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Abstract Sudden infant death syndrome (SIDS) is a multi-
factorial syndrome and assumingly, among other mechanisms,
a deficit in respiratory control leads to a failure of arousal and
autoresuscitation when the child is challenged by a stressful
homeostatic event, e.g., hypoxia. We hypothesize that genetic
polymorphisms involved in respiratory control mediated in
the medulla oblongata contribute to SIDS. Therefore, a total
of 366 SIDS cases and 421 controls were genotyped for 48
SNPs in 41 candidate genes. Genotyping was performed using
Fluidigm nanofluidic technology. Results were obtained for
356 SIDS and 406 controls and 38 SNPs. After correction
for multiple testing, one SNP retained a nominally significant
association with seasonal SIDS: rs1801030 in the phenol
sulfotransferase 1A1 gene (subgroup: death occurring during
summer). A borderline association could be also observed for
rs563649 in the opioid receptor μ1 gene in a recessive model
(subgroup: death occurring during autumn). As a conclusion,
although these data suggest two SNPs to be associated with
different subgroups of SIDS cases, none of them can fully
explain the SIDS condition, consistent with its multifactorial

etiology. Given the great complexity of respiratory control and
our initial findings reported here, we believe it is worthwhile
to further investigate genes involved in the respiratory system.

Keywords SIDS . Respiratory control . Gene association
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Introduction

Sudden infant death syndrome (SIDS) is the leading cause of
death in infants aged between 1 month and 1 year with a mean
incidence rate of approximately five per 10,000 live births in
developed countries [1]. A genetic basis for SIDS has been
considered for long and genes investigated so far are involved
either in early embryologic development, cardiac function,
transmitter function in the brainstem, or regulation of the im-
mune system and respiratory function [2–7]. The so-called
brainstem hypothesis states that an important subset of SIDS
deaths occurs as the result of a failure of protective responses
(e.g., arousal reaction) to homeostatic stressors, such as hypo-
tension or prolonged apnea, which primarily occur during sleep
[8]. Short physiological periods of apnea are quite common in
sleeping newborns; long-lasting apneas, however, are a sign of
either a disturbed energy provision of the brainstem, or the
result of a pathological or immature respiratory network [9].

The respiratory network located in themedulla oblongata is
responsible for rhythmogenesis [10]. Various neuromodulators
control the activity of the rhythm-generating network and
therefore, serotonin, substance P, noradrenalin, and others play
a crucial role by intervening in the many synaptic interactions
between respiratory neurons [11].

Within the respiratory network, acetylcholine acts on nico-
tinic (α4β2) or muscarinic (M2 andM3) receptors. While M3
receptors are excitatory and positively coupled to a Gq/11
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protein, M2 receptors are inhibitory and suppress adenylyl
cyclase C [12]. Substance P has primarily excitatory effects
and binds to three main receptor types: NK1, NK2, and NK3
receptors. NK1 receptors are located within the preBötC re-
gion, and they are coupled to excitatory Gq/11 protein, and they
modulate Na+, Ca2+, and K+ channels [13]. Further, excitatory
transmitters are cholecystokinin, acting on CCK1 receptors
within one or more medullary or pontine respiratory groups,
thyrotropin-releasing hormone, which induces bursting prop-
erties in neurons of the Ncl. tractus solitarius, and histamine,
acting primarily on H1 receptors [14–16]. Primarily, inhibito-
ry modulators are opioids and somatostatin [17]. While the
mechanisms of action of somatostatin are not fully under-
stood, activation of opioid receptors κ and μ depresses the
frequency of respiratory activity [18, 19]. Dopamine, seroto-
nin, and noradrenaline are examples of transmitters that exert
both inhibitory and excitatory effects by acting on different
receptors. Although the biphasic modulation of the respiratory
rhythm seems to be best explained by the activation of 5-HT2A

(excitatory), 5-HT2C (excitatory), and 5-HT1A (inhibitory), the
natural conditions activating these receptors remain to be elu-
cidated [20]. However, the release of different modulators is
obviously highly regulated and coordinated by the respiratory
system, and neuromodulators with apparently similar effects
may have complex modulatory consequences when simulta-
neously released [11].

We hypothesize that polymorphisms located in genes cod-
ing for some of the key modulators of respiratory control
might present a genetic background in the etiology of SIDS
that might lead to a decreased ability in handling stressful
respiratory events. Thus, we opted to type 366 SIDS cases
and 421 control cases for 48 polymorphisms in 41 candidate
genes associated with respiratory control (see Table 1).

Materials and methods

Patients and methods

The SIDS group comprised 366 Caucasian infants (229 males
and 137 females, mean age at death 130 days, age range 5–
365 days) from Germany who died unexpectedly in their first
year of life, and whose deaths remained without a definite
cause despite thorough post mortem examination. The sam-
ples were drawn from case collections in Hannover and
Göttingen. Information on sleeping position, date of birth,
and death were obtained from the respective autopsy report.
The control group comprised samples from 421 healthy Ger-
man Caucasian children and adults (228 males and 193 fe-
males) obtained from consenting volunteers and routine pater-
nity testing. The cohort comprised 134, aged between 8 and
12 months (and thus past the peak prevalence of SIDS), 56
girls and 78 boys. Due to anonymization of the samples, an

exact mean age could not be given, but most children were in
the lower half of this range. When comparing the typing re-
sults for these healthy children and the 287 adults in the con-
trol cohort, no significant differences were noted. This study
has been approved by the local ethics committee at Hannover
Medical School.

Genomic DNAwas extracted from either blood, saliva, or
tissue samples using the QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruc-
tions as described (@). For genotyping, allele-specific
SNPtype assays were run on 192.24 Dynamic Arrays using
the Biomark EP1 platform (Fluidigm Corp., South San
Francisco, CA, USA) [21]. Primers (FAM and HEX-labeled,
detecting either one allele of the respective SNP) used in this
study were designed by Fluidigm (see supplementary table 1).
Specific target amplification (STA) of 190 samples and two
non-template controls (NTCs) per array was performed using
2× Multiplex PCR Master Mix (Qiagen, Hilden, Germany),
10× SNPtype STA Primer Pool, PCR-certified water and ge-
nomic DNA. Thermocycling conditions on a 7500 Real-Time
PCR System (Life Technologies, Darmstadt, Germany) were
as follows: 15 s at 95 °C followed by 14 cycles of 15 s at
95 °C, and 4 min at 60 °C. STA products were diluted 50-fold
with 1× TE buffer. Before loading the biochip, both 10× assay
mix and sample mix were prepared: The 10× assay mix com-
prised of 2 μl 2× Assay Loading Reagent (Fluidigm), 1.2 μl
PCR-certified water, and 1 μl SNPtype assay mix (Fluidigm),
whereas the sample mix contained 2.25 μl 2× Fast Probe
Master Mix (Biotium, Hayward, CA, USA), 0.225 μl
SNPtype 20× Sample Loading Reagent (Fluidigm), 0.075 μl
SNPtype Reagent (Fluidigm), 0.027 μl ROX (Invitrogen,
Carlsbad, CA, USA), 0.048 μl PCR-certified water, and 2 μl
STA product (1:50). Each array was loaded with 190 samples,
two NTCs and 24 SNPtype assays: 3 μl of each assay and
sample mix was pipetted into separate inlets on the frame of
the Dynamic Array chip following the manufacturer’s instruc-
tions. Samples and assays were mixed using the IFC Control-
ler RX (Fluidigm). The Dynamic Array was then subjected to
thermocycling on the Fluidigm Biomark EP1 platform
(Fluidigm), following the default PCR protocol. FAM and
HEX signals were detected after each PCR cycle, and to ob-
tain genotype calls, resulting data were analyzed using the
Fluidigm SNP Genotyping Analysis software version 3.
Eighty samples were run in duplicates for internal quality
control.

Data analysis

Cluster plots were manually inspected, and SNPtype assays
with poor clustering or call rates below 90 % were eliminated
from the study (one assay). Further, Hardy-Weinberg equilib-
rium was tested using χ2 tests, and SNPs with significant
deviations from HWE were omitted (six assays). Finally,
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Table 1 Forty-eight candidate of single nucleotide polymorphisms (SNPs) in 41 genes related to respiratory control mediated in themedulla oblongata

Transmitter Receptor Gene refSNP accession no. Respiratory effect Major/minor allele

ACh M2 CHRM2 rs324650 − T/A

M3 CHRM3 rs2165870 + G/A

CHRNA4 rs2236196 + A/G

5-HT 1A HTR1A rs1799921 +/− A/G

2A HTR2A rs6311 +/− C/T

2B HTR2B rs10194776 + C/T

3 HTR3A rs1150226 + G/A

4 HTR4 rs7735184 + G/T

7 HTR7 rs1935349 + C/T

Substance P NK1 TACR1 rs6715729 + G/T

NK2 TACR2 rs5030920 + T/C

NA α1A ADRA1A rs2229125 + T/G

Histamine H1 HRH1 rs346070 + C/T

HRH1 rs346074 C/T

ATP P2X2 P2RX2 rs11146975 + T/C

ADP/ATP P2Y1 P2RY1 rs1371098 + C/T

P2RY1 rs701265 + A/G

Adenosine A1 ADORA1 rs3766553 − A/G

A2a ADORA2A rs3761422 − C/T

Cholecystokinin CCK2 CCKBR rs2929183 + A/G

TRH TRHR TRHR rs7832552 + C/T

DA D2 DRD2 rs1799978 − A/G

Opiods μ OPRM1 rs563649 − C/T

δ OPRD1 rs569356 − A/G

SST SSTR2 SSTR2 rs1466113 − G/A

SSTR3 SSTR3 rs4821602 − C/A

SSTR4 SSTR4 rs2567608 − A/G

GABA GABAA (α2β2γ) GABRB3 rs4906902 − A/G

Glutamate NMDA GRIN2B rs3764028 + C/A

Glycine GlyR GLRA1 rs6579913 − A/G

GLRA3 rs3811762 − T/G

GLRB rs145671356 − C/T

GLRB rs151023274 − C/T

Transmitter Transporter Gene refSNP accession no. Respiratory effect Major/minor allele

5-HT SERT SLC6A4 rs1042173 − A/C

SLC6A4 rs3813034 − A/C

Glutamate VGLUT1 SLC17A7 rs1043558 − T/G

GABA GAT1 SLC6A1 rs2930152 + G/A

Glycine GlyT2 SLC6A5 rs1443548 + G/A

Transmitter Enzyme (degradation) Gene refSNP accession no. Respiratory effect Major/minor allele

Catecholamines COMT COMT rs4680 +/− A/G

Monoamine MAOA MAOA rs6323 +/− T/G

MAOA rs979605 +/− G/A

MAOB MAOB rs10521432 +/− G/A

MAOB rs6651806 +/− A/C

ACh AChE ACHE rs2571598 +/− G/A
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assays that turned out to be monomorphic in our study popu-
lation were excluded from further data analysis (three assays).
Twenty-five samples had to be excluded from the study, be-
cause of either unmet inclusion criteria of the SIDS group or
controls, or genotyping failures (after second genotyping).
Statistical analysis was then performed with Sequence Varia-
tion Suite 7.0 (Golden Helix Inc.) on unambiguous results for
38 SNPs. Genetic association between single loci and SIDS
was calculated usingχ2 test for allele frequency distribution as
a basic allelic test and using a Cochrane-Armitage trend test
for genotype distribution under an additive risk model. Final-
ly, homozygous major allele genotypes or homozygous minor
allele genotypes were compared between cases and controls
under a dominant or recessive model, respectively. The accu-
mulation of type I error due to multiple testing was addressed
using false discovery rate (FDR) correction. In addition to the
main analysis, samples were stratified into 4 different subcat-
egories according to parameters known to increase the risk of
SIDS, including gender (four test models: females only (SIDS
n=124, controls n=187); female SIDS cases versus all con-
trols; males only (SIDS n=215, controls n=219); and male
SIDS cases versus all controls), age at death (four test models:
0–4 months (n=195); 4–8 months (n=87); 8–12 months (n=
48); and 2–4 months (n=112); each versus all controls),
sleeping in the prone position (n=92 versus all controls),
and a season category as a proxy for outside temperature at
the time of death (six test models: spring (n=87), summer (n=
75), autumn (n=72), winter (n=97), warm season (spring +
summer; n=162), and cold season (autumn + winter; n=169,
all were tested versus all controls).

Results

A total of 762 samples (356 SIDS and 406 controls) were
successfully genotyped for 38 loci and were subjected to data
analysis. We achieved a call rate above 96 % from the 762
samples genotyped for 38 SNPs. Concordance rates were
100 % for 30 SNPs and 98.7 % for eight SNPs.

In the stratified analysis, none of the SNPs showed a sig-
nificant main effect (see supplementary table 1), but 21 SNPs
fell below a significance level of α=0.05 in any one of the

four subgroups (Table 2). After correction for multiple testing,
one SNP remained with a significantly different genotype dis-
tribution between SIDS and controls: the rare G allele of SNP
rs1801030, encoding the missense variant p.M223V in the
phenol sulfotransferase 1A1 gene, which was found in three
cases of the SIDS “summer” subgroup (both, additive model
and dominant model: χ2/Armitage FDR=0.004), but neither
in any other SIDS subgroups nor in the control group. The
SNP rs563649, located in the 5′-untranslated region (5′-UTR)
of the opioid receptor μ1 gene, showed borderline signifi-
cance regarding rare homozygotes (T/T) in the SIDS “au-
tumn” subgroup compared to controls (recessive model, χ2

FDR=0.049, OR=16.4 (95% CI=1.68–160)). Two further
SNPs gave significant results at α=0.05 in more than three
SIDS subgroups before correction for multiple testing: SNP
rs7735184 (subgroups “males only”, “males vs. all controls”,
“0–4 months”, and “prone sleep position”) and SNP
rs7832552 (subgroups “2–4 months”, “0–4 months”, “win-
ter”, and “autumn + winter”). These findings did not remain
statistically significant after FDR correction, but may still in-
dicate a biological relevance for the etiology of SIDS.

Discussion

A deficit in brainstem-mediated respiratory and autonomic
control, including reduced chemoreceptor sensitivity, failure
to initiate inspiration, respiratory rhythm abnormalities, and
gasping deficit, seems to be the main contributor to a failure
of arousal, and therefore autoresuscitation, when the child is
challenged by a stressful homeostatic event, e.g., hypoxia and/
or hypercapnia [22].

Although there is good evidence that the most important
neurotransmitter playing a role in SIDS is serotonin, we still
believe it is worthwhile to also investigate other than
serotonin-related genes. Our candidate approach in the present
study was based on reviews covering neurotransmitters in
brainstem respiratory neurons [11, 23], and we opted to geno-
type 787 samples for 48 polymorphisms in genes that encode
receptors, transporters, and enzymes involved in synthesis or
degradation of transmitters associated with respiratory control
(see Table 1).

Table 1 (continued)

Various SULT SULT1A1 rs1801030 +/− A/G
SULT1A1 rs9282861 +/− C/T

Transmitter Enzyme (synthesis) Gene refSNP accession no. Respiratory effect Major/minor allele
Catecholamines TH01 TH rs10770141 + G/A
DA, 5-HT, NA DDC DDC rs12718541 + G/A

Abbreviations: ACh acetylcholine, 5-HT 5-hydroxytryptamine (serotonin), NA noradrenalin, ATP adenosine triphosphate, ADP adenosine diphosphate,
TRH thyrotropin releasing hormone, DA dopamine, SST somatostatin, GABA gamma-aminobutyric acid, (+) excitatory effect on respiratory drive, (−)
inhibitory effect on respiratory drive
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Table 2 Statistical analysis of 762 samples (356 SIDS and 406 controls) for 38 single nucleotide polymorphisms (SNPs) in genes involved in
respiratory control

Marker Basic allelic test Additive model Dominant model Recessive model

χ2 P χ2 FDR Armitage P Armitage FDR χ2 P χ2 FDR χ2 P χ2 FDR

Females only

rs563649 0.017 0.752 0.015 0.674 0.010 0.424 0.862 1.000

Females vs. all controls

rs1043558 0.020 0.294 0.018 0.260 0.016 0.236 0.359 0.956

rs1801030 0.004 0.087 0.004 0.172 0.004 0.172

rs2929183 0.021 0.230 0.023 0.249 0.032 0.353 0.158 0.701

rs5030920 0.027 0.241 0.031 0.275 0.067 0.422 0.080 0.460

Males only

rs7735184 0.046 0.502 0.045 0.490 0.007 0.294 0.779 1.000

Males vs. all controls

rs7735184 0.177 0.650 0.167 0.817 0.018 0.268 0.609 1.000

2–4 months

rs6311 0.171 1.000 0.172 1.000 0.982 0.982 0.010 0.411

rs7832552 0.083 0.915 0.084 1.000 0.020 0.868 0.842 1.000

0–4 months

rs7735184 0.196 0.959 0.185 1.000 0.021 0.472 0.592 0.986

rs7832552 0.030 0.667 0.031 0.692 0.012 0.518 0.629 0.968

4–8 months

rs1150226 0.035 0.311 0.038 0.564 0.048 0.349 0.293 0.925

rs1801030 0.032 0.356 0.032 0.709 0.032 1.000

rs3811762 0.028 0.416 0.032 1.000 0.033 0.723 0.301 0.883

rs563649 0.916 1.000 0.914 1.000 0.739 0.957 0.027 1.000

8–12 months

rs1043558 0.066 0.965 0.062 0.903 0.221 0.970 0.024 0.498

rs1801030 0.004 0.193 0.004 0.192 0.004 0.192

rs346074 0.019 0.413 0.017 0.379 0.031 0.682 0.104 0.710

rs3764028 0.449 0.940 0.460 0.963 0.847 1.000 0.004 0.167

Prone sleep position

rs2229125 0.209 0.998 0.227 1.000 0.413 1.000 0.039 0.402

rs346074 0.015 0.627 0.014 0.619 0.007 0.299 0.342 1.000

rs563649 0.699 1.000 0.695 1.000 0.399 1.000 0.034 0.464

rs7735184 0.109 0.784 0.098 0.706 0.921 0.990 0.004 0.175

Spring

rs2165870 0.037 1.000 0.058 1.000 0.112 1.000 0.058 1.000

Summer

rs1801030 0.0001 0.004 0.0001 0.004 0.0001 0.004

rs3761422 0.043 0.468 0.045 0.498 0.013 0.197 0.607 0.934

rs5030920 0.024 0.357 0.027 0.392 0.040 0.436 0.163 1.000

Spring+summer

rs1801030 0.007 0.162 0.007 0.161 0.007 0.161

rs3761422 0.049 0.539 0.052 0.571 0.027 0.299 0.452 1.000

rs5030920 0.021 0.301 0.022 0.319 0.021 0.310 0.303 1.000

Autumn

rs1150226 0.074 0.794 0.073 0.788 0.028 1.000 0.324 0.780

rs12718541 0.041 0.872 0.041 0.881 0.253 0.838 0.019 0.199

rs2229125 0.231 0.620 0.250 0.717 0.485 0.869 0.023 0.190
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We found that the TT genotype of rs563649 in the opioid
receptor μ1 gene OPRM1 showed a borderline association
with children who died of SIDS in autumn. Autumn is a sen-
sitive “transition period” during which a respiratory infection
is more likely to occur which precedes a multitude of SIDS
cases. SNP rs563649 is located within a structurally conserved
internal ribosomal entry site (IRES) in the 5′-UTR of an alter-
natively spliced OPRM1 isoform (MOR-1K) [24, 25]. IRESs
need to have a precise secondary structure for proper function-
ing, and it was shown that the rare T allele of rs563649 causes
a less optimal base pairing leading to a truncated 6 transmem-
brane (6TM) OPRM1 isoform rather than the canonical 7TM
OPRM1. The 6TM isoform is suggested to display excitatory
rather than inhibitory effects, explaining the findings of less
analgesia following morphine administration in subjects with
one or two Talleles [24]. This is an interesting finding because
we had expected to find a more potent opioid receptor (sup-
pressing respiratory drive more effectively) rather than a low-
efficiency receptor variant (displaying rather excitatory ef-
fects) in SIDS cases.

The other SNP showing a significant result was rs1801030,
located in SULT1A1 , the gene coding for phenol
sulfotransferase 1A1. SULT1A1 catalyzes the sulfate conjuga-
tion of small phenols, such as neurotransmitters and steroid
hormones, and rs1801030 defines the SULT1A1*3 allozyme
with a p.M223V change (c.A667G) [26]. The *3 variant has a
similar or lower intrinsic enzyme activity compared to both

the *1 and *2 variant, depending on the substrate [27]. The
enzyme activity with regard to serotonin, dopamine, or (nor)
adrenaline has not been investigated yet, though one can as-
sume a normal-activity allozyme that has no effect on the
catabolism on the before-mentioned neurotransmitters [28].
It was recently suggested that this polymorphism might be
involved in sudden cardiac death after food intake and this
might also apply to SIDS, in which often a full stomach is
found upon autopsy [29]. Nevertheless, it is notable, that all
heterozygotes detected (n=4) occurred exclusively in the
SIDS group with three of these cases having died in summer.
This finding might indicate an involvement of rs1801030 in
the etiology of SIDS but, as a note of caution, this result is
based on a very small number of carriers. Data from the 1000
Genomes Project (http://browser.1000genomes.org/index.
html) document a carrier frequency of 4 % in Europeans
which would exceed our frequency in SIDS. Clearly, larger
sample sizes will be required to define the effect of the p.
M223V variant, if any, in the etiology of this condition. It
remains unclear, however, why this association is valid only
during summer. One explanation, among others, might be that
the spectrum of mechanisms causative for SIDS might differ
between seasons: In the cold season respiratory virus
infections are common and might lead, according to the
triple risk hypothesis, to SIDS. During summer, such
infections are uncommon, and thus other mechanisms more
related to SULT1A1 might prevail.

Table 2 (continued)

Marker Basic allelic test Additive model Dominant model Recessive model

χ2 P χ2 FDR Armitage P Armitage FDR χ2 P χ2 FDR χ2 P χ2 FDR

rs563649 0.519 0.798 0.516 0.854 0.948 1.000 0.001 0.049

rs6311 0.272 0.650 0.275 0.696 0.789 1.000 0.019 0.256

rs6579913 0.021 0.922 0.019 0.801 0.214 0.919 0.004 0.087

Winter

rs10194776 0.259 0.928 0.275 1.000 0.950 0.996 0.029 1.000

rs1150226 0.020 0.858 0.022 0.949 0.028 0.400 0.257 0.658

rs563649 0.038 0.822 0.034 0.731 0.017 0.751 0.293 0.667

rs7832552 0.080 0.574 0.082 0.703 0.019 0.415 0.861 0.981

Autumn+winter

rs2236196 0.154 0.825 0.148 1.000 0.034 0.741 0.601 0.764

rs4906902 0.035 0.498 0.041 0.873 0.035 0.496 0.423 0.711

rs563649 0.340 0.975 0.342 1.000 0.104 0.639 0.015 0.213

rs7832552 0.012 0.512 0.013 0.543 0.005 0.203 0.461 0.717

Samples were grouped into 15 different subcategories. Allele frequencies (“basic allelic test”) and homozygote frequencies (“dominant model”,
“recessive model”) were compared between case and control groups using χ2 tests. Trends for genotypes were compared using the Cochrane-Armitage
test (“additive model”). False discovery rate (FDR) was used to correct for multiple testing. After stratified analysis, 21 SNPs fell below a significance
level ofα=0.05 (bold). After correction for multiple testing, two SNPs (rs563649 and rs1801030) remained nominally significant (bold italics). Only the
tests that showed significance before correction for multiple testing were shown, the remaining results are displayed in the Electronic supplementary
material (ESM Table 2)
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Additionally, two SNPs showed significant results in more
than one SIDS subgroup before correction for multiple testing:
Firstly, rs7832552, located within the thyrotropin-releasing
hormone receptor gene TRHR [30], in the subgroups of SIDS:
“0–4 months”, “2–4 months”, “autumn and winter”, and
“winter”, suggesting a possible association with death at an
early stage in late season. Secondly, rs7735184, located in
HTR4, the gene encoding 5-hydroxytryptamine (serotonin)
receptor 4 [11] for which our uncorrected results show that
homozygous T allele carriers appeared significantly more fre-
quent in the SIDS subgroups “males only”, “males vs. all
controls”, and “prone sleep position”whichmight suggest that
the T allele displays a less efficient variant of the serotonin 4
receptor resulting in a reduced reaction to stresses of the pul-
monary system such as impaired breathing due to a prone
sleep position.

Although two polymorphisms, rs563649 and rs1801030,
showed significant results in our stratified analysis, the inter-
pretation is limited in view of the highly complex regulation of
respiratory control that ranges from the level of chemorecep-
tion to the level of central networks (especially the VRG) and
to motor neurons in the spinal cord. An additional difficulty is
the fact that the same transmitter can result in various effects
on respiratory activity by acting on different receptors or by
being released with different cotransmitters. A further inter-
esting question is, whether and to what extent different
neuromodulators can compensate for each other in case of
impairment of one transmitter (system). Future genetic asso-
ciation studies may help to unravel additional pieces of this
network of interacting modules.

This study is among the largest case control studies on
SIDS, both in terms of sample size and numbers of polymor-
phisms. Most comparable studies have a cohort size of well
under 200 [e.g., 31–33], and recently, it was proposed that
such a study should ideally comprise at least 200 case samples
[34]. This criterion would be almost doubly fulfilled by our
study on 366 SIDS cases and 421 controls. Nevertheless, it
remains that our control sample consists of adults and infants.
However, as both groups did not differ statistically, we are
optimistic that the inferences drawn from this study are not
biased by this fact.

In this large stratified case-control study, we provide
evidence for a significant association of a subset of SIDS
cases with two polymorphisms in selected candidate genes
related to respiratory control: opioid receptor μ1 (OPRM1,
subgroup: autumn) and sulfotransferase 1A1 (SULT1A1,
subgroup: summer). In view of our findings presented
here, it is unlikely that one of the investigated polymor-
phisms exerts a strong main effect on the predisposition
towards SIDS. In a polygenic context, however, several
gene variants in one infant may result in a significant
impairment of respiratory control which may be lethal in
combination with other exogenous risk factors.
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