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Abstract Sudden infant death syndrome (SIDS) is a
frequent cause of death among infants. The etiology of
SIDS is unknown and several theories, including fatal
ventricular arrhythmias, have been suggested. We per-
formed an epidemiological and genetic investigation of
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SIDS victims to estimate the presence of inherited long
QT syndrome (LQTS) as a contributor for SIDS. Forty-
one consecutively collected and unrelated SIDS cases
were characterized by clinical and epidemiological criteria.
We performed a comprehensive gene mutation screening
with single-strand conformation polymorphism analysis
and sequencing techniques of the most relevant LQTS
genes to assess mutation frequencies. In vitro characteriza-
tion of identified mutants was subsequently performed by
heterologous expression experiments in Chinese hamster
ovary cells and in Xenopus laevis oocytes. A positive fam-
ily history for LQTS was suspected by mild prolonged
Q-T interval in family members in 2 of the 41 SIDS cases
(5%). In neither case, a family history of sudden cardiac
death was present nor a mutation could be identified after
thorough investigation. In another SIDS case, a heterozy-
gous missense mutation (HI05L) was identified in the
N-terminal region of the KCNQI (LQTS 1) gene. Despite
absence of this mutation in the general population and a
high conservational degree of the residue H105 during
evolution, electrophysiological investigations failed to
show a significant difference between wild-type and
KCNQ1y9s51/minK-mediated I, currents. Our data sug-
gest that a molecular diagnosis of SIDS related to LQTS
genes is rare and that, even when an ion channel mutation is
identified, this should be regarded with caution unless a
pathophysiological relationship between SIDS and the
electrophysiological characterization of the mutated ion
channel has been demonstrated.

Keywords Sudden infant death syndrome - Long QT
syndrome - Arrhythmia - Genetics

Introduction

Despite considerable decline in incidence, sudden infant
death syndrome (SIDS) is still the leading cause of death
among infants between 8 and 365 days of age [1]. In
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Germany, the incidence of SIDS decreased from 602 cases
reported in 1998 to 359 in 2002, which is a relative decline
of 0.77 to 0.5 per 1,000 live births [2]. Similar statistics
have been reported by most industrialized countries [3].

Several theories on the causes of SIDS have been pro-
posed in the past, but only a few have clearly been proven
mostly in observational cases. These theories also include
cardiovascular causes (e.g. viral myocarditis, abnormal re-
flexes and abnormalities of the cardiac conduction system)
[4, 5], but the extent of cardiac and non-cardiac causes for
SIDS remains unclear. In addition, ventricular tachycardia
or fibrillation, often found in the absence of structural
heart disease (so-called primary electrical disorders), has
been associated with sudden cardiac death (SCD) in ne-
onates and raised the suspicion about a potential role in
SIDS [6, 7]. One such disorder is the long QT syndrome
(LQTS), which is characterized by increased vulnerability
of the myocardium with an increased propensity to de-
velop ventricular fibrillation. It had already been proposed
as a cause for SIDS in 1976 [8]. Since that time, several
studies have investigated a potential association of pro-
longed Q-T interval in the surface electrocardiogram (ECG)
and SIDS, but the results were not concordant [9—14]. So
far, only one study used a genetic approach in SIDS by
systematically screening cardiac ion channel genes that are
known to cause congenital LQTS [15, 16]. In addition, case
reports of post-mortem analysis in LQTS genes that show
a relationship with SIDS exist [7, 17].

The aim of the present study was to investigate a sample
of consecutive SIDS cases for epidemiological and genetic
post-mortem evaluation by mutation analysis of major
LQTS genes.

Methods
Clinical and epidemiological investigations

In a total of 41 SIDS cases of sudden and unexpected infant
death, which occurred in 1991/1992 and 1995/1996 in the
northwestern area of Germany, a post-mortem examination
was performed. The investigation included a standardized
autopsy protocol similar to the International Standardized
Autopsy Protocol [18], with x-ray investigation, extensive
histology, neuropathology, toxicology, microbiology, vi-
rology and clinical chemistry [19]. Death scene examina-
tion was performed by police officers and, in some cases,
by specialists in legal medicine. Finally, an interdisciplin-
ary case conference with a paediatrician, a forensic pa-
thologist, an epidemiologist and a microbiologist took
place. The internationally accepted definition of SIDS,
first introduced in 1969 [20] and modified in 1989 by the
National Institute of Child Health and Human Develop-
ment [21], was applied. Cases were classified into three
categories [22]: (1) SIDS cases (inconspicuous in their
previous history, no pathological findings); (2) SIDS
cases with minor pathological changes, not being caus-
ative for death and (3) cases with pathomorphologically

determined cause of death (non-SIDS). Cases belonging
to category 3 were not included in this study.

Genetic analysis of LQTS genes

For DNA isolation, specimens were taken from the liver,
the spleen and the thymus, which have been frozen in
liquid nitrogen and stored at —80°C before. Extraction was
done using the NucleoSpin Tissue Kit (Macherey-Nagel,
Diiren, Germany). The purified DNA was eluted accord-
ing to the manufacturer’s instruction with 60 ul elution
buffer and stored at —20°C [23].

Screening for mutations of KCNQI, HERG, SCN5A,
KCNE] and KCNE?2 was performed with the polymerase
chain reaction (PCR), followed by single-strand confor-
mation polymorphism (SSCP) analysis (80% of amplicons)
and direct sequencing (20% of amplicons) using standard
procedures [24-27]. Fluorescence-labeled specific PCR
primers reported by Wang et al. [28], Splawski et al. [29]
and Abbott et al. [30] were used to amplify all coding
exons and exon/intron boundaries of LQTS 1-3 and 5-6.
Due to the size of some exons, we divided some of them
with overlapping primers (e.g. HERG exon 6-1 to 6-2).
Each exon was analysed at two specific temperatures (12
and 18°C), and fluorograms were compared to a known
wild type. SSCP analysis was performed on an ABI Prism
3700 Genetic Analyzer (Applied Biosystems, Boston,
MA, USA). Aberrant conformers were detected by differ-
ences in separation patterns compared to the wild type and
were subsequently analysed by DNA sequencing (ABI
Prism 3700 Genetic Analyzer, Applied Biosystems) on the
same devices.

Restriction enzyme analysis was used for independent
mutation detection of particular mutations. Ten microliter
of the PCR product was incubated with the restriction
endonuclease according to the manufacturer’s conditions
(New England Biolabs, Inc., Beverly, MA, USA). After the
reaction was completed, the DNA digests and the con-
trol samples were loaded on an agarose gel for further
electrophoresis.

Heterologous expression of mutant LQT 1
ion channel protein

Chinese hamster ovary (CHO) cells were grown in MEM
Eagle’s Alpha medium (Life Technologies, Paisley, Scot-
land) containing 10% fetal calf serum (Biochrom, Berlin,
Germany), penicillin (100 U/ml) and streptomycin
(100 mg/ml) (Life Technologies) in 50-ml flasks (NUNC,
Roskilde, Denmark) at 37°C in a humidified atmosphere
(5% CO,). Cells were subcultured in monodishes (NUNC)
before electrophysiological experiments. Transfection was
performed using 3.5 pl of the lipofectamine reagent (Gibco
BRL, Rockville, USA) and 0.5 pg of KCNQI, 0.5 pg of
KCNET1 and 0.5 pg EGFP plasmid DNA.



Oocytes from South African clawed frogs (Xenopus
laevis) were removed surgically under anaesthesia with
ethyl 3-aminobenzoate (Sigma, Munich, Germany). Two
nanograms of cRNA of KCNQI1 or 0.05 ng of KCNQI
together with 0.05 ng of KCNE1 cRNA in distilled water
(50 nl) was injected, and oocytes were maintained under
culture conditions at 18°C until used for experiments
(50 pg/ml gentamicin).

CHO currents were measured using an EPC-9 amplifier
and Pulse software 8.11 (HEKA Elektronik, Lambrecht,
Germany). Oocytes were voltage-clamped with an Oocyte
Clamp OC-725 amplifier (Warner Instruments, Hamden,
CT, USA). Recording electrodes were pulled from bo-
rosilicate glass capillary tubes (World Precision Instru-
ments, Saratoga, USA) and filled with (mM) 160 KCI,
0.5 MgCl, 10 HEPES, 2 Na-ATP; pH 7.2 (adjusted with
KOH). The external solution contained (CHO/oocytes,
mM) 135/79.5 NaCl, 5/2 KCl, 2/2 CaCl,, 2/1 MgCl,,
5/5 HEPES, 10 sucrose, 0.1 mg/ml phenoled (all from
Sigma, Deissenhofen, Germany); pH 7.4/7.5 (adjusted with
NaOH). The holding potential was —80 mV (CHO) and
—100 mV (oocytes), and the depolarizing test potentials
(5 s) ranged from —90 to +80 mV in 10-mV steps. Tail cur-
rents (500 ms) were recorded at —40 mV (CHO) and
—30mV (oocytes).

The mutant KCNQI1 HI105L was generated by site-
directed mutagenesis. The triplet CAC coding for histidine
was changed to TTA coding for leucine. The PCR fragment
was cloned into the pGEM KCNQI1 wild-type vector
by digestion with Paul and Bsp1407. The cRNA was syn-
thesized with the T7 mMesssage mMachine-Kit (Ambion,
Austin, TX, USA). For expression in mammalian cells, the
mutation was subcloned into the pcDNA3 KCNQ1 vector
by digestion with Eco47III and Bsp1407. The primer was
(sense) TGGCGCGCACCTTAGTCCAGGGC, (antisense)
GGAGATGGCAAAGACAGAGAAGCAG.

Results
Epidemiology of 41 SIDS victims

Seven of the 41 cases (17%) were classified as SIDS of
category 1, whereas the remaining majority of 83% (34/41)
showed minor pathological changes (e.g. infections of the
respiratory system) and therefore were diagnosed as SIDS
of category 2. Concordantly, none of these changes was
considered to be causative for SIDS.

The gender distribution was not equal (39% females) but
typical for SIDS cases. Age distribution showed a well-
known peak of death between the second and fourth
months (Fig. 1a). Seven SIDS victims (17%) had a
premature birth. In 54% of all, delivery was uncomplicated
(Fig. 1c). In all cases, including those with complicated
delivery, the appearance—pulse—grimace—activity—respira-
tion (APGAR) score at 10 min after birth was between &
and 10 except for three out of the seven premature births
(Fig. 1b). Medical problems in the neonatal period oc-
curred in 15 of 41 cases (36%) (infectious diseases n=4,
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icterus neonatorum n=5, breathing problems n=3, alcohol
embryopathy n=1, systolic cardiac murmur n=1 and with-
drawal syndrome due to methadone dependency n=1). In
two of the premature infants, acute life-threatening events
were observed at the age of 3 months, and one infant
showed apnoea phases in hospital and monitoring had been
organized.

In two SIDS cases (~5%), family members had a bor-
derline Q-T prolongation on surface ECG, thus suggest-
ing transmitted LQTS as a potential, but not demonstrable
cause of death. Both cases belong to SIDS category 2. In
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Fig. 1 a—c Characteristics of the investigated cases. a The typical
age and gender distribution is shown. b The gestational age and
birth weight and ¢ the circumstances and complications during birth
are presented
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case 236, a brother was born 1 year after the SIDS vic-
tim. The surface ECG at 2 and 6 months showed a mild
prolongation of the Q-T interval of 460 and 470 ms'?,
respectively. However, during follow-up, QTc decreased
to normal during the first year of life and has still remained
there. In case 356, the 28-week-old female was found
dead in a prone position; the ECG of the living dizygotic
twin showed a QTc of 460 ms'? at the age of 7 months
and that of the mother of also 460 ms'"?. Unfortunately,
this family refused further clinical and genetic investiga-
tions. In both cases, there was no family history of sud-
den death.

Genetic analysis and restriction analysis

All exons of the LQT 1-3 and LQT 5-6 genes were in-
vestigated for the presence of mutations. The LQT4 and
LQT7 genes were not screened in this study because
mutations are obviously rare. Only in one SIDS case (145)
a heterozygous A-to-T substitution (A314T) in exon 1 of
the KCNQI gene was identified, which leads to an ami-
no acid exchange from histidine to leucine (H105L) in
KvLQT1 isoform 1 (Genbank accession no. AF000571).
Complete sequencing of all LQT genes demonstrated that
this was the only alteration in this case. HIO5L creates a
new restriction site (EcoNI), which was further used for
restriction enzyme digestion. Absence of this restriction
site in over 100 unrelated controls excluded a possible
polymorphism for the variant. The alignment with KCNQ1
cDNA sequences of different species showed that the
H105L residue was evolutionarily conserved with the ex-
ception of X. laevis (N105) (Fig. 2).

In the other cases (25/41, 61%), several aberrant
conformers in SSCP gels and subsequent DNA analyses
were observed, which were located elsewhere in the LQT
genes. Most of them were silent nucleotide changes,
polymorphisms or intron variations. However, we iden-
tified some new nucleotide alterations in the LQT1 and

Exon 1, KCNQ1

mutation H105L

Homo sap. RRPVLARTHVQGRVYNF L
Rattus nor. RRPLLART|H|IQGRVYNFL
Mus musc. RRPLLARTH|IQGRVYNFL

Bov. Herp. viruss  RRPLLARTHHVQGRVYNFL

Xenopus laevis RRPLLART|N|IQGRVYNFL

RRPLLARTH|IQGRVYNFL

Oryza sativa

Fig. 2 Amino acid sequence alignments of the N-terminal part of
the KCNQ1 «-subunit and orthologous potassium channels are
shown in the lower panels. GenBank BLAST search reveal that the
sequence is highly conserved during the evolution process

LQT3 genes (e.g. F479F, T153T in KCNQI, and D1810D
and C1591C in SCN5A4) and some intronic polymorphisms
(IVS4-34G>A in HERG and IVS12 + 6delA, IVS13+
36G>A, IVS15+32G>T in KCNQI) (Table 1).

Biophysical properties of HI05L mutant KCNQI
channels

The consequences of the H105L mutation in KCNQI on
Ixs currents were characterized by comparing the bio-
physical properties of functionally expressed wild-type
(KCNQI1 ) and mutant (KCNQ1y;9s1) channels. For this
purpose, oocytes from X. laevis as well as CHO cells
were used as expression systems. Figure 3a shows origi-
nal currents recorded from oocytes expressing either
KCNQI1,,; or KCNQ1y9s;. channel a-subunits. Figure 3b
shows original current traces of KCNQ1,; or KCNQ1g9s1,
channel o-subunits expressed together with the 3-subunit
minK. KCNQI,,/minK channels as well as KCNQ1 ;951 /
minK channels passed currents that slowly activated
and did not inactivate during the depolarizing test po-
tentials. Analysis of the gating behaviour yielded sig-
nificantly different activation midpoints of KCNQI,,
and KCNQ1y05; channel a-subunits (Table 2). However,
activation midpoints of the respective complexes form-
ed by the «- and (-subunits did not significantly differ.
The maximal current size did not differ between either
KCNQI,,; and KCNQI1y;9s1. channel «-subunits nor be-
tween complexes formed by the respective - and (3-sub-
units (Fig. 4a,b). To confirm these results in a mammalian
expression system, KCNQI,/minK channels as well
as KCNQIlyjpsp/minK channels were also expressed in
CHO cells. The parameter of the Boltzmann function as
well as the current density still remained indistinguishable
between wild-type and mutant channels (Fig. 4b).

Clinical presentation of the SIDS case with the KCNQ1
H105L mutation

This female infant was born after an uncomplicated preg-
nancy at 40 weeks of gestation with a body weight of
3,810 g. She was the first child of a 20-year-old mother and
a 22-year-old father. Despite the fact that during delivery,
the umbilical cord was twined around the neck, the initial
physical examination in the nursery was normal. APGAR
scores were 10/10, the pH of the umbilical cord blood
was 7.28 in the artery and 7.39 in the vein. At the second
day of life, the newborn developed several episodes of
cyanosis. After she was joggled, the cyanosis disappear-
ed. A breathing monitor was used during the hospitaliza-
tion, but no further episodes were observed and she was
discharged from the hospital. Routine checkup showed
no relevant illnesses besides a mild hypotonia and cough.

The last contact was on the day of death at 5.15 a.m. At
8.30 a.m. (age of the patient 9 months), the parents found
her dead in her bed lying in a prone position. This position
was observed for the first time (so-called inexperienced
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Table 1 Summary of the identified LQT variants in 41 SIDS cases

Propositus Age at death Gene Exon Mutation Nucleotide Coding effect Intron Domain Reference
(months) exchange (Exon)
Silent PP
mutation

1 10.5 HERG 6-2 F513F TTC>TTT X X S3 [45, 48]
SCN5SA 28-3 DI810D GAC>GAT X C-terminal This study

2 1.5 HERG 8 Y652Y TAT>TAC X X S6 [45, 47]
SCN5A  28-3 DI1810D GAC>GAT X C-terminal This study

3 3 SCN5A  28-3 DI810D GAC>GAT X C-terminal This study

4 8 KCNQ1 11  F479F TTC>TTT X C-terminal This study
KCNQ1 15 1VS15+32 G>T This study

5 3 HERG 8 Y652Y TAT>TAC X X S6 [45, 47]
SCNSA 23 Gl406G GGG>GGA X DIIIS5-S6 This study
KCNQ1 15 1VS15+32 G>T This study

6 9 days SCN5A  28-3 DI810D GAC>GAT X C-terminal This study

7 2 HERG 8 Y652Y TAT>TAC X X S6 [45, 47]

8 10.5 HERG 6 14891 Cl1467T, ATC>ATT X X S2-S3 [45, 47]
HERG 62 F5I13F TTC>TTT X X S3 [45, 48]
KCNE1 3-1 S38G AGT>GGT (A112G), het. X [50]

9 4 KCNQ1 2 T153T G459A X S2 This study

10 2 KCNQ1 13 S546S G1638A (TCG>TCA) X X S6-C [49]
KCNE1 3-1 S38G AGT>GGT (A112G), het. X [50]

11 9.5 KCNE1 3-1 S38G AGT>GGT (A112G), het. X [50]
KCNQ1 13 S546S G1638A (TCG>TCA) X X S6-C [49]
KCNQI 13  IVSI3+36G>A This study

12 7 HERG 8 Y652Y T1956C, TAT>TAC X X S6 [45, 47]
KCNQI 13 IVSI3+36G>A This study
KCNE1 3-1 S38G AGT>GGT (A112G), het. X [50]
KCNE1 3-2 DS85N GAT>AAT (G253A), het. X [46]

13 4.5 KCNQI1 13 S546S G1638A (TCG>TCA) X X S6-C [49]

14 2.5 HERG 4-1 1VS4-34G>A This study
KCNE1 3-1 S38G AGT>GGT (A112G), het. X [50]
HERG 11 K897T AAG>ACG X C-terminal [45]

15 8 HERG  4-1 1VS4-34G>A This study
KCNE1 3-1 S38G AGT>GGT (A112G), het. [50]

16 2.5 HERG 11  K897T AAG>ACG C-terminal [45]
KCNE1 3-1 S38G AGT>GGT (A112G), het. This study
SCNSA 23 Gl1406G GGG>GGA X DIIIS5-S6 This study

17 9 KCNE1 3-1 S38G AGT>GGT (A112G), het. X [50]

18 2 KCNE1 3-1 S38G AGT>GGT (A112G), het. X [50]

19 2 HERG 4-1 1VS4-34G>A This study
KCNE1 3-1 S38G AGT>GGT (A112G), het. X [50]

20 5 HERG 4-1 1VS4-34G>A This study
KCNE1 3-1 S38G AGT>GGT (A112G), het. X [50]

21 4 KCNE1 3-1 S38G AGT>GGT (A112G), het. X [50]

22 1 KCNQ1 12 IVSI12+6delA This study
HERG 6-2 F513F TTC>TTT X X S3 [45, 47]
KCNEl 3-1 S38G AGT>GGT (A112G), het. X [50]

23 6 HERG 4-1 1VS4-34G>A This study
KCNE1 3-1 S38G AGT>GGT (A112G), het. X [50]

24 2 KCNE1 3-1 S38G AGT>GGT (A112G), het. X [50]

25 9 KCNQ1 1 H105L CAC>CTC N-terminal This study
SCNSA 27 C1591C GGC>GGT X C-terminal This study

For each variant, the exon number, the coding effect (pp = polymorphism) and the localization in the corresponding gene is shown. Furthermore,
the references of the first description (if any) is given [45-50]
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Fig. 3 a-b Original current a
recordings of a KCNQI,,, and
KCNQIly1051, as well as of KCNQ1 wt
b KCNQ1,,¢/minK and
KCNQlyps/minK expressed
in oocytes from X. laevis
1s
b

KCNQ1 wt / KCNE1

prone sleeper). She was covered by her sheet, rotated
by about 180° and was all in sweat (room temperature
18°C). The autopsy showed only unspecific results; the
toxicological, microbiological, virological and histological
investigations were negative, which made the case eligible
for the diagnosis of “typical SIDS” according to the
previously described definition [31].

Table 2 Parameter of the Boltzmann functions and statistical
comparison of the ion channels expressed in oocytes from X. laevis
as well as in CHO cells

Vos Slope No. of
(mV) (mV) experiments
Oocytes
KCNQ1 wt —24.81£0.42 10.23+£0.55 4
KCNQI H105L —22.20+0.84 10.15+£0.55 5
t Test p<0.01 p>0.05
KCNQI wt/KCNE1 28.01+4.81  15.63£1.64 5
KCNQI1 HI05L/KCNE1 29.46+6.06  14.90+£1.79 5
t Test p>0.05 p>0.05
CHO cells
KCNQ1 wt/ KCNEI 4.29+5.38 10.80+3.33 7
KCNQI HI05L/KCNE1 5.38+7.98 10.52+1.25 8
t Test p>0.05 p>0.05

Shown are mean valueststandard deviation

KCNQ1 H105L

@ 2 uA
1s
0omV

| KCNQ1 H105L / KCNE1

Pulseprotocol:

+60 mV

-100my - 5s

1pA

Discussion

The present study reports on epidemiological and genetic
data of 41 autopsied SIDS cases, in which a thorough
genetic and histopathological investigation was made to
define potential contributors for sudden infant death.
Because of recent evidence [6, 13, 15, 16], we investigated
the major LQTS genes and were able to identify in 1 out of
41 cases (2.4%) a novel heterozygous LQT1 (KCNQI)
mutation (H105L). Subsequent electrophysiological anal-
ysis of the H105L variant, however, did not detect the
potential disease mechanism despite the fact that two
different expression systems were used that are commonly
employed for LQT1 in vitro studies. Since other channel
subunits and modulators for cardiac ion channels are
continuously identified, one may speculate about a poten-
tial contribution and interaction of these for HI05L mutant
KCNQI channels. However, one would expect that a mu-
tation that leads to SCD in such a young age would have
profound effects of the Ik, current. Thus, the disease mech-
anism of the KCNQ1 mutant remained undetected so far.
Beside the finding of a novel amino acid change in the
N-terminal region of KCNQI, several other common and
rare polymorphisms were found in the present study for
which a causal relationship with SIDS is not obvious. The
contribution of polymorphisms that influence the suscep-
tibility for the development of cardiac arrhythmias has
been discussed for a long time [32]. Studies that have
investigated the frequency of genetic polymorphisms and
mutations especially in LQT genes show similar low fre-
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Fig. 4 a-b The tail current voltage relationships of KCNQ1,, and
KCNQIlgjos.. as well as KCNQI w¢/minK and KCNQ1y;9s5/minK
were described by Boltzmann functions. a The mutation caused a
small but significant shift of the activation midpoint of KCNQI but

quencies (5—12%) of ‘forme fruste’ mutations or functional
polymorphisms in the studied population [33-37]. The
significance of the identified polymorphisms, as well as
the non-coding and intronic variations, is yet unknown and
will need further clarification, e.g. screening large numbers
of SIDS/LQT patients and controls with subsequent
functional testing of these variants. At present, we do not
know whether naturally occurring variants in these (and
other) arrhythmia genes may serve as an additional cofac-
tor that contribute to phenotypic disease expression. The
same is true for mutations or polymorphisms in the pro-
moter regions. For example, mutations in the cytokine
interleukin-10 gene and/or the serotonin transporter protein
gene were studied in SIDS by several groups [38, 39]. In
both genes, polymorphisms may predispose infants to
sudden death under unfavourable haplotypes. However,
our intention for this study was to investigate the LQT
genes for which the biggest body of evidence exists in
causing arrhythmia and sudden death and not regulatory
genes with yet unknown significance. Therefore, we did
not screen promoter genes, since the structural components
are not clearly identified.

In 2000, Schwartz et al. [6] demonstrated for the first
time a relation between LQTS and SIDS in performing a
post-mortem analysis and thereby identifying a de novo
mutation in the cardiac sodium channel gene SCN5A. A
causal role of inherited arrhythmias was also reported by
Priori and colleagues [40] who found a missense muta-
tion in the SCN5A gene in a family with transient ECG
manifestation of Brugada syndrome. This is an allelic dis-
order and suggests that mutations in SCN54 indeed may
lead to sudden death in infants. Early onset of a severe
LQTS in newborns has been reported by several authors
over the years, including the historic first case by Romano
et al. [41] and Ward [42] in 1963. In previous reports, we
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also described infants with de novo mutations in the
SCN5A gene that were associated with a severe phenotype
and very long Q-T intervals, functional 2:1 block and life
threatening arrhythmias [43, 44]. The first comprehensive
genetic analysis of the LQT genes in SIDS victims was
reported by Ackerman and colleagues [15, 16]. In this first
report, only the LQT3 gene (SCN5A4) was investigated in
93 consecutive SIDS cases. Two heterozygous mutations
(A997S and R1826H) have been identified, and the fre-
quency of SCN5A4 mutations in SIDS was estimated with
~2% [15]. In the further extended investigation of the
other LQTS genes, the data indicate a prevalence of 4.3%
which increases to 6.7% when the analysis is limited to
Caucasians [16]. These reports together confirm that in
some SIDS victims, mutations in cardiac ion channels
may provide an arrhythmogenic substrate for malignant
tachyarrhythmias.

The different reports raise an important issue to what
extent LQTS is involved in SIDS. We thereby extended our
post-mortem DNA analysis to the most relevant LQTS
genes. The prevalence of prolongation of the Q-T interval
in SIDS victims varies in several studies from low up
to 50% [11, 13] and is still under considerable debate.
Therefore, to provide further data, we analysed the major
LQTS genes in 41 cases that are assumed to represent
55-60% of congenital LQTS.

In two families of our study population (~5%), LQTS
was suspected due to the ECG recordings of living siblings,
which was in one case a dizygote twin. In both cases, we
did not find a strong support of a positive family history,
since in one case, the Q-T interval prolongation was almost
borderline, and in the other case, a transient Q-T interval
prolongation in the first year of life was finally resolved to
normal values. Furthermore, genetic investigation did not
reveal an LQTS mutation.
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The inability to identify further mutations may have
several reasons: (1) some mutations were not detected
despite a sufficient and robust SSCP protocol, (2) all
genetic investigations do not include promoter regions or
focus on gross chromosomal recombinations that may be
causal and (3) the mutation frequency is indeed low
because SIDS is a multifactorial and complex disorder
(disease complex).

Taken together, our data suggest that LQTS mutations
in SIDS cases have a lower incidence than it has been
recently estimated. Furthermore, the pathophysiological
link between SIDS and an identified LQTS mutation
should be regarded with caution unless a pathophysiolog-
ical relationship between SIDS and the LQTS mutation
has been demonstrated by functional characterization of the
mutated ion channel. We expect further pathophysiological
heterogeneity, including other electrical heart diseases as
well as other non-cardiac causes for SIDS.
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