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Abstract
We aimed to investigate the pathogenicity of cardiac ion channel variants previously associated with SIDS. We reviewed
SIDS-associated variants previously reported in databases and the literature in three large population-based cohorts; The
ExAC database, the Inter99 study, and the UK Biobank (UKBB). Variants were classified according to the American
College of Medical Genetics and Genomics (ACMG) guidelines. Of the 92 SIDS-associated variants, 59 (64%) were present
in ExAC, 18 (20%) in Inter99, and 24 (26%) in UKBB. Using the Inter99 cohort, we found no difference in J-point
amplitude and QTc-interval between carriers and non-carriers for 14/18 variants. There was no difference in the risk of
syncope (P= 0.32), malignant ventricular arrhythmia (P= 0.96), and all-cause mortality (P= 0.59) between carriers and
non-carriers. The ACMG guidelines reclassified 75% of all variants as variant-of-uncertain significance, likely benign, and
benign. We identified ~2/3 of variants previously associated with SIDS and found no significant associations with
electrocardiographic traits, syncope, malignant ventricular arrhythmia, or all-cause mortality. These data indicate that many
of these variants are not highly penetrant, monogenic causes of SIDS and underline the importance of frequent reappraisal of
genetic variants to avoid future misdiagnosis.

Introduction

Sudden infant death syndrome (SIDS) is defined as the sud-
den unexpected death of an infant <1 year of age with onset
of the fatal episode apparently occurring during sleep and
remaining unexplained despite thorough investigation, which

includes a complete autopsy and review of the circumstances
of death, and the clinical history [1]. The prevalence of SIDS
has fallen dramatically since the American Academy of
Pediatrics in 1992 recommended infants to be placed in a
non-prone sleeping position [2] following the New Zealand
Cot Death Study [3], which resulted in a >50% reduction of
SIDS [4]. Nevertheless, SIDS is still one of the major causes
of infant mortality [5]. A total of 1563 SIDS cases were
accounted for in 2013 in the United States, which corresponds
to an incidence of 4 per 10,000 live births [6]. A number of
studies have investigated a possible link between SIDS and
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genetic variants in different physiological pathways [7].
Today, 17 genes encoding cardiac ion channels and ion
channel regulators have been associated with SIDS [8, 9].

Postmortem genetic testing of SIDS victims is not routine
practice but can be done for family segregation analysis or
targeted diagnostic purposes if a primary electrical cardiac
disorder is suspected or known in the family, e.g., long QT
Syndrome (LQTS), catecholaminergic polymorphic ven-
tricular tachycardia (CPVT), and Brugada syndrome (BrS)
[10, 11]. Furthermore, guidelines for prevention of sudden
cardiac death recommend that first-degree relatives of SIDS
victims should undergo cardiac evaluation [12]. In order to
provide patients with appropriate genetic counseling and
clinical management, the genetic foundation of which
decision are made upon must be correct and accurate. In
recent years numerous studies have questioned a substantial
proportion of variants previously associated with monogenic
cardiac traits [13–18]. To facilitate a critical and evidence-
based classification of variants, the American College of
Medical Genetics and Genomics (ACMG) recently devel-
oped new standards and guidelines for classification of
variants associated with Mendelian diseases [19].

In this study, we aimed to assess (I) whether variants
previously associated with SIDS were present in three large
independent genetic databases; (II) whether carrier-status
was associated with ECG-traits previously associated with
sudden cardiac death; (III) whether carrier-status was
associated with an increased risk of syncope, malignant
ventricular arrhythmia, and all-cause mortality. Lastly (IV),
we aimed to (re)classify identified variants using the
recently published ACMG guidelines.

Methods

Identification of SIDS-associated variants

All missense and nonsense variants in ion channel and ion
channel regulator genes previously associated with SIDS were
identified using the Human Gene Mutation Database (HGMD).
The HGMD was queried using the search term “sudden infant
death syndrome” and “SIDS”. In addition, variants identified in
studies by Andreasen et al. [20] and Wilders et al. [21], and a
literature search in PubMed, for any recently published studies
were included. Articles that did not report original data, or were
not written in English, were excluded.

Study populations

ExAC database

The Exome Aggregation Consortium (ExAC) database con-
tains exome sequencing data from 60,706 unrelated adult

individuals from a diverse set of populations. Individuals
in ExAC <18 years of age and with severe pediatric
diseases were excluded [22]. The ExAC was used to obtain
genotype frequencies of variants previously associated with
SIDS [22].

The Inter99 study

The Inter99 study constitutes ~6000 individuals randomly
drawn from a sex- and age-stratified sample of the popu-
lation [23] (Table 1). The study is a Danish population-
based, randomized intervention study (CT00289237,
ClinicalTrials.gov) investigating the effects of lifestyle
interventions on cardiovascular death in participants
included from the age of 30 years and above. Patients
were included from March 1999 to March 2006 and fol-
lowed until December 2012. The study cohort is of
Danish origin and has previously been described in
detail [24].

Electrocardiograms (ECGs) were digitally stored in the
MUSE® Cardiology Information System and processed
using version 21 of the Marquette 12SL algorithm (GE
Healthcare, Wauwatosa, WI). Electronic ECGs were used to
assess whether carriers of SIDS variants had longer QTc-
intervals, J-point amplitude, and RR-interval. We used
Bazett’s formula to obtain rate-corrected values of the QT-
interval (QTc). Prolonged QTc was defined as QTc ≥450 ms
for men and ≥460 ms for women, according to Schwartz
et al. [25]. We report the J-point, as an amplitude in milli-
meters (1 mm= 0.1 mV). In addition to digitally measured
J-point amplitudes, two experienced physicians analyzed all
ECGs manually and independently for diagnostic type 1
Brugada pattern [12], and the non-diagnostic type 2 Bru-
gada pattern [26] that may warrant further investigation
[27]. The RR-interval was defined as the duration between
two successive peaks.

All Danish citizens are assigned a unique personal civil
registration number, which enables linkage of data across
multiple nationwide healthcare registries. This makes it

Table 1 Baseline characteristics for participants in Inter99

Carrier Non-carrier P-value

Participant information

Number of subjects 323 5860

Sex, male; n (%) 155 (48.0) 2864 (48.9) 0.80

Age, years; mean (±SD) 46.7 (8.1) 46.2 (7.9) 0.32

BMI, mean (±SD) 26.1 (4.1) 26.3 (4.7) 0.49

Systolic blood pressure;
mean (±SD)

130.5 (16.6) 130.7 (17.6) 0.60

Diastolic blood pressure;
mean (±SD)

82.4 (10.6) 82.6 (11.4) 0.51

BMI body mass index, n number, SD standard deviation
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possible to gather information on death, emigration, any
hospital, outpatient clinic, or emergency room discharge
diagnosis on an individual level. Malignant ventricular
arrhythmia was defined as a composite endpoint of ven-
tricular fibrillation (VF), ventricular tachycardia (VT), and
cardiac arrest. Using the Danish National Patient Registry,
we identified patients, who had previously been discharged
with or who during follow-up had obtained one of the
following ICD-10 codes: syncope (R55.9), ventricular
tachycardia (I47.2), ventricular fibrillation (I49.0), and
cardiac arrest (I46). Data on death during follow-up was
accessed using the Danish Causes of Death Registry [28].
Details on genotyping are provided in the Supplementary
Methods.

The UK Biobank

The UK Biobank is a large, population-based, prospective
cohort study holding phenotype and genotype information
on 408,961 ethnically matched European participants, aged
40–69 years at the time of recruitment [29]. Participants
were recruited between 2006 and 2010. Using the Michigan
PheWeb browser, we investigated whether the interrogated
variants were associated with severe cardiac disorders
(cardiac arrest [I46], malignant ventricular arrhythmias [VT
I47.2; VF I49.0], or cardiomyopathy [I42]) [30]. Details on
genotyping are provided in the Supplementary Methods.

ACMG guidelines

The American College of Medical Genetics and Genomics
(ACMG) standards and guidelines [19] were used to ree-
valuate each variant into a five-tier terminology system:
pathogenic, likely pathogenic, variant of uncertain sig-
nificance (VUS), likely benign, and benign. The variant
classification builds on different evidence such as functional
studies, co-segregation, population data, and computational
data. The online tool provided by Kleinberger et al. [31] was
used to standardize the process of classifying the variants.

All original articles were searched for available infor-
mation on functional effect and familial co-segregation of
the variants.

Statistical analyses

In Inter99, RR-interval, QTc-interval, and J-point amplitude
were compared using a one-way analysis of variance. The
QTc-interval was adjusted for gender. Logistic regression was
used to estimate the relationship between carrier-status and
risk of syncope, malignant ventricular arrhythmia, and all-
cause mortality. The model was adjusted for gender and age.
Survival probability was assessed using the Kaplan–Meier

method, and differences in mortality for carriers and non-
carriers was tested with a two-tailed log-rank test.

For the comparison between the proportion of variants
identified in ExAC compared with those not identified in
ExAC, a two-tailed Exact Binomial Test was employed for
each of the five ACMG classification categories.

Minor allele frequencies were obtained by dividing the
allele count with the total allele number for each variant.
Genotype prevalence was obtained by dividing the total
number of heterozygote (one minor allele) and homozygote
(two minor alleles) carriers with the total number of indi-
viduals. To avoid inflated genotype prevalences, we
excluded variants with minor allele frequencies > 3%.

A two-sided P-value < 0.05 was considered statically
significant. Genetic analyses were performed using PLINK
(version 1.9) [32]. Statistical analyses were performed using
the R (version 3.4.3).

Results

We found 92 variants in 17 cardiac ion channel or ion
channel regulator genes previously associated with SIDS.
Supplementary Table 1 and Supplementary Table 2
summarize variant classification, based on genotypic pre-
valence in the three interrogated databases, in silico pre-
dictions, functional characterizations, and evidence of
family history.

ExAC: allele frequencies of SIDS variants

Of the 92 variants previously associated with SIDS, we
found 59 (64%) variants in ExAC (Supplementary Table 1).
A genotype frequency of > 5% is standalone criteria for
benign classification. We found five variants that had allele
frequencies higher than this; KCNQ1 p.(P448R) (9.8% in
East Asian population), SCN5A p.(H558R) (22% across
populations), SCN5A p.(S1103Y) (9.7% in African/African
American population), SCN5A p.(R1193Q) (7% in East
Asian population), and KCNH2 p.(R1047L) (7% in Finnish
population).

Inter99: risk of syncope, malignant ventricular
arrhythmia, and all-cause mortality

In the Inter99 cohort, we found 18 of the 92 variants (20%;
Supplementary Table 1), in 323 carriers (332 alleles), cor-
responding to a genotype prevalence of 1:19 (323/6,183).
We found no statistically significant difference in RR-
intervals, QTc-intervals and J-point amplitude for the
majority of the interrogated variants (Table 2). Four of the
18 variants showed significant ECG changes (P < 0.05),

Reappraisal of variants previously linked with sudden infant death syndrome: results from three. . . 1429



Ta
bl
e
2
A
ss
oc
ia
tio

ns
be
tw
ee
n
va
ri
an
ts
id
en
tifi

ed
in

th
e
In
te
r9
9
co
ho

rt
an
d
E
C
G

ch
ar
ac
te
ri
st
ic
s

G
en
es

V
ar
ia
nt

A
m
in
o
ac
id

re
fS
N
P

N
um

be
r
of

in
di
vi
du
al
s

M
ea
n
R
R
-i
nt
er
va
l

M
ea
n
Q
T
cB

-i
nt
er
va
l

M
ea
n
S
T
J
V
1-
am

pl
itu

de
M
ea
n
S
T
J
V
2-
am

pl
itu

de

C
ar
ri
er

N
on
-

ca
rr
ie
r

C
ar
ri
er
,

m
s
(S
D
)

N
on
-

ca
rr
ie
r,

m
s
(S
D
)

P
-

va
lu
e

C
ar
ri
er
,
m
s
(S
D
)

N
on
-

ca
rr
ie
r,

m
s
(S
D
)

P
-

va
lu
e

C
ar
ri
er
,

m
m

(S
D
)

N
on
-

ca
rr
ie
r,

m
m

(S
D
)

P
-

va
lu
e

C
ar
ri
er
,

m
m

(S
D
)

N
on
-

ca
rr
ie
r,

m
m

(S
D
)

P
-

va
lu
e

C
A
V
3

c.
21
6
C
>
G

p.
(C
ys
72
T
rp
)

rs
11
68
40
77
6

11
60
99

92
8.
91

(1
47
.1
6)

91
7.
85

(1
52
.4
6)

0.
65
4

42
2.
30

(2
3.
74
)

42
3.
68

(2
2.
82
)

0.
56
3

0.
01

(0
.1
9)

0.
08

(0
.3
1)

0.
58
9

0.
23

(0
.4
0)

0.
39

(0
.5
1)

0.
54
7

C
A
V
3

c.
23
3
C
>
T

p.
(T
hr
78
M
et
)

rs
72
54
66
68

36
60
74

88
4.
00

(1
45
.2
5)

91
8.
07

(1
52
.4
)

0.
18
3

42
1.
11

(2
2.
95
)

42
3.
69

(2
2.
82
)

0.
45
0

0.
18

(0
.3
3)

a
0.
08

(0
.3
1)

0.
03
80

0.
49

(0
.5
6)

0.
39

(0
.5
1)

0.
17
7

G
P
D
1L

c.
24
7
G
>
A

p.
(G

lu
83
L
ys
)

rs
72
55
22
92

1
61
09

10
90
.0
0
(N

A
)

91
7.
84

(1
52
.4
3)

0.
14
9

40
4.
20

(N
A
)

42
3.
68

(2
2.
82
)

0.
13
5

0.
34

(N
A
)

0.
08

(0
.3
1)

0.
35
9

0.
92

(N
A
)

0.
39

(0
.5
1)

0.
10
0

G
P
D
1L

c.
37
0
A
>
G

p.
(I
le
12
4V

al
)

rs
72
55
22
93

32
60
78

91
2.
00

(1
74
.8
2)

91
7.
90

(1
52
.3
3)

0.
97
7

42
6.
58

(2
2.
09
)

42
3.
66

(2
2.
83
)

0.
68
0

0.
06

(0
.2
9)

0.
08

(0
.3
1)

0.
85
1

0.
29

(0
.5
2)

0.
39

(0
.5
1)

0.
50
7

H
C
N
4

c.
22
75

G
>
A

p.
(V

al
75
9I
le
)

rs
62
64
16
89

87
[1
]

60
22

94
8.
11

(1
61
.7
9)

a

[6
68
.0
0
(N

A
)]

91
7.
47

(1
52
.2
5)

0.
03
8

[0
.0
76
]

42
2.
02

(2
1.
74
)

[4
28
.2
3
(N

A
)]

42
3.
70

(2
2.
84
)

0.
27
4

[0
.6
87
]

0.
09

(0
.3
0)

[0
.8
3
(N

A
)]
a

0.
08

(0
.3
1)

0.
67
2

[0
.0
24
]

0.
38

(0
.4
5)

[1
.0
7
(N

A
)]

0.
39

(0
.5
1)

0.
99
1

[0
.2
82
]

K
C
N
H
2

c.
44
2
C
>
T

p.
(A

rg
14
8T

rp
)

rs
13
95
44
11
4

7
61
03

87
4.
57

(1
27
.1
4)

91
7.
92

(1
52
.4
6)

0.
46
0

42
8.
85

(9
.4
6)

42
3.
67

(2
2.
83
)

0.
55
1

0.
11

(0
.3
5)

0.
08

(0
.3
1)

0.
70
3

0.
45

(0
.4
9)

0.
39

(0
.5
1)

0.
64
9

K
C
N
H
2

c.
31
40

G
>
T

p.
(A

rg
10
47
L
eu
)

rs
36
21
04
21

36
4
[4
]

57
42

91
2.
67

(1
43
.8
6)

[8
63

(1
31
.9
2)
]

91
8.
23

(1
52
.9
9)

0.
50
5

[0
.3
71
]

42
1.
03

(2
2.
41
)

[4
30
.1
5
(1
5.
28
)]

42
3.
69

(2
2.
90
)

0.
08
2

[0
.6
49
]

0.
07

(0
.2
8)

[0
.0
6
(0
.2
9)
]

0.
08

(0
.3
1)

0.
51
0

[0
.7
31
]

0.
40

(0
.4
3)

[0
.4
9
(0
.7
6)
]

0.
39

(0
.5
1)

0.
78
1

[0
.9
93
]

K
C
N
Q
1

c.
13
43

C
>
G

p.
(P
ro
44
8A

rg
)

rs
12
72
04
49

1
61
09

98
8.
00

(N
A
)

91
7.
85

(1
52
.4
5)

0.
68
2

42
0.
53

(N
A
)

42
3.
68

(2
2.
82
)

0.
93
8

0.
48

(N
A
)

0.
08

(0
.3
1)

0.
29
3

1.
02

(N
A
)

0.
39

(0
.5
1)

0.
30
4

SC
N
1B

c.
64
1
G
>
A

p.
(A

rg
21
4G

ln
)

rs
66
87
68
76

71
60
39

88
6.
93

(1
73
.0
8)

91
8.
23

(1
52
.1
6)

0.
08
3

42
7.
48

(2
4.
48
)

42
3.
63

(2
2.
80
)

0.
14

0.
02

(0
.2
9)

0.
08

(0
.3
1)

0.
11
1

0.
34

(0
.5
4)

0.
39

(0
.5
1)

0.
38
8

SC
N
3B

c.
29

T
>
C

p.
(L
eu
10
P
ro
)

rs
12
19
18
28
2

1
61
09

11
78
.0
0
(N

A
)

91
7.
82

(1
52
.4
1)

0.
11
7

40
9.
08

(N
A
)

42
3.
68

(2
2.
82
)

0.
71
4

0.
39

(N
A
)

0.
08

(0
.3
1)

0.
39
8

1.
07

(N
A
)

0.
39

(0
.5
1)

0.
30
4

SC
N
5A

c.
64
7
C
>
T

p.
(S
er
21
6L

eu
)

rs
41
27
65
25

5
61
05

85
5.
60

(1
00
.2
0)

91
7.
92

(1
52
.4
7)

0.
35
7

42
2.
43

(1
8.
76
)

42
3.
68

(2
2.
83
)

0.
90
5

0.
18

(0
.2
5)

0.
08

(0
.3
1)

0.
38
9

0.
48

(0
.4
0)

0.
39

(0
.5
1)

0.
59
5

SC
N
5A

c.
15
71

C
>
A

p.
(S
er
52
4T

yr
)

rs
41
31
36
91

1
61
09

11
42
.0
0
(N

A
)

91
7.
83

(1
52
.4
2)

0.
16
9

41
3.
61

(N
A
)

42
3.
68

(2
2.
82
)

0.
78
8

0.
00

(N
A
)

0.
08

(0
.3
1)

0.
62
6

0.
29

(N
A
)

0.
39

(0
.5
1)

0.
56
7

SC
N
5A

c.
16
73
A
>
G

p.
(H

is
55
8A

rg
)

rs
18
05
12
4

21
14

[2
95
]

37
01

92
0.
91

(1
57
.7
8)

[9
18
.4
9

(1
51
.5
3)
]

91
6.
08

(1
49
.3
8)

0.
32
4

[0
.9
49
]

42
3.
99

(2
2.
86
)

[4
25
.7
2
(2
1.
99
)]
a

42
3.
33

(2
2.
86
)

0.
13
0

[0
.0
26
]

0.
07

(0
.3
0)

[0
.0
8
(0
.3
3)
]

0.
08

(0
.3
1)

0.
10
1

[0
.7
79
]

0.
37

(0
.5
1)

a

[0
.4
1
(0
.5
4)
]

0.
40

(0
.5
0)

0.
00
4

[0
.7
67
]

SC
N
5A

c.
35
78

G
>
A

p.
(A

rg
11
93
G
ln
)

rs
41
26
13
44

18
60
92

96
8.
11

(1
04
.7
6)

91
7.
72

(1
52
.5
4)

0.
17
0

41
2.
53

(1
7.
69
)a

42
3.
71

(2
2.
83
)

0.
03
7

0.
10

(0
.3
6)

0.
08

(0
.3
1)

0.
79
2

0.
45

(0
.5
1)

0.
39

(0
.5
1)

0.
65
6

SC
N
5A

c.
58
51

G
>
T

p.
(V

al
19
51
L
eu
)

rs
41
31
54
93

3
61
07

85
3.
33

(1
02
.0
1)

91
7.
90

(1
52
.4
6)

0.
38
9

42
9.
14

(2
.3
8)

42
3.
67

(2
2.
83
)

0.
50
9

−
0.
05

(0
.1
3)

0.
08

(0
.3
1)

0.
39
1

0.
71

(0
.6
4)

0.
39

(0
.5
1)

0.
36
6

SC
N
5A

c.
60
10

T
>
C

p.
(P
he
20
04
L
eu
)

rs
41
31
11
17

39
60
71

87
6.
92

(1
42
.8
8)

91
8.
13

(1
52
.4
7)

0.
09
0

42
7.
23

(2
2.
63
)

42
3.
65

(2
2.
82
)

0.
32
2

0.
05

(0
.2
8)

0.
08

(0
.3
1)

0.
51
2

0.
35

(0
.5
4)

0.
39

(0
.5
1)

0.
56
8

SC
N
5A

c.
60
16

C
>
G

p.
(P
ro
20
06
A
la
)

rs
45
48
91
99

10
61
00

88
7.
80

(1
70
.3
5)

91
7.
92

(1
52
.4
2)

0.
41
8

43
0.
97

(2
5.
77
)

42
3.
66

(2
2.
82
)

0.
16
8

0.
18

(0
.3
5)

0.
08

(0
.3
1)

0.
46
7

0.
31

(0
.5
8)

0.
39

(0
.5
1)

0.
29
7

SN
T
A
1

c.
78
4
A
>
C

p.
(T
hr
26
2P

ro
)

rs
20
03
16
08
0

1
61
09

92
2.
00

(N
A
)

91
7.
87

(1
52
.4
5)

0.
97
8

43
5.
32

(N
A
)

42
3.
67

(2
2.
82
)

0.
54
8

0.
00

(N
A
)

0.
08

(0
.3
1)

0.
59
1

0.
34

(N
A
)

0.
39

(0
.5
1)

0.
68
3

m
m

m
ill
im

et
er
,
m
s
m
ill
is
ec
on

ds
,
re
fS
N
P
re
fe
re
nc
e
si
ng

le
-n
uc
le
ot
id
e
po

ly
m
or
ph

is
m
,
SD

st
an
da
rd

de
vi
at
io
n

B
ra
ck
et
s
in
di
ca
te
s
ho

m
oz
yg

ot
e
m
in
or

al
le
le

ca
rr
ie
rs

a C
ar
ri
er

si
gn

ifi
ca
nt

di
ff
er
en
t
fr
om

no
n-
ca
rr
ie
r,
P
-v
al
ue

<
0.
05

1430 C. Paludan-Müller et al.



these were located in the genes CAV3 (rs72546668), HCN4
(rs62641689), and SCN5A (rs1805124 and rs41261344).

Two manual raters analyzed the 6110 ECGs and found
no Brugada-like ECG patterns in carriers but found one
Brugada type 1 pattern in non-carriers.

We found no statistically significant differences in the
risk of syncope [odds ratio (OR): 0.64 (95% CI: 0.26–1.57),
P= 0.32], malignant ventricular arrhythmia [OR: 1.05
(95% CI: 0.14–7.94), P= 0.96], and all-cause mortality
[OR: 1.15 (95% CI: 0.70–1.89), P= 0.59] between carriers
and non-carriers. Neither did we observe any difference in
overall survival between carriers and non-carriers (P=
0.43; Fig. 1).

UK Biobank: associations with cardiac traits

Using the PheWeb browser, we identified 24 (26%) of the
92 SIDS-associated variants in the database. Moreover, six
variants showed statistically significant associations with
severe cardiac disease (Supplementary Table 1): GPD1L p.
(I124V) (I428 other cardiomyopathy, P= 0.018), KCNE2
p.(V14I) (I46 cardiac arrest and VF, P= 0.035; I490 VF,
P= 0.002; and 1421 hypertrophic obstructive cardiomyo-
pathy, P= 0.011), SCN3B p.(L10P) (I490 VF, P= 0.017
and I46 cardiac arrest and VF, P= 0.011), SCN5A p.
(S524Y) (I490 VF, P= 0.020), SCN5A p.(V1951L) (I472
Paroxysmal VT, P= 0.006 and I517 Cardiomegaly, P=
0.029), and SCN5A p.(P2006A) (I46 cardiac arrest and VF,
P= 0.048).

Classification using ACMG guidelines

Using the ACMG guidelines, 9/92 (10%) variants were
classified as pathogenic and 14/92 (15%) as likely patho-
genic (Supplementary Table 1 and Supplementary Fig. 2).
In contrast, 27/92 (29%) variants were reclassified as benign
and 7/92 (8%) as likely benign. Variants with conflicting
evidence or lack of appropriate information were reclassi-
fied as variant of uncertain significance (VUS); corre-
sponding to 35/92 (38%) variants. Of the 18 variants
identified in Inter99, 14 were classified as benign, 1 as
likely benign, and 3 as VUS.

SIDS victims die within the first year of life, hence the
reproductive fitness of pathogenic variants correlated with
SIDS should decrease and consequently their frequency is
expected to be low [33]. We found that the proportion of
SIDS-associated variants in ExAC was significantly higher
than those not in ExAC (P= 1.49 × 10−8) for the benign
category (Fig. 2). No statistically significant difference was
found in the likely benign category (P= 0.289). The SIDS-
associated variants classified as VUS were significantly
overrepresented in ExAC compared with VUSs not identi-
fied in ExAC (P= 0.024). On the other hand, SIDS-

associated variants classified as likely pathogenic (P=
0.013) or as pathogenic (P= 0.004) were significantly
underrepresented in ExAC compared with variants not
identified in ExAC.

Classification in the ClinVar database

We used the online repository ClinVar to evaluate variant
curation using their reference SNPs (Supplementary
Table 1). Of the 92 variants, 7/92 (8%) were classified as
pathogenic or likely pathogenic. In comparison, 9/92 (10%)
were classified as benign or likely benign. The remaining
76/92 (83%) variants were classified as either variants with
conflicting interpretations of pathogenicity (CIP), variants
of unknown significance (VUS), or lacked a classification.
Of these 76 variants, we provided new classifications on 44/
76 (58%), classifying 28 variants as benign or likely benign
and 16 variants as pathogenic or likely pathogenic.

Discussion

The study identified ~2/3 of ion channel variants previously
associated with SIDS in the ExAC database (Supplementary
Table 1). Moreover, we identified ~1/5 of the variants in
Inter99 and ~1/4 of the variants in the UK Biobank,
respectively. Overall, we found no significant difference in
the risk of syncope, malignant ventricular arrhythmia, and
all-cause mortality between carriers and non-carriers.

Variants associated with SIDS must be highly pathogenic
and rare due to the low-reproductive fitness in this trait and
the low prevalence (1:2500) for SIDS. In this study, we
found an unexpectedly high prevalence of SIDS-associated
variants in three populations representing the general
population. This genotype prevalence was 125 times higher
than the expected phenotype prevalence, indicating that the
majority of the identified variants are most likely not highly
penetrant monogenic causes of SIDS. More importantly,
since SIDS is defined as a sudden unexplained death in
persons below the age of 1 year, the identification of a
majority of SIDS-related variants in three independent
middle-aged population cohorts, provides additional evi-
dence that these are at least not the sole cause of the disease.
Moreover, ~10% of variants identified in ExAC had a MAF
> 5%, a criterion which in itself implies benign classifica-
tion according to the ACMG guidelines. Carrying a pre-
viously reported SIDS variant was not associated with an
increased risk of syncope, malignant ventricular arrhythmia
or all-cause mortality. Nor did the interrogated variants
affect ECG-traits, associated with lethal cardiac arrhythmia.

Notably, other studies on smaller populations have
reported similar findings. Consistent with our findings,
these studies have suggested that some variants such as
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p.(R148W) in KCNH2 [20] and p.(R1193Q) in SCN5A [34]
may be rare benign variation rather than disease-causing
variants while another study found no association in
six variants previously reported to be associated with
SIDS [35].

We also investigated whether the interrogated variants
were associated with cardiac traits in a larger sample size
(UK Biobank). We identified 26% of previously SIDS-
associated variants in the UK Biobank, of which six var-
iants were associated with severe cardiac traits (Supple-
mentary Table 1). The reason for a lower detection rate in
the UK Biobank compared with ExAC could be attributed
to the use of different genotyping techniques (GWAS array
chip vs. exome sequencing). SIDS has traditionally been
categorized as a monogenic disease. Our results show that
the majority of variants analyzed in this paper can be
identified in the general population. Whether or not SIDS
should still be considered a Mendelian disease remains to be

further elucidated. Although, the majority of variants were
not associated with electrocardiographic traits or adverse
outcomes, six variants were associated with other cardiac
traits in the UK Biobank, which could indicate that some
variants could act as disease modifiers, which in concert
with other susceptibility variants could contribute to
disease.

Recently, two studies were published using whole exome
sequencing to address the role of ultra-rare variants [36, 37].
Despite this ambitious approach, potentially causative var-
iants in genes related to arrhythmia and cardiomyopathy
were only found in 25/161 (16%) and 6/71 (8%) of the
cases. The relatively low prevalence of variants in cardiac
genes, support that variants in these genes only explain a
minority of SIDS cases. This further underlines the impor-
tance of keeping a multidisciplinary and cautious approach
when evaluating the pathogenicity of variants identified in
individual SIDS cases. It also indicates the importance of
considering pathophysiological mechanisms of putative
SIDS-associated variants.

In several of the variants, distinctly different allele fre-
quencies were reported in ExAC compared to data from the
UK Biobank and the Inter99 study. As an example, the
variant p.(S524Y) of the SCN5A gene has a MAF of
0.5115% in ExAC compared to a MAF of 0.0081% and
0.012% in the data from Inter99 and UK Biobank respec-
tively. When examining the ethnicity for the reported var-
iant, the populations of African descent have a higher
reported MAF (4.9%), compared with Latino (0.19%),
European (0.14%) and South Asian (0.016%) populations.
This exemplifies how the differences in MAF between the
datasets may in part be due to differences in ethnicity. More
importantly it underlines the importance of using diverse
ethnical controls when evaluating the disease-causing
potential of a given variant.

When evaluating the genetic causes of SIDS, one must
also consider the concept of reduced penetrance, i.e., where
an individual harbor a dominantly inherited variant, but do
not show any clinical signs of disease [19]. One model
incorporating the concept of reduced penetrance is the triple
risk model. According to the triple risk model, SIDS may be
caused by the presence of three factors, which must all be
present; the presence of a vulnerability in the infant, a cri-
tical period in development and finally an exogenous
stressor. One cannot exclude the possibility that vulner-
ability, i.e., a genetic variant in this case, which may be
lethal for certain infants may not result in any detectable
phenotype in individuals outside the critical development
period, such as the individuals in the studied cohorts [38].
Variants may also show different degree of pathogenicity.
In fact, some studies have suggested that common variants,
while not being direct causes of SIDS may instead act as
disease modifiers, rather than monogenic causes of disease

Fig. 1 Kaplan–Meier plot displaying the overall survival between
carriers and non-carriers of SIDS-associated variants. P-value (log-
rank)= 0.43

Fig. 2 Proportion of variants identified in ExAC and not identified
in ExAC, categorized in evidence of pathogenicity. VUS, variant
of uncertain significance. Significance: ***P-values < 0.001;
**P-values < 0.01; *P < 0.05
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[39]. Furthermore, recent studies have shown protective
variants acting as risk modifiers. These variants rescue the
pathogenic effect of the initial variant [40, 41]. This study
has not accounted for reduced penetrance of the genetic
variants or for protective variants, but we advise the reader
to take it under consideration when interpreting the results.

The interpretation of pathogenicity of variants must be
based on uniform approaches, i.e., common criteria for
variant classification. Therefore, we analyzed the variants
according to the ACMG guidelines [19], which include
important criteria, such as family segregation, functional
characterization, and in silico predictions (see Supplemen-
tary Table 2). Previously, variants were classified as dis-
ease-causing, when observed in cases, and absent in a few
hundred controls, with no or limited supporting information
as pathogenic evidence. The standards for variant classifi-
cation have changed and continue to do so, and we therefore
encourage researchers to fully adopt the ACMG guidelines
in order to critically assess both novel and old variants [42].

Using the ACMG guidelines, our data provides new
insights into the pathogenicity on >50% of the variants
previously classified as variants with conflicting inter-
pretations, variants of uncertain significance, or variants
lacking a classification in ClinVar. Thus, our data con-
tributes to a more granulated assessment of these variants.

Families experiencing cases of SIDS could be tested for
putative variants [10]. In light of cascade screening, any
counseling based on erroneously classified variants can
have detrimental consequences, and lead to incorrect diag-
nosis and management of the family. Solid classification is
also of utmost importance in genetic counseling in families,
who have lost a child due to SIDS, in particular if prenatal
genetic testing might be considered. Wrongfully diagnosing
an individual with an alleged life-threatening variant may
lead to stigmatization and unnecessary intervention and
follow-up. Conversely, identifying the erroneous variant
might lead to overseeing of the causal variant.

Limitations

First, since age inclusion criteria have been applied in the
interrogated cohorts, carriers of highly pathogenic variants
could have died before age of inclusion. As discussed
above, some variants could result in fatal events in infants
and young children, but be without any associated risk in
older children and adults who have survived the critical
developmental phases without exposure to exogenous
stressors, as described in the triple risk model [38].

Secondly, we used genotyping array data in Inter99 and
UK Biobank, thus variants not included on the chip were not
examined. Third, the syncope analysis included only patients
who were hospitalized. Patients, who experienced syncope

and pre-syncope and did not seek medical assistance, or
were treated in primary care, were not included. When using
the ICD-10 code for syncope, syncope cannot be differ-
entiated from arrhythmia and vasovagal causes. Last, asso-
ciations with cardiac traits found in the UK Biobank were
not Bonferroni corrected, and should be interpreted with
caution. No Bonferroni correction (P= 0.05/4= 0.0125)
was applied, as we aimed to report lack of association. These
associations ought to be subjected to additional research and
are included for hypothesis generation purposes.

Conclusion

The study identified ~2/3 of variants previously associated
with SIDS in three large population-based cohorts with
available genotypic data. For the vast majority of variants,
we found no effect on ECG-traits previously associated with
sudden cardiac death. Moreover, carriers of SIDS variants
were not at increased risk of syncope, malignant ventricular
arrhythmia, and all-cause mortality, compared with non-
carriers. These findings suggest that a large number of
variants, previously implicated with SIDS, are not highly
penetrant monogenic causes of the disease and show the
importance of temporal re-evaluation of genetic variants, to
avoid misapplication in a clinical setting.
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