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Abstract
Stillbirth after 20 weeks gestation happens in 1 in 200 pregnancies and occurs more commonly than neonatal loss and sudden infant death syndrome (SIDs) combined. The stillbirth rate is several times greater in low as opposed to high-resource
countries. However, among high-resource countries, although a lower overall stillbirth rate exists, there has been little
change for several decades. Molecular genetic technologies are emerging as important contributors to our understanding
of stillbirth. Initially, genetic etiologies included alterations in chromosome number or structure such as aneuploidy and
microduplications and deletions. More recently, next-generation sequencing analysis in two genetic conditions, Smith Lemli
Optiz Syndrome (SLOs) and the channelopathy disorders (such as long QT syndrome (LQTS)) provide examples into the
association of pathogenic gene variants with stillbirth. Although these specific conditions individually account for only a
small number of stillbirths, investigating these disorders provides a new and innovative approach for further understanding
genetic contributors to adverse pregnancy outcomes. Our knowledge of the role of genetic disease as an etiology for stillbirth is elementary. Genomic interrogation of maternal–fetal genotypes, gene–gene, and genotype–environment interaction
is lacking in stillbirth research. At the DNA sequence level, further investigation of variants of unknown significance is an
opportunity for exploration of biologic pathways of importance to pregnancy loss. This review concentrates on SLO as an
example of a single gene disorder with a high carrier but low affected liveborn proband rate. The channelopathy disorders are
included as initial examples of genetic conditions with variable presentation including an association with sudden infant death
syndrome. Highlighted are the challenges when numerous genes and variants are involved, and the task of assigning pathogenicity. The advantages and limitations of genetic evaluations are presented and avenues for further research considered.

Introduction
In the United States, stillbirth occurs more commonly than
neonatal death and sudden infant death combined. Stillbirth
is usually characterized as fetal loss over 20 weeks gestation
and occurs in 1 in 160–200 pregnancies (Hoyert and Gregory 2016). Globally, the world health organization (WHO)
uses the International Classification of Disease (ICD)-9
definition of greater than 28 weeks, and 500 g (Lawn et al.
2016). Whether weight or gestational age are the best measurements may be country specific (Bose et al. 2015). The
Every Newborn Action Plan (ENAP) promotes a 2030
goal of worldwide stillbirth reduction to 1 in 80 livebirths.
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While in high-resource countries, the stillbirth rate is already
below this mark, a goal of 1 in 80 worldwide reflects that
the majority of stillbirths currently occur in low-resource
countries with higher rates and more deliveries (Lawn et al.
2010) (Fig. 1).
Worldwide, one stillbirth occurs every 2 min of every
hour of every day. Most significantly, prior to 2006, systematic tracking of stillbirth was not available (Lawn et al.
2016). Understanding the cause of a stillbirth often is
handicapped by parental reluctance for investigations, tissue changes with time from stillbirth to delivery and the
challenges of varying standardized descriptions of cause.
At least 81 classification systems exist containing multiple,
even up to 30 etiologies (Korteweg et al. 2006; Leisher et al.
2016). The majority focus on maternal characteristics, placental pathology and when included, fetopsy (Fig. 2 ). Considerable heterogeneity and overlap in etiologies confound
the determination of a primary cause of the stillbirth. For
example, even when malformations are present, almost half
of stillbirths have a placental finding otherwise associated
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Fig. 1 Distribution of stillbirth worldwide reflecting absolute rates as well as impact of high stillbirth rates in high delivery volume countries
(from Lawn et al. 2016)

two single-gene disorders are included to highlight possible
new associations. Lastly, future opportunities in stillbirth
research are proposed to further our understanding at the
single gene level and when integrating the complexities of
gene–gene and gene–environment interaction.

Recognized genetic contributors to stillbirth

Fig. 2 Distribution of causes of stillbirth (Gravett et al. 2010)

with fetal death (syncytial knots, abruption) (Page et al.
2017). Currently, in the United States, even with dedicated,
contemporaneous evaluations, 20–30% of stillbirth remain
without a discernible primary etiology (Page et al. 2017).
New innovations in genetics can advance our understanding of stillbirth. Relatively noninvasive sample procurement
(blood, fetal tissue, placental biopsy) for DNA and RNA
affords a “molecular autopsy” for genetic disorders (Quinlan-Jones et al. 2019). Technologies such as whole exome/
genome sequencing (WES/WGS), “omics” and functional
studies provide avenues to increase our understanding of
parturition or conversely, perhaps the lack of an appropriate
delivery trigger in an adverse maternal–fetal environment.
This review examines the current role of genetics in stillbirth investigation. Established genetic contributions such as
from chromosomal imbalance are presented. Additionally,
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Genetic evaluation of a stillborn infant is classically, and in
many countries, remains a karyotype. In 8–13% of stillbirth
cases, a chromosomal abnormality is identified (Korteweg
et al. 2012). More recently, chromosome microarray (CMA)
has become the preferred test for stillbirth (Quinlan-Jones
et al. 2019). CMA can be applied to nondividing, nonliving cells and also can detect small chromosome gains and
losses not identified by a karyotype. In a large, multicenter
United States investigation of over 500 stillbirths, CMA
significantly increased the detection of clinically important
chromosomal anomalies from 5.8 to 8.3% (P = 0.007), a
41.9% increase (detection rate ratio, 1.42; 95% confidence
interval [CI] 1.07–1.89) (Reddy et al. 2012). In cases with
stillbirth and anomalies, CMA increased detection of pathogenic findings to 29.9% (20/67) as compared to karyotype
alone; 19.4% (13/67), P = 0.008; a 53.8% increase (detection
rate ratio, 1.54; 95% CI 1.03 to 2.26). Furthermore, CMA
provides results more often than karyotype analysis (87.4%
vs. 70.5%, P < 0.001) (Reddy et al. 2012).
Recent advances in genetic technologies include lower
cost and faster sequencing. Two current approaches are
whole exome sequencing (WES), and whole genome
sequencing (WGS). WES focuses on the smaller portion of
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the genome (< 2%) which contains the DNA sequences leading to the majority of currently known inherited diseases. In
contrast, WGS provides sequence data from across the entire
genome. In general, advantages of WES are its speed and
relatively lower cost when compared to WGS. Following
PCR for capture of the segment, WES detects sequence copy
number variants using a high depth of repetitive sequencing (generally about 100×). WGS provides even greater
detection of copy number variants across the genome but
at a lessor depth of sequencing. Depth of sequencing refers
to the number of times a specific nucleotide is identified
within short fragments. For WES, increasing the depth helps
assure sequencing errors are minimized and uneven coverage
resulting from the PCR step is addressed (Sims et al. 2014).
WES, however, does not sequence the introns, those adjoining regions which may contain important gene activation
and suppression information. WGS, however, sequences the
entire genome—the exomes, adjoining regions and intergenic areas. With WGS, PCR is not needed for the initial
capture step, so sequencing can be achieved at 30× depth.
But as the entire genome is analyzed, the longer sequencing
time and pipeline analysis results in a higher cost per sample (Strauss et al. 2018). Sequencing approaches are changing rapidly, however, with high coverage sequencers being
developed to handle both the genome and the exome at a
reasonable cost and within a practical timeframe.
Clinically, sequencing at the exome level (exome
sequencing) is increasingly incorporated into the care
of infants in the intensive care unit as well as for specific
pediatric populations. The increased detection of genetic
conditions varies by the neonatal or pediatric indication.
Among pediatric populations with an undiagnosed neurologic condition, 27% had a further diagnosis made by WES
(Yang et al. 2014). Diagnostic yield from WES is further
increased when both parents as well as the proband (triad or
trio testing) undergo testing. Trio testing allows delineation
of a “de novo” status of an identified variant as one piece
of evidence of potential pathogenicity. Among a pediatric
population with unexplained etiology of developmental
delay, inclusion of trios increased the discovery rate of possibly pathogenic variants from 9 to 41% of the patients (Lee
et al. 2014). In the prenatal setting, WES is just now being
introduced among pregnancies in which a fetal malformation is identified. Similar to pediatric studies, the yield of
diagnoses increases from 14% (2/14) to 50% (5/10) when
trios are included (Drury et al. 2015). A large, multicenter
study of over 600 fetuses with ultrasound anomalies found
pathogenic variants in 52/610 (8.5%; 95% CI 6.4–11.0). In
fetuses with multisystem anomalies, pathogenic variants
were present in 22/143 (15.4%). Trios were available in most
cases (Lord et al. 2019).
Among stillbirth populations, WES or WGS evaluation
is available in only a few, small sample size studies. These
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studies are difficult to compare as they have different criteria for inclusion of congenital anomalies, consanguinity
and unclear gestational age. Also, the sequencing platforms
and interpretation guidelines differ. In Saudi Arabia, in 44
families with stillbirths or lethal anomalies, WES revealed
pathogenic findings in 50% (22/40). These results may be
influenced by a high rate of consanguinity in this study
which would potentially bias the results to autosomal recessive disorders. Variants of unknown significance (VOUS)
were present in another 15 families (34%) (Shamseldin et al.
2018). Among the 4 cases of IUFD without anomalies, 2/4
(50%) had WES pathogenic variants. Similarly, preliminary WES/WGS findings are available from an Australian
population of 43 families with a stillbirth. Again, anomalous stillbirths are included with a rate of 23% with pathogenic variants and an additional 26% with likely pathogenic
candidate variants reported. Of note, pursuit of at least one
VOUS with functional studies provided evidence of lethality
in an animal model. Among all those with a positive WES,
anomalies were present (Barnett 2017, personal communication, American Society of Human Genetics annual meeting).
Stillbirth remains an area of adverse pregnancy outcome
which has undergone only initial evaluation by sequencing.

Single‑gene disorders as contributors to stillbirth
Two different approaches could be considered to gauge
whether a single gene disorder is associated with stillbirth—
(1) Hardy–Weinberg disequilibrium—fewer affected individuals than expected in the pediatric population based on
the gene carrier rate and (2) extension of investigations in
genetic disorders resulting in infant death syndrome (SIDs).
Two genetic disorders were selected for inclusion in this
review to exemplify each of these approaches. Smith Lemli
Opitz syndrome (SLOs) is due to pathogenic variants in a
cholesterol metabolism enzyme with a lower than expected
affected proband population. SLO has a high population
carrier frequency and is an example of a deviation from
Hardy–Weinberg approach. For the second approach, infants
with SIDs are associated with channelopathy pathogenic
variants which produce altered cardiac rhythms. Among
stillbirth cases, a similar increased rate of cardiac-based
pathogenic variants is noted. In both instances, the growing
specificity, access and decreasing cost of genetic sequencing technologies are informing the recognition of underappreciated genetic disorders which may be associated with
stillbirth.
Smith Lemli Opitz and stillbirth
Smith Lemli Opitz syndrome (SLOs) was initially described
by David Smith in the early 1960s with the familial recurrence of children with ambiguous genitalia, similar facial
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features and intellectual disability (Smith et al. 1964; Opitz
1994). Altered cholesterol levels led to the identification of
an enzymatic abnormality within key pathways (Irons et al.
1993). SLO is the result of pathogenic variants in the gene
DHCR7, a key component of the cholesterol pathway. Most
commonly, a G-to-C transversion in the splice acceptor site
on exon 9 results in a null, pathogenic variant leading to premature termination and absent enzymatic activity (Yu et al.
2000). This variant, IVS8-1G-C is annotated as c.964-1G4C
in some literature articles.
Pathogenic variants in pediatric probands In early studies,
63% (21/33) of children with clinical and metabolic SLO
were found to possess the IVS8-1G-C null variant. Interestingly, this pathogenic allele was identified only in a heterozygotic state; one copy of the IVS8-1G-C pathogenic
variant with a presumed second pathogenic variant as yet
unidentified. The homozygotic combination (IVS8-1G-C/
IVS8-1G-C) was not noted suggesting lethality (Yu et al.
2000). Genotyping of larger cohorts revealed a wide range
of pathogenic variants (Witsch-Baumgartner et al. 2001).
Among SLOs’ probands in the literature, a compendium
of at least 145 pathogenic alleles reveals several important
characteristics (Waterham and Hennekam 2012; Boland and
Tatonetti 2016). First, the most common pathogenic allele is
IVS8-1G4C (28.5%). The distribution and locations of the
next most common pathogenic variants are noted in Table 1.
Among this cohort are 130 missense, 8 nonsense, 8 deletions, 2 insertions, 1 indel, and 5 splice site pathogenic vari-

ants. Second, most probands possess a combination of one
missense and one nonsense pathogenic variant. And lastly,
homozygosity for the null allele, IVS8-1G4C, the most
common variant allele, is rare among SLO liveborn (Boland
and Tatonetti 2016). Most SLOs patients are compound heterozygotes possessing the IVS8-1G-C variant and a range of
other pathogenic variants within the gene. The absence of
IVS8-1G-C homozygosity, a common feature in other autosomal recessive conditions, is striking.
Phenotypic variation in SLOs individuals is partially a
reflection of this heterogeneity of pathogenic variants. Children with SLOs can have minimal dysmorphia with normal
development to more commonly, profound developmental
delay, multisystem structural anomalies and sexual dimorphism (Nowaczyk and Irons 2012). Homozygous DHCR7
null pathogenic variants result in absent cholesterol production with marked impact on embryonic and fetal development (Lanthaler et al. 2013). The other pathogenic variants
affect cholesterol production to variable degrees with lower
levels of cholesterol correlated with the most severe phenotypes. However, 70% of the phenotype variation remains
unexplained (Yu et al. 2000).
Cholesterol availability from the mother to the fetus also
contributes to the variation of SLO phenotype (Lanthaler
et al. 2013). For example, increased cholesterol transfer from
the mother to the fetus blunts the severity of more severe
pathogenic variants. Conversely, the phenotype changes
adversely with diminished maternal–placental cholesterol
transport. This latter situation can exist with maternal

Table 1 DHCR7 alleles identified in probands with SLO from 30 studies (Boland and Tatonetti 2016)
Allele’s effect on coding
sequence

Genomic
chromosome
positiona

Accession
number (RS
ID)a

Intron/exon Allele freq. in 523 SLOS
patients, N = 1037 alleles
(%)

Allele freq. in ExAC population,
N = 60,706 healthy individuals
(%)

IVS8-1G>Cb
T93M
W151X
V326Lc
R404C
R352Wc
E448K
R352Q
G410S
Unidentified suspected variant
PS1S
R242C
F302L

71146886
71155082
71152447
71146873
71146639
71146795
71146507
71146794
71146621
–
–
71150032
71148915

rs138659167
rs80338853
rs11555217
rs80338859
rs61757582
rs80338860
rs80338864
rs121909768
rs80338862
–
–
rs80338856
rs80338858

Intron 8
Exon 4
Exon 6
Exon 9
Exon 9
Exon 9
Exon 9
Exon 9
Exon 9
–
Exon 4
Exon 7
Exon 8

386 (4.2 × 10−1)
3 (2.7 × 10−3)
82 (6.8 × 10−2)
5 (4.8 × 10−3)
4 (3.5 × 10−3)
2 (1.7 × 10−3)
1 (8.5 × 10−4)
4 (3.4 × 10−3)
5 (4.3 × 10−3)
–
–
1 (8.3 × 10−3)
1 (8.3 × 10−4)

291 (28.4)
96 (9.4)
86 (8.4)
52 (5.1)
36 (3.5)
34 (3.3)
23 (2.2)
22 (2.2)
15 (1.5)
13 (1.3)
12 (1.2)
12 (1.2)
12 (1.2)

a

Obtained from ExAC output, accessed in November 2015 (http://exac.broadinstitute.org/)

b

Annotated as: c.964-lG>C in some literature articles

c

SLOS patients with single mutations (true heterozygotes) were found (three patients), two had mutations in V326L and one had a mutation in
R352W. Both mutations were shown to reduce expression of DHCR7 upon heterologous expression by > 90%
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pathogenic variants of APOE and ATP-binding cassette
transporter A1 (ABCA1) (Witsch-Baumgartner et al. 2004;
Lanthaler et al. 2013) A maternal APOE2 variant profoundly
decreases the cholesterol transporter protein and lowers
cholesterol availability to the fetus. Lower fetal cholesterol
in most studies is associated with a more severe SLO phenotype (Abuelo et al. 1995). Animal knock-out models for
SLOs correlate APOE deficiency with more severe phenotype and increased fetal lethality (Solca et al. 2007; Lanthaler et al. 2013).

Pathogenic variants in SLO carriers and Hardy–
Weinberg expectations
The lack of individuals among the SLOs pediatric population with homozygosity (two copies of the same variant)
for the most common pathogenic variant in carriers does
not conform to the HW equilibrium (p2 + 2pq + q2) = 1;
the mathematical representation of the balance of wildtype
and pathogenic variants within a population. First, as noted
above, the most common pathogenic variant of DHCR7 is
not seen in the homozygotic (q2) state among liveborns. Second, carriers (2pq) of DHCR7 pathogenic variants occur at a
greater frequency then would be expected based on the prevalence of the disorder. Carrier frequencies range from 1/20
among persons in Utah to 1/50–1/100 among Caucasians in
the United States (Nowaczyk et al. 2006). Based on a carrier average of 1/30, a disease prevalence of 1/3600 would
be expected. However, the documented proband prevalence
is 10–15 times less common (1 in 20,000–60,000) (Battaile
et al. 2001) (Table 1). With these carrier rates, an estimated
42–88% of fetuses with SLO are lost as perinatal demise
(Lazarin et al. 2017).
Few studies include analysis of SLOs in stillborn infants.
Among ten reported cases of fetal SLOs based on metabolic
studies, three fetuses were indeed homozygotic for the null
pathogenic variants IVS8-1G-C. While a sample size of ten
is small, 30% with homozygotic null pathogenic variants is
at marked difference from the liveborn SLO populations in
which heterozygosity but not homozygosity for IVS8-1G-C
is noted. All three fetuses had multisystem involvement and
were terminated preventing assessment of their viability
(Quelin et al. 2012). Alternatively, the SLO fetal proband
frequency is also indirectly implied by a second trimester
population study of women with low unconjugated estriol
on aneuploidy screening. Using this marker, the frequency
of SLO is similar to that in live probands (1/60,000) suggesting the losses may occur in the first trimester (Schoen
et al. 2003).
A recent analysis of a large population of stillbirths did
not support a predominance of homozygotic pathogenic
variants for SLOs. DNA was extracted on 144 cases and
sequencing of DHCR7 revealed no cases with homozygosity
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of pathogenic variants. A single copy of a pathogenic variant (a heterozygote) was noted in nine stillbirth samples
(9/139) (6.5%). An additional case was identified as a compound heterozygote with two different pathogenic variants
of DHCR7 (Gibbins et al. 2018). Upon further review of this
study, however, other interpretations of the data are worth
presenting. While the lack of homozygosity was taken as
not supportive of DHCR7 involvement in stillbirth, a rate of
6.5% heterozygosity for pathogenic variants (“carriers”) is
approximately two times the carrier rate in the general population (1–3%) (Lazarin et al. 2017). One could speculate
that the clinical pathogenicity of these heterozygotic alleles
may be further influenced by undetected indels, gene–gene
or gene–environment interaction. Interestingly, the pathogenic variants described were not those commonly identified
among liveborn probands or carriers (Gibbins et al. 2018).
Lastly, when the pathogenic variants responsible for
SLOs are compared between the stillbirth, heterozygotic
carriers and pediatric proband populations, differences
exist. Except for IVS8-1G>C allele, there is little similarity
between the other identified pathogenic alleles in these three
populations. These findings highlight the Hardy Weinberg
disequilibrium, the range of genetic variation in diseaseassociated genes, and the potential for influence by ascertainment. Also at question is whether other modifiers are
undiscovered such as gene–gene or gene–environment as
exemplified by maternal cholesterol availability (Table 2).
The source of this Hardy–Weinberg disequilibrium
remains unanswered. Ascertainment may also play a role
with milder disease not appreciated, although this would
have to involve many affected individuals based on a carrier
rate of 1/30. Classification of benign variants as pathogenic
also would incorrectly alter the Hardy–Weinberg calculations (Kelley and Herman 2001). Potentially, some variants
are relatively “intolerant” leading to early losses and not
stillbirth. As the cholesterol pathway is so critical for early
development, early pregnancy loss in addition to stillbirth
should be considered. Additionally, review of the reproductive histories of SLO carrier couples for miscarriage or
stillbirth may be informative, although these rates may be
impacted by various factors including limitations to family
size, and bias in recall especially for early miscarriage.
Channelopathies
Pathogenic variants of the channelopathy genes are associated with sudden death across the age spectrum from
infants (sudden infant death syndrome (SIDs)) to adults.
Channelopathy genes are directly responsible for controlling the rhythm of the heart. Maintenance of calcium
and potassium transport across membranes in the heart is
essential for normal electronic conduction. Pathogenic variants result in prolonged (long QT syndrome) or shortened
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Table 2 Population carrier frequencies of DNCR7 mutation, predicted carrier rate and Hardy–Weinberg expectation of Smith Lemli Opitz syndrome frequency (Nowaczyk et al. 2006)
Author(s) (year) Region

Ethnicity (num- Mutation
ber of samples) screened

Heterozygotes
identified

IVS8-1G>C IVS8-1G>C as
carrier rate
a percentage of
all mutations
observed in
patients (%)

Predicate
disease carrier
rate (%)

Calculated
incidence

Yu et al. (2000) Various

American Caucasians (90)
Finns (120)
Africans (Sierra
Leone) (121)
Chinese (95)
Japanese (103)
Anonymous
(1503)
Not reported
African Americans (1378)
Caucasians
(1557)
Austrians
(Western
Tirol) (640)
Polish (4256)

IVS8-1G>C

1

1.11

29

3.8

1 in 2770

IVS8-1G>C

16

1.06%

29

3.7

1 in 2921

IVS8-1G>C
IVS8-1G>C

1.13%
0.73%

29

10

3.9
4.5

1 in 3673
1 in 1975

IVS8-1G>C

17

1.09%

24

5.4

1 in 1371

IVS8-1G>C
W151X

Not reported
Not reported

2.7%

50

W151X
V326L

39
12

2.4%

60

4.0

1 in 2500

Battaile et al.
(2001)
Metheralla
Wright et a1.
(2003)
Waye et al.
(2002)
Loeffler et al.
(2001)

Oregon

Ciara et al.
(2006)

Poland

Utah
Various
Ontario
Austria

No carriers of the IVS8-1G>C mutations were found in Southeast Asians (Chinese, Vietnamese, Laotian, Thai, Filipino), East Indians (Indian,
Pakistani, Sri Lankan), Middle Eastern and Canadian Aboriginal populations, and Japanese populations
a

As reported by Opitz et al. (2002)

(short QT syndrome) rhythms, an increased rate (catecholaminergic polymorphic ventricular tachycardia (CPVT)),
or a sudden disruption of a normal rhythm (Brugada). The
channelopathy genes are dominant variants and contribute to fainting, cardiac arrest and sudden death associated with exertion, stress, catecholamine release or at
rest. They are also associated with otherwise unexplained
infant demise—sudden infant death syndrome (SIDs) and
most recently, stillbirth (Crotti et al. 2013). As a group,
these conditions are uncommon, with long QT syndrome
(LQTS) the most prevalent at 1 in 2000 persons (Modell
and Lehmann 2006). However, in the general population,
the presence of a variant and even a pathogenic variant
in a channelopathy gene is more common than perhaps
previously appreciated. Using sequencing data from the
NHLBI GO Exome Sequencing project, 1/31 individuals
carry a previously published LTQS gene variant. In this
unaffected population, 33 variants were identified, just
over half of these variants had previous functional data
supportive of pathogenicity published. ECG data indicate
these identified variants do not prolong the QT interval in
these individuals suggesting they are not monogenic variants responsible for LQTS, or act in conjunction with other
genes or environmental exposures (Refsgaard et al. 2012).
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Among the general population, up to 1/20 may possess a
channelopathy variant not previously associated with symtomatic cardiac arrythmia (Ackerman and Creery 2003;
Ackerman 2004; Tester and Ackerman 2005). Given the
number of genes and variants, associating pathogenicity to a
channelopathy gene variant is challenging (Campuzano et al.
2015; Baruteau et al. 2017). As with all genetic sequencing
variations, pathogenicity of a variant should rely on several criteria beyond association with a disease state. The
American College of Medical Genetic provides helpful guidance in this area. Comparison of the variant to established
databases, segregation within the family, in silico mapping
of anticipated changes in the protein produced, and in vitro
analysis of protein function all contribute to the determination (Richards et al. 2015). This also requires reanalysis over
time (Duzkale et al. 2013; Campuzano et al. 2015).
The genetics of the channelopathy proteins are complex
with numerous genes each having multiple variants identified. For the most common disorder, LQTS, variants of three
genes, KCNQ1 (LQT1, ≈ 35%), KCNH2 (LQT2, ≈ 30%) and
SCN5A (LQT3, ≈ 10%) account for 75% of cases. Two additional genes (KCNE1, KCNE2) make up the top five contributors to LQTS variation. (Splawski et al. 2000; Priori et al.
2003; Tester and Ackerman 2005). Eight further genes and
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literally hundreds of published variants further complicates
the genetics of LQTS (Refsgaard et al. 2012). Variants of
the channelopathy genes seem to be relatively well tolerated
and continue to be identified although many are of unknown
significance. For some variants, their original association
with cardiac conditions is now being reassessed when investigated with in vitro and in vivo functional studies. This is
particularly true for the numerous limited/disputed evidence
genes and their variants (Giudicessi et al. 2018a, b).
Further confounding the analysis of channelopathies is
penetrance and, especially for LQTS, the sex of the individual. Females with LQTS1 and LQTS2 are at greater risk
for QT prolongation and more severe outcomes (Locati
1998). At baseline, women have longer QT intervals than
men with LQTS definition varied by sex (men QTc > 440 ms;
women QTc > 460 ms) (Buxton et al. 2006). In males, testosterone at puberty provides a protective effect with shorter
QT intervals (Zareba et al. 2003). In women, variation of QT
duration is noted with hormonal fluctuations of the menstrual cycle and associated with prolongation with the use of
unopposed estrogen in postmenstrual women (Kadish et al.
2004). Similarly, during pregnancy, initial increases in progesterone are protective but as progesterone decreases prior
to labor, arrhythmia events become more common, especially so in the postpartum period (Seth et al. 2007). In vitro,
progesterone is protective based on cardiac repolarization
experiments (Odening et al. 2016). Whether these effects
are further modulated by the sex of a fetus with a pathogenic
variant remains unexplored.
Among cases of SIDs, cardiac arrhythmia as a causation
has long been considered. In a landmark study over 4 decades ago, longer QT intervals were associated with infants
who later underwent SIDs (Schwartz 1976). Later, sequencing of the genes associated with LQTS supported these initial cohort findings (Schwartz et al. 2000). Currently, 1–5%
of SIDs cases have a of classic LQTS pathogenic variant

with estimates of any channelopathy pathogenic variant in
5–10% of SIDs cases. These rates are higher than expected
and may be double the general populaiton rate of expected
LTQS variants (3–5%). Guidelines exist for molecular testing of channelopathy variants in SIDs cases (molecular
autopsy), including clinical cardiology evaluation of parents
and further parental genetic testing if indicated (Baruteau
et al. 2015, 2017). However, the studies of association of
channelopathies with SIDs remain challenging to compare
to one another as they have utilized different approaches
(Sanger vs. NGS), parental studies are often absent and
attempts at validation either in vitro or “in silico” are limited
(Baruteau et al. 2017).
Among stillbirth populations, investigators explored the
channelopathy genes based on the premise of an age continuum from sudden infant death syndrome to fetal death
(Schwartz 2004). Isolated cases of fetal loss and LTQS were
reported and followed by larger cohort studies (Ishikawa
et al. 2013). Three studies contribute intriguing findings to
this area (Table 3). Two of the three studies found higher
rates of channelopathy variants while the smallest sample size study (N = 70) did not (Crotti et al. 2013; Munroe
et al. 2018; Sahlin et al. 2019). In the Shalin study, pathogenic variants associated with Brugada syndrome occurred
3× more commonly but did not reach statistical significance.
All three studies were limited by their retrospective nature
with lack of access to parental samples and familial segregation information. Additionally, in vitro analysis was applied
to only a small subset of the newly identified possibly pathogenic variants.
Such data are an entry point to the study of channelopathies as an etiology for stillbirth. A comparison between the
frequency of LQTS pathogenic variants in adults, in cases
of SIDs and in stillborn infants is preliminary due to small
sample size. Among infants who are stillborn, SCN5A pathogenic variants play a larger role than in other populations

Table 3 Occurrence of pathogenic variants of channelopathy and cardiomyopathy genes in cases of unexplained stillbirth
Author

Crotti et al. (2013)

Stillbirth population—
unexplained, retrospective
91

70
Munroe et al.
(2018)
Sahlin et al. (2019) 174

Genes assessed

% Positive findings (pathogenic or probably pathogenic
sequence variations

Specifics

KCNQ1 (LQTS1), KCNH2
(LQTS2) and SCN5A
(LQTS3)
35 channelopathy gene panel

8.8% [95% CI 3.9–16.6%]a

3 pathogenic, 5 rare and with
functional effect

1.4% (N.S.)

70 channelopathy and cardiomyopathy genes

12.1%**

Probably pathogenic on functional in vitro studies
Only channelopathy pathogenic
variants identified

** Significantly greater than controls
a

Pathogenic variants not present in 1300 sequenced healthy controls or in the Helmholtz Zentrum exome database or publicly available: 1000
Genome Project 19 (http://www.1000genomes.org/ensembl-browser); NHLBI GO Exome Sequencing Project20 (http://evs.gs.washington.edu/
EVS), Exome Chip Design 21 (http://genome.sph.umich.edu/wiki/Exome_Chip_Design), uncertain pathogenicity defined as present in above
populations at 0.05–0.3%
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(Sahlin et al. 2019). Such a finding may suggest the SCN5A
pathogenic variants are less tolerated by a fetus. However,
as noted previously, the numerous genes and hundreds of
identified variants of these channelopathy disorders continue
to make the assessment of the channelopathies challenging.
By extension from studies of SIDs, further investigation
of gene–gene and gene–environment may be informative.
Additionally, given the unique setting of the fetus, the combination of variants in the mother–fetus dyad may provide
information.

Future opportunities
Genetics is the study of DNA sequence variations while
genomics is a broader consideration of the entire extent of
an individual’s gene sequences, gene–gene interactions and
gene function. Genomic technologies support investigations
into system biology and functionals pathways. Related areas
of research, “omics”, has become a wide-ranging area incorporating pathways from gene variants to the protein produced, metabolites and even the innate microbiology of an
individual. All these forms of investigation into the etiology
of stillbirth are in their preliminary stages. Prospective stillbirth studies are needed that incorporate standardized phenotyping of both the infant and placenta, trio sampling (DNA
from the stillborn infant and both parents), biobanking from
the placenta and maternal circulation and systematic collection of antepartum and parental variables. As genomic
technologies are moving at a rapid pace, a contemporaneous,
prospective collection should include sample procurement
and storage conditions which will permit not only the technologies of today but also those emerging such as single-cell
RNA sequencing.
Genetics as represented by single gene changes may eventually represent only a fraction of stillbirth etiology. Among
other pregnancy complications such as preterm labor, genewide association studies have not fulfilled the promises
of earlier candidate genes (Strauss et al. 2018). However,
singe-gene changes such as with SLO or a channelopathy are
of importance for understanding stillbirth etiology, recurrence risk counseling and phenotype characterization. Trio
investigation at the exome and whole genome levels will
provide the opportunity to further characterize candidate
regions as “de novo” and assess maternal–fetal dyads. As
included in this review, association of a variant with a disease state is not enough for a delineation of pathogenicity.
In further characterization of SLO, the channelopathies and
newly recognized candidate genes, identified gene variants
should undergo multistep assessment before pathogenicity
is assigned. Detailed investigation and consistent reporting
of in silico modeling of the effect of an amino acid change,
frequency in population databases, familial segregation and
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in vitro or in vivo analyses are essential (Richards et al.
2015). Gene variant association studies alone should be
considered as preliminary with further work to be done to
investigate pathogenicity.
Stillbirth, similar to preterm labor and other pregnancy
complications, is likely to be a multiple pathway event.
Opportunities exist to learn from the current approach to
the genetics of preterm labor. Sequencing (WES and WGS)
studies and genome wide association studies (GWAS) are
narrowing the focus to genes in the maternal inflammatory pathways. The genes identified to date lead to alerted
responses to inflammation whether from an infectious cause
or tissue stress. As sequencing develops these connections,
WES or WGS is proposed as the current research modality to advance the understanding and potential treatment of
preterm labor (Strauss et al. 2018). A combination of WES
and WGS entails a comprehensive approach to assure a more
complete investigation limited not only to candidate regions
but also able to detect multiple gene changes in intergenic
regions and the noncoding regions. With such approaches,
new variant discovery, pathway interrogation with “omics”
analysis and gene–gene interaction can be approached.
Bringing this broad multifactorial approach using new and
evolving genomic technologies to the assessment of inflammation or other key pathways in the stillbirth population is
needed.
Lessons also can be learned from the investigations of
SIDs. A “triple risk model” proposed by Filiano includes a
vulnerable infant (perhaps with a genetic variation), a critical period in development and an exogenous stressor (such
as smoking in SIDs) (Filiano and Kinney 1994). Genetic vulnerability is being approached by sequencing studies in both
the SIDs and stillbirth populations. Trio studies are critical
in the assessment of a genetic variation as parental studies
can inform whether a “de novo” change exists or whether it
is present in a parent with a different penetrance or vulnerability. Vulnerability also may be attributable not to a single gene but to gene–gene or even maternal–fetal dyad gene
combinations. The idea of a critical period in pregnancy for
stillbirth currently remains undefined and should be considered in light of the hormonal changes during pregnancy. In a
subset of potentially vulnerable fetuses with a channelopathy
variant, the fetal sex and timing of stillbirth in relationship
to the lowered progesterone levels in later gestation should
be explored more fully. Lastly, the concept of exogenous
stressors brings forward a range of investigations—a role for
inflammation, whether or not infection based, has emerged
in preterm labor and SIDs research but evaluation is needed
in assessment of stillbirth (Strauss et al. 2018; Ferrante et al.
2010, 2016). In particular, the influence of bacterial or viral
presence, the innate and genetically controlled fetal and
maternal responses, and the tolerance of inflammation are
prime candidates for exploration in a stillbirth population.
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Like the SIDs population, a reasonable assumption to pursue is that stillbirth will be due to at least two factors—(1)
single-gene pathogenic variants and (2) variants which may
predispose to death when a critical period of development or
an exogenous stressor is present (Opdal and Rognum 2011).

Discussion
Emergence and access to innovative genomic technologies
will drive the next step in understanding stillbirth. Since
the first stillbirth awareness series in Lancet in 2011, and
re-enforced in 2016, numerous fields of investigators have
improved care with projects aimed to increase knowledge,
identify stillbirth as an event included with all pregnancy
events, provide psychosocial support, examine the impact on
the next pregnancy, and bring attention to characterization
standards (de Bernis et al. 2016). A gap remains, though,
in the pace of basic science and now genomic research on
stillbirth as compared to other pregnancy events. These gaps
are highlighted in both Lancet series with calls for improved
phenotyping, standardized clinical data collection and an
approach to stillbirth as a system-based phenomenon (Froen
et al. 2016). While such approaches are not initially cost
effective, refinements and the knowledge gained in systems
biology has the potential for eventual transference to low
resource countries where the greater number of stillbirths
occur.
Evidence presented here suggests at least two relatively
common genetic disorders, Smith Lemli Opitz and channelopathies, may be contributors to stillbirth. Of interest from
these initial studies is that the distribution of pathogenic
variants identified among stillbirth varies from that noted
among affected individuals and carriers. This raises the possibility of pathogenic variants which have such an impact on
fetal development that they are incompatible with a livebirth.
Trio analysis, proband and each parent, will be essential to
investigating the distributions of these pathogenic variants.
Expansion of a Hardy–Weinberg disequilibrium analysis to
other relatively common single gene disorders should be
considered.
Additionally, the identification of new pathogenic variants will provide a starting point for further functional
analysis and a systems biology approach. As stillbirth is an
infrequent occurrence, the now robust nature of sequencing
tools allows analysis of archived samples. However, usually
parental samples are not stored and parents not available for
contact. In a prospective fashion, the genetic advances in
assessing cell-free DNA of placental origin in the maternal
circulation may prove to be fruitful. In all settings, the use
of trios and standardized criteria for variation classification
will refine our knowledge surrounding the role of genetic
sequencing in stillbirth. While the focus of this review was
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primarily single nucleotide alterations, such work is just
the beginning of a genomic analysis of stillbirth. Further
molecular technologies are likely to provide insight into
functional pathways as well as gene–gene and gene–environment interactions. A broad genomic approach to stillbirth
will require large datasets and sophisticated data analysis but
will contribute important information at both the clinical and
basic biology levels.
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