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Abstract Genetic risk factors play a role in sudden
unexpected infant death; either as a cause of death, such as
in cases with medium-chain acyl-coenzyme A dehydroge-
nase deficiency and cardiac arrest due to long QT syn-
drome, or as predisposing factors for sudden infant death
syndrome (SIDS). Most likely genetic predisposition to
SIDS represent a polygenic inheritance pattern leading to
sudden death when combined with other risk factors, such
as a vulnerable developmental stage of the central nervous
system and/or the immune system, in addition to environ-
mental risk factors, such as a common cold or prone
sleeping position. Genes involved in the regulation of the
immune system, cardiac function, the serotonergic network
and brain function and development have so far emerged as
the most important with respect to SIDS. The purpose of
the present paper is to survey current knowledge on SIDS
and possible genetic contributions.
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Introduction

Sudden infant death may be divided into two main cate-
gories; explained and unexplained. Besides accidents,
homicide, and infections, genetic disorders such as medium-
chain acyl-coenzyme A dehydrogenase (MCAD) deficiency
and long QT-time syndrome (LQTS) represent explainable
causes of death. In unexplained deaths, diagnosed as sudden
infant syndrome (SIDS) an extensive autopsy, history of
disease and investigation of the circumstances do not dis-
close a cause of death. Current theories imply that infants
may die from SIDS when three conditions occur at the same
time [1, 2]: a genetic predisposition, a vulnerable develop-
mental stage of the CNS and/or the immune system, and a
triggering event. Certain gene mutations may represent
obvious causes of death, for example some LQTS muta-
tions. However, there are also mutations and polymor-
phisms that may represent risk factors that may induce fatal
situations when combined with environmental factors, e.g.
some polymorphisms in LQTS genes that contribute to
cardiac arrest when combined with acidosis (Fig. 1) [3].

Over the last two decades there has been a focus on
environmental risk factors for SIDS, and the hazards of
prone sleeping, parental smoking and overheating are now
well documented [4-7]. However, reports dealing with
genetic risk factors for SIDS are growing in number, and
the purpose of the present paper is to examine the rela-
tionship between SIDS and genetic factors.

Immune system
Many SIDS victims have an activated immune system,

which may indicate that they are vulnerable to simple
infections. Approximately half of the SIDS victims are
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Fig. 1 Possible causes of sudden unexpected infant death

reported to have symptoms of a slight upper airway infec-
tion prior to death [6], and the mucosal immune system is
stimulated compared to victims of sudden violent death
[8—10]. The observation by Vege et al. [11] that half of the
SIDS victims had IL-6 levels in the cerebrospinal fluid
(CSF) in the same range as infants that died from infections
such as meningitis and septicemia supported the view that
the brain is the target organ for a lethal mechanism initiated
by an immune reaction [10, 12]. A link between the mucosal
immune system and the central nervous system (CNS) was
furthermore demonstrated by Vege et al. [13] showing that
both increased expression of HLA-DR antigens in glandular
epithelium and increased number of IgA immunocytes in
the laryngeal mucosa were significantly related to high IL-6
levels in the CSF.

Recently Rognum et al. [14] demonstrated IL-6 recep-
tors on serotonergic neurons in the arcuate nucleus in the
brainstem of SIDS cases, and together with the studies by
Vege et al. [11, 13] this indicates a connection between the
mucosal immune system and the serotonergic network in
the brainstem. The medullary serotonergic (5-HT) system
in the brainstem is involved in the modulation of breathing,
blood pressure and heart rate according to the level of
arousal. It is proposed that SIDS results from an abnor-
mality of the medullary 5-HT system that causes an
inability to restore homeostasis following life-threatening
challenges during sleep, and thus leads to sudden death in
the critical first year of life, when homeostatic systems are
still maturing [15]. A differential modulation of the sero-
tonin transporter by pro and anti-inflammatory cytokines
may represent a fine-tuned mechanism to communicate an

immune response to the central nervous system [16], and
one hypothesis may be that a simple upper airway infection
in vulnerable infants may initiate an immune reaction in
the laryngeal and tracheal mucosa, resulting in a fatal IL-6
liberation within the CNS. One reason for such vulnera-
bility may be certain patterns of polymorphisms in genes
encoding components in the immune system.

The first gene to be investigated in this regard was the
gene encoding complement component C4, where an
association between slight infection prior to death and
deletions of either the C4A or the C4B gene was found in
cases of SIDS [17, 18]. Individuals with complete defi-
ciency of C4 demonstrate delayed complement activation
and suboptimal immune response, but even a partial defi-
ciency in one of the isotypes may lead to a situation in which
neutralisation of the microorganism is impaired [19, 20].

A reason for increased vulnerability has also been
looked for in innate immunity. Surfactant protein A (SP-A)
and surfactant protein D (SP-D) are humoral molecules
involved in the innate host defence against various bacte-
rial and viral pathogens. Ten SNPs that might influence
expression of the genes encoding these two surfactants
have been investigated in 42 SIDS cases and 46 explained
infant deaths [21]. No differences in genotype distributions
between SIDS cases and controls were found, even though
there was a tendency for the most common SP-A haplo-
type, 6A2/1A0, to be overrepresented in cases with low
immunohistochemical SP-A expression.

The most likely candidates for explaining vulnerability
to infections are the cytokine genes. The cytokines regulate
the intensity and duration of the immune response by
stimulating the different cells involved, and thus activates a
network of interacting cells. The interleukin genes inves-
tigated with regard to SIDS so far are those encoding for
IL-1a, IL-18, IL-4, IL-6, IL-10, IL-12, IL-13, IL-16, IL-18,
transforming growth factor (TGF), tumor necrosis factor «
(TNFw), and interferon gamma (IFNy) [22-34].

In the IL-10 gene, the ATA haplotype and the ATA/
ATA genotype of the IL-10 gene is proposed to be asso-
ciated with both infectious death and SIDS. Even though it
has proven difficult to determine the exact relationship
between IL-10 genotype and IL-10 production, several
studies report that the ATA haplotype is associated with
low IL-10 levels [35]. The association with SIDS was
found in two smaller studies [22, 25], and in a larger study
including 214 SIDS cases, 29 cases of infectious death and
163 controls (69 living infants and 67 diseased adults) the
ATA haplotype and the ATA/ATA genotype were found to
be associated with infectious death [23].

Two common polymorphisms relevant to IL-1f levels
are the -511C/T polymorphism in the IL-1§ gene and the
2018T/C polymorphism in the IL-1Ra gene. Both these
polymorphisms have been investigated in cases of SIDS,
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however no differences in genotype distribution between
SIDS cases and controls have been found [24]. Another
study investigated the 89 bp VNTR in the IL-1Ra gene in
49 Australian SIDS cases and 103 living infant controls,
and found that carriage of the 2/2 genotype was 4.85 times
more likely to increase the risk for SIDS compared with the
predominant 1/1 genotype [32]. Homozygous carriers of
allele 2 have a more severe and prolonged proinflammatory
immune response than do those with other IL-1Ra geno-
types [36], which may contribute to the vulnerability to
infection seen in SIDS.

A British study that included common polymorphisms in
the genes encoding IL-4, IL-6, IFNy, TGF, and VEGF,
showed significant differences for IL-6 and VEGEF: the
genotypes -174GG, and -1154AA being more frequent in
SIDS cases than in controls [27]. Only 25 SIDS cases and
133 living adult controls were investigated, but the authors
concluded that the gene polymorphism association suggests
that the causation of SIDS is related to both fetal lung
development and an infant’s innate ability to mount an
inflammatory response to infection [27]. The findings with
IL-6 were confirmed in a study of 19 Australian SIDS cases.
The SIDS cases also had the -174GG genotype more often,
associated with high IL-6 production [37], compared to adult
controls [28]. However, this could not be confirmed in a
Norwegian study of 175 SIDS cases [29]. Since then, Ferr-
ante et al. have investigated in total 10 different SNPs in the
genes encoding IL-1, IL-6, IL-8, IL-12, IL-13 IL-16, and
IL-18, as well as one VNTRs in each of the genes encoding
IL-1oand IL-1Ra [33, 34] in 204 Norwegian SIDS cases and
in 131 adult diseased controls. The only association that was
found with SIDS was for the gene combination IL-1¢ VNTR
A1A1/IL-15 +4845TT (P < 0.01), a gene combination one
could expect to result in a decreased level of IL-1a [33].
Associations were also found between genotype and sleep-
ing position, as the genotypes IL-18 -251AA/AT, IL-8 -781
CT/TT, and IL-1$ -511CC/CT were more frequent in SIDS
cases found prone. For these cases, the alleles IL-8 -251A,
IL-8 -781T and IL-1f -511T all led to increased expression
of the gene [34]. In addition, Ferrante et al. have also shown
an association between TNFo promoter polymorphism and
SIDS [30]. The genotype -238GG, leading to a low
expression of TNFa, was observed more often in SIDS cases
than in controls, while the genotype -308GA was more
frequent in borderline SIDS cases than in controls. For the
SNP in bp -308, the A allele leads to a high production of
TNFo [38]. Furthermore, four SNP profiles in the TNFu
promoter had significantly different frequencies in SIDS
cases and controls [30]. Taken together, these findings may
indicate that a genetic determined disturbed homeostasis of
the interleukin network is involved in SIDS.

Another explanation for increased vulnerability may be
found in different gene variants of G-proteins, which are
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relevant to the immune response as an association between
the Gf3 825T allele and increased immune cell function
has been reported [39]. The T-allele results in increased G
protein mediated signal transduction compared to the
C-allele [40]. The best investigated polymorphism in the
Gf33 gene is C825T. A study of the C825T polymorphism
in 250 SIDS cases, 38 cases of infectious death, and 99
living infant controls revealed no difference in genotype
frequency between SIDS cases and controls, but found that
the cases of infectious death had the CC genotype more
often, compared to controls [41]. This observation may
indicate that the presence of the 825T allele exerts a pro-
tective effect towards serious infection, perhaps through
enhanced G protein signalling.

Cardiac arrhythmia

The long QT syndrome (LQTS) is a cardiac disorder
causing syncope, seizures, and sudden death, usually in
young, otherwise healthy, individuals. LQTS is a geneti-
cally heterogeneous condition, caused by mutations in one
or several of nine genes, LQT1-LQT9, encoding for car-
diac ion channels. Since LQTS is a potentially lethal dis-
order, the condition should be excluded before a diagnosis
of SIDS is made.

Several papers have investigated LQT related genes in
SIDS cases [42-55]. Many of these have included only
small numbers of SIDS cases [42, 43, 45-47, 53], but from
the investigation of SIDS cohorts [44, 49-52, 54, 55], it
may be assumed that 5-10% of the cases originally diag-
nosed as SIDS are either due to LQTS, or have mutations
or functional polymorphisms in LQT genes that may rep-
resent a predisposing factor that may be lethal in combi-
nation with other risk factors such as hypoxemia [3]. The
largest study of LQTS and SIDS so far, including 201
Norwegian SIDS cases and 182 controls (137 adults and 45
infants, all diseased), found that 9.5% of the SIDS victims
had functionally significant genetic variants in the LQTS
genes [3, 51].

The SCN5A S1103Y mutation has been reported to be
of special importance in African-American SIDS cases
[49, 52]. Plant et al. found an overrepresentation of this
mutation in a cohort of 133 SIDS cases, suggesting a
24-fold increased risk for SIDS in infants with the YY
genotype [49], while another study found that 22.5% of the
investigated SIDS cases had the heterozygous SY genotype
[52]. The authors showed that Y1103 channels demon-
strated abnormal function when subjected to low intracel-
lular pH, in comparison to S1103 channels [49].

The ryanodine receptor RyR2 is a receptor in cardiac
muscle where it is component of calcium channels. It has
been shown that “leaky” RyR2 channels may trigger fatal



Forensic Sci Med Pathol (2011) 7:26-36

29

arrhythmias. The gene encoding for RyR2 has been
investigated in 134 SIDS cases of different ethnicity,
however the study did not include any controls [56]. Two
SIDS cases with novel mutations were found, and the
authors conclude that it is most likely that mutations alter
the response of the channels to sympathetic nervous system
stimulation, such that during stress the channels become
“leaky” and trigger fatal cardiac arrhythmias.

Another gene in which mutations in SIDS cases have
been reported is the glycerol-3-phosphate dehydrogenase
1-like gene (GPDI1-L), and in a study by van Norstrand
et al. two out of 221 investigated SIDS cases had a muta-
tion in this gene; the study did not however include any
controls [57]. Mutations in GPDI1-L are associated with
Brugada syndrome, and may be a pathogenic cause for a
subset of SIDS via a secondary loss of-function whereby
perturbations in GPD1-1 precipitate a marked decrease in
the peak sodium current.

The CAV3-encoded caveolin-3 is established as a
LQTS-associated gene, with mutations producing a gain-
of-function, and a LQT3-like molecular/cellular pheno-
type. The CAV3 gene has been investigated in Norwegian,
Caucasian-American and African-American SIDS cases
[51, 58]. Mutations in the CAV3 gene were found in two of
201 SIDS cases in the Norwegian study, as well as in one
of 182 controls (137 adults and 45 infants, all diseased)
[51], while in the study by Cronk et al. mutations were
detected only in the African-American cases; in this group
three out of 50 SIDS cases had a mutation but this study did
not include controls [58].

A novel candidate for a genetic basis for LQT interval is
the nitric oxide synthase 1 adaptor protein gene (NOS1AP)
as a common SNP in this gene (rs10494366) is associated
both with long QT interval and sudden cardiac death [59].
This SNP has been genotyped in 42 Japanese SIDS cases
and in 210 adult living controls, and it was found that the
TT genotype was associated with SIDS [60].

Mutations in the gene encoding ol-syntrophin are
another novel cause of LQTS. The a1-syntrophin gene has
been investigated in 292 SIDS cases, and it was found in a
total of six different mutations in eight of the cases [61].
The study did not include any controls. After functionally
testing only three of the mutations were found to be
functionally relevant, and the authors concluded that
mutations in the al-syntrophin gene may be a pathogenic
mechanism for a subset of channelopathic SIDS.

Serotonergic network
Serotonin influences a broad range of physiological sys-

tems, including the regulation of the respiratory and car-
diovascular systems, temperature, and the sleep-wake

cycle, and it has been speculated that a dysregulation of the
serotonergic network may play a role in SIDS [15, 62, 63].
The complex serotonergic neuronal system is under a
‘bottleneck’ control by a single protein, the serotonin
transporter (5-HTT). A variable number of tandem repeat
regions (VNTR) in the promoter of this gene have been
investigated in several SIDS populations, and an associa-
tion between the long alleles (L allele and LL genotype)
and SIDS has been found in African-American [64],
Japanese [65], Norwegian [66] and Italian [67] SIDS
populations, but not in a Californian mixed SIDS popula-
tion [68] or in Swiss SIDS cases [69]. In the VNTR intron
2, the 12-allele has been reported to be associated with
SIDS only in an African-American SIDS population, and
not in Caucasian SIDS cases [66, 70]. For both polymor-
phisms, the longest allele is the more effective promoter,
associated with increased midbrain serotonin transporters;
synaptic serotonin levels would be expected to be lower in
those with long alleles. These discrepant results in differ-
ent geographical populations may indicate that ethnicity
is important in determining the significance of the
LL-genotype in SIDS, or alternatively it may merely be a
reflection of different diagnostic criteria for the diagnosis
of SIDS.

A study by Lavezzi et al. correlated genotypes of the
5-HTT promoter VNTR with brainstem pathology [71].
They included 28 SIDS cases and 17 controls (11 infants
and 6 fetal deaths, all with known causes of death). The
study revealed a correlation between the L-allele, hypo-
plasia of the raphe nuclei, and maternal smoking during
pregnancy in both SIDS and sudden fetal death, and the
authors suggest that this combination may result in failure
in mediating vital functions, triggering a lethal mechanism
in both intrauterine and postnatal life.

An additional polymorphism in the 5-HTT gene is in a
putative polyadenylation site in the untranslated region in
the 3’ end of the gene. This polymorphism is expected to be
a useful tool for assessing the contribution of genetic
variation of the serotonin transporter gene to disease, and
has been investigated in the same Caucasian and Ameri-
can-African SIDS cases as the other polymorphisms in the
5-HTT gene [72]. However, the genotype distribution for
this polymorphism did not differ between SIDS cases and
controls.

Several studies have investigated genetic variation in
serotonergic receptors in SIDS cases. Rand et al. investi-
gated the gene encoding HTR2A in 96 SIDS cases and 96
living infant controls, and found a total of 21 HTR2A gene
variations, however none of them showed a significant
association with SIDS [73]. Another study analyzing the
coding region of the gene encoding the receptor HTR1 4
also did not reveal any association between genotype and
SIDS risk [74].

@ Springer



30

Forensic Sci Med Pathol (2011) 7:26-36

The human fifth Ewing variant (FEV) gene is specifically
expressed in central 5-HT neurons in the brain, with a
predicted role in specification and maintenance of seroto-
nergic neuronal phenotype. One may hypothesize that
variations of the FEV gene may underlie abnormalities in
the 5-HT system in SIDS cases. This gene has been inves-
tigated in 49 African-American and 47 Caucasian SIDS
cases, and infant control subjects that were matched for
ethnicity and gender to SIDS cases, with a 1:1 match ratio.
An association with SIDS was found only in the African-
American cases, which had a higher frequency of both the
insertion mutation IVS2-191_insA and a higher total vari-
ation [75]. A study by Broabeldt et al. however found this
mutation in 14% of a cohort of 78 African-American SIDS
cases, as well as in 32% of African-American controls (59
diseased infants and 296 living adults from the Human
Variation Panel), and concluded that IVS2-191_insA seems
to be a common, likely non-pathogenic, variant in the
African-American population [76].

Brain development

The serotonergic network imbalance hypothesis clearly
indicates a relationship between autonomic nervous
system dysregulation and SIDS. In accordance with this,
Weese-Mayer et al. investigated genes with relevance to
early embryologic development of the autonomic nervous
system [77]. Their findings included 11 rare mutations and 4
common polymorphisms in the genes investigated. When
investigating the genes separately the allele frequencies did
not differ between the 92 SIDS cases and 92 living infant
controls that were included in the study, even though in total
15% of the SIDS cases had a rare mutation, compared to only
2% of the controls. This may suggest that specific polymor-
phisms in these genes may confer a risk of SIDS, perhaps due
to a disturbed development of the central nervous system.

Another neuropeptide that plays an important role in the
developing nervous system is pituitary adenylate cyclase-
activation polypeptide (PACAP). The PACAP gene has
been investigated in 46 Caucasian and 46 African-American
SIDS, as well as in 92 living infant controls matched for
ethnicity [78]. No associations between PACAP and SIDS
were found in Caucasians, whereas in the African-American
SIDS cases the G allele of rs2856966, leading to the sub-
stitution of aspartic acid with glycine, was significantly
associated with SIDS. The functional effect of this SNP is
unknown.

The PHOX2B gene is also of interest, as it is a key gene
in the development of central serotonergic neurons. The
entire PHOX2B gene has been investigated in two SIDS
populations [79, 80]. Kijima et al. investigated 23 Japanese
SIDS cases and did not find any mutations, concluding that
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PHOX2B gene variants is not likely to be associated with
SIDS [79]. Rand et al. investigated 91 American SIDS
cases and 91 living infant controls, and found an associa-
tion to SIDS both for a specific genotype in intron 2, and
for the total number of mutations in exon 3 [80]. These
authors concluded that the findings suggests that PHOX2b
polymorphisms may confer some increased risk for SIDS,
most likely in combination with other specific polymor-
phisms in the cascade of genes mediating autonomic
nervous system development.

Another gene of interest with regard to SIDS the TPSYL
gene, which is a testis specific Y-like gene on chromosome
6, and is assumed to play a role in brain development. A
deleterious mutation in this gene was discovered in a large
Amish family that had lost 21 infants in a syndrome named
sudden infant death with dysgenesis of the testes syndrome,
SIDDT [81]. The TPSYL gene has been investigated in a
population of 126 German SIDS cases and 261 adult living
controls [82]. Five sequence variations were found, but
there were no significant differences between SIDS cases
and controls. Thus it seems that genetic analysis of the
TPSYL gene is of limited significance in SIDS cases.

Aquaporin-4

Aquaporins provide a way of rapid transporting water
across plasma membranes. Aquaporin-4 (AQP4) is the
major water channel in the brain and spinal cord, and it has
been shown that AQP4 plays a significant role in the
development of cererbal edema. Several studies report
findings of increased brain weight in SIDS [83, 84], which
might be due to a disturbed development of water
homeostasis in SIDS. APQ4 gene variation has been
investigated in 141 Norwegian SIDS cases and 179 con-
trols (36 diseased infants and 143 diseased adults) [85]. An
association between the genotypes CT/TT in rs2075575
and SIDS was found: 84.4% of the SIDS cases had these
genotypes, compared to 74.3% of the controls (P < 0.01).
An association between brain/body weight ratio and
rs2075575 genotype in SIDS cases aged 0.3—12 weeks was
also found (median ratio CC 10.6, median ratio CT/TT
12.1, P = 0.014). These findings indicate that rs2075575
may be of significance as a predisposing factor for SIDS,
and that the CT/TT genotypes are associated with an
increased brain/body weight ratio in infants dying in SIDS
during the vulnerable period from birth to 3 months [85].

Tyrosine hydroxylase

Catecholamines, most notably noradrenalin, act as neuro-
transmitters in the brain stem and basal ganglia, and are,
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together with serotonin, of importance with regard to
respiratory regulation and arousal. Both mechanisms may
be impaired in SIDS. Genetic variants of the tyrosine
hydroxylase gene influence the production of noradrena-
lin, and of particular importance is a short tandem repeat
marker in intron 1 (THOI). In a study of 172 German
Caucasian SIDS cases, the THO1 9.3 allele was shown to
be more frequent in SIDS cases than in 390 living infant
controls, which may indicate that noradrenalinergic neu-
ronal activity may contribute to the mechanism of death in
a subset of SIDS victims [86]. The 9.3 allele results in
increased activity of tyrosine hydroxylase [87], and may
contribute to an impairment of breathing control or
arousal.

Sodium/proton exchanger NHE3

The sodium/proton exchanger NHE3 has an important role
in neural control of breathing and it has been shown that
over-expression may lead to apnea, which may be a risk
factor for SIDS. Preliminary studies demonstrated a
significantly higher NHE3 expression in the medulla
oblongata in SIDS cases compared to controls [88]. The
gene encoding NHE3 has been investigated in 251 German
SIDS cases and 220 controls (50 diseased infants and 170
living adults), and three polymorphisms were found
(C2403T, G1131A and C1197T). In total, 49% of the SIDS
cases had a mutation, compared to 30% of controls [89].
The authors conclude that disturbed breathing control due
to a genetic determined over-expression of NHE3 in the
brainstem may be involved in SIDS.

Fatty acid metabolism

The most investigated gene with regard to sudden infant
death is the MCAD gene, which catalyses the first step in
the f-oxidation of fatty acids. The most prevalent mutation
causing MCAD deficiency is A985G, and this mutation has
been investigated in at least nine studies including 2587
SIDS cases and 4636 controls [90-98]. In this series 16
SIDS cases had the A985G mutation (0.6%), and only two
of the cases were homozygous for the mutation, and thus
had MCAD deficiency as the cause of death. The G583A
mutation has also been investigated, however the mutation
was not identified in any cases [99]. Other rare mutations
are the splice mutation IVS3-1G in the MCAD gene,
detected in one sudden death in an Arabic infant [100], and
a deletion mutation in the carnitine transporter OCTN2
gene, detected in two SIDS cases belonging to Hungarian
Roma families [101]. Altogether the findings indicate that

MCAD deficiency is not a frequent cause of sudden unex-
pected infant death.

Apolipoprotein E

Apolipoprotein E (ApoE) is a protein primarily involved in
lipoprotein and cholesterol metabolism. ApoE is expressed
in large amounts in brain tissue, and there is growing
evidence that there is an interaction between ApoE, lipid
metabolism and immune responses in the central nervous
system. The ApoE genotype is controlled by three alleles at
a single locus, designated e2, e3 and e4. Becher et al.
investigated the ApoE gene in 167 SIDS cases and
371 living healthy newborns, but found that children
dying from SIDS had the same allele distribution as con-
trols [102].

Glucose metabolism

Glucokinase and glucose-6-phosphatase are two key
enzymes in blood glucose homeostasis, and it has been
hypothesised that mutations in their genes may be involved
in SIDS. Forsyth et al. have investigated the genes encoding
these two enzymes in SIDS cases and controls [103] and
found four polymorphisms in the glucokinase gene, and one
polymorphism in the glucose-6-phosphatase gene, none of
which were associated with SIDS. Another study investi-
gated the promoter region of the gene encoding glucose-6-
phosphate transporter (G6PT1) in 170 SIDS cases and 64
diseased infant controls [104]. A novel promoter polymor-
phism, -259C/T, was found, and the -259T allele frequency
was greater in term SIDS infants compared to both term
control infants and preterm SIDS infants. The T allele results
in a decreased expression of the gene, which the authors
speculated makes the infants vulnerable to repeated hypo-
glycemic episodes [104].

mtDNA

Apathy, increased sleepiness, and a lower activity score
have been reported in infants that later died from SIDS
[105-107]. A mitochondriopathy resulting in decreased
ATP production has therefore been hypothesized in SIDS.
A higher substitution frequency observed in the D-loop in
SIDS cases compared to controls indicates that mtDNA
instability may play a role [108, 109], and at least 60
different mutations have been observed in coding regions
of mtDNA in victims of sudden death [110-117]. However,
so far no predominant mtDNA mutation has been found to
be associated with SIDS, which makes it difficult to
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conclude that mtDNA is of great importance with regard to
sudden unexpected death.

Overheating

Overheating is a well known risk factor for SIDS [118, 119],
and it may be speculated that this is due to a genetic pre-
disposition to inadequate thermal regulation. Two proteins
important for thermal regulation have been investigated in
cases of SIDS: uncoupling protein 1 (UCP1) and heat shock
proteins (hsp) [120, 121]. Only one polymorphism in the
UCP1 gene has been investigated so far, which was not
found to be associated with SIDS [121]. For the heat shock
proteins an association between loss of a Mspl restriction
site in the hsp60 gene and SIDS has been observed, how-
ever, only 12 SIDS cases were included in the study [120].
A study sequencing the genes encoding the mitochondrial
hsp60/hsp10 chaperone complex in 61 SIDS cases and 50
living adult controls did not disclose any evidence that these
genes play a major role in SIDS, even though some varia-
tion was identified that may represent genetic modifiers
with subtle effects [122].

Detoxification processes

Maternal smoking is a key risk factor for SIDS. Conse-
quently, genes involved in nicotine metabolism have been
identified as possible candidate genes for further study of
the genetic basis for SIDS. Glutathione S-transferase theta
1 (GSTT1), and cytochrome p-450 1A1 (CYP1Al) are
two enzymes involved in metabolic detoxification pro-
cesses. Polymorphisms in both genes have been reported
to impact upon the detoxification process for cigarette
smoke, and have also been associated with low birth
weight [123-125]. However, when investigating known
polymorphisms in these genes in 106 SIDS cases and 106
infant controls matched for gender and ethnicity, no
associations were found between any of the polymor-
phisms and SIDS [126].

Another enzyme metabolising nicotine is flavin-
monooxygenase 3 (FMO3). This gene has been investi-
gated in 159 German SIDS cases and 170 living adult
controls [127]. It was found that the 472AA genotype
occurred more frequently in SIDS cases than in controls
(P = 0.005) and was more frequent in those SIDS cases
whose mothers reported heavy smoking (P = 0.008). The
472A allele results in reduced enzyme activity [128] and
the authors concluded that the polymorphism G472A could
act as an additional genetic risk factor for SIDS in children
whose mothers smoke.
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Copy number variation

Copy number variation (CNV) is duplication or deletion of
large segments of DNA, and approximately 2000 CNVs
have been described in the human genome. CNVs that
effect critical developmental genes may cause disease.
Toruner et al. investigated 27 SIDS cases, and found CNV
variation in three of them, however the study did not
include any controls [129]. One case had a three megabase
(Mb) duplication on chromosome 8, as well as a 4.4 Mb
deletion on chromosome 22, and based on this, as well as a
detailed family history, it is clear in retrospect that
this infant had a syndromic genetic disease. Cases 2 and 3
had a 240 kb duplication and a 1.9 Mb deletion, both on
chromosome 6. These areas on chromosome 6 include the
major cluster of histone genes, and it is plausible that
dosage of histone-encoding genes has an impact on their
expression, and thus in turn on the global regulation of
gene expression. The observed CNVs should however,
according to the authors, not be regarded as a causative
factor for SIDS, but rather as a predisposing genetic
factor [129].

Conclusion

Studies of gene variants in SIDS support the view that there
are genetic risk factors predisposing to sudden unexpected
death in infants. However, only when a gene has been
investigated in large cohorts of SIDS cases from different
countries can conclusions with regard to casual effects be
considered valid. Furthermore, it is important to distinguish
between lethal mutations leading to disease and possibly
death, and polymorphisms that are normal gene variants
that might be suboptimal in critical situations and thus
predispose to sudden infant death (Fig. 1) [130]. Most
likely the genetic predisposition to SIDS operates as a
polygenic inheritance pattern that predisposes to sudden
infant death in combination with environmental risk fac-
tors. It appears most likely that the genes involved in the
immune system, in the regulation of cardiac function, in
the serotonergic network, and in brain function and
development are the most important with regard to SIDS
[130-132].

Key points

1. In sudden unexpected infant death, it is important to
search for potentially lethal mutations. Cases with such
mutations should be excluded from the SIDS group.

2. Infants may die from SIDS when three conditions
occur at the same time: a genetic predisposition, a
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vulnerable developmental stage of the CNS and/or the
immune system, and a trigger event.

The genetic predisposition to SIDS most likely repre-
sents a polygenic inheritance.

Genes involved in the regulation of the immune
system, cardiac function, the serotonergic network and
brain function and development have so far emerged as
the most important with regard to SIDS.
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