Review Article

A Systematic Review of Molecular Autopsy
Studies in Sudden Infant Death Cases

Laura Jane Heathfield'2 Lorna Jean Martin! Raj Ramesar

TDivision of Forensic Medicine and Toxicology, Department of
Pathology, Faculty of Health Sciences, University of Cape Town,
Observatory, South Africa

2MRC/UCT Research Unit for Genomic and Precision Medicine,
Division of Human Genetics, Institute of Infectious Diseases and
Molecular Medicine, Department of Pathology, University of Cape
Town, Cape Town, South Africa

] Pediatr Genet

Abstract

2

Address for correspondence Laura Jane Heathfield, BSc, BSc (Med)
Hons, MSc, PGDip, PO Box 13914, Mowbray, 7705, South Africa
(e-mail: laura.heathfield@uct.ac.za).

Sudden unexpected death is an upsetting event, which can remain unexplained even

after post-mortem investigation. Internationally, molecular autopsies have shown to
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Introduction

Sudden unexpected death of infants (SUDI) is a devastating
occurrence worldwide. In most countries, such cases are
referred for medico-legal autopsy to establish the cause of
death; however, in many instances, the cause of death remains
undetermined. By a matter of exclusion, these cases are
categorized as sudden infant death syndrome (SIDS) and in
developed countries, is the leading cause of death in infants."?
While SUDI refers to the rapid and unexpected fatal episode of
an infant less than 1 year old, SIDS refers specifically to those
cases which remain unexplained following a full autopsy,
clinical history review, and death scene investigation.>
Molecular autopsies have been reported to be of value in
cases of sudden unexpected death in the young (SUDY)
(individuals younger than 40 years old), particularly in
autopsy-negative cases.*> A molecular autopsy involves the
analysis of the deceased individuals’ DNA to determine if they
had a genetic mutation which contributed to and/or was likely
to have caused their death. Most of the research has been
focused on channelopathies, which are difficult to detect at a
conventional autopsy (as the heart appears anatomically
normal), but analysis of candidate genes implicated in chan-
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resolve up to 44% of unexplained cases; however, it is currently unclear how many of
these were infants. This systematic literature review showed that significantly fewer
infant cases were resolved (median: 4%) compared with cohorts of 1 to 45 years old
(median: 32%). Further, no study involving indigenous African participants has yet been
published. Overall, molecular autopsies hold immense value to living family members
and is motivation to explore new avenues in infant cohorts.

nelopathy diseases (e.g., long QT syndrome and Brugada
syndrome) can yield a molecular diagnosis.” Molecular autop-
sies have shown a resolution of up to 44% in previously
unexplained cases (cohort aged 1-19 years old), which brings
closure to family members, while also making it possible for
blood relatives to be tested for these mutations.®

Various case reports and studies have been published
regarding the number of sudden unexpected death cases
which have been potentially resolved by a molecular
autopsy;”-® however, it is currently unclear how many of
these cases were infants. Therefore, the aim of this study was
toreview the literature to assess the percentage of SUDI cases
resolved by molecular autopsies. The objectives were to
assess which diseases were most commonly inferred by
molecular results and to compare the resolution rates
between SUDI cases and older SUDY cohorts.

Methodology

The PubMed database was searched using the following
search terms: ((Sudden[All Fields] AND unexpected[All
Fields] AND (“death”[MeSH Terms] OR “death”[All Fields]
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OR “deaths”[All Fields]) AND (“infant”[MeSH Terms] OR
“infant”[All Fields] OR “infants”[All Fields])) OR (“sudden
infant death”[MeSH Terms] OR (“sudden”[All Fields] AND
“infant”[All Fields] AND “death”[All Fields]) OR “sudden
infant death”[All Fields] OR (“sudden”[All Fields] AND “infan-
t”[All Fields] AND “death”[All Fields] AND “syndrome”[All
Fields]) OR “sudden infant death syndrome”[All Fields]))
AND (molecular[All Fields] AND (“autopsy”[MeSH Terms],
OR *“autopsy”[All Fields])). No search restrictions were
applied on the dates of publication, and all articles up until
December 31, 2017 were included.

All articles returned from the search were then scanned
for relevance by reading the abstract and were included for
further analysis if they met certain criteria, as follows:
original research articles and case reports were included,
but reviews and opinion articles were excluded. Articles
pertaining to the development and/or optimization of mole-
cular methods only were not included. Articles in a language
other than English were excluded. Articles that described a
cohort inclusive of 0 to 1-year-olds (but not necessarily
limited to infants) were included, but the exact number of
infants in their studies were also recorded and used in
subsequent analysis. Articles whereby the cohort were all
greater than 1-year-old were put aside for comparison
purposes. It was also noted if a case report was subsequently
included in a larger cohort study by the same research group.
After all relevant articles were obtained, their reference lists
were searched manually for other potential articles, which
were subjected to the same criteria as described above.

The following variables were collected from each article:
article details, including journal name and date; country of
the population studied; total cohort size (including age
range) as well as number of infants in the study; scope of
molecular investigation (including the number of genes
investigated); pathways/disease groups associated with the
genes studied; and resolution of cases following molecular
analysis. This information was collected for both infants, as
well as older cohorts.

Descriptive statistics were applied to the data, and the
non-parametric Mann-Whitney test was used to assess for
significant differences in the percentages of resolved cases
between infants and cohorts of more than 1-year-old, assum-
ing a confidence interval of 95%. A Spearman rank sum test
was used to assess for correlation between the number of
genes included and the percentages of resolved cases. Graphs
were created, and statistical tests were performed in Graph-
Pad Prism 6.

Results

A total of 94 articles were returned, of which 55 were
subsequently excluded. These were review articles
(n = 15), retrospective case reviews not involving molecular
autopsies (n = 8), viewpoint or recommendation articles
(n = 6), studies involving method optimization or molecular
virus detection (n = 10), or articles not relevant to the topic
(n = 16). Only one article was not in English, but was a
review article, so was excluded anyway. Numerous articles
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were published relating to the Scripps Translational Science
Institute study,g‘11 but only the most relevant article per-
taining to this review was included,"" to avoid overrepre-
sentation of the cohort.

A total of 20 original research studies and seven case
reports>' =37 thus met the inclusion criteria for the review,
which included at least one infant greater than 1-year-old in
their study (=Table 1). One of the seven case reports,
however,3* was also represented in one original research
article.”® The remaining articles (n = 12) had cohorts of
individuals older than 1 year old only.

Articles that met the inclusion criteria were published
between 1992 and 2017, with 23 (85%) published in the past
11 years (=Fig. 1). The articles were published in 21 different
journals; most journals published a single article, besides
Forensic Science International (n = 5), Archives of Disease in
Childhood (n = 2), and Heart Rhythm (n = 2).

Articles represented cohorts from 10 different countries,
in addition to the one multi-center study in Europe (~Fig. 2).
The United States of America had the most articles pub-
lished (11/27 = 40.74%). No study was from an indigenous
African population. Cohort sizes for infants ranged from
n=1 to 292 infants (median: n =30, standard
deviation: 4 31.5).

The scope of molecular analysis was between genotyping
one variant to whole exome sequencing; however, the major-
ity of studies (20/27 = 74%) researched 11 or fewer candidate
genes by a variety of molecular methods. Two studies used
whole exome sequencing (infants in cohort: 7-161), while four
studies sequenced a panel of 23 genes or more using next
generation sequencing technology (cohorts included 6 to 280
infants). In total, however, seven studies utilized next genera-
tion sequencing, and these were also the seven most recently
published studies (2014-2017). When considering the studies
that utilized next generation sequencing, a trend was seen in
that—the smaller the cohort, the larger the percentage of
potentially resolved cases (R? = -0.7143); however, this was
not statistically significant (p = 0.0881).

When case reports were excluded, and the 20 “cohort”
studies were analyzed, a mean of 8.6% (median: 4.0%) of
sudden infant death cases were potentially resolved after a
molecular autopsy. This was compared with the studies
involving SUDY cohorts, over 1 year old, whereby a mean
of 29.36% (median: 32.13%) of cases were potentially
resolved following molecular autopsy (=Fig. 3). A Mann-
Whitney test showed that older cohorts of SUDY (1-45 years
old) were significantly more resolved by molecular autopsies
compared with infants (0-1 years) (p < 0.0001).

Out of the seven case reports, one included the analysis of
two infants,® while the remaining six each reported on one
infant only. Researchers were successful at identifying
pathogenic mutations, which probably contributed toward
death, in the six single case reports. These mutations were
involved in channelopathies (two case reports), metabolic
disorders (three case reports), and autonomic nervous con-
trol (one case report). The case report including two infants
was unsuccessful at identifying pathogenic mutations in four
genes involved in channelopathies.>®
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Table 1 A total of 20 original articles and 7 case reports met the inclusion criteria for the systematic review

Heathfield

et al.

Date | Country Number of Molecular autopsy Number of Sample used from Potential Ref.
infants approach genes|variants | deceased infant resolution
(<1 year) in investigated in infant
study cohort cases (%)
Original articles
2017 | United States | 8 NGS, WES Exome & Blood 37.5 B
mtDNA genome
2017 | Canada 182 NGS, panel of genes | 71 genes Frozen tissue 6.04 12
2017 | Europe 161 NGS, WES Focused on Tissue 20.0 3
(multi-center) 192 genes
2016 | United States | 280 NGS, panel of genes | 64 genes Dried blood spot 2.80 24
2015 | Germany 38 NGS, panel of genes | 86 genes Frozen blood or tissue | 5.00 25
2015 | France 6 NGS, panel of genes | 23 genes Frozen tissue 333 26
2014 | United States | 141 NGS, panel of genes | 6 genes Dried blood spot 13.5 27
or tissue
2014 | New Zealand | 102 Sanger sequencing 6 genes Blood, dried blood 1.96 28
spot or tissue
2014 | Netherlands 138 Various targeted 25 variants in FFPE tissue Not available 29
genotyping methods | 11 genes
2013 | Australia 46 Sanger sequencing 2 genes Blood or tissue 4.00 30
2013 | ltaly 10 Real-time PCR 1 gene + gene | Tissue 10.0 13
expression
2011 | Japan 30 Sanger sequencing 1 gene Frozen blood 3.33 14
2010 | United States | 292 HPLC and Sanger 4 genes Blood or frozen tissue | 1.03 15
sequencing
2010 | New Zealand | 1 HPLC and Sanger 5 genes Dried blood spot 0.00 16
sequencing
2009 | France 52 of which HPLC and Sanger 5 genes Blood 9.38 7
32 were SIDS | sequencing
2007 | United States | 16 Sanger sequencing 2 genes FFPE tissue 12.5 18
2007 | United States | 221 HPLC and Sanger 1 gene Blood 1.35 1’
sequencing
2007 | Germany 6 Sanger sequencing 2 genes Blood 0.00 20
2001 | United States | 93 HPLC and Sanger 1 gene Frozen tissue 2.15 21
sequencing
1992 | United States | 67 Restriction 1 variant FFPE tissue 0.00 22
enzyme digestion
Mean = 8.62%
Median = 4.00%
Case studies
2015 | United States | 1 NGS, WES Exome Blood Yes 31
2014 | Japan 1 Sanger sequencing 1 gene Blood Yes 32
2014 | Spain 1 NGS, panel of genes | 104 genes Blood Yes 33
2013 | Italy 1 PCR and agarose 1 variant Tissue Yes 34
gel electrophoresis
2009 | United States | 1 Sanger sequencing 1 variant Blood Yes 35
2001 | Germany 2 Sanger sequencing 4 genes Blood No 36
1997 | United States | 1 Restriction enzyme 1 gene Tissue Yes 37
digestion

Abbreviations: FFPE, formalin fixed paraffin embedded; HPLC, high-performance liquid chromatography; mtDNA, mitochondrial DNA; NGS, next
generation sequencing; PCR, polymerase chain reaction; Ref., reference; USA, the United States of America; SIDS, sudden infant death syndrome;
WES, whole exome sequencing.
Note: Details pertaining to these studies are summarized. Potential resolution is reported to three significant numbers.
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Fig. 1 Number of original articles and case reports published per year. The majority of articles (85%) were published within the last 11 years.
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Fig. 3 Percentages of cases potentially resolved following molecular

autopsies, which was significantly different between infants (0-1 years old)
and cohorts of “sudden unexpected death in the young” (1 to ~45 years old).

Journal of Pediatric Genetics

Of the 20 original articles, 12 identified putative patho-
genic mutations in genes associated with channelopathies, 5
in cardiomyopathies, 4 in metabolic disorders, 2 in auto-
nomic nervous control disorders, and 1 in mitochondrial
DNA (mtDNA) disorders. The category of diseases with the
highest “yield” of potentially resolved cases was that of
channelopathies (6.7%) followed by metabolic disorders
(5.08%), with the remaining three categories having a return
of less than 1.6% resolution, each. Lastly, within these 20
articles, the number of genes investigated was significantly
associated with the percentage of potentially resolved cases
(p = 0.0179) (~Fig. 4).

Discussion

The role of genetic factors in human disease especially
involving metabolic and cardiovascular diseases is well
recognized.*® The investigation of genetic factors to explain
mortality is less well established; however, this trend is
growing for metabolic and cardiovascular diseases. Some

of these diseases do not have obvious physical/phenotypic
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Fig. 4 The percentage of cases potentially resolved by molecular
autopsies increased as the number of genes analyzed increased. This is
represented in this figure by means of categorizing the data; however,
a Spearman rank sum test on the numerical data (=Table 1) showed
that this association was statistically significant (p = 0.0179).

manifestations, particularly in very young infants and, there-
fore, may go undetected at autopsy. However, such diseases
can potentially be revealed with genetic analysis of the
deceased individuals’ DNA.

To date, many genes and variants have been identified as
candidates for molecular autopsies as reviewed by various
authors.>-40 some studies have targeted specific mutations
in candidate genes, sometimes on a case-by-case basis, while
other studies have screened cohorts for these mutations
(=Table 1). In comparison, and more recently, a next gen-
eration sequencing approach has been used to identify new
mutations which could underlie and perhaps explain sudden
unexpected death cases.

One of the challenges in these larger scale studies, as with
most next generation data, is the interpretation of rare variants,
particularly those that are putatively pathogenic according to in
silico analysis but lack functional and co-segregation studies to
support the predicted pathogenicity of the variant. The value of
co-segregation analysis was demonstrated by Campuzano
et al>3 whereby the presence of rare variants in asymptomatic
family members aided the exclusion of some variants as being
causative of the infant’s death and ultimately led to the
identification of the variant likely related to the infant’s sudden
death. As Glengarry et al’® noted, however, co-segregation
studies are usually challenging to perform especially when the
proband is an infant, due to difficulties in tracking families. The
implication of this is two-fold; first, if a pathogenic variant is
found which explains death, the information cannot be given to
the family who is lost to follow up; and second, the lack of co-
segregation analysis, together with the absence of functional
studies, results in many variants being classified as “variants of

unknown significance” (VUS), and their role within the sudden
unexpected death cases remains speculative. Until functional
data becomes available, the interpretation of the variant is
purely hypothetical and does not warrant clinical testing in
living relatives—that is, if family members could eventually be
tracked, and they are willing to engage. For the studies that
used next-generation sequencing in this review, only one out of
seven studies performed co-segregation analysis for at least
some of the cases.'" Further, their reported percentage of
“potentially resolved cases” was based on putatively patho-
genic mutations, which means that the true percentage of
actually resolved cases by molecular autopsy is likely to be
lower than reported here.

A remarkable finding in this review was that significantly
more cases were potentially resolved in older cohorts of SUDY
compared with infants. This may have been a consequence of
the specific mutations/genes investigated in the respective
cohorts and suggests that there may be different mechanisms
contributing toward death in the different age groups. For
example, genes associated with channelopathies were inves-
tigated in the majority of studies in all age groups; however,
cardiovascular diseases are probably more advanced and
therefore of greater significance in older individuals, whereas
other pathways may be more significant in infants, but were
just not targeted during the molecular autopsy. Davis et al*’
also proposed that the interplay of genetic variants in long QT
syndrome in SIDS cases is part of the vulnerable infant
spectrum, and a paradigm shift is needed to fully appreciate
the complex interplay of environmental factors. Therefore,
while this review demonstrates the potential of molecular
autopsies, particularly in the older cohorts, it also suggests that
genes associated with other disease categories should possibly
be targeted in infants, and environmental factors should also
be considered. This notion was supported by Rueda et al'' who
showed that it might to worthwhile exploring variants in
mtDNA, as four out of eight SIDS cases had an increased ratio
of heteroplasmic variants. Out of the cohort studies included in
this review, only the Scripps study investigated mtDNA var-
iants and suggested that the systematic collation of data across
multiple studies may provide the means to investigate this
hypothesis with a larger cohort.

Tang et al*? noted that although they were not the only
cause of sudden unexpected death, cardiac channelopathies
do play a significant role in such cases. Since 2008, the
Molecular Genetics Laboratory of the New York City Office
of the Chief Medical Examiner has been screening six candi-
date genes associated with cardiac channelopathies during
molecular autopsy of cases of sudden unexplained death.
Between 2008 and 2012, 274 sudden unexpected death cases
with negative post-mortem investigation were screened for
mutations in these candidate genes. A total of 46 genetic
variants were detected (of which 24 were novel) in infants
(13.5%) and non-infants (19.5%), most of which were in the
sodium voltage-gated channel a subunit 5 (SCN5A) gene
(which encodes for a part of the channel that allows sodium
ions into cells). The cohort comprised individuals from
diverse ethnic backgrounds, and the authors observed that
the group with the highest risk of sudden unexpected death
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were African-American infants.?” As observed in this review,
however, there is a stark gap in forensic molecular autopsy
data pertaining to indigenous Africans.

The finding in this review that significantly more infant
cases were potentially resolved with the more genes inves-
tigated was not unexpected. Rueda et al'' reviewed the data
generated from the Scripps study (n = 50; cohort O0-
45 years) and analyzed the number of variants obtained
following the bioinformatics pipeline on (1) the whole
exome sequencing data and (2) a subset of the data, which
was a simulated cardiac panel of 233 markers. They showed
that there was a median of 354 variants per sample (range:
235-739) from the exome data, compared with a median of 7
per sample (range: 1-18) for the “panel” subset. This vast
reduction of variants to consider within the case context is
important for time and resource considerations; however,
while time may be initially saved, there is also a chance that
less cases would be resolved with a panel approach. The
advantage of whole exome sequencing in this regard is that
the filtering of subsets of genes from the larger dataset is
possible, which may be the first step in data analysis;
however, this is not true for data from a panel; as such,
additional sequencing may need to be performed on mole-
cular autopsy-negative cases. At this exploratory stage,
especially in developing countries, it might make sense to
strategically consider whole exome sequencing (ensuring
good coverage), taking into account that one could resort to
different modes of analysis from such data, i.e., looking at just
component panels (e.g., channelopathies), while ultimately
also having the capability to look for deleterious mutations
across the exome. However, one must also consider that a
molecular autopsy in SIDS cohorts is not yet a mature test,
and relatively, whole exome sequencing is an expensive
method to pursue. Recent case-control studies in 2018
(thus not included in systematic search) which used whole
exome sequencing on large SIDS cohorts have also shown
valuable but very slight differences between cases and con-
trols.*>*4 Thus, whole exome sequencing should be reserved
for large case-control cohorts or cases where families are
available for co-segregation analysis.

As noted previously, molecular autopsies may not always
have a high diagnostic yield in sudden expected death cases;*
DNA from 59 Australian SUD cases underwent genetic testing
of two genes encoding ion channels, and 23 cases showed at
least one variation in these genes. However, none of them was
deemed to be pathogenic. The authors suggested that a more
selected approach should be adopted, and these genes should
only be screened for those individuals who had a family history
of cardiac channelopathy disorders.*®

This was demonstrated again in a combined “retrospec-
tive and prospective” study in New Zealand, where they too
showed that a molecular autopsy of genes involved in long
QT syndrome does not always yield significant results.?3
A total of 102 SIDS cases were included in the study, where
71 cases were “unselected,” and 31 cases were specially
selected for a molecular autopsy subsequent to screening by
a cardiac genetic service. Long QT syndrome genes were
sequenced in these infants, and mutations were observed in
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4% of unselected cases compared with 16% in selected cases.
Their study showed that there was a significantly lower
diagnostic yield among unselected SIDS cases compared
with selected cases (p < 0.05), and this may be attributed to
other common risk factors in the unselected group, such as
co-sleeping.?®

Overall, the role of molecular autopsies has important
consequences for family members of the deceased victim.
Apart from providing some sort of answer to the question of
“what led to the death of my child?” the results of a
molecular diagnosis have clinical value for relatives who
may carry the same mutations; some of which are already
clinically actionable.®'2 This review has collated the results
from previous molecular autopsy related studies and
showed that a median of 4% of previous SIDS cases can
potentially be resolved by a molecular autopsy. While this
was significantly lower than the yield from older cohorts of
SUDY, these results would have been of particular value to
the respective family members. This review has also shown
that channelopathies and metabolic disorders yielded the
most positive results thus far in this emerging field, but
other avenues, such as mtDNA, may be worthwhile to
explore. It must be noted though, that a limitation of this
study was that not all molecular autopsy studies might have
been found using the systematic search methods described
here.

While there is a growing momentum of genomics
research in large cohorts of adults with various communic-
able and non-communicable diseases in Africa,*® a special
effort needs to be made toward developing large cohorts
sudden unexpected deaths which remain unexplained. With
the anticipated decrease in costs of genomic research and
increased capacity in big data analysis and learning from the
efforts in the developed world, we will be well-placed to
investigate the genetics/genomics that potentially underlies
sudden unexplained death. Moreover, we hope this will lead
to the effective implementation of a molecular autopsy that
will be locally or regionally relevant.
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