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Pregnancy loss and perinatal death are devastating events for families. 
We assessed ‘genomic autopsy’ as an adjunct to standard autopsy for 
200 families who had experienced fetal or newborn death, providing 
a definitive or candidate genetic diagnosis in 105 families. Our cohort 
provides evidence of severe atypical in utero presentations of known genetic 
disorders and identifies novel phenotypes and disease genes. Inheritance 
of 42% of definitive diagnoses were either autosomal recessive (30.8%), 
X-linked recessive (3.8%) or autosomal dominant (excluding de novos, 
7.7%), with risk of recurrence in future pregnancies. We report that at least 
ten families (5%) used their diagnosis for preimplantation (5) or prenatal 
diagnosis (5) of 12 pregnancies. We emphasize the clinical importance of 
genomic investigations of pregnancy loss and perinatal death, with short 
turnaround times for diagnostic reporting and followed by systematic 
research follow-up investigations. This approach has the potential to enable 
accurate counseling for future pregnancies.

In developed countries, approximately 1% of pregnancies result in 
pregnancy loss, termination of pregnancy or perinatal death, which 
is the collective term for the loss of a fetus (stillbirths >20 weeks or 
>400 g) or neonate (up to 28 days post birth)1–4. Despite advanced 
monitoring of pregnancies and increased access to healthcare, eight 
fetal and neonatal deaths are experienced per day in Australia, a fig-
ure that has not changed over the past two decades2. The devastating 
impact of pregnancy loss, terminations and perinatal death on families 
and the wider community is often further compounded by the uncer-
tainty of the cause of death and the subsequent recurrence risk for 
future pregnancies5–7. Clinical testing to determine the underlying 
etiological factors involved in the death currently involves the complex 

integration of family and obstetric history, radiographic imaging and 
macroscopic and histological examination of the body and placenta, 
along with laboratory investigations such as biochemistry, microbiol-
ogy and genetic testing8,9. While collectively these investigations are 
most likely to yield a clinical diagnosis, for complex reasons—including 
the perceived invasiveness of perinatal autopsy and religious or cul-
tural beliefs—an autopsy is performed in <50% of cases1,4,10. Congeni-
tal abnormalities are present in one-third of cases, either as the main 
determinant of fetal death in utero (for example, via hydrops fetalis) 
or, more commonly, as the main precedent for a termination of preg-
nancy. Even with congenital abnormalities, for the majority of cases 
an underlying etiology is not determined by current standard-of-care 

Received: 29 December 2021

Accepted: 22 November 2022

Published online: 19 January 2023

 Check for updates

A full list of affiliations appears at the end of the paper.  e-mail: christopher.barnett@sa.gov.au; hamish.scott@sa.gov.au

http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-022-02142-1
http://orcid.org/0000-0002-8141-1818
http://orcid.org/0000-0002-6742-6239
http://orcid.org/0000-0002-4408-2613
http://orcid.org/0000-0001-6418-9592
http://orcid.org/0000-0002-6526-1020
http://orcid.org/0000-0002-6668-4631
http://orcid.org/0000-0001-5464-5830
http://orcid.org/0000-0001-9806-0105
http://orcid.org/0000-0002-5135-6504
http://orcid.org/0000-0002-3878-9057
http://orcid.org/0000-0001-8667-8602
http://orcid.org/0000-0002-2404-007X
http://orcid.org/0000-0002-9081-3405
http://orcid.org/0000-0002-5813-631X
mailto:christopher.barnett@sa.gov.au
mailto:hamish.scott@sa.gov.au


Nature Medicine | Volume 29 | January 2023 | 180–189 181

Article https://doi.org/10.1038/s41591-022-02142-1

Results
Cohort characteristics
The study cohort was selected based on families consecutively referred 
through the Genomic Autopsy Study clinical network, after exclusion 
of cases with a molecular diagnosis established from previous array 
or gene panel testing. The cohort demographics including sex, ges-
tational age (Extended Data Fig. 1), reason for referral, clinical history 
(pregnancy, maternal and paternal) and major organ system affected; 
detailed phenotypes with Human Phenotype Ontology (HPO) terms are 
reported in Supplementary Tables 1 and 2. The largest proportion of 
cases (68.5%, 137 of 200) were terminations of pregnancy due to struc-
tural abnormalities observed on ultrasound. The remaining 63 cases 
were spontaneous deaths that occurred either in utero (n = 41) or in 
the neonatal period (n = 22) (Extended Data Figs. 1–4).

Identification of disease-causing variants from mendeliome 
analysis
From the mendeliome analysis of trio/quad exome or genomes, based 
on OMIM disease genes with clinical presentations completely or par-
tially concordant with the known prenatal and/or postnatal phenotypic 
spectrum, an American College of Medical Genetics (ACMG)-classified 
pathogenic (P) and likely pathogenic (LP) variant was identified in 42 
of 200 families (21.0%) (Fig. 1, Table 1 and Supplementary Table 2)14,15. 
For an additional 10 of 200 families with ACMG-classified variants 
of uncertain significance (VUS), a definitive genetic diagnosis was 
achieved via additional genetic or experimental evidence from iden-
tification of unrelated kindreds, RNA analyses, gene-specific in vitro 
studies and mouse models (Table 1, Extended Data Figs. 5–7 and  
Supplementary Tables 2–4 (refs. 16–19). In 10 of 52 solved cases (19.2%), 
the proband presented a phenotype expansion of earlier (in utero) or 
severe presentations previously undescribed/unrecognized within the 
clinical spectrum of well-studied genomic disorders (Supplementary 
Table 2). Phenotype expansions were mostly observed in patients with 
autosomal recessive (AR; n = 6) or X-linked recessive (XLR; n = 2) vari-
ants (Supplementary Table 1).

The majority (57.7%, 30 of 52) of variants leading to definitive 
diagnoses occurred de novo in the proband (Fig. 1), including one 
dual de novo diagnosis of Kabuki and Noonan syndromes in PED046, 
comparable to diagnostic yields in other nonconsanguineous study 
cohorts20. A further one-third (30.8%, 16 of 52) were AR (five homozy-
gous and 11 compound heterozygous) while the remaining were 
autosomal dominant (AD) with reduced penetrance (7.7%, 4 of 52) or 

practices. A further 10.5% of deaths remain completely unexplained 
despite extensive investigation1,11.

A genetic etiology is expected to underpin fetal and neonatal loss 
due to congenital abnormality, along with many cases of unexplained 
death, often representing an extreme phenotype and one that is incom-
patible with life. Large chromosomal abnormalities, such as autosomal 
trisomies and copy number variants (CNVs), account for 25–30% of 
cases with congenital abnormalities and are routinely detected by 
microarray, performed as part of standard-of-care autopsy11,12. A further 
~5% of cases are attributed to monogenic disorders, diagnosed in the 
clinical setting by single-gene or gene panel testing. However, these 
investigations are performed only if a specific phenotype is suspected11. 
As a result of the limited genetic investigation that is currently consid-
ered standard-of-care, the underlying etiology of ~70% of congenital 
abnormality-related deaths remains unexplained, limiting the accuracy 
of counseling and restricting options to prevent recurrence.

A broader approach to identification of the molecular origins of 
congenital abnormalities and unexplained perinatal death, by exome 
sequencing (ES) or genome sequencing (GS), would allow the full range 
of large-scale genetic variation discernible by microarray, as well as 
identification of single-nucleotide variants (SNVs) and insertions/
deletions (indels)13.

In this study we investigated the utility of a genomic autopsy by 
offering ES or GS to families who had experienced pregnancy loss, 
including terminations or perinatal death due to congenital abnormal-
ity without a genetic diagnosis identified from standard-of-care testing 
or where death was unexplained. The primary objective was to provide 
families with diagnoses, accurate recurrence risks and options for pre-
natal diagnosis (PND) or preimplantation genetic diagnosis (PGD) in 
future pregnancies. Supporting this aim was the systematic search for 
additional kindreds, in conjunction with adjunct investigations such as 
RNA sequencing (RNA-seq) and in vitro and in vivo studies, to implicate 
causality of novel variants and genes. Here we report the results of our 
ongoing study on genomic autopsy and the subsequent clinical impact 
for the first 200 consecutively referred families. We demonstrate the 
importance of reducing turnaround times for mendeliome (known 
online Mendelian inheritance in man (OMIM)-morbid genes) analysis 
for perinatal death so that the genetic diagnosis can inform future 
pregnancies. Furthermore, we highlight the utility of experimental 
follow-up and identification of additional cases to establish a final 
diagnosis in this understudied, deceased patient cohort, with a high 
rate of variants in novel candidate genes and phenotype expansions.
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Fig. 1 | Diagnostic yield of pregnancy loss and perinatal death cohort with 
observed inheritance models. Corresponding pedigree number is contained 
within each proband symbol. AD, autosomal dominant; AR, autosomal recessive; 
GUS, gene of uncertain significance; LP, likely pathogenic; P, pathogenic; XLR, 

X-linked recessive; VUS, variant of uncertain significance; D, dual diagnosis; M,  
parental mosaic indicates recurrence risk >1%; 2, families with recurrently 
mutated genes; circles, female probands; squares, male probands; green, LP/P 
variant; yellow, candidate variant; white, unresolved.
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Table 1 | Diagnoses from genomic autopsy. All ACMG-classified likely pathogenic (LP) and pathogenic (P) variants identified 
in the cohort, including follow-up investigations to confirm causality of eight VUS and two GUS. AR, autosomal recessive; 
AD, autosomal dominant; XLR, X-linked recessive; hom, homozygous; ch, compound heterozygous; dn, de novo; mat, 
maternal; pat, paternal; (2), two variants with the same inheritance model

PED ID Proband, major organ system Inheritance Gene symbol, amino acid or cDNA change(s) 
(ACMG classification) and follow-up to reclassify VUS

001 Skeletal AR-hom FGFR2 p.R255Q (LP) in vitro

002 Urogenital AR-hom DNAJB11 c.853-10 G > A (LP) RNA

005 Neurological, urogenital AR-ch MKS1 c.1024 + 1 G > T (P)/c.1408-34_6del29 (P) RNA

007 Lymphatic AR-ch MDFIC p.M131fs* (P)/p.F244L (LP) RNA, in vitro, in vivo, kindreds

008 Metabolic, endocrine AD-pat ABCC8 p.L1543P (P)

012 Skeletal AR-ch B3GAT3 p.R169W (P)/p.R225*(P) in vitro

013 Neurological AR-ch PIBF1 c.954 G > A (LP)/p.K353fs* (P) RNA

014 Lymphatic, skeletal AD-dn RIT1 p.A57G (P)

017 Hematopoietic, immune AR-ch TPI1 p.E105D (P)/c.544-1 G > C (P) RNA

018 Neurological AD-dn ARID1B p.W1499* (P)

023 Neurological AR-ch NDE1 p.T243Pfs* (P)/p.L245Pfs* (P)

024 Neurological AR-ch EIF2B2 c.284 + 5 G > T (P)/p.R172* (P) RNA

031 (Neuro-)Muscular AR-ch NEB p.M4377Kfs* (P)/p.H6907Ifs* (P)

033 (Neuro-)Muscular AD-dn NALCN p.L1324F (LP)

042 Skeletal AR-hom CANT1 p.E215K (LP) in vitro

043 Urogenital AD-pat10–20% PBX1 p.R107W (LP)

044 Cardiovascular AD-dn GNB2 p.K89E (P) kindreds

046 Cardiovascular AD-dn (2) KMT2D p.L2331* (P); SOS2 p.T295A (LP)

053 Urogenital AD-dn HNF1B c.344 + 2_5delTAGG (P)

054 Global AD-dn ARID1A p.A1136S (LP)

056 No abnormality detected XLR ARSL p.R403* (LP)

057 Skeletal AD-dn NIPBL p.Y2430C (P)

063 Metabolic, endocrine AD-dn SAMD9 p.R824Q (P)

069 Skeletal XLR-dn HUWE1 p.L2176R (LP)

074 Global AD-dn SMARCB1 p.R377H (P)

084 Neurological AD-pat2–3% TUBA1A p.R64W (P)

085 Global AD-dn RAF1 p.L613V (P)

086 Urogenital AD-dn GREB1L p.T1872Nfs* (P)

091 Respiratory AD-dn MAP2K2 p.E207A (LP)

093 Hematopoietic, immune AD-dn PTPN11 p.T73I (P)

098 Global AR-ch POLG p.R309H (P)/p.A467T (P)

103 Neurological AD-dn DDX3X p.P568L (P)

104 Hematopoietic, immune AD-mat (2) MECOM c.2208 + 4 A > T (LP) RNA; RYR2 p.V4176M (LP)

116 Skeletal, cardiovascular AR-ch ADAMTSL2 p.R113H (P)/p.G354Afs* (P)

119 Skeletal, lymphatic AD-dn LZTR1 p.G301V (LP)

121 Pulmonary, cardiovascular AD-mat FOXF1 p.G302Pfs* (P)

138 Urogenital AR-hom PKHD1 p.R564* (P)

156 (Neuro-)Muscular AD-dn ACTA1 p.E272K (LP)

157 Neurological AD-dn USP9X p.F208Cfs* (P)

158 Neurological AD-dn ACTA1 p.G199D (LP)

165 Urogenital AD-dn USP9X p.Q2246* (P)

169 Neurological AR-hom TRAPPC12 p.Q149* (P)

176 Urogenital AD-dn GATA3 p.C285Y (LP)

178 Urogenital AD-dn ARCN1 p.R170* (P)

187 Neurological AD-dn TUBA1A p.R79C[P]
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XLR (3.85%, 2 of 52) (Fig. 1, green). While the percentage of selected 
candidates (VUS/genes of uncertain significance (GUS)) was 27% in 
all three subgroups, the yield of LP/P variants was highest (45%) in the 
spontaneous neonatal death group compared with terminated preg-
nancies (24%) and spontaneous fetal death in utero (19.5%) (Extended 
Data Figs. 1–4).

Identification of candidate variants from ‘research’ analysis
In addition to the 52 families with a molecular diagnosis from mendeli-
ome analyses or functional validation, a further 53 families were triaged 
into the research setting for the following: (1) novel variants (17 of 53) 
or phenotypes (ten of 53) previously undescribed in well-established 
OMIM disease genes, and (2) predicted deleterious variants (26 of 53) 
in GUS with none to limited gene–disease relationships. The 53 candi-
dates included 15 AD de novo variants, 26 AR variants (eight homozy-
gous and 18 compound heterozygous), seven XLR variants, three AD 
variants with reduced penetrance and a single case with suspicious 
digenic variants (Fig. 1, yellow). For the remaining 47.5% (95 of 200) of 
families, no diagnostic or research candidate was identified from the 
exomes or genomes with supporting evidence available at the time of 
analysis (Fig. 1, white).

Next we prioritized candidate variants in 33 families, in genes 
with none to limited gene–disease relationships to the phenotype 
described in the proband, for further investigation, with the intent 
of reclassification and issuing a research report to supplement the 
diagnostic (mendeliome) report. These included variants in potentially 
novel disease genes (n = 18) exhibiting novel phenotypes (n = 15) yet to 
be described in the literature. For variants prioritized from research 
analysis, 66 in 50 genes were shared on gene-matching platforms21,22 
yielding 11 matches with relevant genotype–phenotype overlap (Sup-
plementary Table 4). Two of these matched variants (compound het-
erozygous variants in MDFIC (PED007) and a de novo GNB2 variant 
in PED044) have recently been published and are now considered 
solved16,17. Collaborative patient cohort collection and experimental 
follow-up studies are currently ongoing for candidate variants in an 
additional ten genes.

Extended cohort analyses
Following mendeliome analysis alone, 79% (158 of 200) of families did 
not receive a definitive diagnosis, of which 47.5% (95 of 200) remained 
without a selected candidate for follow-up. The lowest diagnostic yield 
was observed for cases of perinatal death without any congenital abnor-
malities, of which 91.7% (11 of 12) remained without a diagnosis (eight 
of 12, 66% without a candidate) (Fig. 2 and Supplementary Table 2). 
Notably, despite previous reports suggesting that variants in ‘sudden 
death’ genes contribute to unexplained stillbirths, we identified only 
one inherited candidate variant (VUS) in KCNJ2 (PED049) in our cohort, 
with no definitive diagnoses (LP/P variants) detected in these genes23,24.

When looking at the overall contribution of genetic variants iden-
tified in our cohort, only seven genes (FGFR2, KMT2D, ARSL, TUB1A1, 
NIPBL, USP9X and ACTA1) were found to be recurrently mutated, with 
variants in the remaining 96 being observed only once in our cohort 
(Supplementary Table 2). Families clinically and/or molecularly identi-
fied as being related/consanguineous were more likely to yield a (can-
didate) genetic diagnosis compared with families that were unrelated: 
75.0% compared with 50.5% (not statistically significant; Extended 
Data Fig. 9a). Additionally, disease-causing variants were identified 
more in female probands (33%, 32 of 97) compared with male probands 
(19.4%, 20 of 103) (Fig. 1 and Supplementary Tables 1 and 2). Although 
identification of (likely) pathogenic variants in families with recur-
rent perinatal death was higher (31.6%) compared with isolated cases 
(24.5%), the number of LP/P findings from families analyzed as quads 
was low (14.3%). Of 21 quads, in 14 (66.7%) families both siblings were 
male compared with five families with siblings of both sex (23.8%) and 
two (9.5%) with both females (Extended Data Fig. 9b).

Management of incidental findings
While we did not routinely analyze parental genomic data for potential 
predisposition to late-onset disorders, there have been limited cases 
where the proband has inherited a (likely) causative variant from either 
parent, which may lead to late-onset disease in presently healthy het-
erozygous carriers (such as the variants affecting DNAJB11 in PED002 
and COL2A1 in PED233). These (likely) causative variants were reported 
back to the referring clinical team recommending both genetic coun-
seling and segregation in extended family members.

Interpretation of variant effect from RNA analysis
PCR with reverse transcription (RT–PCR) in combination with Sanger or 
Nanopore sequencing, or Poly(A) RNA-seq was performed as an adjunct 
test in seven selected cases to support the interpretation of uncharac-
terized splice-site variants, a synonymous variant and a frameshift vari-
ant in known and novel disease genes. This analysis facilitated variant 
reclassification as LP/P by demonstrating intron retention (PED002, 
PED005, PED024) or exon skipping (PED005, PED013, PED104) result-
ing in a frameshift and subsequent premature termination codon, or 
showing in-frame deletion of two amino acids (PED017) (Extended 
Data Figs. 6 and 7). RNA analysis for PED007 also demonstrated that 
the frameshift allele was not subject to nonsense-mediated decay17.

De novo follow-up by phasing and droplet digital PCR
Systematic follow-up of identified de novo variants was performed 
to more accurately define recurrence risk. Phasing based on ES data 
or Nanopore sequencing showed that 76.5% (26 of 34) of autosomal 
de novo variants occurred on the paternal allele while only one out of 
four (25%) X-chromosomal de novo variants was traced to the paternal 
allele. Custom droplet digital PCR (ddPCR) showed (low-level) parental 

PED ID Proband, major organ system Inheritance Gene symbol, amino acid or cDNA change(s) 
(ACMG classification) and follow-up to reclassify VUS

189 Skeletal AD-dn NIPBL p.D1991N (LP)

199 Cardiovascular AD-dn PRKACB p.H135L (LP)

200 Neurological XLR ARSL p.E407* (LP)

207 Global AD-dn KMT2D p.Q2014* (P)

226 Cardiovascular AD-dn FGFR2 p.P253R (P)

231 Neurological AR-ch OSGEP p.R186* (LP)/p.R247Q (P)

233 Other AD-mat COL2A1 p.C1289Pfs* (LP)

Table 1 (continued) | Diagnoses from genomic autopsy. All ACMG-classified likely pathogenic (LP) and pathogenic (P) 
variants identified in the cohort, including follow-up investigations to confirm causality of eight VUS and two GUS. AR, 
autosomal recessive; AD, autosomal dominant; XLR, X-linked recessive; hom, homozygous; ch, compound heterozygous; 
dn, de novo; mat, maternal; pat, paternal; (2), two variants with the same inheritance model
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postzygotic mosaicism in blood for 4 of 43 (9.3%) Genome Analysis 
Toolkit (GATK)-called de novo variants. For two of these (PED043 and 
PED084), paternal sperm DNA showed increased variant allele fre-
quencies of the disease-causing de novo variants, thereby redefining 
recurrence risk to 20.1 and 3.0%, respectively25 (Supplementary Tables 2  
and 6 and Extended Data Fig. 8).

Reproductive outcomes following diagnosis
We report that definitive and candidate diagnoses provided by genomic 
autopsy were clinically utilized in the reproductive planning of ten 
families (five for PGD resulting in transfer of an unaffected embryo 
and five for PND; Table 2). Recurrent pregnancy loss, termination 
or perinatal death was experienced by 22.5% (45 of 200) of families. 

Yield (candidate) genetic diagnoses per major a�ected organ system
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Fig. 2 | Diagnoses per major organ system affected. Distribution of probands 
and percentage (candidate) diagnoses per major affected organ system based 
on ACMG classification. LP, likely pathogenic; P, pathogenic; VUS, variant of 

uncertain significance; GUS, gene of uncertain significance (that is, novel gene); 
filled color, LP/P variant; hashed color, candidate variant; no color, no variant. 
Icons adapted from BioRender.com.

Table 2 | The genomic outcomes of our study have informed management for 12 future pregnancies in 10 families, of which 
5 elected preimplantation genetic diagnosis (PGD) and 5 had prenatal diagnosis (PND). AR, autosomal recessive; AD, 
autosomal dominant; XLR, X-linked recessive; hom, homozygous; ch, compound heterozygous

PED ID Genomic autopsy 
outcome

Inheritance (gene) Reproductive history before genomic 
autopsy

Assisted reproductive 
choice

Outcome

001 Solved AR-hom (FGFR2) One affected pregnancy PND (×1) One affected pregnancy 
(liveborn)

002 Solved AR- hom (DNAJB11) Two affected pregnancies PGD (×1) One unaffected child

005 Solved AR-ch (MKS1) Four affected pregnancies PGD (×2) Two unaffected children

013 Solved AR-ch (PIBF1) One affected pregnancy PGD (×1) Single unaffected embryo 
failed to implant

017 Solved AR-ch (TPI1) One affected pregnancy PGD (×1) One unaffected child

040 Candidate AR-ch (LAMC3) One affected pregnancy PND (×2) Two unaffected children

043 Solved AD, paternal mosaic (PBX1) One affected pregnancy PND (×1) One affected pregnancy 
(stillborn)

051 Candidate AD, variable penetrance 
(ZFPM2)

Two affected pregnancies; maternal 
grandmother and great-uncle also 
affected

PND (×1) One unaffected child (but 
has familial variant)

056 Solved XLR, maternal (ARSL) Two affected pregnancies PGD (×1) One unaffected child (girl)

098 Solved AR-ch (POLG) Two affected pregnancies PND (×1) One unaffected child
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Combining this recurrence rate with the information that at least 
24 couples conceived a subsequent pregnancy before receiving a result 
from genomic analysis (Supplementary Table 2) provided impetus 
to reduce turnaround times for improvement in clinical utility. We 
therefore adjusted our workflows and protocols to provide clinically 
accredited reports within three months (Fig. 3). From five separate 
pregnancies, for four couples utilizing PGD five healthy babies have 
already been delivered. Notably, after four consecutive affected preg-
nancies the couple in family PED005 were able to use PGD to facilitate 
the birth of two unaffected children (Table 2). A fifth couple did not 
become pregnant following transfer of the single unaffected embryo 
(Table 2). The remaining five families chose to use the information for 
PND, via chorionic villus sampling at 10–13 weeks’ gestation, to enable 
relatively early identification of potential recurrence. From six separate 
pregnancies four healthy babies have been delivered, although one 
child does carry the familial mutation for a disorder known to have 
variable penetrance. In the remaining two pregnancies the fetuses were 
found to carry the causative mutations and, in both cases, the parents 
elected to continue the pregnancy with informed management (Table 
2). For another 28 families with autosomal or X-linked de novo muta-
tions (LP/P), the recurrence risk of 1% provided relief and reproductive 
confidence for future pregnancies.

Discussion
The clinical efficacy of an ES or GS approach for the molecular diag-
nosis of postnatal developmental disorders is well documented, with 
diagnostic yields ranging from 10 to 70% dependent on the primary 
presentation20,26. As a result, rapid genomic testing is implemented for 
neonates and pediatric patients to guide therapeutic intervention in an 
acute care setting27. More recent studies have also focused on fetuses 
with congenital abnormalities identified on ultrasound, and have 
implied that quick turnaround times may aid couples when decisions 
on elective terminations of pregnancy are to be made28–30. However, 
to our knowledge, no studies have reported the clinical importance of 

reducing turnaround times for ES and GS in the absence of alive patients 
or fetuses, and genomic analyses focusing on fetal and neonatal cases 
at the lethal end of the spectrum have not yet been implemented in 
the clinical setting. We show that selection for severe (lethal) cases, 
collection of detailed phenotypic information at autopsy and the addi-
tion of follow-up investigations for VUS and GUS result in an increased 
diagnostic yield (26%) compared with studies focusing on structural 
abnormalities on ultrasound (8.5–10.0%)28,29.

A small number of research projects have sought to elucidate the 
genetic causes of pregnancy loss, terminations of pregnancy and peri-
natal death by applying genomics, returning diagnostic yields ranging 
from 14 to 57% (refs. 31–37), suggesting that many of these cases will have 
an identifiable monogenic basis. While differences in study design 
and inclusion criteria probably account for some of the variability in 
diagnostic rate, this discrepancy also reflects the challenges currently 
faced in the genomic analysis of disorders presenting prenatally. Due 
to the skewing of existing reference datasets to postnatal—and particu-
larly adult—profiles of gene function and expression, interpretation 
and classification of genetic variants in a prenatal versus postnatal 
setting is often more challenging due to limitations of in utero pheno-
typing14,38,39 and availability of appropriate databases and guidelines 
for fetal classifications14,40. Probably influenced by these factors, the 
genetic diagnostic yield (LP/P variants) was highest in our spontaneous 
neonatal death subgroup (45%). Despite previous molecular investiga-
tion of suspected disorders based on phenotype, 62% (53 of 105) of 
(candidate) diagnoses were made in known OMIM disease genes, with 
retrospective phenotype review revealing substantial overlap between 
the proband and reported phenotype. A further 12.4% (13 of 105) of 
(candidate) diagnoses represented novel phenotype associations 
with known disease genes, and the remaining 25.7% (27 of 105) were 
made in potentially novel disease genes (further details provided in 
Supplementary Tables 1 and 2).

Within our cohort, the phenotypic distribution ranged from severe 
congenital abnormalities to unexplained fetal loss. While the cases in 
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our study were consecutively referred from different hospitals, there 
are some inherent limitations in seeing this group as representative of 
a population of pregnancy loss and perinatal death. Compared with the 
overall distribution of clinical subtypes of pregnancy loss, pregnancy 
terminations and perinatal death11, this cohort is skewed towards ter-
minated pregnancies of fetuses with congenital abnormalities, and the 
reported major organ systems (Fig. 2 and Extended Data Figs. 1 and 2) 
are enriched for essential organs detected on early fetal ultrasound 
(that is brain, urogenital, skeletal and cardiovascular). After exclusion 
of cases diagnosed by karyotyping, single-nucleotide polymorphism 
(SNP) arrays or gene panels that are part of standard-of-care in Aus-
tralia, the genomic analyses also indicated a large heterogeneity in 
the genetic defects underlying perinatal death, with only seven recur-
rently mutated genes reported in our cohort. While dual diagnoses are 
expected to contribute to (phenotype expansions of) developmental 
disorders in 5% of cases41, reportable candidate variants in two genes 
were identified in only three families without phenotype expansions. 
In addition, candidates with possible digenic inheritance were detected 
in one family with a specific clinical presentation.

The majority of definitive diagnoses occurred de novo in the 
proband, while the majority of candidate variants were autosomal or 
XLR (Fig. 1). This variation in distribution in causative and candidate 
variants can partially be explained by the additional weight of the crite-
ria for de novo variants (PS2/PM6) in the ACMG guidelines15. Parents are 
currently counseled that a recurrence risk for de novo variants is ~1%. 
However, systematic follow-up of de novo variants by ddPCR revealed 
that two of these were paternal mosaic at allele balance >1% (PED043 
and PED084) and two others were detectable at low level (<1%), leav-
ing 39 ‘true’ de novo (candidate) variants that probably arose during 
gametogenesis.

Surprisingly, we identified more LP/P variants in female probands 
compared with male (Fig. 1 and Supplementary Tables 1 and 2). This may 
be explained partially by the higher proportion of more mature females 
recruited (34 females recruited in the last trimester of pregnancy com-
pared with 21 males; Extended Data Fig. 1). Fetuses of greater maturity 
are more likely to have a phenotype that is recognizable and more com-
parable to the phenotypic features in a neonate, making interpretation 
of variants easier. There is also a higher number of de novo mutations in 
known disease genes in female (20) compared with male (10) probands 
in the cohort. While the diagnostic rate (LP/P variants) in families with 
recurrent perinatal death was higher compared with isolated cases, the 
number of LP/P findings from families analyzed as quads was unexpect-
edly low (14.3%), indicating that probable autosomal or XLR genetic 
variants were not detected (Supplementary Table 1).

The interpretation, classification and reporting of VUS and GUS 
remains challenging in the clinical setting. Our integrated research 
follow-up investigations confirmed pathogenicity of 15.9% (10 of 63) 
of all selected VUS/GUS, aiding in reclassification of these variants 
(Table 1 and Supplementary Table 3), which is one of the strengths of 
our approach. Despite the diagnostic impact, analysis for GUS and 
experimental follow-up of VUS/GUS variants is laborious, preventing 
uptake in routine clinical genomic analysis.

Considering the phenotypic heterogeneity of the study cohort and 
the high proportion (23%, 24 of 105) of candidate variants in (poten-
tially) novel disease genes16,17, follow-up research will be instrumental in 
providing additional diagnoses in cases that remain unresolved follow-
ing clinical genomic analyses. In collaboration with other fetal cohorts, 
this research will support the characterization of all fetal lethal genomic 
disorders resulting from deleterious variants in genes intolerant to vari-
ation (that is, the intolerome)37. Candidate variants in potentially novel 
disease genes from this study were prioritized by haploinsufficient 
genes, based on the loss-of-function observed/expected upper-bound 
fraction (LOUEF) scores that measure gene constraint, and pheno-
typic overlap (for example, early lethality) with mouse knockout 
models and/or additional kindreds from gene-matching approaches 

(Supplementary Table 4). For the remaining families with no diagnostic 
or research candidates, periodic reanalysis in the research phase via 
alternative sequencing technologies, analytical approaches or tissue 
source can ensure that diagnoses are not missed due to technological 
limitations, or to lack of literature evidence for variant interpretation 
at the time of mendeliome analyses. Additionally, the placental genome 
remains an underexplored area in the understanding of spontaneous 
pregnancy loss and is an ongoing focus of our research42.

The phenotype expansions observed in our cohort include severe 
prenatal presentations of postnatal disorders and additional clinical 
manifestations within the same organ system and other affected organ 
systems. In cases with phenotype expansions, ES or GS did not identify 
(candidate) variants that would explain the additional phenotypic 
features. Nevertheless, we cannot exclude the possibility that (modi-
fying) variants were missed either by the sequencing method or in 
analysis. Interestingly, phenotype expansions were mostly observed 
in patients with autosomal or XLR variants and were generally more 
severe compared with those reported in the literature (Supplementary 
Table 2; PED012, PED042, PED043)18,25, which may be explained by the 
resulting variant impact—that is, complete loss-of-function versus 
reported missense variants that may be partial loss-of-function or 
hypomorphic variants. However, other cases (PED056 and PED200) 
did not show phenotypic features consistent with X-linked chondro-
dysplasia punctata, and (standard-of-care) targeted genetic testing 
would not have included the ARSL gene.

Our results strongly support a clinical role for genomic testing 
in elucidating the cause of pregnancy loss and perinatal death, par-
ticularly when congenital abnormalities are present. In 21% of cases, 
genomic autopsy provided a clear diagnosis where standard autopsy 
could not. Despite this, standard autopsy remains a valued assessment 
tool in perinatal death due to its ability to identify nongenetic cause(s) 
of death (for example, congenital abnormalities of diabetic embryo-
pathy or evidence of cytomegalovirus infection). In addition, the ana-
tomical and histological phenotypic information obtained at autopsy is 
more detailed (HPO terms given in Supplementary Table 2) compared 
with that identified on fetal ultrasound28,29, further improving our 
interpretation of candidate variants and allowing phenotypic review 
following identification of variants. Therefore a genomic autopsy is 
best implemented alongside current standard-of-care measures to 
help improve diagnostic rates for perinatal death.

Although tracing the ultimate reproductive outcomes for 
women/couples was not the primary focus of this study, following 
our genomic findings at least ten families are known to have used the 
information for reproductive planning, with five electing for PGD 
and five for PND, facilitating nine healthy pregnancies, one embryo 
that failed to implant (PGD) and two early detections of recurrence 
(PND) (Table 2). A particularly impressive example of the utility of 
molecular diagnosis is family PED005, who were able to use PGD to 
facilitate the birth of two unaffected children. Two families in this 
study chose to use PND (PED040, two pregnancies and PED051, 
one pregnancy) based solely on candidate variants (VUS)43, result-
ing in the birth of three unaffected children, although one of these 
(PED051) carries the familial variant that is known to present with 
variable penetrance (Table 1). However, these motivated families were 
extensively counseled because the impact of candidate variants (VUS) 
remains uncertain and the clinical use (PND) may provide a false sense  
of reassurance.

The diagnostic yield in our cohort provides evidence that genomic 
autopsy in the investigation of pregnancy loss, pregnancy termina-
tions and perinatal death is advantageous over currently performed 
diagnostic tests. We conclude that the addition of a genomic approach 
to the first line of investigation in the clinical standard-of-care for fetal 
and neonatal loss will provide more families with answers, leading to 
reproductive confidence (for de novo variants) or enabling options to 
prevent recurrence (for inherited variants).
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However, in addition to diagnostic utility, an integrated clinical–
diagnostic research setting remains beneficial because pregnancy 
loss and perinatal death represent an understudied heterogeneous 
cohort and genetic causes of early lethality remain to be discovered. 
The research pathway to discovery includes large-scale data aggrega-
tion of fetal cohorts44, systematic functional assays to prove causality 
of rare variants, testing for genetic mosaicism in the most affected 
tissues and application of the latest genomic technologies to detect a 
broader range of genetic variation.
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Methods
Ethics declaration and consent to participate
This study was performed as part of the NHMRC- and 
GHFM-MRFF-funded Genomic Autopsy Study and was approved by 
the Human Ethics Committee of Central Adelaide Local Health Network 
(no. R20160813), the Women’s and Children’s Health Network, South 
Australia, Australia (no. HREC/15/WCHN/35) and the Melbourne Health 
Human Research Ethics Committee as part of the Australian Genomics 
Health Alliance protocol (no. HREC/16/MH/251). Informed consent for 
genomic analysis and participation in study protocols was obtained 
from all participants, including biological and gestational parents, 
and all research was conducted in accordance with the Declaration 
of Helsinki. Parents consented to the use of their samples, and the 
samples of their child retained at autopsy, for the purpose of trying to 
identify the cause of their pregnancy loss or perinatal death. Consent 
was also obtained to allow access to relevant medical information and 
subsequent storage of anonymized samples, genomic data and/or 
medical information in relevant databases and publications. Study data 
were collected and managed using REDCap electronic data-capture 
tools, which is a secure, web-based software platform designed to 
support data capture for research studies45,46. Participants did not 
receive compensation for their involvement, but were not charged for 
any testing undertaken as part of the research study. Use of genomic 
findings in future reproductive planning, and subsequent genomic 
testing on embryos, was performed as part of follow-up clinical care, 
independent of the research study, with outcomes provided back to 
the research team where the participants remained under the care of 
the referring clinical teams.

Study design
The definition of perinatal death varies globally47. For this study we 
included cases of stillbirth and neonatal death occurring between 
20 weeks of gestation and 28 days postpartum, as well as euploid mis-
carriages occurring between 13 and 20 weeks, to reflect all gestations 
for which a standard-of-care autopsy can be performed9. Consistent 
with Australian definitions, terminations of pregnancy for congenital 
abnormality were included alongside spontaneous deaths due to 
congenital anomaly or where death was unexplained. Routine autopsy, 
including collection of obstetric and family history and anatomical 
pathology of the fetus and placenta, amongst other investigations, was 
performed for all cases allowing detailed phenotypic information to be 
obtained. Microarray was performed for all cases, with single-gene or 
panel testing performed where indicated by a specific phenotype. For 
inclusion in the study, previous standard-of-care testing must not have 
yielded a genetic diagnosis that could explain the disease phenotype. 
The first 200 consecutively referred families between 2011 and 2021 
(179 trios and 21 quads; Supplementary Tables 1 and 2) are included in 
this study. Sex of the proband was not a determinant for case selection, 
but was considered to enable appropriate genomic variant analysis 
(for example, contribution of X-linked variants). Self-reported (par-
ents) or clinically determined (probands and siblings) sex of all study 
participants was confirmed genomically using Peddy48 or Somalier49, 
and established sex is presented throughout.

Patient population included in the study
While these cases were sequentially referred, they do not represent the 
complete spectrum of pregnancy loss and perinatal death because only 
patients within the public healthcare system were recruited and only 
cases with consent were approved into the study. To evaluate the per-
centage of cases compared with the fetal and perinatal loss population, 
we reviewed 1 year of clinical data. In that year (2017), 234 local cases of 
fetal loss and perinatal death were discussed during weekly multidis-
ciplinary team (MDT) meetings involving several health professionals 
and specialists at the Women’s and Children’s hospital in Adelaide  
(with 97 families the main referral site for our study, and the only one 

where we have insight into these data). Of these 234 cases, 80 were 
assessed as being potentially eligible for our study, 31 were referred and 
18 were recruited. From this review, we conclude that clinically biased 
ascertainment is unlikely because of a thorough assessment of cases 
at an MDT meeting, more families are recommended for referral than 
are actually referred (from 2017 about 40% who could potentially have 
been referred were referred) and, once referred, over half were recruited 
(60% in 2017). There is no clinical selection bias except potentially 
obstetrician-gynecologists not referring, which would be random. Ini-
tially our study focused on the analysis of a select cohort of families who 
had experienced pregnancy loss, terminations or perinatal death. As our 
study progressed recruitment became contemporaneous and families 
were recruited nationwide, resulting in a larger group of referred and 
consented cases. Further information on proband sex, age (gestation) 
and reason for referral can be found in Supplementary Tables 1 and 2.

Nucleic acid isolation
Parental DNA was isolated from whole blood (n = 268), saliva (n = 116) 
or an unspecified sample source (n = 16). The majority of fetal DNA 
samples were isolated from unspecified tissue (n = 58) followed by lung 
(n = 44), whole blood (n = 27), skin (fibroblasts) (n = 20) and amniotic 
fluid (16), with smaller numbers isolated from liver (9), muscle (7), 
chorionic villus (6) and umbilical cord (6) and single samples from 
cartilage, cerebellum, cord blood, gonad, kidney, ovary and placenta 
(Supplementary Table 5). In families with de novo mutations (PED043, 
PED084, PED095, PED118 and PED128), DNA was also isolated from 
paternal sperm for use in ddPCR assays. DNA was extracted using the 
QIAamp DNA Mini Kit (Qiagen, no. 51306) following the manufacturer’s 
protocol. For selected pedigrees, RNA was isolated from either fetal 
lung, fetal kidney, cultured fibroblasts or parental whole blood for 
RNA-seq or RT–PCR analysis. RNA was extracted using the RNeasy Plus 
Mini Kit (Qiagen, no. 74134) following the manufacturer’s protocol.

Genomic sequencing
Genome sequencing was performed at either the Kinghorn Centre 
for Clinical Genomics Sequencing Laboratory (five families), Illumina 
(two families) or the Australian Genome research facility (one fam-
ily). DNA was prepared using Illumina HiSeq X Ten chemistry, and 
libraries sequenced on an Illumina HiSeq X Ten as 150-base pair (bp) 
paired-end reads. Exome sequencing was performed for 98 families 
at the Centre for Cancer Biology Australian Cancer Research Founda-
tion (ACRF) Genomics Facility (Adelaide, South Australia, Australia). 
Exonic sequences were enriched using the Roche SeqCap EZ Exome 
Library (11 families) and IDT xGen Exome (87 families), and libraries 
were sequenced as either 100-bp paired-end reads on an Illumina 
HiSeq 2500 or 150-bp paired-end reads on an Illumina NextSeq 500. 
For 90 families, ES was performed at the Broad Institute’s Genomics 
Platform (Cambridge, MA, USA). In brief, exome libraries were created 
with either a custom Illumina exome capture (38-Mb target; 38 fami-
lies) or a custom TWIST exome capture (37-Mb target; 52 families) and 
sequenced as 150-bp paired-end reads on either an Illumina HiSeq 2500 
or Illumina NovaSeq 6000, respectively.

Sequence mapping, variant calling and annotation
Genome sequencing data were processed at the Centre for Cancer Biol-
ogy ACRF Genomics Facility. ES data was processed at both the Centre 
for Cancer Biology ACRF Genomics Facility and the Broad Institute’s 
Data Sciences Platform. Both centers use a pipeline based on GATK 
best practices (v.3), with mapping to the GRCh37 human reference 
genome (b37+decoy) performed using BWA mem (v.0.7.12). Sambamba 
(v.0.6.5) was used for marking PCR duplicates. ES resulted in an aver-
age coverage of 96.0-fold, with 94.0% of bases in the targeted region 
being covered at least 20-fold. GS resulted in an average coverage of 
38.4-fold, with 96% of all bases being covered at least 20-fold. SNVs and 
small indels were jointly called using GATK HaplotypeCaller (v.3.8). 
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Structural variants for GS were called using Manta, and for ES were 
called using either GATK gCNV (Broad) or an in-house algorithm (ACRF) 
that normalizes ploidy change across bins optimized for target capture 
regions. Joint genotyping was then performed using GATK GenotypeG-
VCF, and variant quality scores were recalibrated using GATK’s VQSR. 
SNVs and indels were annotated using Variant Effect Predictor (VEP; 
Broad) or SnpEff (v.4.1; ACRF). CNVs were annotated using AnnotSV, 
with regions of homozygosity detected by BCFtools.

Genomic variant analysis
The analysis and interpretation approach utilized in this study is sum-
marized in Extended Data Fig. 5. Analysis of SNVs and indels from ES was 
performed using both seqr (Broad Institute) and VariantGrid (in-house) 
analysis platforms, with GS data analyzed solely in VariantGrid. CNVs 
were analyzed directly from the AnnotSV output. Initial variant filtering 
selected for rare, protein-altering variants (small variants: gnomAD 
and in-house frequencies ≤1%, maximum five homozygotes for reces-
sive and ≤0.01%, maximum five heterozygotes for dominant; CNVs: no 
reciprocal overlap with known benign CNVs ≥70%), consistent with any 
plausible inheritance model. In families with suspected consanguinity, 
regions of homozygosity were also annotated. Variants were prioritized 
for further interpretation based on in silico pathogenicity predictions, 
sequence conservation scores, protein function and expression and 
known disease associations (human and animal).

Analysis was performed in two stages: (1) a first-pass mendeli-
ome analysis, looking to identify disease-relevant variants in known 
disease genes (OMIM-morbid map genes, annotated March 2021 with 
phenotype-causing mutation), and (2) a second-pass research analysis, 
looking to identify potentially disease-relevant variants in potential 
novel disease genes. If no candidate causative variants were identified, 
filtering and prioritization criteria were relaxed and variants with either 
lower presumed impact (for example, synonymous and intronic vari-
ants) or atypical inheritance mechanisms were considered. All identi-
fied variants of interest were manually inspected in the integrative 
genomics viewer (IGV), with a bed file containing normalized ploidy 
changes and z-score visualized alongside BAM files for CNVs. Candidate 
causative variants occurring de novo or in regions of low read depth or 
ambiguous mapping were validated using an orthogonal method, and 
Sanger sequencing for small variants and microarray or RNA-seq for 
CNVs. Where DNA samples were available for unaffected or additional 
affected family members, segregation analysis by Sanger sequencing or 
microarray was also performed. Variant analysis ended when variant(s) 
considered causal of the full phenotype were identified.

RNA analysis for confirmation of splice effects
Quantitative PCR with reverse transcription was performed to aid 
the interpretation of variant effect (synonymous and splice site) in 
four selected cases (PED002, PED013, PED017 and PED104). Comple-
mentary DNA was generated using the SuperScript III Reverse Tran-
scriptase kit (Invitrogen) following the manufacturer’s instructions, 
with 150 ng of Random Primers (Promega) and 1 μg of total RNA. The 
effect of the variant on splicing was assessed by Sanger or Nanop-
ore sequencing of PCR-amplified cDNA (primer sequences are pro-
vided in Supplementary Table 7). For Oxford Nanopore Technology 
(ONT)-sequenced amplicons (PED002 and PED104), libraries were 
created using a ligation sequencing kit (SQK-LSK109) with barcodes 
(EXP-NBD104). After sequencing on an ONT Minion flowcell, basecall-
ing was performed using guppy (v.5.0.11) and resultant fastq files were 
mapped to b37+decoy using minimap2 (v.2.20-r1061). Potential splice 
effects were visualized and interpreted using IGV.

Poly(A) RNA-seq was performed to aid the interpretation of variant 
effect in three selected cases (PED005, PED007 and PED024), with can-
didate causative variants predicted either to affect splicing or result in a 
prematurely truncated protein product. Analysis was restricted to cases 
where the gene of interest was expected to be expressed in an available 

fetal tissue sample. Poly(A) selection of messenger RNA was performed 
using the NEBNext PolyA mRNA Magnetic Isolation Module. Samples 
were sequenced as 150-bp paired-end reads on an Illumina Nextseq 500 
at the Centre for Cancer Biology ACRF Genomics Facility. Sequence 
reads were aligned to the b37+decoy human reference genome. Regions 
surrounding variants of interest were manually evaluated in IGV.

Identification of additional kindreds
In 33 unrelated families we submitted a total of 39 different variants 
to Matchmaker exchange through the software Matchbox or Gene-
Matcher portal22,50. These VUS in existing disease genes were submitted 
for cases requiring phenotype or inheritance expansion, different to 
the reported evidence and/or for genes with fewer than two reported 
cases at the time of curation. In addition, GUS with no human disease 
gene associations, excluding those with susceptibility risks or limited 
clinical validity (via ClinGen and PanelApp Australia), were submitted 
based on one or more of the following pieces of evidence: (1) gene-wide 
or regional constraints, (2) spatial expression in relevant disease tissues 
or organs and (3) phenotypes from animal models.

De novo follow-up by phasing and ddPCR
A total of 46 causative and candidate de novo variants in 44 families 
was followed up by phasing and/or ddPCR (Supplementary Table 6). 
Phasing of de novo variants was performed depending on the vicinity 
of informative parental variants: 32.6% (15 of 46) could be phased to 
either the paternal or maternal allele using existing ES data (150-bp 
paired-end reads). The 31 de novo variants that could not be phased 
from ES data were selected for long-range PCR (primer sequences pro-
vided in Supplementary Table 7) and ONT sequencing. Unfortunately, 
insufficient DNA remained to perform long-range PCR on proband 
samples of four families. For 15 of those families that could be tested, 
informative SNPs in ES data were selected for primer design and, in a 
further ten cases, a region of ~5–10 kb around the de novo variant was 
selected for long-range PCR. Primers were designed using Primer3, and 
long-range PCR was performed using 2× LongAmp Hot start master mix 
(New England Biolabs). Samples were pooled in equimolar quantities 
into three groups (probands, mothers and fathers) before library prepa-
ration for ONT. Library preparation was performed using the ligation 
sequencing kit (SQK-LSK109), and barcodes (from EXP-NBD104) were 
added per pool (probands NBD-10, mothers NBD-11 and fathers NBD-
12). After barcoding, these libraries were pooled and sequenced on a 
Minion flongle or flowcell (ONT). Mapping of fastq files was performed 
using minimap2 (v.2.20-r1061). The resulting alignments were visual-
ized alongside ES data within IGV for interpretation.

To assess potential parental mosaicism as the cause of de novo 
variants, ddPCR was performed as a follow-up test to aid in defin-
ing recurrence risk in families with candidate and causative de novo 
variants. The ddPCR assays were custom designed for each variant 
and performed using a Bio-Rad QX100 instrument. Genomic locations 
were provided for each variant, with commercially designed primers 
and probes supplied by Thermo Fisher Scientific or Bio-Rad. Due to the 
complexity of either the genomic region or the variant, no ddPCR assays 
could be designed for three variants in three families (PED046, PED162 
and PED187). Assays were performed on DNA from 43 parent–fetal 
trios, as well as on sperm samples from five of these families, using a 
Bio-Rad QX100 instrument and analyzed using QuantaSoft (Bio-Rad).

Variant classification, reporting and diagnostic outcome
All variants of interest were classified according to ACMG guidelines14,15, 
and research or NATA-accredited reports was issued to the referring 
clinician at the completion of first-pass (mendeliome) analysis. Only 
variants classified as VUS, LP or P (ACMG class 3–5) and relevant to 
the proband’s phenotype were reported, with detailed gene- and 
variant-level curation information included to support interpretation 
of clinical utility. For VUS in known disease genes, recommendations for 
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further research studies to support causal implication were included 
(for example, segregation in unaffected family members, in vitro func-
tional studies, animal models; Extended Data Fig. 5). VUS identified in 
either known disease genes with limited or no phenotype overlap with 
reported evidence, or in novel disease genes with supporting evidence 
(gene-wide or regional constraints, spatial expression in relevant dis-
ease tissues or organs and phenotypes from animal models), were 
submitted to Matchmaker exchange to identify additional kindreds. 
Supplementary research reports were issued to the referring clinician if 
additional supporting evidence was obtained warranting further inves-
tigations (for example, segregation, functional follow-up and so on).

Following completion of analysis, the diagnostic outcome of cases 
was classified as either ‘unresolved’ (no likely cause identified), ‘can-
didate’ (VUS variant/s) or ‘solved’ (LP or P variant/s, or VUS variant/s 
with sufficient evidence to link novel gene to disease). For cases where 
causative or candidate causative variant/s were identified, the diagno-
sis was further classified as either ‘known gene’ (proband phenotype 
predominately consistent with reported phenotype for gene), ‘phe-
notype expansion’ (proband phenotype notably different to reported 
phenotype for gene or proband clinical diagnosis not previously linked 
to gene) or ‘novel gene’ (gene not previously linked to human disease).

Assessment of phenotype expansions
We have evaluated potential phenotype expansions based on over-
lapping phenotypes with multiple cases described in OMIM, Clingen 
gene–disease validity, ClinVar and the literature. Because the defined 
phenotypic spectrum of genomic disorders is under continuous devel-
opment, reassessment of genotype–phenotype correlations can be 
required. For some families, phenotypic features described in both 
case reports and cases (the supplementary material thereof) from 
larger cohort studies have resulted in acknowledgement of nonclassi-
cal phenotypic features or inheritance modes for genomic disorders. 
While other features overlap, the timing (1 day after birth) and cause 
of death (anemia) in PED017 were different from what is known for 
TPI1 deficiency, commonly resulting in respiratory insufficiency with 
death at 5–10 years of age.

Reproductive planning
Consent has been obtained to report outcomes of pregnancy whilst 
in the standard-of-care under the referring clinical team. Following 
identification of a diagnosis or candidate diagnosis associated with 
risk for recurrence, families were counseled regarding reproductive 
planning, including options for PND and preimplantation genetic test-
ing for monogenic PGD. Families who elected for PGD were referred to 
appropriate fertility specialists (Monash IVF group).

Web resources
AnnotSV: https://lbgi.fr/AnnotSV

BCFtools: http://samtools.github.io/bcftools
ClinVar: https://www.ncbi.nlm.nih.gov/clinvar
GATK: https://gatk.broadinstitute.org
gnomAD: https://gnomad.broadinstitute.org
The Human Phenotype Ontology: https://hpo.jax.org/app
IGV: https://software.broadinstitute.org/software/igv
NCBI RefSeq: https://www.ncbi.nlm.nih.gov/refseq
Manta: https://github.com/Illumina/manta
OMIM: https://omim.org
Seqr: https://seqr.broadinstitute.org
SnpEff: http://snpeff.sourceforge.net
VariantGrid: https://variantgrid.com
VEP: https://ensembl.org/info/docs/tools/vep

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Sequence data have been deposited at the European Genome-phenome 
Archive, which is hosted by the European Bioinformatics Insti-
tute and the Centre for Genomic Regulation under accession no. 
EGAS00001006295. Controlled access to primary data and/or mate-
rial generated as part of this study may be requested from the cor-
responding author (Hamish.Scott@sa.gov.au), and will be shared in 
a nonidentifiable manner only where participants have consented to 
the sharing of data and samples for use in ethically approved future 
research studies. Studies requesting access must produce evidence 
of appropriate HREC permissions, and detailed description of how 
the data and samples will be used and stored. Once controlled data 
access approval has been granted (within 3 months of submission), 
a material transfer agreement between respective institutions will 
need to be established. The research team will not accept, or return to 
participants, any research findings unrelated to the referred condition. 
All reported variants will be submitted to ClinVar under Molecular 
Pathology Research Laboratory (organization ID: 507864, pre-2020 
research sequenced) and Genetics and Molecular Pathology; SA Pathol-
ogy (organization ID: 506043, post-2020 clinically sequenced).

Code availability
The VariantGrid code (www.variantgrid.com) generated during this 
study (by D.M.L.) is available for research use under business source 
license 1.1 on GitHub (https://github.com/SACGF/variantgrid). The 
code for the Seqr platform, used at the Broad Institute, is available at 
https://github.com/broadinstitute/seqr.

References
45. Harris, P. A. et al. Research electronic data capture (REDCap)–a 

metadata-driven methodology and workflow process for 
providing translational research informatics support. J. Biomed. 
Inform. 42, 377–381 (2009).

46. Harris, P. A. et al. The REDCap consortium: building an 
international community of software platform partners. J. Biomed. 
Inform. 95, 103208 (2019).

47. Barfield, W. D. Standard terminology for fetal, infant, and perinatal 
deaths. Pediatrics 137, e20160551 (2016).

48. Pedersen, B. S. & Quinlan, A. R. Who’s who? Detecting and 
resolving sample anomalies in human DNA sequencing studies 
with Peddy. Am. J. Hum. Genet. 100, 406–413 (2017).

49. Pedersen, B. S. et al. Somalier: rapid relatedness estimation for 
cancer and germline studies using efficient genome sketches. 
Genome Med. 12, 62 (2020).

50. Arachchi, H. et al. matchbox: An open-source tool for patient 
matching via the Matchmaker Exchange. Hum. Mutat. 39, 
1827–1834 (2018).

Acknowledgements
First, we thank the families for their involvement in our project. We 
thank the Genomic Autopsy Study Research Network, which includes 
the referring clinical geneticists, genetic counselors, pathologists, 
colleagues at research and diagnostic laboratories and Australian 
Genomics, for their assistance with patient care, contributions and 
support. Additional thanks to the staff of the Kinghorn Centre for 
Clinical Genomics Sequencing Laboratory, the staff of the Centre for 
Cancer Biology ACRF Genomics Facility and the staff of the Broad 
Institute’s Genomic Platform. This research was supported by NHMRC 
(grant no. APP1123341), Genomics Health Futures Mission – Medical 
Research Futures Fund (no. GHFM76777) and the Australian Genomic 
Health Alliance NHMRC Targeted Call for Research into Preparing 
Australia for the Genomics Revolution in Healthcare (no. GNT1113531) 
to H.S.S. and C.P.B.; and by the ACRF to H.S.S. Sequencing provided by 
the Broad Institute of MIT and Harvard Center for Mendelian Genomics 
(Broad CMG) was funded by the National Human Genome Research 

http://www.nature.com/naturemedicine
https://lbgi.fr/AnnotSV
http://samtools.github.io/bcftools
https://www.ncbi.nlm.nih.gov/clinvar
https://gatk.broadinstitute.org
https://gnomad.broadinstitute.org
https://hpo.jax.org/app
https://software.broadinstitute.org/software/igv
https://www.ncbi.nlm.nih.gov/refseq
https://github.com/Illumina/manta
https://omim.org
https://seqr.broadinstitute.org
http://snpeff.sourceforge.net
https://variantgrid.com
https://ensembl.org/info/docs/tools/vep
https://ega-archive.org/studies/EGAS00001006295
http://www.variantgrid.com
https://github.com/SACGF/variantgrid
https://github.com/broadinstitute/seqr


Nature Medicine

Article https://doi.org/10.1038/s41591-022-02142-1

Institute, the National Eye Institute and the National Heart, Lung 
and Blood Institute (grant no. UM1 HG008900 to D.G.M. and H.L.R). 
Additional support was provided by Cancer Council SA’s Beat Cancer 
Project on behalf of its donors and the State Government of South 
Australia through the Department of Health, and NHMRC Fellowship 
(no. APP1023059) to H.S.S.; by the Australian Government Research 
Training Program Scholarship, the Australian Genomics Health 
Alliance PhD Award & NHMRC (no. GNT1113531) and by the Maurice 
de Rohan International Scholarship (to A.B.B.). P.A.was supported by 
fellowships from the The Hospital Research Foundation and the Royal 
Adelaide Hospital Research Fund.

Author contributions
A.B.B., P.A. and T.H. drafted the manuscript. A.B.B., P.A., T.H., M.B., 
M.R.J., S.L.K-S., C.P.B. and H.S.S. coordinated the study. A.B.B., M.B. 
and H.N. managed samples. T.H., J.F., P.W., D.M.L., L.E. and L.A. 
processed genomic data. A.B.B., P.A., T.H., L.P., A.O.D-L., M.S.B.F. and 
R.M. performed data analyses. K.S.K., T.S.E.H. and H.S.S. implemented 
a clinically accredited pathway for analysis and reporting. T.H., L.E., 
L.A. and J.T. processed transcriptomic data. T.H. performed data 
analysis. A.W.S. supervised processing of genomic and transcriptomic 
data. P.A. performed phasing and ddPCR assays. R.M., J.L., N.M., T.Y.K. 
and L.M. performed routine autopsy investigations. G.M., J.P., F.M. 
T.S.E.H., J.E.L. and C.P.B. provided clinical care. A.B.B., P.A., T.H., K.S.K., 
M.R.J., A.O’D-L., R.M., T.S.E.H., S.L.K-S., C.P.B. and H.S.S. contributed 
to interpretation and discussion of results. Genomic Autopsy 

Study Research Network members assisted with national patient 
recruitment, routine autopsies, sample coordination and ethics. H.S.S. 
and C.P.B. jointly conceived and supervised the study. All authors read 
and approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41591-022-02142-1.

Supplementary information The online version  
contains supplementary material available at  
https://doi.org/10.1038/s41591-022-02142-1.

Correspondence and requests for materials should be addressed  
to Christopher P. Barnett or Hamish S. Scott.

Peer review information Nature Medicine thanks Job Verdonschot and 
the other, anonymous, reviewer(s) for their contribution to the peer 
review of this work. Primary Handling Editors: Anna Maria Ranzoni and 
Joao Monteiro, in collaboration with the Nature Medicine team.

Reprints and permissions information is available at  
www.nature.com/reprints.

http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-022-02142-1
https://doi.org/10.1038/s41591-022-02142-1
https://doi.org/10.1038/s41591-022-02142-1
https://doi.org/10.1038/s41591-022-02142-1
http://www.nature.com/reprints


Nature Medicine

Article https://doi.org/10.1038/s41591-022-02142-1

Extended Data Fig. 1 | Cohort distribution of (gestational) age, sex and 
classification of death. Shows the distribution in (gestational) age, sex and 
death classification within the perinatal period of the 200 probands in our 
cohort. Only completed gestational weeks are displayed. Circle, female proband; 

square, male proband; red, termination of pregnancy; orange, miscarriage; light 
green, stillbirth; dark green, neonatal death; darker shading, LP/P variant; lighter 
shading, Variant or Gene of Uncertain Significance (VUS/GUS);, open box, no 
abnormality detected (NAD).
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Extended Data Fig. 2 | Sunburst diagram of the complete cohort. A sunburst 
plot representing all 200 families separated by the type of pregnancy loss 
(2nd, most inner ring), across different organ systems (third ring), the genomic 
findings (fourth ring) and candidate disease genes (fifth, most outer ring). The 
genomic findings are separated by LP/P ((Likely) pathogenic), VUS (variant of 
uncertain significance), GUS (gene of uncertain significance), and NAD (no 

abnormalities detected). The percentages in the right-side legend represent the 
number of variants identified across the different pregnancy groups. This plot 
shows that the study cohort mostly consisted of termination of pregnancies. The 
input data for the sunburst plot was generated from Supplementary Table 2. All 
sunburst plots were generated using the sunburstR package (https://github.com/
timelyportfolio/sunburstR).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Sunburst diagrams showing the characteristics of 
the terminated pregnancies and stillbirths. (a) Sunburst plot representing 
the group of pregnancies terminated, due to in utero abnormalities, and the 
subsequent genomic findings. The five most affected organ systems within 
this subgroup are shown, with the neurological phenotypes yielding the 
highest number of diagnoses (36.6%). Multiple refers to two or more different 
organ systems affected. The genomic findings are separated by LP,P (Likely 
pathogenic, pathogenic), VUS (variant of uncertain significance), GUS (gene of 

uncertain significance), and NAD (no abnormalities detected). (b) Sunburst plot 
representing the group of pregnancies with stillbirth cases; pregnancy losses 
beyond 20 weeks of gestation. This plot shows that a majority of stillbirth cases 
with no genomic findings (NAD) are those with no congenital abnormalities 
(18.9%) identified, meanwhile stillbirth cases with affected respiratory or 
hematopoietic systems are more likely to yield a candidate disease gene; 7/7 POS 
(100%).

http://www.nature.com/naturemedicine
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Sunburst diagrams showing the characteristics of the 
Neonatal deaths and miscarriages. (a) Sunburst plot representing families with 
neonatal death; loss of an infant up to 28 days old. This plot shows that out of the 
four subgroups of fetal and neonatal loss, cases with neonatal deaths have the 
highest number of genomic findings (23/29 POS and 6/29 NAD). Neonates with 
respiratory and neurological abnormalities represent one third of this subgroup. 
Neonates with two or more major organ systems affected, and hematopoietic 

abnormalities, have 100% genomic findings in known and established disease 
genes (ADAMTSL2, FOXF1, PTPN11 and TPI1 respectively). (b) Sunburst plot 
representing the smallest subgroup within the study cohort, miscarriages; 
pregnancy losses before 20 weeks of gestation. This plot shows that there is 
a 66.7% chance of discovering candidate disease genes (6/9 POS) from early 
pregnancy loss, with and without congenital abnormalities detected in utero.

http://www.nature.com/naturemedicine
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Extended Data Fig. 5 | Workflow schematic of the first 200 families in the 
Genomic Autopsy study. Schematic diagram of the workflow and analysis of the 
Genomic Autopsy Study with the goal to provide answers to families and prevent 
recurrence of pregnancy loss and perinatal death. Highlighting the separate 
clinical-grade analysis and integrated research follow-up. Mendeliome, OMIM 
morbid genes; AR:,Autosomal Recessive; hom, homozygous; CH, Compound 

Heterozygous,;XLR, X-Linked Recessive; AD, Autosomal Dominant,;VUS, 
Variant of Uncertain Significance; GUS, Gene of Uncertain Significance; ACMG, 
American College of Medical Genetics; P, Pathogenic; LP, Likely Pathogenic; PGD, 
Preimplantation Genetic Diagnosis; PND, Prenatal Diagnosis. Figure created 
using BioRender.com.
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Extended Data Fig. 6 | Evaluation of potential splice effects by RT-PCR and 
Sanger or Nanopore sequencing of PED002, PED013, PED017 and PED104. 
RNA analysis for interpretation of variant effect in PED002, PED013, PED017 and 
PED104. (a) RT-PCR and nanopore sequencing results for PED002A (mother; 
blue) and PED002B (father; green) versus a control blood sample (red). The 
Sashimi plot shows retention of 8 intronic bases (black arrow) of the 8th intron 
of DNAJB11 as a result from the intronic c.853-10 G > A variant in both parents. (b) 
RT-PCR and Sanger sequencing of paternal cDNA shows the synonymous PIBF1 
c.954 G > A p.(Lys318 = ) variant identified in PED013 causes skipping of exon 
8, predicted to result in a downstream frameshift and premature termination. 
The right (cDNA) figure shows the initiation of a heteroduplex after exon 7, with 

the mutant allele continuing to exon 9. (c) RT-PCR and Sanger sequencing of 
fetal cDNA shows the TPI1 c.544-1 G > C variant identified in PED017 alters the 
canonical splice acceptor site of exon 6, resulting in an in-frame deletion of 2 
amino acids. The right (cDNA) figure shows the start of a heteroduplex after exon 
5, with the mutant sequence displaying a 6 bp deletion from the start of exon 6. 
(d) RT-PCR and nanopore sequencing on a maternal blood sample of PED104 A 
shows skipping of the (out-of-frame) exon 9 in MECOM as a result from the 
intronic c.2208 + 4A > T variant (red). The long reads included a synonymous SNP 
(c.2667 G > A) in exon 14, which allowed separation and comparison of the mutant 
(red) versus wildtype (blue) alleles.
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Nature Medicine

Article https://doi.org/10.1038/s41591-022-02142-1

Extended Data Fig. 7 | Interpretation of Poly(A) RNA sequencing data for 
PED005, PED013 and PED024. RNA sequencing analysis for interpretation of 
variant effect in PED005, PED013 and PED024 (a) RNA-seq confirmed that the 
paternal MKS1 c.1408-34_1408-6del variant results in skipping of exon 16 in the 
proband (red) versus control (blue) sample. The novel maternal c.1024 + 1 G > T 
variant revealed altered splicing downstream of exon 11, resulting in partial 
inclusion of intron 12. (b) RNA-seq for PED013, showing skipping of exon 8 in 

the proband sample (red) versus control (blue) as a result from the synonymous 
PIBF1 c.954 G > A p.(Lys318=) variant. (c) RNA-seq results for PED024, showing 
retention of intron 2 (yellow box) in the proband sample (red) verus control 
samples (blue and green), and much lower expression values which are 
likely due to nonsense mediated decay as a result from the intronic EIF2B2 
c.284 + 5 G > T variant.

http://www.nature.com/naturemedicine
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Extended Data Fig. 8 | Relatedness and quad analysis diagrams. (a) Boxplot 
shows the relatedness coefficients (y-axis) of all families (dots) and their 
diagnostic findings based on mode of inheritance (x-axis). The relatedness 
coefficients were calculated using Peddy48, and required a minimum of 1000 
shared heterozygous alternate calls per sample. This boxplot indicates that 
families that are related are more likely to yield a (candidate) diagnosis (12/16, 
75%), compared to unrelated families (93/184, 50.5%), not statistically significant 
(P value = 0.0710, Two-sided Fisher’s exact test). (b) Diagnostic yield from 
families with two affected individuals. This bar plot shows the sex of the two 

affected individuals per family and the exome findings categorised by their 
ACMG classifications. There is a slightly higher proportion of families, where 
both affected individuals are males, with no diagnostic finding (8/14, 57.1%) 
versus mixed sex siblings (2/5, 40%). Abbreviations: ACMG, American College 
of Medical Genetics; AD, Autosomal dominant; AR, Autosomal recessive; XLR, 
X-linked recessive; NAD, no abnormalities detected; LP/P, likely pathogenic 
or pathogenic; VUS, variant of uncertain significance; GUS, Gene of uncertain 
significance.
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Extended Data Fig. 9 | Interpretation of droplet digital PCR results for 
parents with mosaicism >1%. (a) ddPCR shows the PBX1 p.Arg107Trp variant in 
PED043 is present at different allelic ratios in paternal sperm (20.1%) compared 
to paternal blood (10.4%). The mother does not carry the variant and s and 
the proband is heterozygous. (b) ddPCR of the TUBA1A p.Arg64Trp variant 
in PED084 is present at an allelic ratio of 2.9% in paternal sperm and at 2.3% 

in paternal blood. The maternal sample is negative for the mutation, and the 
proband is heterozygous. Figures are generated by the original QuantasoftTM 
software for ddPCR analysis (BioRad). The concentration (copies/μl) of the WT 
and the Mutant allele are used to calculate the fractional abundance (mean with 
95% CI).

http://www.nature.com/naturemedicine
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