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Cardiac Genetic Investigation of Sudden
Infant and Early Childhood Death: A Study
From Victims to Families
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BACKGROUND: Sudden infant death syndrome (SIDS) is the leading cause of death up to age 1. Sudden unexplained death in
childhood (SUDC) is similar but affects mostly toddlers aged 1 to 4. SUDC is rarer than SIDS, and although cardiogenetic test-
ing (Molecular autopsy) identifies an underlying cause in a fraction of SIDS, less is known about SUDC.

METHODS AND RESULTS: Seventy-seven SIDS and 16 SUDC cases underwent molecular autopsy with 25 definitive-evidence
arrhythmia-associated genes. In 18 cases, another 76 genes with varying degrees of evidence were analyzed. Parents were
offered cascade screening. Double-blind review of clinical-genetic data established genotype—phenotype correlations. The
yield of likely pathogenic variants in the 25 genes was higher in SUDC than in SIDS (18.8% [3/16] versus 2.6% [2/77], respec-
tively; P=0.03), whereas novel/ultra-rare variants of uncertain significance were comparably represented. Rare variants of
uncertain significance and likely benign variants were found only in SIDS. In cases with expanded analyses, likely pathogenic/
likely benign variants stemmed only from definitive-evidence genes, whereas all other genes contributed only variants of
uncertain significance. Among 24 parents screened, variant status and phenotype largely agreed, and 3 cases positively cor-
related for cardiac channelopathies. Genotype—phenotype correlations significantly aided variant adjudication.

CONCLUSIONS: Genetic yield is higher in SUDC than in SIDS although, in both, it is contributed only by definitive-evidence
genes. SIDS/SUDC cascade family screening facilitates establishment or dismissal of a diagnosis through definitive variant
adjudication indicating that anonymity is no longer justifiable. Channelopathies may underlie a relevant fraction of SUDC.
Binary classifications of genetic causality (pathogenic versus benign) could not always be adequate.
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sudden infant death syndrome (SIDS) remains the

leading cause of death in the first year of life, with
an incidence of 0.2 to 0.5 per 1000 live births in most
countries."? A link between SIDS and cardiac arrhyth-
mias, and specifically with long QT syndrome (LQTS),
was first proposed in 1976 and proven in 2000.# Since
then, multiple evidence has indicated that cardiac

Despite significant declining rates in recent years,

genetic causes underlie a fraction of SIDS"® and that
genetic testing can even help distinguishing between
natural deaths and possible infanticide.” At variance
with autopsy-negative sudden cardiac death (SCD) in
the young (1-35years), mostly referred to as sudden
arrhythmic death syndrome (SADS), in which postmor-
tem genetic testing, that is, the molecular autopsy, and
subsequent family screening are recommended,®®
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CLINICAL PERSPECTIVE
What Is New?

e Genetic arrhythmias underlie an important frac-
tion of sudden unexplained death in childhood
(SUDQC).

e The cardiogenetic yield of molecular autopsy
both in SUDC and sudden infant death syn-
drome stems mostly from definitive-evidence
genes associated with inherited arrhythmia
syndromes.

e (Cascade screening of sudden infant death syn-
drome/SUDC parents facilitates establishment
or dismissal of a diagnosis through definitive var-
iant adjudication and, when appropriate, allows
the implementation of preventive measures.

What Are the Clinical Implications?

e (Cardiogenetic investigations focused specifi-
cally on SUDC may be particularly fruitful and
may eventually aid in the identification of time-
sensitive factors that could operate differently
after the first year of life, thus shaping different
outcomes (sudden infant death syndrome or
SUDQ).

e The molecular autopsy benefits most from the
interrogation of definitive-evidence genes asso-
ciated with inherited cardiac arrhythmias, such
as long QT syndrome and catecholaminergic
polymorphic ventricular tachycardia.

e (Case anonymity in sudden infant death syn-
drome research is no longer justifiable, given
the potential implications, both medical and
psychological, for the families left behind.

Nonstandard Abbreviations and Acronyms

BrS Brugada syndrome

CPVT  catecholaminergic polymorphic
ventricular tachycardia

EST exercise stress test

FNP favor nonpathogenic

1Al Istituto Auxologico Italiano
LB likely benign

LP likely pathogenic

LQTS Long QT syndrome

MAF minor allele frequency

NGS next-generation sequencing

SADS sudden arrhythmic death syndrome
SCD sudden cardiac death

SCH Sheffield Children’s Hospital

SUDC sudden unexplained death in childhood
vus variants of uncertain significance
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clear recommendations for SIDS are still lacking and,
in practice, SIDS research has been largely restricted
by case anonymity, thus disconnecting the molecular
autopsy findings from cascade family screening.®

In the setting of SADS, comprehensive genetic
investigations and cascade family screening have
shown that many unexplained young deaths may be
attributed to inherited arrhythmias, including LQTS, the
Brugada syndrome (BrS), and catecholaminergic poly-
morphic ventricular tachycardia (CPVT).8"12 SADS,
with an incidence of 0.24 to 0.52 per 100000 individ-
uals per year,'"® is rarer than SIDS and, at variance
with SIDS, male sex may also be underrepresented'!
or not significantly predominant.'® This differs from
SADS cases of infants and toddlers where male sex
and SCD during sleep were the predominant findings
in a large prospective study of SCD in the young that
also focused separately on a small 1- to 5-year-old
subgroup.!” That same study also showed that the
incidence of SCD, both explained and unexplained,
drops dramatically after the age of 5years, only to rise
again after the age of 10years,"" a finding confirmed,
albeit with low numbers, by a community-based pro-
spective study on SCD."

Krous et al'® coined the term sudden unexplained
death in childhood (SUDC) to describe unexplained
sudden death in victims beyond age 1.'%'® SUDC em-
bodies the same principles as SIDS but affects children
aged 1 to 18years, but mostly within the 1- to 4-year
age range.>''8 Moreover, although SUDC incidence is
much lower than SIDS (0.7-1.4 per 100000 individuals,
for the age group mostly affected), the 2 entities share
male sex predominance and death during sleep (http:/
sudc.org.uk).'6.

Having established a multidisciplinary team, we
assembled a SIDS and SUDC cohort that underwent
cardiac genetic testing and cascade family screening.
Appropriate protocols and genetic counseling proce-
dures were implemented to obtain parental consent to
overcome the traditional limitations imposed by case
anonymity in SIDS research.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Population and Partners

The study was supported and organized by the Lullaby
Trust (London, UK), a registered charity operating na-
tionwide across England and Wales. The study’s main
partners were the Sheffield Teaching Hospitals and
Sheffield Children’s National Health Service Foundation
Trust (SCH) in Sheffield, UK, and the Istituto Auxologico


http://sudc.org.uk
http://sudc.org.uk
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ltaliano (IAl), Istituto di Ricovero e Cura a Carattere
Scientifico, in Milan, Italy. Case samples were obtained
through consecutive referrals from the Lullaby Trust,
originating either from coroners at SCH or from other
collaborating hospitals in the United Kingdom. SCH
initially provided to the IAl linked anonymized tissue
samples obtained during autopsy of victims with SIDS/
SUDC, whose parents had consented for the tissue to
be used in the joint research study conducted by the
2 partners.

The study population comprised 104 unrelated
cases of infants and young children, collected between
2011 and 2018, whose death was classified as SIDS
or SUDC according to the coroners’ reports and for
whom comprehensive autopsies, including histolog-
ical, toxicological, and microbiological examinations,
were performed, in addition to evaluations of medical
and family history, and to investigations as to the cir-
cumstances of death. Self-reported race was White
(specifically, White-British, according to the ethnic
groups adopted by the 2021 Census of England and
Wales) in all but 5 cases for which race or ethnicity
information was not available.

The study was approved by the respective institu-
tional review boards. Bilateral material transfer agree-
ments were established for the transfer of samples,
written informed consent was obtained from all par-
ticipants, and the study protocol complied with the
Declaration of Helsinki.

Next-Generation Sequencing

Genomic DNA was extracted from frozen tissue sam-
ples obtained during autopsy with the QlAamp DNA
Mini kit according to the manufacturer's recommen-
dations (Qiagen). DNA concentrations were measured
fluorometrically with the Quant-iT PicoGreen dsDNA
assay kit (Invitrogen). Genetic testing was performed
through next-generation sequencing (NGS) on a
MiSeq platform (lllumina) mainly with a custom'® am-
plicon NGS panel (TruSeq Custom Amplicon, TSCA,
lllumina) targeting 21 channelopathies and cardiomyo-
pathy genes with mostly definitive or strong evidence
of association to inherited cardiac diseases,'®?* such
as LQTS, CPVT, BrS, arrhythmogenic cardiomyopathy
etc, as previously described'®? (Table S1). Moreover,
the 3 calmodulin genes CALM1, CALMZ2, and CALMS3,
as well as the gap junction protein alpha 1 GJAT gene,
were screened with NGS in all samples through a
Nextera XT assay (lllumina; Table S1).

The last 18 samples enrolled in the study were se-
quenced with a commercially available expanded NGS
panel (TruSight Cardio, lllumina) and, in addition to the
25 genes in common with the custom NGS panel/
assay, another 76 genes with varying degrees of dis-
ease association?>-?* were also analyzed (Table S2).
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The only definitive-evidence nonsyndromic genes not
targeted by this panel were FLNC and TECRL. In-house
pipelines were created according to Broad Institute’s
Genome Analysis Toolkit Best Practices recommenda-
tions?® with custom scripts in Bash (Data S1).

Genetic Variant Analysis

Several databases and web-based resources were
used for the prioritization and classification of genetic
variants (Data S1). Allelic frequencies were obtained
through the 1000 Genomes browser and the gnomAD
browser (v.2.1.1). As a first step, the genetic data set
was interrogated for rare nonsynonymous variants with
a minor allele frequency (MAF) that fell below the SIDS
incidence (ie, 0.3:1000 live births), as reported by the
United Kingdom’s Office of National Statistics for the
year that enrollment in the study was concluded.?’
This resulted in a first-step filter of MAF<0.00015 for
rare variants, and ultra-rare genetic variants with a
MAF<0.00005 were prioritized at a second step. In the
additional 76 genes of the expanded NGS analysis,
only ultra-rare variants were assessed. Variant status
and potential clinical significance were evaluated with
the use of several publicly available and licensed da-
tabases, in silico pathogenicity meta scores, as well
as published literature (Data S1). Classification of ge-
netic variants was performed in accordance with the
American College of Medical Genetics guidelines.?®
All rare genetic variants identified by NGS were vali-
dated with Sanger DNA sequencing at the 1Al in Milan,
ltaly, and in some cases were further validated by the
Sheffield Diagnostic Genetics Service in Sheffield, UK,
before being communicated to the victims’ families.

Cascade Family Screening

As per the study’s protocol, the parents of victims
with SIDS/SUDC consented to be informed of the re-
sults of the study in case a genotype-positive genetic
test result were obtained and opted for the possi-
bility to be called back to undergo clinical and ge-
netic cascade family screening. Most parents opted
to be informed of the test result even if the results
were considered inconclusive. For this purpose, SCH
maintained a joint follow-up SIDS/SUDC clinic toward
the conclusion of the study where parents were in-
formed of the genetic tests results of the deceased
infants, were subjected to clinical examinations, or
were referred to perform these at their place of resi-
dence, while also providing DNA samples for cascade
genetic screening. Clinical examinations included an
ECG and, depending on the case, 24-hour Holter
ECG, signal-averaged ECG, echocardiogram, and ex-
ercise stress test (EST). Parental DNA samples were
sent for genetic screening at the IAl in Milan, ltaly,
and targeted variant analysis was performed through
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direct Sanger sequencing. Parental genetic results
were then again validated by the Sheffield Diagnostic
Genetics Service in Sheffield, UK.

Double-Blind Genotype-Phenotype
Correlation

At the conclusion of all genetic analyses, carrier sta-
tus of the parents for the variants found in the SIDS/
SUDC cases were communicated to the SCH part-
ners while the latter shared with the IAl the clinical
data that had been obtained from the clinical family
screening. At that stage, a double-blind review of the
clinical and genetic data was performed. Genetic and
clinical data were first reviewed separately for each
genotype-positive case and the respective parents.
The reviewers of the clinical data (P.J.S. and L.C))
were blinded as to the gene or the classification sta-
tus of the genetic variant involved, as well as to its
parental origin, and the reviewers of the genetic data
(M.C.K. and M.T.) were blinded as to the clinical sta-
tus of either parent. This resulted, for each case, in
the simultaneous and reciprocal disclosure of the po-
tential diagnosis, suspicion, or dismissal of a cardiac
disease in a parent, with the disclosure of the genetic
variant identified in the subject, its classification, and
its parental origin.

Statistical Analysis

Statistical analyses were performed using IBM SPSS
Statistics version 28.0. Continuous variables are sum-
marized as mean+SD, median, and range. Categorical
variables are presented as absolute (n) and relative
frequencies (%) and compared among groups with
Fisher’s exact test. A 2-sided P value <0.05 was con-
sidered statistically significant. Binomial exact 95% ClI
are provided for the estimated genetic yield in SUDC
versus SIDS cases.

RESULTS

Study Cohort

The initial study population included 104 unrelated
SIDS/SUDC cases. We applied stringently the age
cutoff of 1 year as a criterion for a SIDS definition,?
while reserving the SUDC definition' for all cases ex-
ceeding 1year, even by just 1day. In the whole co-
hort, there were 88 SIDS cases (56 male, 64%) with
an age range at the time of death of 2 to 365days
(mean 105+88, median 76days). The remaining 16
were SUDC cases (10 male, 62.5%), with an age
range at the time of death of 12.0 to 54.1 months
(mean 23.6+11.1, median 20.5months). In 11 SIDS
cases, DNA integrity was low, and this resulted in
partial genetic analyses (Data S1).
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Genetic Variants and Yield of Genetic
Testing

Complete genetic analyses were possible in 93 SIDS/
SUDC cases. These underwent NGS of 25 major
arrhythmia-associated genes (Table S1) with mostly
definitive evidence of disease associations'®?* or spe-
cifically implicated in SIDS.2°

In the SIDS cohort (n=77), NGS of the 25 arrhythmia-
associated genes yielded 25 rare nonsynonymous vari-
ants with a MAF<0.00015 in 24 SIDS cases (Table 1).
Among these, there were 2 novel and 13 ultra-rare
(MAF<0.00005) variants in 15 cases. Most genetic vari-
ants were missense, with only 3 being non-missense.
In accordance with the American College of Medical
Genetics guidelines,?® 2 variants were classified as
likely pathogenic (LP), 21 variants were classified as
variants of uncertain significance (VUS), and 2 as likely
benign (LB). Three VUS were further classified as favor
nonpathogenic (FNP) according to expert judgment.
Altogether, the yield of LP variants (n=2, 2.6%) was
equal to that of novel VUS and of LB variants, with a
higher yield of ultra-rare and rare VUS (n=11, 14.3%
and n=8, 10.4%, respectively; Figure 1A).

Genetic analyses of the 25 major genes in the SUDC
cohort (n=16) yielded in total 3 novel and 5 ultra-rare
nonsynonymous variants in 7 SUDC cases (Table 2).
Novel variants were contributed by the SCN5A, RYR2,
and DSC2 genes in 3 cases. Most genetic variants
were missense, with 2 being non-missense. American
College of Medical Genetics variant classification®® ad-
judicated 3 variants as LP and 5 (2 novel, 3 ultra-rare) as
VUS. Thus, the yield of LP variants in the SUDC cohort
was 18.8% (3/16). Altogether, the yield of LP variants
was equal to that of ultra-rare VUS (n=3, 18.8%), with
a lower yield of novel VUS (n=2, 12.5%), whereas there
was no yield of rare VUS or LB variants (Figure 1A).

Thus, among the 93 SIDS/SUDC cases, there was a
significantly higher percentage of LP variants in SUDC
cases with respect to SIDS (18.8% [95% Cl, 4.0-45.6]
versus 2.6% [95% Cl, 0.32-9.1], respectively, P=0.03),
whereas ultra-rare VUS (18.8% [95% Cl, 4.0-45.6]
versus 14.3% [95% Cl, 7.4-241] respectively, P=0.70)
and novel VUS (12.5% [95% ClI, 1.6-38.3] versus 2.6%
[95% CI, 0.32-9.1], respectively, P=0.14) were compa-
rably represented in the 2 groups. Of note, all the 10
rare VUS and LB variants across the 25 major genes
(10.4% and 2.6%, respectively) were contributed exclu-
sively by SIDS cases and none were found in the 16
SUDC cases (Figure 1A).

In the whole cohort, across the 25 major genes,
there were 8 genes (RYR2, LMNA, MYBPC3, DSC2,
DSP, MYH7, KCNQ1, KCNH2) that yielded >1 rare
variant, for a total of 29 variants, mostly represented
by ultra-rare (n=16, 55.1%) and less frequently by
rare (=9, 31%) and novel variants (n=4, 13.8%). The
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Figure 1. Yield of genetic testing and distribution of genetic variants.

A, Yield of genetic testing in the 77 SIDS and 18 SUDC cases for different variant classes across the 25 major arrhythmia-associated
genes. Statistically significant (P<0.05) comparisons are shown above the bars. B, Distribution of the 29 novel, ultra-rare, and rare
genetic variants across the 25 major genes that yielded >1 genetic variant in the whole cohort. Absolute numbers (n) and relative
frequencies (%) are shown within and above the bars, respectively. LB indicates likely benign; LP, likely pathogenic; SIDS, sudden
infant death syndrome; SUDC, sudden unexplained death in childhood; and VUS, variant of uncertain significance.

RYR2 gene contributed most variants (n=7, 24.1%), of
which 1 was novel, 5 were ultra-rare, and 1 was rare
(Figure 1B). In fact, ultra-rare nonsynonymous RYR2
variants appeared to be overrepresented in the SIDS/
SUDC cases with respect to the gnomAD popula-
tion (RYR2 nonsynonymous ultra-rare alleles, 6/186
[3.22%] in cases versus 3890/282 912 [1.37%)] in con-
trols; P=0.04). No genetic variants were identified in the
CALM1-3 and GJAT genes.

For the last 18 cases enrolled in the study (15 SIDS,
3 SUDC), genetic analysis was extended to an addi-
tional 76 genes (Table S2), for a total of 101 genes, with
varying degrees of association to inherited arrhyth-
mias.?%-?* However, the contribution of novel and ultra-
rare genetic variants stemmed principally from genes
with definitive evidence of disease associations'®2*
(n=12, 63%), and secondarily from disputed genes
(n=5, 26%; Figure 2A). The only gene that contributed
>1 novel/ultra-rare variant, absent from the smaller 25-
gene panel, was TTN (Table S3). Most important, LP
and LB variants stemmed only from definitive-evidence
genes (6/18, 33.3%), whereas limited, disputed, and
noncurated genes contributed only VUS (5/18, 27.8%)
(Figure 2B).

Cascade Family Screening

All genotype-positive SIDS/SUDC cases were com-
municated to SCH, along with a prioritization scheme
for cascade family screening, according to the clas-
sification status of the variants identified in the infants
(LP>VUS>LB). SCH then attempted to inform the

respective parents, offering them the possibility to at-
tend the follow-up SIDS/SUDC clinic. At the study’s
initiation, and after proper genetic counseling, many
parents had opted to be informed of the genetic test
result even if it were inconclusive or with unlikely caus-
ative genetic findings (ie, LB variants) and to aid in the
variant adjudication process.

As such, after genetic analyses in the victims had
been concluded, 24 parents of 13 victims with SIDS/
SUDC were subjected to genetic and clinical cascade
family screening, thus enabling genotype—phenotype
correlations to be performed. Parental DNA screening
of 22 parents for the variants found in the respective 11
infants revealed that these were of parental origin. In
the remaining 2 cases, where only 1 parent attended
follow-up and did not carry the respective variants, pa-
rental origin or de novo inheritance status could not
be ascertained. Unfortunately, several families (some
of whom with potentially clinically significant variants,
such as novel) opted to be followed up locally at their
place of residence and some could not be recontacted
(see Limitations).

Genotype-Phenotype Correlations

All genotype—phenotype correlations resulting from the
double-blind review of the clinical and genetic data in
the victims’ families are shown in Table 3. Among fami-
lies who underwent a complete evaluation, there was,
in most cases, good agreement between initial vari-
ant classification status and clinical phenotype, that is,
cases where the genetic variants had been originally
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classified as LP, LB, or VUS-FNP (cases S.011, S.051,
S.059, S.103, S.117). In 3 cases (S.003, S.059, and
S.113), the correlation was, to some degree, positive
for LQTS and CPVT. In the other 3 cases, with KCNH2
and RYR2 VUS, the correlation was negative (S.024,
S.068, S.090). Finally, in 3 cases (S.010, S.057, S.121),
genotype—phenotype correlation could not be com-
pleted due to lack of parental data.

In 3 cases (S.003, S.059 and S.113), the correlation
of genotype to phenotype was, at least in some de-
gree, positive.

In the SIDS case S.003 (male, aged 6days), a
KCNH2 rare (MAF=0.0001205) variant (p.G903R) was
identified that was initially classified as VUS. This vari-
ant has an equivocal VUS classification from 7 labo-
ratories in ClinVar (VCV000067428.23, last accessed
March 2023). It was originally identified in 3 patients
with LQTS® then in 1 young child with sudden unex-
plained death and normal heart at autopsy, and with
positive cosegregation for QT prolongation in 1 family
member