with increased risk of VF and SCD in older invidividuals.42

Patients are typically diagnosed with early repolarization
syndrome (ERS) when resuscitated from a documented
episode of IVF and/or PVT or SCD victims with a previous
ECG and negative autopsy.25 ERS is likely polygenetic and
influenced by nongenetic factors.27 An ER pattern in the
paediatric population does not appear to be a marker of
potentially fatal arrhythmias, and the finding of ERS in a
paediatric patient after SCA should not be considered an
underlying diagnosis.43

Congenital complete heart block

Congenital complete heart block is a complete absence of
conduction between the atria and ventricles due to either
immune mediated injury in utero, genetic variants in multiple
genes, or as a result of CHD.44 It is accompanied by brady-
cardia and can be associated with ventricular dysfunction.
Repolarization can be abnormal and approximately 20% can
develop cardiac dysfunction. Pacing indications are based on
risk factors for sudden death, including symptoms, very slow
ventricular escape rates, and ventricular dysfunction. Patients
typically require a pacemaker with careful consideration of
leads, their management, and mode of pacing in the young.45

Congenital heart disease

Because of increases in prenatal screening and corrective
surgery, survival into adulthood has increased dramatically for
young patients with CHD.46 The most common types of
CHD diagnoses implicated in SCA and/or SUD in the young
vary based on demographics and geographic locations and
include coarctation of aorta, transposition of the great arteries,
and univentricular heart.47,48 Although most patients are
diagnosed with CHD before death, unrecognized CHD
continues to account for cases of SCD in the young.47,48 If left
untreated, CHD can lead to cardiac hypertrophy, fibrosis,
cardiac failure with thin-walled ventricle, and increased risk of
lethal cardiac arrhythmias.46 In surgically treated CHDs, the
intervention itself may cause further damage and act as a focus
for cardiac arrhythmias and SCD.

Aortopathy

Individuals with a dilated aorta are at increased risk of
aortic aneurysm, dissection, and rupture under conditions of
high wall stress such as during heavy exercise especially iso-
metric exercise.49 Several inherited disorders predispose to
aortic dilation and rupture including Marfan and Ehler-
Danlos syndromes. Other CHDs such as bicuspid aortic
valve, a common condition in 1%-2% of the population,
appears to be heritable and is frequently associated with a
dilated ascending aorta. Further, patients with tetralogy of
Fallot, truncus arteriosus, and transposition of the great ar-
teries have been shown to develop dilatation of the neoaortic
root. A dilated aorta is associated with decreased elasticity,
increased stiffness of the aortic wall, negatively influencing
ventricular function due to increased afterload, and ventricular
hypertrophy. Medical therapies aimed at reducing blood
pressure with or without a reduction in heart rate including b-
blockers and angiotensin-converting enzyme inhibitors may
be beneficial; patients considered at high risk of aortic
dissection often require surgical management.
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Congenital coronary artery anomalies

Congenital coronary anomalies are malformations that are
rare (<1% of population) and found either in isolation or
coexist with complex CHDs.50 They are typically diagnosed
in the young using echocardiography although computed
tomography and magnetic resonance imaging are generally
recognized as the gold standard. These are often incidental
findings in otherwise healthy children, but can be identified in
the evaluation of SCA and/or SUD. The mechanism leading
to sudden death is thought to involve ischemia, fibrosis, and
malignant arrhythmias. Sudden death particularly in young
athletes is often the first presenting symptom. In a case series
of postmortem young athletes, it was demonstrated that these
patients had experienced exertional syncope or chest pain
particularly in the setting of anomalous left main coronary
artery origin before death.51 Patients with coronary artery
anomalies are at risk of cardiac arrest, with the anomalous
origin of the right coronary artery from the left aortic sinus of
Valsalva having a more benign clinical course vs left coronary
artery anomalies from the right aortic sinus of Valsalva that
often require surgical correction.
Emerging Causes of Unexplained SCA and/or
SCD

Novel cardiac arrhythmia syndromes

Several novel cardiac arrhythmia syndromes have been
documented in recent years. Triadin knockout syndrome is
reportedly caused by homozygous TRDN variants leading to
risk of arrhythmias in the young.52 It is a recessively inherited
cardiac arrhythmia syndrome manifesting with extensive T-
wave inversion in precordial leads V1-V4 with consistent or
transient QT prolongation, exercise-induced syncope or car-
diac arrest in early childhood (less than or equal to 5 years of
age), and possible noncardiac involvement with mild-to-
moderate skeletal muscle weakness. An autosomal dominant
cardiac syndrome termed familial ST-segment depression
syndrome with ECG changes including ST segment depres-
sion, AF, and ventricular arrhythmias has been identified.53

Calcium release deficiency syndrome has been linked to loss
of function RYR2 variants and early after depolarizations in
contrast to gain of function variants and delayed after de-
polarizations typically associated with CPVT.54 Patients with
calcium release deficiency syndrome demonstrate no ar-
rhythmias using conventional EST and are at risk of SCD.

Autonomic nervous system

Perturbations in the parasympathetic and/or sympathetic
systems of the ANS or autonomic conflict, defined as
concomitant sympathetic and parasympathetic stimulation,
have been implicated in cardiac arrhythmias, SCD, SUD in
epilepsy, and SIDS.5,55-57 It is well known that the ANS in-
fluences inherited arrhythmia syndromes. For example, sym-
pathectomy has been used to treat LQTS and CPVT. BrS
manifests under conditions of high vagal tone. ANS testing in
an adolescent patient whose pacemaker recorded PVT at the
time of a syncopal event revealed impaired vagal and sympa-
thetic baroreflex function that likely contributed to the
arrhythmia.58 In susceptible individuals, these episodes of
PVT and/or VF could progress to an SCA.
The Workup
Investigation of paediatric SCA should be targeted towards

the etiologies described above,59 acknowledging that a clear
diagnosis cannot be made in a significant proportion. Mis-
diagnoses based on limited or inconclusive data contribute to
severe adverse patient outcomes, including recurrent life-
threatening events. The management of patients after SCA
has recently been addressed in detail in a joint publication by
the Asia Pacific Heart Rhythm Society and Heart Rhythm
Society,4 and as such we focus on features specific to paedi-
atric patients (Fig. 3).

Clinical history and examination

Investigations should begin with a detailed personal med-
ical history, focusing on symptoms immediately before the
event, and nature of events surrounding the cardiac arrest.
One-fifth of patients experience syncope or seizures before
cardiac arrest,60 although for many this is the sentinel
event.61,62 Cerebral anoxia during cardiac arrhythmias leading
to seizure activity or convulsive syncope have been mistaken
for epilepsy, and the results of any prior neurological in-
vestigations should be determined, which are often
normal.63,64 Notably, a small proportion of patients with
KCNH2 variants have a true overlap syndrome between epi-
lepsy and LQTS65 and RYR2 variants with epilepsy.66

Whether an SCA has a cardiac or neurological etiology can
be challenging to determine; risk factors for cardiac arrest or
SUD in epilepsy include refractory epilepsy often associated
with conditions such as Dravet syndrome, neurological
disability, or autism.67,68 A neurology consult is often helpful
if there is doubt.

Specific triggers may be temporally associated with cardiac
arrest and should be sought during the history. Arrhythmia in
both LQT1 and CPVT is triggered by adrenergic stimulation,
such as exercise and emotion, although a minority of events
may occur at rest.26 Swimming is a specific trigger in LQTS1
and CPVT; however, autonomic conflict may play a role
because coactivation of the sympathetic and parasympathetic
systems during cold water immersion has been described as
proarrhythmic.69 Auditory stimuli are associated with LQT2.
One of the challenges in the history is that almost every child
has been active and performed the same activity countless
times before the SCA. This speaks to the unknown factors
that cause SCA, especially in genetic conditions present since
birth. We hypothesize that adolescence is a time of particular
risk due to hormonal and neural factors, the same that
contribute to the spike in reflex syncope at this age. Certain
medications may exacerbate ion channel dysfunction leading
to enhanced ECG changes and arrhythmia in either LQTS
(www.crediblemeds.org) or BrS (www.brugadadrugs.org); fe-
ver is an important trigger for events in paediatric BrS and
events may be mistaken as febrile seizures.70,71 A febrile illness
with respiratory or gastrointestinal symptoms may be indica-
tive of viral myocarditis.

Noncardiac features may also be helpful in determining
possible cardiac etiologies. A history or clinical evidence of
subtle skeletal myopathy may be indicative of desmin- or

http://www.crediblemeds.org
http://www.brugadadrugs.org


Figure 3. The workup of a paediatric cardiac arrest survivor; ACM, arrhythmogenic cardiomyopathy; AED, automated external defibrillator; BrS,
Brugada syndrome; CPVT, catecholaminergic polymorphic ventricular tachycardia; DCM, dilated cardiomyopathy; ECG, electrocardiogram; ERS, early
repolarization syndrome; HCM, hypertrophic cardiomyopathy; LGE, late gadolinium enhancement; LQTS, long QT syndrome; MRI, magnetic reso-
nance imaging; QRS, Q wave, R wave, S wave; VF, ventricular fibrillation; VT, ventricular tachycardia; WPW, Wolff-Parkinson-White syndrome.
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lamin-mediated cardiomyopathies; intermittent episodes of
periodic paralysis, short stature, and classical facial features
may be evident in Andersen-Tawil syndrome due to variants
in KCNJ2.72 Recurrent episodic chest pain secondary to
myocardial inflammation and cardiocutaneous features
(tightly curled hair, palmoplantar hyperkeratosis) are impor-
tant features of desmoplakin ACM.73

Family history

In a child with a potentially inherited disorder, a 3-
generation family history is key in the investigation. This is
ideally performed by a genetic counsellor or nurse with spe-
cific training and expertise because evidence supports
increased detection of critical family details as compared with
when history taking is performed by physicians.74 Any cardiac
investigations in family members with a relevant history or
symptoms should be acquired, as well as autopsy details of any
prior SCD cases within the family, including any genetic
findings from autopsy, if available. Immediately after the
cardiac arrest may be an opportune time to acquire all relevant
information and to speak with multiple family members
because a diagnosis is more likely.75 Construction of a detailed
pedigree is also key in evaluating genetic findings and segre-
gation across different family members with clinical findings
and the family itself as the most powerful tool for subsequent
validation of any identified variants.

Clinical investigations

The approach to clinical investigations in patients after
SCA includes several baseline investigations, provocative tests,
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genetic testing recommendations, and cascade testing of
family members.4 In any potentially arrhythmic cardiac arrest,
ECG recordings are key, especially those acquired at the time
of the event. ECG traces from the AED acquired during the
resuscitation may provide diagnostic information leading to
the early instigation of appropriate management strategies.
Bidirectional tachycardia in the setting of an exertional cardiac
arrest is almost pathognomonic of CPVT and may be
captured as patients with this adrenergic-triggered disorder of
calcium handling in cardiac myocytes often require multiple
episodes of defibrillation.76

The 12-lead ECG is fundamental to the investigation in
young patients, and the ECG (resting, exercise, or during drug
provocation) has a high diagnostic yield in familial in-
vestigations after SCD.75 Importantly, ECG abnormalities
may result from the cardiac arrest, and so early findings should
be interpreted with caution, especially minor degrees of QT
prolongation and T-wave morphological abnormalities.
However, classical cardiac conduction, depolarization, and
repolarization abnormalities associated with different cardiac
genetic disorders may be evident providing valuable insights to
the underlying diagnosis. Ventricular premature beats persist-
ing after the cardiac arrest may reflect underlying myocardial
instability and reperfusion or a key component of an ACM
phenotype. There are several normal variants in the young that
should not raise concern, including T-wave inversion in the
right precordial leads; first degree AV block and ER.77

Once the patient is ambulatory, the EST may reveal the
classical features of CPVT, which are typically absent when
the patient is nonambulatory and many sedative agents used
after cardiac arrest have profound antiarrhythmic effects by
reducing adrenergic drive. A burst EST has been shown to
elicit new and more complex arrhythmias in CPVT patients vs
standard EST.78 Most patients suffering cardiac arrest sec-
ondary to LQTS will typically have overt QT prolongation
and T-wave morphological abnormalities, but demonstration
of normal repolarization reserve on a postarrest EST is an
important negative finding. In patients too young to undergo
diagnostic treadmill testing, provocative testing with
epinephrine challenge may be considered for the diagnosis of
LQTS and CPVT. Ambulatory monitoring or telemetry
should be performed as part of the initial workup and follow-
up if no diagnosis is made.

Echocardiography will identify many structural features of
cardiac disease such as left ventricular hypertrophy, mitral
valve anomalies, and outflow tract obstruction in HCM or left
ventricular dysfunction in DCM and/or ACM. Echocardi-
ography has many advantages, especially ease of use at bedside,
but again findings (especially ventricular function) need to be
interpreted considering the overall situation and temporal
relationship to the cardiac arrest.

CMRI may add further information, primarily the iden-
tification of delayed gadolinium enhancement indicative of
myocardial inflammation, oedema, or fibrosis, and provides
quantitative analysis of right ventricular size and function for
assessment of ACM. Left ventricular delayed enhancement in
a subepicardial or mid-myocardial pattern may be suggestive
of viral myocarditis or an early ACM, and further clinical and
genetic evaluation is important to differentiate these diagnoses
with fundamentally different implications for both the patient
and wider family.79,80 CMRI in younger children often
requires sedation or anaesthesia; however, the risk of any
major adverse events is low.81

ECG changes in BrS are highly dynamic and may change
from diagnostic to normal within a short period of time
especially if initially exacerbated by a dynamic environmental
trigger such as fever,70,82 or by pharmacological provocation.
Importantly, a BrS ECG phenotype may be seen early after
defibrillation and may represent a phenocopy rather than evi-
dence of the condition.83 Myocardial sodium blockade using a
class 1 antiarrhythmic such as ajmaline, flecainide, or procai-
namide can unmask the latent ECG changes,84 although the
prevalence of false-positive findings is high.85 Catecholamine
infusions can also be helpful in unmasking a CPVT phenotype
in whom other investigations may be normal.86

An electrophysiology study may be considered in cases
where no other disorder has been identified4 including cases
where bundle branch re-entrant VT, pre-excited AF, or rapid
supraventricular tachycardia degenerated into VF. Right
ventricular voltage mapping may be considered for detection
of subclinical ACM.4

Myocardial biopsy may provide additional diagnostic in-
formation. A rare cause of cardiac arrest that requires a histo-
logic diagnosis is histiocytoid cardiomyopathy, classically seen
in females of non-Caucasian heritage aged less than 2 years.87

This diagnosis is important as spontaneous regression appears
to occur after the age of 2-3 years, which has major implications
for longer-term management and decision-making.

Genetic testing

Genetic testing is increasingly recognized as a tool in
personalized medicine.88 It is a process of identifying the
underlying variant causing disease in a family. Because most
families have their own unique variant, determining with
confidence which variant is causative of disease is a time-
consuming process. Standardized approaches for variant
interpretation include the 5-tier system from the American
College of Medical Genetics.89,90 In circumstances where a
paediatric survivor of a cardiac arrest has a relative who passed
away suddenly, genetic findings from the deceased relative
could shed light on a possible familial causative variant. If a
causative (likely pathogenic or pathogenic) variant is identi-
fied, then asymptomatic family members can be tested for the
variant. Those shown to carry an autosomal dominant variant
can be followed clinically and their own first-degree relatives
will now be considered to have a 1 in 2 risk of disease and
relatives of those with an autosomal recessive variant would
have a 1 in 4 risk of disease. Those who do not carry the
variant can be released from all future clinical surveillance and
cannot pass this on to their children. Being able to release
relatives from unnecessary screening and worry is why genetic
testing is a cost-effective addition to family management
compared with clinical screening alone.91,92

In recent years, there has been increasing stringency of the
level of evidence required to consider a variant as causative,
with reclassification of variants sometimes necessary. As new
evidence emerges, or as variant interpretation criteria are
refined, the interpretation of a variant may shift.91 As the
phenotype evolves, it is important to revisit the phenotype and
genetic testing should include genes where there is a robust
gene-disease association; genetic tests with more comprehensive
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genomic coverage may lead to more diagnostic yield but may
also lead to increased discovery of variants of uncertain signif-
icance.4 Broader genetic assessment may be considered in select
circumstances, for example, assessment for de novo variation or
when a heritable phenotype is being mapped within a family.
The yield of genetic testing depends on the phenotype93 and
can be as high as 80% in typical LQTS, 50% in ACM, and
lower in atypical presentations.94 The need for open and clear
communication with the family is essential in such settings and
demonstrates the value of robust pre- and post-test genetic
counselling, as well as strong rapport with the family.

Genetic counselling

Genetic counselling is a process aimed at supporting pa-
tients and family members to understand and adapt to the
medical, psychosocial, and familial implications of heritable
diseases.95,96 Genetic counselling is not merely education but
also includes psychological support, and for this reason,
appropriately qualified health professionals will ideally
perform this, including genetic counsellors and genetic nurses.
Genetic counsellors have become a large allied health work-
force in many countries worldwide, and their role in the
cardiology clinic is well described.97 Cardiac genetic coun-
sellors are often key members of the multidisciplinary team.98

Genetic counsellors play a critical role in the process of
genetic testing, including both pre- and post-test genetic
counselling. Careful decisions around the type of genetic
testing performed and conservative interpretation of
genetic variants are critical. Likewise, given the often low yield
of genetic testing, maintaining realistic expectations about the
chance a causative variant will be identified is also important.
In addition, discussions include inheritance risks, education
and awareness, variant classification, developing a 3-
generation family history, and psychosocial support.4 Psy-
chosocial aspects of genetic counselling include psychological
support, empathic listening, crisis intervention skills, knowl-
edge of family dynamics, coping models, processes of grief,
and adjustment to a new diagnoses, all of which align with
core competencies of genetic counselling accreditation.99
Care of the Patient and Family

Clinical management

In as many as 50% of cases, a reversible cause can be
identified and successfully treated, such as anomalous course
of the left coronary artery that can be surgically corrected, or
ventricular pre-excitation secondary to an accessory pathway.
It is always important to demonstrate a clinical picture
consistent with cardiac arrest (eg, in the setting of ventricular
pre-excitation rapid antegrade conduction via the accessory
pathway during AF or programmed atrial stimulation), to
ensure that such findings are not incidental bystanders and the
true cause has been overlooked.

In patients with an identified cause of SCA, b-blockers are
commonly prescribed27 and often prescribed in unexplained
SCA also. Implantable cardioverter-defibrillators (ICDs) are
also recommended for most patients after cardiac arrest,
although in the young this provides unique challenges both in
terms of implantation and longer-term management given the
high rate of complications.100,101 Evolving evidence supports
medical management of LQT1.102 Increasing experience
suggests that combination therapy with the b-blocker nadolol
and flecainide, and the early use of cardiac sympathetic
denervation, is emerging as a preferable strategy to early ICD
implantation in CPVT.

Specific lifestyle and pharmacological management are ul-
timately guided by the precise diagnosis, although increasingly
patients with ICDs are safely returning to sports with specific
levels of exertion dictated by the underlying diagnosis.101 Lack
of compliance and poor effectiveness of current treatments
have been attributed to cardiac adverse events.103 In families
where there is no familial SUD syndrome, the risk of cardiac
events in first degree relatives is low.104

Psychological support

For those who experience a resuscitated SCA, this is often a
traumatic event for both the patient and family. The addition
of complex genetic testing findings has potential to cause even
greater burden. Effectively conveying genetic information can
be a challenge and the need for integration with a clinical
psychologist has become evident.4,105 Further, up to 95% of
family members report psychological difficulties highlighting
the need for support.106 In children, we know that a diagnosis
of an inherited arrhythmia syndrome can lead to general and
cardiac focused anxiety,107 and for the parents the uncertainty
and risk of SCA for their children can cause distress.108

Importantly, although lifesaving, adjustment to life with an
ICD can be problematic,109 and consistent risk factors for poor
coping after an ICD are young age at implantation and mul-
tiple ICD shocks.110 Therefore, incorporating clinical psy-
chological support in the multidisciplinary team is critical and
for frontline clinic staff such as genetic counsellors, nurses, and
cardiologists to be mindful of the potential for poor coping.

Physical activity after SCA

Many SCA events occur during exercise111 and adrenergic
stimulation is a recognized trigger for arrhythmias in patients
with certain channelopathies (eg, LQTS and CPVT) and
cardiomyopathies. Therefore, the return to physical activity
needs to be carefully managed with the SCA survivor. Re-
ports of safety of exercise in LQTS and CPVT have been
published. Importantly, in young athletes with ICDs, sport
participation was not associated with significant adverse
events, although appropriate and inappropriate shocks did
occur.101,112 There has been a shift from dogmatic recom-
mendations to a shared decision model, in which the priority
is to work collaboratively with the patients to determine what
their desired level of participation is and to ensure that they
are fully informed.113 This includes ensuring that safety pa-
rameters are available (family member with knowledge of
CPR, AED located in the vicinity of the activity). Most
young patients surviving SCA can return to full participation
with a few caveats (Table 1). It is the health care provider’s
responsibility to ensure that treatment is optimized for the
phenotype. This includes revisiting the phenotype over time.
Approximately 20% of diagnosis reclassification was reported
in the Cardiac Arrest Survivors with Preserved Ejection
Fraction Registry, a registry of unexplained cardiac arrest



Table 1. Patient and provider responsibilities for returning to sports

Provider � Current knowledge
� Monitor treatment effectiveness
� Optimal medical therapy
� Device programming
� Counselling, eg, sports participation, vocations

Patient � Medication compliance
� Avoid other causes of syncope (nutritional

preparation, hydration)
� Safety plan
� Rest and report symptoms after any cardiac

events
Full participation not

recommended
� High risk of injury if loss of consciousness oc-

curs, eg, skydiving
� Swimming without ability to be rescued
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patients and family members.114 Programming the ICD to
avoid inappropriate shocks is essential; verifying that there is
not T-wave oversensing on EST can be helpful. The patient
must participate in “Safe Sports” behaviour.115 Participation
after diagnosis with ACM requires a more nuanced discus-
sion. Exercise intensity and dosage can accelerate the disease
progression in some patients with ACM.116

Follow-up

Implementation of current guidelines can be challenging
and varies widely.117 The management of the underlying
condition and frequency of follow-up visits is left to the
treating cardiologist. In patients with no apparent clinical
diagnosis at the time of presentation, long-term follow-up
should focus on the emergence of specific cardiomyopathies,
where the arrhythmic phenotype precedes the classical struc-
tural, electrocardiographic, and histologic features.16 Repeated
cardiological evaluation (ECG, EST, and echocardiogram)
and advanced investigations (ranging from drug provocation
to magnetic resonance imaging) in SCA survivors and first-
degree relatives whose first evaluation was normal or incon-
clusive are recommended every 3-5 years (more frequently if
there is more than 1 sudden death in the family) until age 45.4

Transition to adult care

A paediatric SCA victim will likely require monitoring and
care into adulthood. Unfortunately, only 30% of adult CHD
patients who transitioned from paediatric care received the
recommended cardiac care.118 Components of a successful
transition program include a systematic approach to address-
ing the medical, psychosocial, and educational and/or voca-
tional needs of the adolescent as they transition. The
transition process should begin before adolescence, be located
close to the patient in order to mitigate any potential travel
barriers, flexible, and tailored to the developmental and psy-
chosocial status of the patient.119,120 Unsuccessful transition
has been shown to lead to increased hospital visits, adverse
events, and even death. It is important to identify adult car-
diac providers with the requisite knowledge and expertise in
genomics as so many of the conditions have an underlying
genetic basis and family follow-up is crucial.

Vocations

Because of the risks of sudden incapacitation, medical
regulations exist that vary by country and region regarding
high-hazard professions such as commercial driving, fire-
fighting, police or military service, and professional
driving.121-125 The maximal allowable risk for acute incapac-
itation varies and is dependent on the profession and/or
employer. For example, the maximum acceptable risk for
acute incapacitation for commercial pilots is 1%, whereas for
private automobile drivers it is 22%.121,126 Similarly, in some
countries, patients with ICDs are completely prohibited from
professional driving, whereas in other areas, there is more
variation.127 Specific recommendations should take into
consideration such things as the patient’s specific medical
condition, distance travelled, and driving behaviour. Advances
in technology such as driverless vehicles could play a role in
the amount of acceptable risk due to these medical conditions.
Risk Prediction and Prevention

Prevention of SUD in the young has focused on various
cardiovascular screening strategies.128 Although ECG
screening is routinely performed in certain countries and
populations such as in athletes, broad screening for
arrhythmia syndromes is not recommended because of po-
tential false positives, inaccurate diagnoses, high costs, and
lack of willingness to pursue further diagnostic testing in
some. Use of ECG screening is particularly challenging in
children and adolescents due to alterations in depolarization
and repolarization patterns with aging and growth.129

Emphasis has focused on screening family members of
affected individuals, creating awareness of the prodrome, and
educating primary care providers of the risk factors for SCA
and/or SCD.129,130 In addition, the updated policy state-
ment from the American Academy of Pediatrics provides
information for the primary care physician on screening
children prone to SCA and SCD to aid in the prevention of
SCA.130 Risk stratification strategies have been primarily
adult based and those specific to the young have been limited
to specific disease populations, retrospective, small cohort
studies and should be applied cautiously.128 Multicentre
registry studies with thorough phenotyping are required to
better determine risk factors of SCA and accurately direct
medical management and ICD therapy.131
Making Communities Safe
The community response to an SUD or SCA can be very

powerful. Families and organizations impacted have created
foundations, support groups, and action plans (eg, https://
parentheartwatch.org). Organizations such as the Hearts in
Rhythm Organization (https://hiro.heartsinrhythm.ca/) and
Sudden Arrhythmia Death Syndromes Foundation (https://
www.sads.ca; https://www.sads.org) have created awareness
programs, funded research, and provided education for
families affected by SCA and/or SUD and for their care
providers. Prompt bystander CPR and access to defibrillation
are lifesaving in SCA; however, the annual rate of CPR and
AED training is low.132 Because of various barriers, imple-
mentation has not been easy and the public health impact of
this rare but tragic event is not large. Several milestone events
or activities that take place in early childhood and/or
adolescence including high school graduation, obtaining a
driver’s license, vaccinations, and social media can be used as

https://parentheartwatch.org
https://parentheartwatch.org
https://hiro.heartsinrhythm.ca/
https://www.sads.ca
https://www.sads.ca
https://www.sads.org
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opportunities to promote safety in youth. There are pockets
of intensified risk that have been targeted for AED place-
ment, including some creative ones (eg, Tokyo marathon,
drone approach, and cellphone apps). Several campaigns and
events that promote CPR and AED training (eg, CPR month
in Canada, National CPR, and AED Awareness week in the
USA) are ongoing.
Conclusion
SCA in a young otherwise healthy individual is rare. In-

vestigations into the cause of the SCA involve a multidisci-
plinary approach and may not result in a diagnosis despite
extensive clinical testing. Care should be tailored to the pa-
tient, involve the family, and include psychological support.
Further work into risk prediction and greater awareness of the
benefits of CPR and AED training is warranted.
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