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Abstract: Sudden Infant Death syndrome (SIDS) is a diagnosis of exclusion. Decades of 
research have made steady gains in understanding plausible mechanisms of terminal events. 
Current evidence suggests SIDS includes heterogeneous biological conditions, such as 
metabolic, cardiac, neurologic, respiratory, and infectious conditions. Here we review genetic 
studies that address each of these areas in SIDS cases and cohorts, providing a broad view of 
the genetic underpinnings of this devastating phenomenon. The current literature has estab-
lished a role for monogenic genetic causes of SIDS mortality in a subset of cases. To expand 
upon our current knowledge of disease-causing genetic variants in SIDS cohorts and their 
mechanisms, future genetic studies may employ functional assessments of implicated var-
iants, broader genetic tests, and the inclusion of parental genetic data and family history 
information. 
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Background
Sudden Infant Death syndrome (SIDS) is defined as

the sudden unexpected death of an apparently healthy infant under one year of age that 
remains unexplained after a thorough case investigation, including performance of 
a complete autopsy with ancillary testing, examination of the death scene, and review 
of the clinical history 

according to the consensus definition from the 3rd International Congress on 
Sudden Infant and Child Death.1 SIDS occurs in approximately 1/1000 live-born 
infants2 and is the leading cause of post-neonatal mortality in developed countries. 
There are several well-described extrinsic and intrinsic risk factors that raise the 
risk of SIDS, such as male sex,3 prematurity,4 maternal alcohol or tobacco 
exposure,5,6 prone sleep position,7 and sleeping on soft bedding or on a shared 
sleep surface.8 Rates of SIDS have significantly declined in recent decades, 
a change widely attributed to the “Back to Sleep” campaign initiated in 1994 
which promotes safe infant sleep practices. Yet, importantly, SIDS rates declined 
alongside other causes of neonatal and infant mortality, suggesting the decline may 
have also been influenced by broad improvements in medical care for pregnant 
women and infants.9,10 Despite the considerable attention to infant sleep position 
and environment, mortality rates have remained essentially unchanged since 1996, 
further suggesting that unidentified and unaddressed factors beyond their reach may 
contribute to SIDS.
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The leading etiological model of SIDS is the “triple 
risk” model which postulates that SIDS occurs in 
a biologically vulnerable infant during a critical develop-
mental period, when triggered by a stressor.11 Intrinsic 
factors leading to biological vulnerabilities, including 
genetic factors, could lead an infant to be susceptible to 
certain conditions that would otherwise not be lethal, such 
as illness, fever, or environmental factors such as sleep 
position or ambient temperature. Indeed, several lines of 
evidence suggest that SIDS has genetic underpinnings, 
including a 4- to 5-fold relative risk of SIDS in subsequent 
siblings12 and an increased SIDS risk in monozygotic 
twins compared to dizygotic.13,14

Understanding the genetic factors predisposing some 
infants to SIDS is a substantially difficult task. In most 
disciplines of medicine, a biological condition is first dis-
covered and thoroughly described prior to a genetic cause 
being successfully identified. However, in SIDS genetic 
research this has occurred in reverse: genetic testing and 
research has helped elucidate plausible mechanisms of 
death in SIDS. SIDS is understood as a heterogeneous 
condition, and we only have a crude understanding of 
what conditions contribute to the mechanisms responsible 
for its fatal outcome. We will review various lines of 
evidence in this rapidly evolving field related to confirmed 
and suspected biological mechanisms implicated in SIDS, 
and their underlying genetic basis (Table 1). While there 
are other review articles that review the genetic factors in 
SIDS, we are not aware of any as comprehensive, detailed, 
or current. The majority of reviews focus on individual 
areas of research, such as cardiogenetics in SIDS and 
immunogenetics in SIDS, reflective of how the considera-
tions in individual areas of SIDS research tend to be 
isolated from one another. Additionally, this review 
includes a discussion of specific limitations and challenges 
that exist in SIDS research while also providing sugges-
tions for future research directions.

Inborn Errors of Metabolism
Metabolic conditions were the first genetic conditions to 
be reported in SIDS cases, and the ability to diagnose and 
treat them reduced the number of infants dying of what 
had previously been considered SIDS. During the 
1970s and ’80s several case reports were published 
describing infants who had died suddenly from various 
metabolic conditions, such as glutaric aciduria type II,15 

mitochondrial phosphoenolpyruvate carboxykinase 
deficiency,16 maple syrup urine disease,17 and 21- 

hydroxylase deficiency.18 One cohort study of SIDS in 
1985 identified abnormalities in glycogenosis, the urea 
cycle, and carnitine palmityl transferase in 5/28 SIDS 
cases.19 In 1985, a retrospective pathology review of 200 
SIDS cases was conducted and reported that 7% had 
severe diffuse panlobular fatty change of the liver, consis-
tent with disorders of fatty acid oxidation.20 Several SIDS 
cases had fatty changes in the liver and were found to have 
defects in medium-chain acyl-coenzyme A dehydrogenase 
on biochemical assays, indicative of medium-chain acyl- 
coA deficiency (MCAD). MCAD is a fatty acid oxidation 
disorder that causes life-threatening episodes of hypogly-
cemia during periods of fasting, which can be prevented 
by frequent feedings.21 MCAD is caused by autosomal 
recessive variants in the ACADM gene, and this singular 
condition accounted for 1% of the total cohort studied by 
Howat and colleagues in 1985. One genetic study of 161 
SIDS cases published in 2017 reported two infants who 
carried variants in genes that cause congenital disorder of 
glycosylation type IM and systemic primary carnitine 
deficiency, accounting for 1% of their total cohort.22

Given the mounting evidence of metabolic conditions 
contributing to a substantial proportion of SIDS cases, 
recommendations were created to aid in more accurate 
post-mortem diagnoses during the late 1980s.23 These 
conditions are now largely diagnosed and treated as part 
of routine newborn screening in many countries, although 
not all countries have widespread newborn screening pro-
grams. Even so, there are reported cases of metabolic 
conditions that evaded diagnosis during life yet led to 
sudden unexpected deaths even when newborn screening 
had been performed.24–26

Cardiac Arrhythmia and Cardiomyopathy
Cardiac disorders have been extensively investigated as 
potential causes of SIDS, yet there is still much that is 
unknown in this area. In 1976, it was first formally 
postulated that cardiac arrhythmias, in particular Long 
QT syndrome (LQTS), was a plausible mechanism con-
tributing to SIDS deaths.27 LQTS is characterized by 
prolonged QTc intervals on electrocardiograms (ECG)s 
when secondary causes have been excluded. Patients 
with LQTS are at increased risk of syncope and sudden 
cardiac death (SCD).28 LQTS is inherited in an autoso-
mal dominant fashion. Loss-of-function variants in 
KCNQ1 and KCNH2 cause LQTS types 1 and 2, respec-
tively. Gain of function variants in SCN5A causes LQTS 
type 3. Together, these three genes account for 70% of 
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LQTS, while 5% are accounted for by more rare genetic 
alterations in other genes, and 25% do not have an 
identifiable genetic cause.29 Shortly after LQTS was 
postulated to cause SIDS, the hypothesis was supported 
by a study in which ECG data were collected on parents 
who had previously lost a child to SIDS, in which 26% 
of the parent dyads had either a mother or father with 

a prolonged QT interval.30 Two decades later, 
a prospective study that collected ECG data on newborn 
infants over a 19-year period was published.31 Twenty 
four of 34,442 infants later died of SIDS, and 12 of these 
24 had prolonged QTc intervals (at or above the 97.5th 
percentile of the group as a whole) during the first week 
of life. In the years following, two case reports of 

Table 1 Summary of Genetic Evidence by Disease Category

Disease 
Category

Summary of Evidence Relevant Literature

Metabolic ● Metabolic conditions with a genetic basis have been identified in 

SIDS cases.
● Many of these conditions are screened for in newborn screen-

ing programs, although there are case reports of infants who 

escaped diagnosis during life and went on to die suddenly in 

infancy.

● Emery JL et al Lancet. 1988; 2(8601):29–31.23

● Neubauer J et al Eur J Hum Genet. 2017; 25(4):404–409.22

Cardiac ● There is evidence that genetic variants associated with Long 

QT syndrome and Brugada syndrome contribute to SIDS 

mortality.
● There is evidence that arrhythmogenic- related genetic variants 

may contribute to SIDS mortality in a multifactorial mode.
● There is evidence that genetic variants associated with cardio-

myopathy (particularly HCM, LNVC, and restrictive cardio-

myopathies) exist in SIDS cohorts and contribute to SIDS 

mortality.

● Schwartz PJ et al N Engl J Med. 1998; 338(24):1709–14.31

● Tester DJ et al J Am Coll Cardiol. 2018; 

71(11):1217–1227.52

● Dettmeyer RB et al Forensic Sci Int. 2010; 194(1–3):e21– 

4.47

● Davis AM et al Circ Arrhythm Electrophysiol. 2016; 9(6): 
e003859.43

Serotonin 

system

● Decreased serotonergic receptor binding and decreased levels 

of serotonin and tryptophan hydroxylase 2 have been observed 

in the brainstem of SIDS cohorts (compared to controls).
● Animal models that replicate serotonin differences documen-

ted in SIDS cohorts have shown dysfunctional autoresuscitation 

and death, when challenged with an apneic event.
● There are no genetic variants known to directly cause these 

serotonergic differences in the brainstem.

● Paterson DS et al JAMA. 2006; 296(17):2124–32.62

● Dosumu-Johnson RT et al Elife. 2018; 7:e37857.65

● Paterson DS. Respir Physiol Neurobiol. 2013; 
189(2):301–14.66

Epilepsy ● A high proportion of SIDS cases have a neuropathologic change 
called bilamination of the dentate gyrus, which is seen in tem-

poral lobe epilepsy.
● There is some evidence that genetic variants related to epilepsy 

exist in SIDS cohorts, although epilepsy genes have not been 

thoroughly interrogated in SIDS cohorts.

● Kinney HC et al Acta Neuropathol. 2015;129(1):65–80.75

● Brownstein CA et al Epilepsia. 2018; 59(4):e56–e62.84

Inflammation ● A high proportion of SIDS cases have mild illness and an 
activated immune system at the time of death.

● Case-control studies have demonstrated a burden of inflamma-

tion related genetic polymorphisms in SIDS cases, although no 
monogenic genetic variants have been identified that would 

directly cause death.

● Opdal SH. Cytokines, Infection, and Immunity. In: 
Duncan JR and Byard RW, editors. SIDS Sudden infant 
and early childhood death: The past, the present and the 
future. The University of Adelaide: University of Adelaide 
Press; 2018: 689–710.106

Ultrarare 

genetic 

conditions/ 
syndromes

● Several published case reports implicate ultrarare genetic condi-

tions in SIDS cases. Most genetic studies of SIDS cohorts employ 

gene panel testing without inclusion of parental data, which hinders 
the ability to diagnose ultrarare genetic conditions.

● Slater B et al Am J Med Genet. 2020 Sep 4.121

● Byring RF et al Neuromuscul Disord. 2002; 

12(6):548–53.125
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a SIDS case and a “near miss” SIDS case32,33 harboring 
de novo SCN5A and KCNQ1 variants spurred many 
candidate gene studies of SIDS cases with a focus on 
genes causing LQTS and other arrhythmia syndromes.

Brugada syndrome is characterized by ventricular 
arrhythmias and risk of SCD. Patients are diagnosed 
when they have “type 1” ECG patterns, ie ≥2 mm coved 
ST-segment elevation in one or more right precordial lead, 
either spontaneously, or provoked by a sodium channel 
blocker along with clinical histories consistent with 
Brugada syndrome.28 Brugada syndrome is primarily asso-
ciated with autosomal dominant loss of function variants 
in SCN5A, although causative variants exist in other 
genes.29 Arrhythmias in Brugada syndrome typically 
occur during sleep or rest and in children, they can be 
provoked by fever.34 Similarly, SIDS occurs overwhel-
mingly during sleep, and frequently in infants with con-
current fevers. One interesting case report from 2008 
describes male monozygotic twins who simultaneously 
died of SIDS and were found to carry a likely pathogenic 
nonsense SCN5A variant, W822X; the identical timing of 
death in these cases defies obvious explanation.35 There 
are several other case reports describing SIDS cases with 
family histories of Brugada syndrome, genetic variants 
associated with Brugada syndrome, and supportive func-
tional evidence, including patch-clamp-derived electro-
physiological evidence supporting pathogenicity of some 
of those variants.36–38

Catecholaminergic Polymorphic Ventricular 
Tachycardiac (CPVT) is characterized by bidirectional 
and polymorphic ventricular tachycardia typically 
prompted by physical activity or emotional stress. 
CPVT1 is caused by autosomal dominant variants in 
RYR2, and CPVT2, which is less common, is caused by 
autosomal recessive variants in CASQ2.28 One study of 
134 SIDS cases in 2007 reported 2 variants in RYR2, 
which displayed gain of function effects consistent with 
variants observed in CPVT.39 RYR2 variants causing 
CPVT are largely de novo,40 and a broad lack of parental 
DNA in SIDS cohorts limits our understanding of the 
potential contribution of this condition to SIDS. One 
RYR2 variant previously implicated in SIDS with suppor-
tive functional studies was more recently reported in 
a family of five carriers who have had negative exercise 
stress tests, echocardiograms and Holter monitors.41 This 
example demonstrates that in vitro studies do not always 
directly translate to human disease and emphasizes the 

importance of segregation data when implicating genetic 
variants as causative of SIDS.

It is clear that a very small number of “SIDS” deaths 
can be attributed to de novo variants in arrhythmia genes 
that cause severe and early onset arrhythmic events or can 
be attributed to inherited variants in families with family 
histories consistent with hereditary cardiac arrhythmia 
syndromes. Controversy remains when inherited variants 
in arrhythmia genes are implicated as contributory to 
a SIDS death in cases without a family history consistent 
with a hereditary arrhythmia syndrome or in which lack of 
parental genetic data limits our ability to determine if the 
variant is de novo or inherited. Some of these variants are 
being over-interpreted, but it is also possible that these 
variants are contributory and follow multifactorial or poly-
genic inheritance patterns, particularly when functional 
studies show a disrupted protein product. There is evi-
dence that the penetrance and expressivity of some 
arrhythmia syndromes are influenced by other genetic 
modifiers and may follow oligogenic or polygenic inheri-
tance patterns.42 There is also the possibility that these 
variants are influenced by environmental or other biologi-
cal factors and thus more closely follow a multifactorial 
inheritance pattern, which would fit the triple-risk model 
of SIDS.43

The hypothesis that hereditary arrhythmia syndromes 
may play a multifactorial role in SIDS deaths is supported 
by several lines of evidence. In vitro studies of SCN5A 
variants identified in SIDS cases have demonstrated nor-
mal sodium channel function under resting conditions with 
abnormal sodium leak under acidosis, suggesting a latent 
dysfunctional phenotype.44,45 Further, neonatal mouse 
models have shown that hypoxic environments result in 
lower expression levels of potassium and sodium channels 
resulting in an increased risk of sudden cardiac death.46 

The authors of the Neary et al study suggest that hypoxia 
may exacerbate existing genetic predispositions to arrhyth-
mias in humans and cause a sudden death. Both of these 
studies support the possibility that an arrhythmia pheno-
type may be provoked under hypoxic circumstances.

Cardiomyopathy may also contribute to the pathogenesis 
of SIDS. Several infants whose deaths had been classified as 
SIDS were subsequently diagnosed with cardiomyopathy 
after a more detailed investigation followed a complete 
autopsy.47 Dettmeyer et al reported a SIDS case found to 
have left ventricular noncompaction (LVNC) and another 
case with hypertrophic cardiomyopathy (HCM), both dis-
covered on detailed histological examinations that are not 

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                           

The Application of Clinical Genetics 2021:14 64

Keywan et al                                                                                                                                                          Dovepress

http://www.dovepress.com
http://www.dovepress.com


routinely performed during autopsy. Approximately one 
third of pediatric LVNC cases have familial disease, and 
an additional 9% have syndromic or metabolic conditions,48 

and several autosomal dominant (MYH7, MYBPC3, ACTC1, 
TNNI3, MIB1, and others) and X-linked (TAZ) genes have 
been associated with LVNC.49 Similarly, up to 80% of 
pediatric cases of hypertrophic cardiomyopathy have an 
identifiable genetic cause, most commonly variants in sarco-
mere proteins MYH7 and MYBPC3.50 These findings have 
led investigators to focus on genes associated with cardio-
myopathy; in one study of 286 SIDS cases, seven variants of 
interest were found in autosomal dominant cardiomyopathy 
genes (MYBPC3 and TNNI3). Some of the deceased infants 
had a family history of cardiomyopathy, and most of the 
variants had been reported in other cases of 
cardiomyopathy.51

The largest genetic study to date focused on cardiac 
causes of SIDS included 419 SIDS cases and studied 90 
cardiac arrhythmia and cardiomyopathy genes.52 This 
study used appropriately stringent criteria when assigning 
pathogenicity to genomic variants thus avoiding over- 
interpreting genetic variants, which has been an issue in 
previous studies.53 Tester et al reported 12.6% of their 
SIDS cases having a “potentially informative” genetic 
variant in an arrhythmia or cardiomyopathy gene and 
4.3% carried variants classified as likely pathogenic or 
pathogenic based on American College of Genetics and 
Genomics (ACMG) criteria.54 More routine in vitro stu-
dies of genetic variants implicated in SIDS cases, which 
have been taken on by some centers, will be a key factor in 
understanding the true impact of variants identified.55,56

Although SIDS has historically been studied as an exclu-
sive diagnosis, cardiogenetic research suggests SIDS exists 
as part of a spectrum of sudden death between fetal life and 
adulthood. The hereditary arrhythmia and cardiomyopathy 
syndromes are generally known to affect older children and 
adults, but recently, some of these cardiac-related genes have 
been implicated in cases of stillbirth.57

In summary, current data related to SIDS and cardiac 
genetics suggest that: 1) monogenic hereditary cardiovas-
cular conditions represent an important but small portion 
of SIDS cases; 2) cardiovascular genetics may contribute 
to polygenic and multifactorial causes of SIDS; 3) SIDS 
may be understood within a continuum between fetal and 
adult sudden death; and 4) caution should be exercised 
when implicating genetic variants in cardiac conditions, 
ideally taking clinical history, family history, segregation 

testing correlated with cardiac evaluation of family mem-
bers, and functional data into consideration.

The Brainstem and the Serotonin System
The brainstem originally became a focus in SIDS research 
because abnormal respiratory patterning,58 ineffective 
auto-resuscitation (gasping),59 episodic apnea during 
sleep,60 and arousal deficits61 have been observed in 
SIDS cases, all involving systems controlled by the brain-
stem. Supporting the importance of brainstem control of 
respiration and its potential disruption in at least some 
cases of SIDS are several lines of evidence from neuro-
pathological case–control studies of SIDS. Studies have 
reported in SIDS the following abnormalities: decreased 
serotonergic receptor binding within the medulla 
oblongata,62 decreased levels of serotonin and its key 
biosynthetic enzyme, tryptophan hydroxylase 2, in the 
raphé obscurus,63 and increased levels of serotonin in 
peripheral blood serum.64 The connection between abnor-
mal serotonin systems and SIDS has been demonstrated in 
a recent mouse model study.65 Pet1, a transcription factor 
critical to the function of the serotonin system, was acutely 
disrupted in transgenic mice pups to test the effects of 
a dysfunctional serotonergic system during apneic events. 
When challenged by apnea, the pups’ heart rate and 
respiration “uncoupled”, ie did not follow the expected 
linear relationship, and ultimately caused dysfunctional 
autoresuscitation and death, suggesting a role for seroto-
nin-related brainstem dysfunction in SIDS deaths.

This body of evidence has led researchers to interro-
gate genes related to the serotonin system in SIDS cases, 
including FEV (the human homolog to Pet1), TPH2 (tryp-
tophan hydroxylase, the rate-limiting enzyme for seroto-
nin), and HTR1A and HTR2A (serotonin receptors). To 
date, no genetic variants have been reported in these 
genes that are rare or damaging enough to cause 
a sudden death in a case, nor have polymorphisms (var-
iants that are relatively common in the general population 
but may pose multifactorial risks for biological conditions) 
in these genes demonstrated robust statistical significance 
in SIDS populations versus control cohorts.66

Three specific polymorphisms in two genes within the 
serotonin pathway have received much attention in SIDS 
research. In SLC6A4, a gene encoding a transporter pro-
tein that controls synaptic levels of serotonin,67 there are 
two polymorphisms that have been studied, one in the 
promoter region and the other in the second intron. The 
promoter region polymorphism is a 22–23 base pair 
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insertion/deletion, referred to as the “S”, short, allele. 
The alternate allele is the “L”, long, allele. The S allele 
causes reduced transcription of the protein product com-
pared to the L allele, and the S allele asserts dominance 
over the L allele.68 The other SLC6A4 polymorphism is 
a tandem repeat within intron 2, consisting of either 9, 
10, or 12 sets of 17 bp segment repeats,69 with the 12- 
repeat allele conferring increased transcription compared 
to other alleles. The third polymorphism studied in SIDS 
is in the MAOA gene, which encodes a mitochondrial 
enzyme that degrades intracellular serotonin.70 The poly-
morphism consists of either 3, 3.5, 4, or 5 repeats of a 30 
base pair sequence within the promoter region of MAOA, 
with the 3.5 or 4 repeats associated with 2–10 times 
increased protein expression rates than alternative 
alleles.71

A number of case–control studies have been con-
ducted to determine the association of these specific 
polymorphisms with SIDS. The genotypes most com-
monly associated with SIDS in the literature are the 
“L/L” SLC6A4 genotype, the “12/12” SLC6A4 genotype, 
and the “4/4” MAOA genotype. However, over a dozen 
studies that have been published to determine if there is 
an association have been conflicting; most studies that 
have claimed significance are using cohort sizes that are 
underpowered, and larger cohorts have not found signif-
icance. Only one study has moved away from a case– 
control statistical model towards a genotype-phenotype 
model to study these polymorphisms in individual cases 
to understand their relevance.66 This study hypothesized 
that the L/L promoter polymorphism of SLC6A4, the 12/ 
12intronic polymorphism of SLC6A4, and the 4/4 pro-
moter polymorphism of MAOA would be associated with 
higher serotonin binding density, lower serotonin recep-
tor binding density, and lower TPH2 and serotonin tissue 
levels in the medulla (respectively) compared to SIDS 
cases with other genotypes. Their findings were uni-
formly contradictory to what was expected and demon-
strated that these polymorphisms do not confer the 
predicted effects on the serotonin system. Based on this 
evidence, these polymorphisms do not incur a substantial 
SIDS risk, and testing for these genotypes in patients 
would not provide meaningful SIDS risk information at 
this time. However, it is possible other serotonin-related 
polymorphisms impact SIDS risk, but larger cohorts and 
less targeted genetic testing will be needed to truly 
attempt to address this possibility.

Epilepsy-Related Hypotheses
A growing body of literature implicates epilepsy-related 
mechanisms contributing to SIDS mortality. A connection 
between febrile seizures and SIDS was first published in 
1981, postulating that febrile convulsions and some inex-
plicable sudden infant deaths may be equivalent responses 
to a febrile stimulus, but with a different outcome because 
of the difference in age of occurrence.72

The authors arrived at this hypothesis because several 
infants who had died of SIDS were admitted to the hospi-
tal in cardiac arrest with elevated rectal temperatures. The 
precise role of febrile seizures and the risk of sudden death 
in infants and young children are not clear, and large 
cohorts of children with simple febrile seizures have not 
been shown to have an increased risk of sudden death, 
suggesting that a history of simple febrile seizures in 
isolation may not be sufficient to lead to sudden death.73 

In 2016, it was reported that 62% of SIDS cases had 
a family history of febrile seizures,74 and 41% of SIDS 
cases have neuropathologic changes in the hippocampus, 
specifically bilamination of the dentate gyrus,75 otherwise 
seen in temporal lobe epilepsy.76 This neuropathologic 
change is much less commonly observed in controls (chil-
dren who died of known trauma, for example) and is 
plausibly related to the morphological changes observed 
in some children after prolonged febrile seizures.77

While evidence regarding the relationship between 
SIDS and epilepsy is still accruing, there is a clear rela-
tionship between sudden death and epilepsy in patients 
who are known to have a diagnosis of epilepsy. 
Individuals with epilepsy have a 23-fold increased risk of 
sudden death compared to the risk of sudden death in age- 
matched members of the general population, which trans-
lates to a ~1/1000 chance of death per year for an adult 
with epilepsy.78 Patients with Sudden Unexpected Death 
in Epilepsy (SUDEP) die suddenly, typically discovered 
following a sleep period in the prone position, without an 
identifiable cause of death, similar to SIDS.79 SUDEP also 
applies to individuals with known epilepsy who died fol-
lowing a seizure. In one case report from 2013, 
a previously healthy 8-month old infant had his first sei-
zure, which was lethal and witnessed by his parents and 
emergency personnel.80 The suggestion has arisen in the 
field-based on cases like this and based on the shared 
neuropathological features among many cases of SIDS 
and epilepsy – that a tendency to epilepsy may manifest 
with the very first seizure resulting in death, such that the 
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individual would not have previously been diagnosed with 
epilepsy and the cause of death thus not considered to be 
SUDEP. Sudden Death in Childhood (SUDC), the death of 
a child over the age of 1 year that is unexpected and 
without a known cause of death after complete autopsy 
and scene investigation, has also an association with 
a personal and/or family history of seizures (48.8% of 
SUDC cases),81 and bilamination of the dentate gyrus 
(48.1% of SUDC cases).82 Some research groups have 
adopted the approach of studying these types of deaths 
as a continuum, with SIDS and SUDC representing 
a common phenomenon presenting across the age spec-
trum and SUDEP occurring in patients at any age with 
known epilepsy, which may yield new insights.74,83,85

In addition to evidence for epileptic-related neuro-
pathological findings present in a substantial subset of 
SIDS and SUDC cases, epilepsy-related genes have been 
recently identified in SIDS cohorts. SCN1A encodes 
a voltage-gated sodium channel, Nav1.1, and pathogenic 
variants are associated with Dravet syndrome and Genetic 
Epilepsy with Febrile Seizures Plus (GEFS+), with a wide 
phenotypic spectrum from mildly affected with febrile 
seizures to early infantile encephalopathy (OMIM 
182389). Two SIDS cases without a clinical history of 
epilepsy have been reported with variants in the SCN1A 
gene shown to be damaging via patch-clamp studies of 
variants in heterologous cell culture.84 SCN1A is one of 
the genes most commonly implicated in SUDEP.85 

A disease-causing variant in SCN1A has also been recently 
implicated in an SUDC case, with a sibling with the same 
variant affected by Dravet syndrome.86 SCN1A and other 
epilepsy-associated genes should be more deeply investi-
gated in future genetic studies on SIDS populations.

Both SCN5A and SCN1A are voltage-gated sodium 
channels that have been implicated in sudden death and 
SIDS. The voltage-gated sodium channels generate and 
propagate action potentials responsible for nerve and mus-
cle excitation. They are a highly conserved family of 
proteins expressed in excitable tissue in the heart, nervous 
system, and muscle. Nine sodium channel genes in 
humans have been identified, referred to as Nav1.1–1.9,87 

and the gene family as a whole has been implicated in 
SIDS and sudden death research. One study considered 
genes across the entire sodium channel family in a cohort 
of 73 cases of sudden death in pediatrics, and SIDS cases 
published in the literature.38 The study identified dama-
ging variants in SCN1A, SCN3A, SCN10A, SCN1B, and 
SCN4A, in five SIDS patients, none of whom had 

a personal history of epilepsy or cardiac arrhythmia. This 
study demonstrates that variants in sodium channel genes, 
as an entire class, may contribute to the pathogenesis of 
SIDS.

One recent study focused on five SCN10A variants 
identified in six cases of a sudden unexpected death, 
three of whom were infants.88 SCN10A has been asso-
ciated with cardiac conduction abnormalities, Brugada 
syndrome, and sudden death.89–91 All three variants iden-
tified in the SIDS cases displayed evidence of pathogeni-
city via patch-clamp studies. The finding of four 
functionally disruptive SCN10A variants in a cohort of 
330 individuals with sudden death suggests SCN10A may 
be involved in some cases of sudden death, and that 
SCN10A is deserving of further study in SIDS cohorts.

Another report details four SIDS cases with variants 
shown to be functionally disruptive in the SCN4A gene via 
patch-clamp heterologous expression studies.92 SCN4A 
encodes a sodium channel and pathogenic variants are 
associated with a range of neuromuscular phenotypes 
(OMIM 603967). Infants with SCN4A-related myotonia 
can present acutely with recurrent episodes of generalized 
stiffening, apnea, and laryngospasm which may be accom-
panied by bradycardia and loss of consciousness.93 One 
infant with an SCN4A variant has been reported to have 
epilepsy with concurrent apneas, onset at 35 days old.94 

The authors propose that damaging SCN4A variants may 
cause upper airway obstruction via laryngeal and respira-
tory muscle myotonia in infants when having a seizure. 
Importantly, this has also been a proposed mechanism of 
death in SUDEP, and there are rat models of SUDEP 
which support a role of laryngospasm and upper airway 
obstruction in the mechanism of death.95

There are important connections to draw between epi-
lepsy and other disease categories previously implicated in 
SIDS. Some of the cardiac channelopathy genes are 
expressed in the brain, specifically in the 
hippocampus,96,97 and many patients with hereditary car-
diac arrhythmia syndromes have personal histories of sei-
zures, particularly LQTS type 2.98 One study of 68 
SUDEP cases identified variants in KCNH2 and SCN5A 
that had been previously identified in patients with LQTS 
and were absent in controls.99 Knock-in mouse models 
with known pathogenic variants in KCNQ1 (causative of 
LQTS1) have been shown to develop epilepsy along with 
cardiac arrhythmias.97

Similarly, the serotonin system has been implicated in 
SIDS (as described above) and epilepsy. In humans with 
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epilepsy, there is a decrease in serotonin receptor 
binding,100–102 and animal models have shown that 
a decrease in extracellular serotonin increases susceptibil-
ity to many types of seizures in mice with a genetic 
susceptibility to epilepsy.103 It has been hypothesized 
that post-ictal depression of breathing and arousal in 
some epilepsy patients is caused by dysfunction of the 
serotonin system, and this mechanism can lead to 
SUDEP.104 Mouse models specifically addressing the role 
of genes such as SCN1A in epilepsy and sudden death 
have demonstrated that seizures lead to respiratory com-
promise, resulting secondarily in asystole, which has also 
been observed in a patient.105

In conclusion, current evidence suggests that patients with 
epilepsy syndromes, or with a propensity to them, exist 
within SIDS cohorts and that epilepsy-related genes should 
be more thoroughly investigated with specific attention to 
sodium channel genes and genes previously implicated in 
SUDEP. Further studies focused on the inter-relatedness of 
epilepsy, cardiac arrhythmias, and the serotonin system may 
yield new insights into mechanisms and their genetic drivers.

Inflammation
The concept of an infectious mechanism contributing to 
SIDS deaths first emerged in the late 1800s, when a report 
demonstrated inflammatory changes in the bronchioles of 
SIDS cases.106 Much more recently, an epidemiology 
study in the United Kingdom (UK) reported that 26% of 
all SIDS cases had been ill during the week prior to their 
deaths.107 Opdal recently wrote, There is convincing evi-
dence that slight infection and an activated immune system 
are involved in SIDS. One common thread may be the 
dysregulation of inflammatory responses to apparently 
mild infections, leading to a cytokine storm that contri-
butes to death.
This review emphasized that inflammatory dysregulation 
most likely contributes to a SIDS death in conjunction 
with other risks, such as other biological or environmental 
predispositions and risks.106

Cytokines are proteins involved in cell signaling and 
play a critical role in a coordinated immune response. 
Cytokines include Interferons (INF), interleukins (IL), 
chemokines, lymphokines, and tumor necrosis factors 
(TNF).106 Several polymorphisms in interleukins IL-6, 
IL-10, and IL-1B have been studied in many SIDS 
cohorts, but none have demonstrated consistent statistical 
significance in SIDS cases.108–111 Two promoter poly-
morphisms of a tumor necrosis factor, TNF, have been 

investigated in SIDS cohorts with conflicting results and 
functional characterizations of the polymorphisms have 
not been supportive of a role in SIDS.108,112,113

Two polymorphisms in the IL1A gene, one tandem 
repeat variant in intron 6, “A1”, and the +4845G/T 
(rs17561) variant have been shown to be over- 
represented in SIDS cases compared to controls, when 
they exist together,114 and has shown functional signifi-
cance in immune response.115 Another variable repeat 
variant in intron 2 of a different interleukin gene, IL1RA, 
“A2” has been studied in SIDS populations, and the A2/ 
A2 haplotype has shown to be statistically significantly 
increased in SIDS cases compared to controls, in several 
cohorts116 and functional significance.117 Four promoter 
polymorphisms in TNF have been investigated in 
a Norwegian cohort, −1031C/T (rs1799964), −857C/T 
(rs1799724), −308A/G, and −238A/G, and the combina-
tion of −1031CT/-238GG/-857CC/-308GG and −1031TT/- 
238GG/-857CC/-308AA were also over-represented in 
SIDS cases, although these polymorphisms have not been 
studied functionally.118 One recent study showed an asso-
ciation of three polymorphisms in interferon genes, INFG 
(rs2069705 and rs2069727) and INFA8 (rs1330321), with 
SIDS compared to controls, although these polymorphisms 
have also not been functionally studied.119

In summary, there is emerging evidence that some 
polymorphisms in cytokine genes may play a role in 
SIDS pathogenesis, while others have not been definitively 
shown to be over-represented in SIDS vs controls. The 
polymorphisms currently implicated exist in healthy con-
trol populations with frequencies inconsistent with mono-
genic disease, but current evidence suggests that these 
polymorphisms may contribute to multifactorial SIDS 
risk, meaning their presence alone is not sufficient to be 
a cause of death but their presence may compound other 
intrinsic or extrinsic risk factors. Larger cohorts and func-
tional assessments will be required to definitively associate 
any inflammatory polymorphisms with SIDS risk.

Ultra-Rare Genetic Conditions and 
Syndromes
Several ultra-rare genetic conditions have been identified 
in SIDS cases and implicated in their deaths. For example, 
a 2004 case series details an Amish family with 21 related 
infants, from 9 sibships, affected by a disorder character-
ized by dysgenesis of the testis, neurologic dysfunction, 
and sudden death prior to 12 months of age caused by 
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biallelic truncating variants in the TSPYL1 gene; an unre-
lated non-Amish infant with the same condition was 
reported in 2020.120,121 This represents an ultrarare reces-
sive genetic condition that can cause sudden deaths in an 
apparently healthy infant.

Congenital myasthenic syndrome was first proposed as 
a potential cause of SIDS in 1975, supported by a report in 
1980 suggesting infantile myasthenia was the most lethal 
type of the myasthenic syndromes.122,123 Congenital 
myasthenic syndromes are a group of disorders caused 
by impaired neuromuscular transmission and characterized 
by abnormal fatiguability, which can be transient or per-
manent. Features include weakness of the facial, extrao-
cular, truncal, respiratory, or limb muscles, and onset can 
be infantile, childhood, or adolescence. Acute deteriora-
tions can occur triggered by infections, fever, or emotional 
stress. Pharmaceuticals exist to manage symptoms, 
although there is no cure.124 There are 31 genes that 
cause myasthenic syndromes and the majority are autoso-
mal recessive. There is one published case report of the 
congenital myasthenic syndrome in two siblings who died 
of SIDS and carried biallelic CHAT variants.125 One sib-
ling had a history of mild ptosis, the other was asympto-
matic and both died during febrile episodes, one at age 2 
months and the other at age 11 months. The biallelic 
CHAT variants causative of the myasthenic syndrome 
were elucidated in this family because they were identified 
in a living affected sibling. Although this is the only 
published case report of congenital myasthenic syndrome 
causing SIDS, it is plausible that biallelic variants in 
CHAT or other genes causing myasthenic syndromes 
could contribute to the pathogenesis of SIDS. Due to the 
autosomal recessive nature of this condition, and the lack 
of available parental data in the vast majority of SIDS 
cohorts studied, this condition has not been routinely 
investigated.

Congenital Central Hypoventilation syndrome (CCHS) 
is characterized by low ventilation during sleep. Some 
patients have isolated respiratory dysfunction while others 
have syndromic CCHS, which most commonly includes 
Hirschsprung’s disease, neuroblastoma, or other symptoms 
of autonomic dysregulation such as reduced temperature 
control or differences in pain perception.126 CCHS is most 
commonly caused by autosomal dominant variants in 
PHOX2B, and more rarely by variants in RET, EDN3, or 
ASCL1, and can be a feature of MECP2 duplication 
syndrome.127–130 CCHS was first proposed as a potential 
cause of SIDS in a case series published in 1982 by 

Guilleminault et al.131 The case series documents the 
clinical course of six infants with CCHS, one of which 
was originally referred to their center because of a “near 
miss SIDS event”. The infant was born with hypotonia, 
but her respiration appeared normal until she suddenly 
stopped breathing during her sleep at 6 weeks old and 
became cyanotic. She resumed respiration without inter-
vention, but this event prompted further evaluation and led 
to the diagnosis of CCHS. The authors point out that if she 
had not been able to auto resuscitate, the death would have 
been labeled “SIDS”.

PHOX2B is a gene encoding a transcription factor 
crucial to the development of the autonomic nervous sys-
tem (ANS), specifically the part of the ANS which regu-
lates a response to CO2 levels and coordinates autonomic 
respiration during sleep.132,133 The most common variants 
which cause CCHS are PolyAlanine Repeat Mutations 
(PARM) which expand the number of Ala repeats in 
exon3 of PHOX2B, although other variant types such as 
missense, nonsense, and frameshift are well documented 
in CCHS.134 Some single nucleotide variants in PHOX2B 
have been identified in SIDS cases, but none have enough 
evidence to implicate them as a cause of CCHS. One 
particular type of variant has more recently received atten-
tion in the SIDS literature: PolyAlanine Repeat contrac-
tions, as opposed to the well-understood expansion 
variants. One 2014 study reported that these PolyAlanine 
contractions were over-represented in a Dutch SIDS cohort 
compared to a control population, and one case report 
from 2018 implicated a PolyAla contraction as 
a contributing factor in the sudden death of a 28-day-old 
infant.135,136 The authors of the case report wrote the 
sudden death of the infant was attributed to the underlying 
genetic predisposition to congenital central hypoventila-
tion (i.e. low-penetrance PHOX2B gene), manifesting 
clinically as transient hypoventilation, correlated to prone 
position during sleep, whose combined effects likely 
resulted in a critical impairment of autonomic control of 
respiration at a susceptible stage of development.
This is a stretch based on available evidence. There have 
not been any reports of individuals living with CCHS who 
carry this variant type, and polyalanine contractions within 
this region exist in the general healthy population. These 
contraction variants have been reported to be statistically 
more common in patients with Hirschsprung’s disease, and 
functional studies have shown that contraction variants 
cause reduced transactivation of the RET promoter, 
which is consistent with known molecular mechanisms 
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of increased risk of Hirschsprung’s disease.137,138 Further, 
Hirschsprung’s disease is known to display complex 
inheritance, whereas CCHS is understood to be 
mendelian.139 Current evidence suggests these polyalanine 
contractions may be risk factors for Hirschsprung’s dis-
ease, but additional studies are needed to understand 
whether they can be similarly implicated in CCHS or 
SIDS.

Mitochondrial conditions have been implicated as 
a potential contributor to SIDS mortality over the past 
several decades. Mitochondrial disorders are 
a heterogenous group of conditions that are typically mul-
tisystemic and challenging to diagnose. Mitochondrial 
DNA (mtDNA) is maternally inherited and codes for 
genes responsible for oxidative phosphorylation and the 
electron transport chain. Tissues with high energy expen-
diture are most commonly impacted by mitochondrial 
conditions, such as the brain, skeletal muscles, and heart. 
There are also nuclear genes that are associated with 
mitochondrial conditions, which are inherited in 
a Mendelian fashion.140 There have been several case– 
control studies that have focused on polymorphisms in 
mtDNA. Some have shown differences in SIDS popula-
tions and have suggested a multifactorial role of these 
polymorphisms.141 Several mtDNA variants have been 
reported in SIDS cases, although none have been classified 
as pathogenic.142 There have been case reports of families 
affected by mitochondrial disorders with family histories 
of sudden infant death, following a seemingly maternal 
inheritance pattern.143,144 It is possible that some SIDS 
cases are caused by a mitochondrial disorder that is exa-
cerbated by other stressors, such as a minor illness, but 
more research is needed in this area to clarify this possi-
bility. Genetic sequencing for mitochondrial disorders 
requires both a blood sample and muscle tissue sample, 
which are difficult for research studies to systematically 
obtain.

Genetic Conditions Incompatible with 
Life
It is reasonable to consider the impact of genes without 
any known association with a human condition in SIDS 
cases, as damaging variation in such genes may be incom-
patible with life. There has been one published exome 
study of 427 SIDS cases that sought a monogenic basis 
of SIDS.145 This is the only study that has taken an 
unbiased approach to the exome to seek the significance 

of any gene, regardless of disease association or function. 
This study did not yield any statistically significant results. 
Importantly, this does not suggest a lack of genetic con-
tribution to SIDS, rather, supports an extreme heterogene-
ity in the genetic causes which cannot be singled out by 
these methods in a cohort of this size. Extremely hetero-
genic causes are more readily identified through very 
stringent individual phenotyping, the inclusion of parental 
genetic data, or with extremely large data sets. Exome or 
genome-wide studies will be the key to implicating new 
genotype-phenotype correlations with SIDS and promote 
the discovery of unidentified genetic conditions contribut-
ing to SIDS pathogenesis.

Copy Number Variation
There is only one published study of copy number varia-
tion (CNV) in a SIDS cohort. In this study, three SIDS 
cases out of 27 carried a large de novo CNV,146 although 
the clinical significance of the reported CNVs are not 
clear. Testing for CNVs is routine in other areas of geno-
mic medicine, such as during evaluations for developmen-
tal delay, autism, and epilepsy.147–149 One recent study 
published by a commercial genetic testing lab reported 
that 4.7% of all pathogenic variants reported in cardiovas-
cular disorders were CNVs, and 7.7% of all pathogenic 
variants in rare pediatric conditions were CNVs, with the 
highest rates specifically observed in cases of early infan-
tile epileptic encephalopathy.150 Genetic conditions impli-
cated in SIDS are sometimes caused by CNVs; therefore, 
more studies should be conducted to understand the bur-
den and clinical significance of CNVs in SIDS cohorts. 
Importantly, the clinical interpretation of CNVs is even 
more difficult than the clinical interpretation of sequence 
variants due to limited population-level data, and the 
inclusion of parental data is key to the interpretation of 
CNVs.

Discussion
Emerging evidence for genetic variants in a variety of 
genes playing a role in SIDS suggests that genetic testing 
should be considered routinely in SIDS cases. Before this 
practice becomes widely adopted, additional research will 
be required to identify specific genetic causes and to 
demonstrate the utility of genetic information (eg in coun-
seling on recurrence risk, in screening living family mem-
bers who may be at risk). There are, however, unique 
barriers to genomic research in SIDS cases. 
Systematically identifying cases that qualify for SIDS 
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research has been complicated by inconsistencies in the 
classification of SIDS deaths. There has been a well- 
documented diagnostic shift away from “SIDS” and 
increasingly towards both “Undetermined” and “accidental 
suffocation”. Unfortunately, cases of infant death due to 
accidental suffocation exist and more systematic death 
scene investigations have the potential to uncover impor-
tant factors. However, there are also many cases where 
sleep environmental risks, such as sleeping in the prone 
position, are attributed as causes of death without addi-
tional evidence of suffocation. Further complicating 
research recruitment and family engagement is the fact 
that some members of the medical examiner community 
reject the term “SIDS” as a diagnosis. There was a recent 
effort to rectify this by the 3rd International Congress on 
Sudden Infant and Child Death in 2019, which suggested 
clear definitions and exclusion criteria to help guide death 
certifiers.1 If death certifications become more consistent, 
cases that should be included in SIDS research can be 
more readily identified and epidemiologic data will be 
more precise.

Once a SIDS case has been identified, obtaining and 
storing appropriate samples for DNA extraction does not 
occur predictably. The National Association of Medical 
Examiners (NAME) published a position paper in 2013 
that includes SIDS in the list of clinical indications for 
post-mortem genetic testing, and details what biological 
tissues to store for genetic testing.151

These recommendations have broadly improved sto-
rage practices, but there are still limitations that medi-
cal examiners deal with during autopsy, as well as 
capacity issues that impact storage capability. 
Genomic technology is increasingly allowing for geno-
mic sequencing on new sample types. For example, 
dried blood spot cards are more easily stored than tissue 
samples and can now be used by some labs for whole- 
exome sequencing, which was not an option even just 
a few years ago.

The type of genetic testing historically chosen in SIDS 
research has had severe limitations. The vast majority of 
published studies have only had access to DNA from the 
proband and have relied on autopsy and investigative 
reports for all medical information. Lack of parental 
DNA and sequencing hinders accurate variant interpreta-
tion and stunts the discovery of novel genetic causes of 
SIDS. Given that all of the genetic factors plausibly related 
to SIDS are not currently known, a large genetic test for 
research purposes would be ideal to promote discovery. 

However, large genetic tests, such as whole exome or 
whole genome sequencing, require parental data for opti-
mal interpretation. Most available genetics studies have 
done “panel testing” either by only sequencing a specific 
subset of genes, or by performing whole-exome sequen-
cing but only interpreting and reporting variants in a given 
subset of genes. This has been done without parental DNA 
and in the setting of limited clinical and family history, 
due to the sole reliance on autopsy and investigative 
reports for this information, further complicating variant 
interpretation. Both of these issues would be resolved by 
more direct involvement of parents and families in SIDS 
research studies. If parents could provide DNA samples 
along with personal and family medical history informa-
tion, researchers could more readily employ broader 
genetic tests and have the ability to interpret genetic var-
iants more accurately. This would open up more potential 
for discovering new genetic causes of SIDS and may be 
psychologically beneficial for parents to directly partici-
pate in research.

A notable limitation of current genetics research in 
SIDS is a lack of diversity. Although ethnic differences 
have been described in SIDS, very few studies include 
a high proportion of non-European participants which 
limits our understanding of the genetic burden of other 
populations. Further, genetic testing is not as accessible 
on a clinical or research basis in many non-Western 
countries.

The current literature has established a role for mono-
genic genetic causes of SIDS in a small but important 
subset of cases. There is much more work to do to expand 
upon our current knowledge of disease-causing genetic 
variants and their mechanisms. Functional studies of var-
iants identified in SIDS cases should be conducted with 
more regularity to validate or invalidate their effect on the 
protein product, along with segregation studies and deep 
phenotyping of affected families. Ideally, parental data 
should be incorporated, and more broad genetic tests, 
such as exome or genome, should be more regularly 
employed in the research setting. As research groups 
expand their SIDS cohorts or increase collaborations, 
they may be powered to better address multifactorial or 
polygenic causes of SIDS.
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