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Abstract

Background: Determining the pathogenesis of sudden cardiac arrest (SCA) in children
is crucial for its management and prognosis. Our aim is to analyze the role of broad
genetic testing in the prevention, diagnosis, and prognosis of SCA in Children.
Methods: ECG, 12-lead holter, exercise testing, cardiac imaging, familial study, and
genetic testing were used to study 29 families, in whom a child experienced SCA.
Results: After a thorough clinical and genetic evaluation a positive diagnosis was
reached in 24/29 (83%) families. Inherited channelopathies (long QT syndrome and
catecholaminergic polymorphic ventricular tachycardia) were the most prevalent
20/29 (69%) diagnosis, followed by cardiomyopathy 3/29 (10%). Broad genetic test-
ing was positive in 17/24 (71%) cases. Using the Mann-Whitney test, we found that
genetic testing (effect size=0.625, p=0.003), ECG (effect size=0.61, p=0.009), and
exercise test (effect size=0.63, p=0.047) had the highest yield in reaching the final
diagnosis. Genetic testing was the only positive test available for five (17%) fami-
lies. Among 155 family members evaluated through cascade screening, 73 (47%) had
a positive clinical evaluation and 64 (41%) carried a pathologic mutation. During
6+4.8years of follow-up, 58% of the survived children experienced an arrhythmic
event. Of nine family members who had an ICD implant for primary prevention, four
experienced appropriate ICD shock.

Conclusions: The major causes of SCA among children are genetic etiology, and ge-
netic testing has a high yield. Family screening has an additional role in both the diag-

nosis and preventing of SCA.
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1 | INTRODUCTION

the diagnosis, and in most studies deaths in children are described as
part of young deaths up to 35-40years of age.™* Postmortem anal-

The causes of sudden cardiac death (SCD) in children aged ysis often reveals structural cardiac abnormalities.>® However, neg-

1-18years are ill defined especially when autopsy does not reveal ative toxicology and a structurally and histologically normal heart
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were found in up to 53% of these cases with a higher percentage
among children as compared to young adults.”® Inherited cardiac
diseases such as channelopathies and cardiomyopathies are a pos-
sible cause of such autopsy negative SCD cases that may explain a
significant number of these events.??™*! Twenty-seven percent of
children and young adults who suffer SCD are reported to have a
family history of premature cardiac death.*? All this emphasizes the
importance of genetic etiology for SCD among children. Studies that
examined several genes in persons younger than 40years old who
had experienced SCD have shown that genetic testing may identify
a cardiovascular cause of death in up to 30% of these cases.!!13-1>
The exact yield of broad genetic testing in children experiencing
SCD or sudden cardiac arrest (SCA) is unknown. Genetic testing can
give an explanation for the sudden death, which is important for the
mourning process of the families. The finding of an inherited genetic
disorder also provides an opportunity to offer first-degree family
members cascade screening. Identification of mutation carriers can
reveal presymptomatic disease carrier and may save future lives.*4*¢
Our primary aim was to define the causes of SCD or SCA in children
from families who were referred to our inherited arrhythmia clinic.
Second, we aimed to establish the diagnostic yield of cardiologic and

broad genetic assessment of the proband and first-degree relatives.

2 | MATERIALS AND METHODS

We included 29 unrelated families who were consecutively referred
to our inherited arrhythmia clinic at Rambam Health Care Campus
(Haifa, Israel), a tertiary medical center in the north of Israel, dur-
ing 2011-2017, in whom a child 18years old or younger had SCA
(aborted SCD) or non-aborted SCD. Inclusion criteria for aborted
SCD were the occurrence of cardiac arrest requiring external defi-
brillation to restore sinus rhythm and a negative toxicology screen.
In non-survivors, the death had to have occurred within 1 h of symp-
tom onset or less than 24 h after the individual was last seen alive.
In non-survivors, intoxication was ruled out by negative toxicology
screen or negative autopsy and when not available by thorough in-
quiry of family members and close friends. The study design was
approved by our institute's Ethics Committee. All the families under-
went genetic counselling and have signed written informed consent.

We studied demographic variables, medical and family histories,
previous cardiac tests if available, and SCD circumstances. Autopsy
results were analyzed if available. In addition, we performed a car-
diac investigation for the survived index case and first-degree family
members in the clinic. The clinical workup for both the proband and
each first-degree family member included: Family history, resting
ECG, an exercise test, 12-lead holter, and transthoracic echocardi-
ography. An electrophysiologist, an expert on inherited arrhythmia,
interpreted the 12-lead holter information. At least 10 different
calculations of the QT interval during stable heart rate (less than
10 beats per minute change during 2min) in lead 2 or V5 were per-
formed. Bruce protocol exercise test was performed in children aged
5 orolder. The diagnoses of inherited primary arrhythmia syndromes

and cardiomyopathies were made according to the proposed diag-
nostic criteria in the European Society of Cardiology guidelines.’”

A genetic study was performed in families diagnosed or sus-
pected of having genetic diseases such as cardiomyopathy or chan-
nelopathy, or when no definitive diagnosis was available based on
DNA from the index case. If proband DNA was unavailable, DNA
analysis was conducted on an affected relative. DNA was obtained
from peripheral blood samples stored in EDTA. All patients under-
went a consistent genetic panel of 343 genes linked to cardiomy-
opathy, channelopathy, cardiovascular disease, and SCD. The genes
were sequenced using NGS illumine TrueSight Sequencing Panel.
All coding exons and flanking intronic regions were sequenced.
Variants of interest were Sanger verified and classified for patho-
genicity using American College of Medical Genetics and Genomics
guidelines.18 The pathogenicity of the variants detected were cata-
loged according to their previous description, bioinformatics tools
were used for in silico pathogenicity prediction and the degree of
interspecies conservation of the residue and presence of the variant
in public databases of the general population. In addition, before a
mutation was considered probably pathogenic, it had to show co-
herence and familial co-segregation with the phenotype. Variants of
unknown significance were considered negative.

In order to determine the diagnostic value of each test, we estab-
lished a diagnostic score for test results that: (1) confused the final
diagnosis (-1 point); (2) contributed to the final diagnosis by ruling
out a specific diagnosis (1 point); (3) revealed a pathologic finding
that contributed to the final diagnosis (2 points); and (4) contributed
exclusively to the final diagnosis (3 points). In order to determine
the diagnostic value of genetic testing we used the same scale for
genetic results that (1) did not contribute to the final diagnosis (O
points); (2) confused the final diagnosis (-1 points); (3) supported the
diagnosis (2 points); and contributed exclusively (the only modality)
to final diagnosis (3 points).

Statistical analysis was performed using SPSS statistical soft-
ware (version 20). Results are presented as mean +SD, with p<0.05
considered statistically significant. The Mann-Whitney U test was
used for comparison of quantitative variables and the Chi-square
or Fisher's exact test to determine proportions. We used Mann-

Whitney test to find the most useful modality to reach a diagnosis.

3 | RESULTS

The study population included 29 index patients, mean age
11.1+5years (range 1month-18years): 17 (59%) males, QTC
478 +60ms. Twelve (41%) children experienced syncope at age
8.7 +4years before SCD and 9/12 children underwent clinical evalu-
ation by their family physician. Five children were diagnosed with
seizures, two with vasovagal syncope, and one with hypertrophic
cardiomyopathy, although no therapy was recommended. In 15
(52%) children the malignant arrhythmia occurred during physical
activity, in two (7%) while under emotion stress, and in 12 (41%) chil-
dren while they were at rest (four of them while sleeping). Of the
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index cases, 17 (59%) were deceased probands and 12 (41%) children
survived. Postmortem analysis performed in three children revealed
nonspecific findings. The baseline characteristics of the index cases
are presented in Table 1. A definite or probable diagnosis was made
in 24 (83%) families (Figure 1). Of the 167 family members, 155 (93%)
underwent clinical evaluation in the clinic, with a clinically positive
result in 73 (47%) of them. Channelopathies and especially congeni-
tal long QT syndrome and catecholaminergic polymorphic ventricu-
lar tachycardia (CPVT) were the most common genetic etiologies.
One patient (3%) was diagnosed with a nongenetic etiology, acute
myocarditis (Figure 1).

Genetic testing was performed in 24 families. Five families were
excluded from the genetic analysis (one child due to nongenetic di-
agnosis of acute myocarditis and four families for which no DNA was
available). Among the 24 families (diagnosed with genetic etiology
or no definitive diagnosis), genetic testing (consistent broad ge-
netic panel of 343 genes) was performed. Genetic test was positive
with identification of the probable causative mutation in 17 (71%)
cases. The most frequently mutated genes were KCNH2, KCNQ1,
and CASQ2 (Figure 2). The genetic variants that were identified are
shown in Table 2. Cascade screening performed in 135 family mem-
bers identified 64 (47%) affected individuals.

ECG, family screening, and genetic testing were the best mo-
dalities to find pathologic finding that contributed to the final

TABLE 1 Baseline characteristics of the study population, n=29.

Mean+SD

Variable orn (%)
Age, years 11+5

Men 17 (59%)
Syncope pre SCD 12 (41%)
Family history of SCD 12 (41%)
SCD during exercise or excitement 17 (59%)
SCD occurred outdoor 17 (59%)
Aborted SCD 12 (41%)

Abbreviation: SCD, sudden cardiac death.

= Long QT syndrome = CPVT = HCM m DCM = Acute myocarditis = No diagnosis

FIGURE 1 Final diagnosis after clinical and genetic evaluation in
children experienced aborted and non-aborted SCD, at an inherited
arrhythmia clinic n=29. CPVT, catecholaminergic polymorphic
ventricular tachycardia; DCM, dilated cardiomyopathy; HCM,
hypertrophic cardiomyopathy; LQTS, long QT syndrome.

Sowwnal of O%Z/gylllé'(l'_Wl LEYM

m CASQ2 = KCNH2 = KCNQ1l = RYR2 mTNNT2 = SCN5A

FIGURE 2 Genetic diagnosis in families with probable causative
mutation, n=17.

diagnosis in 67%, 71%, and 71% of the evaluated families, respec-
tively. Genetic testing, family screening, and exercise test were the
exclusive modalities that enabled reaching the final diagnosis in 17%,
25%, and 18% of diagnosed families, respectively. In five families,
genetic testing was the only modality that enabled reaching the final
diagnosis. Autopsies were performed in 3/18 (17%) SCD victims. In
two families, autopsy results confused the final diagnosis. The au-
topsy diagnosis was acute myocarditis, while the final diagnosis after
examining family members and performing the genetic testing was
CPVT and long QT. In univariate logistic regression, genetic testing
(p=0.0026) and ECG (p=0.025) were statistically associated with
reaching the final diagnosis. Family screening (p=0.05) had border-
line association with reaching the final diagnosis. Using the Mann-
Whitney test, we found that genetic testing (effect size=0.625,
p=0.003), ECG (effect size=0.61, p=0.009), and exercise test (ef-
fect size=0.63, p=0.047) had the highest yield in reaching the final
diagnosis among the families (Table 3).

The follow-up exams were during the mean follow-up period of
6.5 +2.8years and no patients were lost during follow-up. Among 12
patients who survived the SCA, one boy diagnosed with acute myo-
carditis was medically treated without an implantable cardioverter-
defibrillator (ICD) implantation. He did not experience SCA or
syncope during long-term follow-up. Of the 11/12 (92%) surviving
patients who underwent ICD implantation after the first event, eight
were medically treated with beta blockers. During the follow-up,
7/12 (58%) patients experienced polymorphic ventricular tachy-
cardia or ventricular fibrillation. The first event occurred between
1.2month and 7 years, 2.4 + 2.2 years after the first SCA. Five (42%)
experienced a second arrhythmic event 3.3 + 2.6 years after the first
SCA and three (25%) a third arrhythmic event 5.3+ 2.7 years after
their SCA. All the events were polymorphic ventricular tachycardia
or ventricular fibrillation and were successfully treated by the ICD.
There were 13 lifesaving therapies in the all cohort (1.1 per patient).
One child with anoxic brain damage related to SCA, died during the
follow-up but not due to arrhythmia.

Among 73 clinically affected family members 64 (41%) carried a
pathologic mutation found in the proband, 48 (66%) were followed
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Gene Variant Disease
KCNQ1 P570L homozygous LQT1
KCNQ1 G589S homozygous LQT1
KCNH2 N629T heterozygous LQT2
KCNH2 A614V heterozygous LQT2
KCNH2 W568R heterozygous LQT2
KCNH2 E58G heterozygous LQT2
KCNH2 G914E heterozygous LQT2
KCNH2 T1146S heterozygous LQT2
SCN5A V411M heterozygous LQT3
SCN5A T370M heterozygous LQT3
CASQ2 D307H homozygous CPVT2
RYR2 T3866A heterozygous CPVT1
TNNT2 E163del heterozygous HCM

TABLE 2 The specific genetic variant
that have been identified in SCD children
cases, the disease causing, and the
pathogenicity.

Pathogenicity
Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic
Likely pathogenic
Pathogenic
Likely pathogenic
Pathogenic

Abbreviations: CPVT, catecholaminergic polymorphic ventricular tachycardia; HCM, hypertrophic

cardiomyopathy; LQT, long QT syndrome.

Variable Mean SD Median
Electrocardiography 1.8 0.4 2
Family screening 1.83 1 2
Exercise test 21 0.6 2
12-lead holter 1.5 0.9 2
Echocardiography 1.3 0.45 1
Genetic testing 2.2 0.7 2

up in the clinic and medically treated. Nine (12%) family members
underwent ICD implantation for primary prevention and four (44%)
of them experienced appropriate ICD shock due to life-threatening
ventricular arrhythmia. During the follow-up, one family member
who had refused ICD experienced SCD and another family member
died with an ICD most probably not due to cardiac cause. Among
family members not followed in the clinic, five experienced SCD

during the follow-up.

4 | DISCUSSION

In the present study, we evaluated the usefulness of clinical and
broad genetic evaluation in a specialized inherited arrhythmia clinic
on the diagnosis and prognosis of SCA and SCD in patients aged <18
and their family members. Our work shows that inherited heart dis-
eases were found in 80% of these children. The major inherited di-
agnosis was long QT and CPVT (87% of the children were diagnosed
with inherited heart disease). In previous clinicopathological studies
in young SCD victims, structural heart diseases including cardio-
myopathies were assumed to explain the majority of the cases. %20
Recent studies based on genetic testing have demonstrated higher

rates of channelopathies (long QT syndrome and CPVT) among SCD

TABLE 3 Therole of each test in

Effect . reaching the final diagnosis by Mann-
size Value K
Whitney test.

0.61 0.009

0.26 N/A

0.63 0.047

0.42 0.15

0.196 N/A

0.625 0.003

patients, close to our rates especially among children.>?! These
electrical diseases can only be diagnosed in survivors of aborted
SCD in relative to SCD victims or through genetic testing.

Family screening had a diagnostic yield in 71% of families and
was the only modality that enabled reaching the final diagnosis in
seven families. In addition, family screening may reveal which rel-
atives may be disease carriers, and consequently at risk of serious
arrhythmias and SCD. In our study, the lives of at least four family
members were saved. Thus, cardiological evaluation of surviving rel-
atives of a child who suffered SCD seems to have high diagnostic
yield and is strongly recommended even when the SCD victim can
no longer be studied.

A broad genetic panel of 343 genes revealed pathogenic and
probably pathogenic variants in 71% of families. In five families, ge-
netic testing was the only modality that enabled the final diagnosis.
Mainly due to de novo variant in the proband or only borderline clin-
ical manifestation in family members. In previous studies up to 27
genes were studied in autopsy negative sudden death victims, the
yields of the genetic testing were 11%-40%.10111322-24 e assume
that the relatively high positive rate of genetic testing in our study
as compared to other studies was attributed to the broad genetic
analysis and comprehensive clinical evaluation of the proband (if
was available) and of family members.?! Moreover, the young age of
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SCD and SCA in our cohort (s18years old) may have played a role,
as the yield of genetic testing in children is higher than the yield of
young adults. In addition, our work emphasized the important role
of exercise test in the clinical workup of children who have experi-
enced SCA as well as in their family members. Exercise test is the
only modality that can diagnose CPVT, which is an important etiol-
ogy to SCD in children. The relatively high rate of autosomal reces-
sive CPVT associated with homozygous mutation in CASQ2 gene
in our families can be explained by a missense mutation in CASQ?2,
associated with CPVT, which has been described in Bedouin families
in northern Israel.?®

During long term follow up to 58% of patients with aborted SCD
experienced at least one recurrent ventricular arrhythmia despite
the optimal medical therapy with beta blockers. This emphasizes
that children with inherited diseases who have experienced SCA are
at high risk for recurrence of malignant arrhythmia, and thus ICD
implantation is mandatory.

5 | CONCLUSIONS

Our study shows that in children aged <18years, the major cause
for SCD was inherited heart diseases, mainly electrical heart dis-
eases (long QT and CPVT). Broad genetic testing combined with car-
diologic clinical investigation of the proband if available, and family
members (including exercise test) gave a high diagnostic yield. The
finding of an inherited genetic disorder also provided an opportu-
nity to offer family members cascade screening. Identification of
mutation carriers can save future lives. Referral to a cardio genet-
ics department is encouraged. Children with inherited diseases who
have experienced SCA are at high risk for recurrence of malignant

arrhythmia and ICD implantation is mandatory.

CONFLICT OF INTEREST STATEMENT
Authors declare no conflict of interests for this article.

ETHICS STATEMENT
This study was approved by our local IRB (institute's Ethics

Committee).

PATIENT CONSENT STATEMENT
All the families underwent genetic counselling and have signed writ-
ten informed consent.

CLINICAL TRIAL REGISTRATION

N/A.

ORCID

Miry Blich " https://orcid.org/0000-0001-5004-275X
REFERENCES

1. Winkel BG, Risgaard B, Sadjadieh G, Bundgaard H, Hauns S,
Tfelt-Hansen J. Sudden cardiac death in children 1-18years:

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Sowwnal of Ctviloglhmia

symptoms and causes of death in a nationwide setting. Eur Heart J.
2014;35:868-75.

Doolan A, Langlois N, Semsarian C. Causes of sudden cardiac death
in young Australians. Med J Australia. 2004;180:110-2.

Vaartjes |, Hendrix A, Hertogh E, Grobbee D, Doevendans P,
Mosterd A, et al. Sudden death in persons younger than 40years
of age: incidence and causes. Eur J Cardiovasc Prev Rehabil.
2009;16:592-6.

Puranik R, Chow CK, Duflou JA, Kilborn MJ, McGuire MA. Sudden
death in the young. Heart Rhythm. 2005;2:1277-82.

Hofman N, Tan HL, Clur SA, Alders M, van Langen IM, Wilde AAM.
Contribution of inherited heart disease to sudden cardiac death in
childhood. Pediatrics. 2007;120:e967-73.

Steinberger J, Lucas RV, Edwards JE, Titus JL. Causes of sudden
unexpected cardiac death in the first two decades of life. Am J
Cardiol. 1996;77:992-5.

Basso C, Calabrese F, Corrado D, Thiene G. Postmortem diagnosis
in sudden cardiac death victims: macroscopic, microscopic and mo-
lecular findings. Cardiovasc Res. 2001;50:290-300.

Nuespiel DR, Kuller LH. Sudden and unexpected natural death in
childhood and adolescence. JAMA. 1985;245:1321-5.

Wang D, Shah KR, Um SY, Eng LS, Zhou B, Lin Y, et al. Cardiac chan-
nelopathy testing in 274 ethnically diverse sudden unexplained
deaths. Forensic Sci Int. 2014;237C:90-9.

Winkel BG, Larsen MK, Berge KE, Leren TP, Nissen PH, Olesen MS,
et al. The prevalence of mutations in KCNQ1, KCNH2 and SCN5A in
an unselected national cohort of young sudden unexplained death
cases. J Cardiovasc Electrophysiol. 2012;23:1092-8.

Tester DJ, Ackerman MJ. Postmortem long QT syndrome genetic
testing for sudden unexplained death in the young. J Am Coll
Cardiol. 2007;49:240-6.

Drezner JA, Fudge J, Harmon KG, Berger S, Campbell RM,
Vetter VL. Warning symptoms and family history in children and
young adults with sudden cardiac arrest. J Am Board Fam Med.
2012;25:408-15.

Skinner JR, Crawford J, Smith W, Aitken A, Heaven D, Evans CA,
et al. Prospective population based long QT molecular autopsy
study of postmortem negative sudden death in 1-40years old.
Heart Rhythm. 2011;8:412-9.

Wisten A, Bostromc IM, Mérner S, Stattinc EL. Mutation analy-
sis of cases of sudden unexplained death, 15years after death:
prompt genetic evaluation after resuscitation can save future lives.
Resuscitation. 2012;83:1229-34.

Tan HL, Hofman N, van Langen IM, van der Wal AC, Wilde AAM.
Sudden unexplained death: heritability and diagnosis yield of cardi-
ological and genetic examination in surviving relatives. Circulation.
2005;112:207-13.

Semsarian C, Ingles J, Wilde AA. Sudden cardiac death in the
young: the molecular autopsy and a practical approach to surviving
relatives. Eur Heart J. 2015;36:1290-6.

Task Force Members. 2015 ESC guidelines for the management of
patients with ventricular arrhythmias and the prevention of sudden
cardiac death. Eur Heart J. 2015;36:2793-867.

Richards S, AzizN,Bale S, Bick D, Das S, Gastier-Foster J, etal. ACMG
laboratory quality assurance committee. Standards and guidelines
for the interpretation of sequence variants: a joint consensus rec-
ommendation of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology. Genet
Med. 2015;17:405-24.

Eckart RE, Scoville SL, Campbell CL, Shry EA, Stajduhar KC, Potter
RN, et al. Sudden death in young adults: a 25 years review of au-
topsies in a military recruits. Ann Intern Med. 2004;141:829-34.
Morris VB, Keelan T, Leen E, Keating J, Magee H, O'Neill JO, et al.
Sudden cardiac death in the young: a 1-year post-mortem analysis
in the Republic of Ireland. Ir J Med Sci. 2009;178:257-26.


https://orcid.org/0000-0001-5004-275X
https://orcid.org/0000-0001-5004-275X

ﬂWl LEY— Sowwanal I O%Mylma

21.

22.
23.
24.

25.

BLICH T AL.

Anastasakis A, Papatheodorou E, Ritsatos K, Protonotarios N,
Rentoumi V, Gatzoulis K, et al. Sudden unexplained death in the
young: Epidemiology, aetiology and value of the clinically guided
genetic screening. Europace. 2018;20:472-80.

Gladding PA, Evans CA, Crawford J, Chung SK, Vaughan A, Webster
D, et al. Posthumous diagnosis of long QT syndrome from neonatal
screening cards. Heart Rhythm. 2010;7:481-6.

Bagnall RD, Das J, Duflou J, Semsarian C. Exome analysis based mo-
lecular autopsy in cases of sudden unexplained death in the young.
Heart Rhythm. 2014;11:655-62.

Statin EL, Westin IM, Cederquist K, Jonasson J, Jonsson BA, Morner
S, et al. Genetic screening in sudden cardiac death in the young can
save future lives. Int J Leg Med. 2016;130:59-66.

Lahat H, Pras E, Eldar M. A missense mutation in CASQ2 is associ-
ated with autosomal recessive catecholamine-induced polymorphic

ventricular tachycardia in Bedouin families from Israel. Ann Med.
2004;36:87-91.

How to cite this article: Blich M, Oron H, Darawsha W,
Suleiman M, Gepstein L, Boulos M, et al. The role of genetic
testing in the prevention, diagnosis, and prognosis of sudden
cardiac arrest in children. J Arrhythmia. 2023;39:607-612.
https://doi.org/10.1002/joa3.12881



https://doi.org/10.1002/joa3.12881

	The role of genetic testing in the prevention, diagnosis, and prognosis of sudden cardiac arrest in children
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	3|RESULTS
	4|DISCUSSION
	5|CONCLUSIONS
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENT
	PATIENT CONSENT STATEMENT
	CLINICAL TRIAL REGISTRATION
	REFERENCES


