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Should we offer prenatal exome sequencing for [ ® crexorupoaes
intrauterine growth restriction or short long
bones? A systematic review and meta-analysis

Fionnuala Mone, PhD; Rhiannon Mellis, MRCPCH; Heinz Gabriel, PhD; Caitlin Baptiste, MD;
Jessica Giordano, MS; Ronald Wapner, MD; Lyn S. Chitty, PhD

OBJECTIVE: This study aimed to determine the incremental yield of prenatal exome sequencing over chromosomal microarray or
G-banding karyotype in fetuses with: (1) intrauterine growth restriction related to placental insufficiency or (2) short long bones, in isolated
and nonisolated instances for both scenarios.

DATA SOURGES: Data were collected via electronic searches for relevant citations from January 2010 to April 10, 2022 in MEDLINE,
Embase, Web of Science, and Cochrane, and using relevant bibliographies and data generated in-house.

STUDY ELIGIBILITY CRITERIA: Included were prospective or retrospective cohort studies and/or case series with: (1) n>5 cases of short long
bones and/or intrauterine growth restriction undergoing prenatal sequencing with a clearly defined phenotype including assessment of placental
function; (2) testing based on prenatal phenotype only; (3) a nondiagnostic chromosomal microarray/karyotype; and (4) known results of genetic
testing.

METHODS: Incremental yield was calculated for each study and as a pooled value for the aforementioned groups using a random-effects model.
Results were displayed in forest plots with 95% confidence intervals. Heterogeneity was assessed statistically using Higgins’ . Publication bias
was assessed graphically using funnel plots. Quality assessment was performed using modified Standards for Reporting of Diagnostic Accuracy
criteria (International Prospective Register of Systematic Reviews registration number CRD42022324680).

RESULTS: Nineteen studies were included (n=452 cases). The apparent incremental yields with prenatal sequencing were: (1) 4% (95% con-
fidence interval, —5.0 to 12; P=0%) in isolated intrauterine growth restriction with evidence of placental insufficiency, (2) 30% (95% confidence
interval, 13—47: P=1%) in intrauterine growth restriction with additional structural anomalies, (3) 48% (95% confidence interval, 26—70;
P=73%) in isolated short long bones, and (4) 68% (95% confidence interval, 58—77; P=51%) in short long bones with additional skeletal
anomalies. Of the 37 short long bone cases with a diagnosis, 32 had a skeletal dysplasia, with thanatophoric dysplasia and osteogenesis imper-
fecta being the most common (both 21.6% [n=8/37]). In fetuses with short long bones and additional skeletal features, osteogenesis imperfecta
was the most common diagnosis (28% [n=57/204]). Where documented, the inheritance patterns were de novo in 75.4% (n=150) of cases.
CONCLUSION: Prenatal sequencing adds substantially to incremental yield over chromosomal microarray in fetuses with short long bones
or multisystem intrauterine growth restriction. Robust studies are required to assess the utility of fetal sequencing in isolated intrauterine
growth restriction with evidence of placental insufficiency, which cannot be recommended on the basis of current evidence.

Key words: anomaly, exome sequencing, intrauterine growth restriction, next-generation sequencing, prenatal, short long bones, skeletal
dysplasia, small-for-gestational-age
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AJOG at a Glance

Why was this study conducted?

Key findings

This study was conducted to facilitate development of inclusion and exclusion
criteria for prenatal exome sequencing.

Prenatal exome sequencing has limited incremental yield over standard kar-
yotyping and microarray analysis in fetuses with isolated intrauterine growth
restriction, with moderate yields in intrauterine growth restriction with multi-
system abnormalities and isolated short long bones, and a high yield for short
long bones associated with other skeletal anomalies.

What does this add to what is known?

Short long bones may be considered as an indication for prenatal exome
sequencing, but the incremental yield in isolated intrauterine growth restriction
with evidence of placental insufficiency is very low and more evidence is required.

Introduction
Exome sequencing is a novel genomic
technology that has the ability to interro-
gate the human genome to the resolution
of a single nucleotide, enabling screening
of multiple genes in 1 test. In prenatal
diagnosis, the yield (up to 80%) for iden-
tifying a unifying genetic cause when
applied in the presence of structural fetal
anomaly supersedes that of standard
chromosome microarray (CMA), which is
limited to identifying copy number varia-
tion in the form of microdeletions and
microduplications.' Following publication
of the 2 largest prospective series in which
prenatal exome sequencing was conducted
for unselected fetal anomalies,” its pro-
vision has been translated into clinical
practice to enable discovery of a unifying
prenatal genetic diagnosis in some
high-income countries.”” Remaining an
expensive and limited resource, such
translation and supporting research have
uncovered approaches that can optimize
diagnostic yield. These include: (1) case
selection by a clinical geneticist as part of a
multidisciplinary team review; (2) detailed
prenatal phenotyping; (3) CMA in parallel;
and (4) evidence-based inclusion and
exclusion criteria such as those used in the
National Health Service (NHS) England
rapid prenatal sequencing pathway.’
Although the vyield of prenatal
sequencing in fetal structural anomalies
affecting multiple systems and skeletal

dysplasias has been well documen-
ted,”>” " its use in cases of isolated in-
trauterine growth restriction (IUGR)
associated with placental insufficiency or
in cases of isolated shortlongbones has not
been well described in the literature.'' This
is compounded by the fact that IUGR
secondary to placental insufficiency
frequently presents with short long bones,
making assessment of placental function a
critical part of the phenotypic workup.'”
For diagnosis of placental insufficiency,
we remain reliant on screening tools such
as uterine artery and fetal Doppler studies
and maternal biomarkers, which are by
nature nondiagnostic.'” The limitations of
prenatal phenotyping make it challenging
for clinicians to counsel couples regarding
a potential underlying genetic cause."”
Although there are some data suggesting
that CMA can increase the diagnostic yield
in IUGR fetuses by 5% over G-banding
karyotype,“l’15 there are limited data with
regard to prenatal sequencing. Given that
many fetuses with genetic conditions pre-
sent with IUGR, including apparently
isolated shortlong bones, it is important to
understand the rate of monogenic disor-
ders within this population to determine
the potential value of prenatal sequencing.

Objectives

This review aimed to determine the in-
cremental yield of prenatal sequencing
over CMA or G-banding karyotype in
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fetuses with: (1) IUGR, or (2) short long
bones in both isolated instances and in-
stances where additional structural
anomalies are identified at the prenatal
sonogram.

Methods

Eligibility criteria, information
sources, and search strategy

The inclusion criteria for study selection
were any prospective or retrospective
cohort studies and/or case series that: (1)
included >5 cases of short long bones
and/or IUGR undergoing prenatal
sequencing with a clearly defined
phenotype; (2) initiated testing on the
basis of prenatal (as opposed to post-
natal) phenotype only; (3) had a non-
diagnostic CMA/karyotype result (if
whole-genome sequencing was per-
formed as an “all-in-one test” excluding
copy-number variation detectable by
standard CMA, this was also acceptable);
and (4) had known results of the genetic
testing. Cases in which sequencing was
initiated postnatally were included if
testing was based solely on the prenatal
phenotype. Cases in which sequential
Sanger sequencing for individual genes
or alternative genomic testing methods
(eg, methylation studies) were used were
not included. For studies that were not
specific to IUGR or short long bones
exclusively, data regarding such cases
were extracted from the paper or via
author request. Only variants classified
as class IVand V (ie, likely pathogenic or
pathogenic) that were deemed causative
of the phenotype were classified as
diagnostic, with the exception of n=3
cases (autosomal dominant mental
retardation 21 [n=2]'® and growth
retardation, impaired intellectual devel-
opment, hypotonia, and hepatopathy
[n=1]""), for which it was difficult to
attribute the phenotype to the variant
identified and this could have happened
by chance. We included these cases
because authors had included them in
their analysis. All study abstracts were
screened by 2 independent reviewers
(EM. and R.M.), and full manuscripts
were subsequently reviewed when
further information was required.
Where inadequate information was
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provided, the corresponding author was
contacted, with the paper being rejected
only if the aforementioned criteria were
not met or they did not respond.

This review was performed in line
with recommended methods for sys-
tematic reviews and Preferred Reporting
Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines, and was
prospectively registered on the Interna-
tional Prospective Register of Systematic
Reviews (PROSPERO; CRD42022324
680).'"” The following databases were
searched electronically for relevant cita-
tions from January 2010 (next-genera-
tion sequencing was not an available
technology before this) to April 10, 2022:
MEDLINE, Embase, Web of Science, and
Cochrane. Abstracts from conferences
were also included if the details met the
inclusion criteria. The search strategy
consisted of relevant Medical Subject
Headings (MeSH) terms, and keywords
and word variants for “prenatal,” “exome
sequencing,” and “abnormality” were
used, with alternative terms encompassing
“foetus,” “foetal,” “prenatal diagnosis,”
“antenatal,” “whole exome sequencing,’
“exome,” “whole genome sequencing,’
“genome, human,” “sequence analysis,
DNA,” “anomaly,” and “defect” Bibliog-
raphies of relevant articles were searched
manually. The search strategy is available
on request to the corresponding author, as
is the study protocol.

Furthermore, also included in the
analysis were 3 studies (originally selected
by the search criteria above, as described
in the results section) encompassing
extended cohorts from: (1) the Prenatal
Assessment of Genomes and Exomes
study” (n=850 fetuses [published cohort
n=596]); (2) the Columbia University
Irving Medical Center study from Pet-
rovski et al’ (n=494 fetuses [published
cohort n=234]); and (3) the BOOST
Brittle Bones Before Birth (BOOSTB4)
study data from Chandler et al'' (n=40
fetuses [published cohort n=16]).

Data extraction and assessment of risk
of bias

Both reviewers independently extracted
data on study characteristics and out-
comes. Data extracted from studies,

when obtainable, included: ultrasound
phenotype inclusive of features associ-
ated with TUGR secondary to placental
insufficiency  (eg, oligohydramnios,
abnormal Doppler waveforms and low
first-trimester pregnancy-associated
protein-A, high beta-human chorionic
gonadotropin in first or second tri-
mesters, history of IUGR stillbirth/fetus)
or phenotype more representative of a
skeletal dysplasia (eg, bowed long bones,
narrow thorax). IUGR cases were only
included if specifically defined with fetal
growth <10th centile for gestational age
and having evidence of placental insuf-
ficiency as stated above. Phenotypes
described in the studies as “short long
bones” were included as such, with no
predefined criteria because this is typi-
cally not prospectively defined within
studies.'' Where there was crossover in
phenotype, EM. and R.M. selected
whether the phenotype was more sug-
gestive of short long bones related to
skeletal dysplasia or IUGR (either iso-
lated or with additional anomalies). In
the analysis, the isolated fetuses with
short long bones were only included if
the aforementioned criteria were
assessed within the study or if a femur
length-to-abdominal circumference ra-
tio was provided to delineate the phe-
notypes. Short long bones with
additional anomalies and with addi-
tional skeletal anomalies were recorded
separately, but only those in the latter
group were included in the subanalysis.
In relation to additional fetal structural
anomalies, subtle dysmorphology and
normal variants or “soft-markers” were
not included. Other parameters recor-
ded included gestation at testing,
sequencing approach, reported variants,
source of fetal DNA, turnaround time
(days), and pregnancy outcome.
Quality assessment was performed
using modified Standards for Reporting
of Diagnostic Accuracy (STARD)
criteria.”” Criteria deemed most impor-
tant to optimize accuracy were: (1) trio
analysis; (2) use of American College of
Medical Genetics and Genomics and/or
English  Association for  Clinical
Genomic Science criteria for variant

interpretation21’22; and (3) Sanger

sequencing validation with consensus
reached by EM and R.M. Although re-
ported, quality assessment was not used
in overall final study selection before
analysis because of the paucity of studies
reporting on isolated IUGR and short
long bones. However, for subanalyses
(eg, isolated IUGR or short long bones)
studies were only included if they had
>3 cases for respective groups.

Data synthesis

Descriptive tables were produced de-
tailing study characteristics and out-
comes. The incremental yield (or risk
difference) of prenatal sequencing over
CMA or karyotyping was calculated with
95% confidence intervals (Cls) for each
study and as a pooled value for: (1) iso-
lated TUGR; (2) ITUGR with additional
structural anomalies; (3) isolated short
long bones; and (4) short long bones
associated with additional skeletal fea-
tures. Where reported, pooled values for
variants of uncertain significance (VUS)
and incidental findings (IFs) were also
determined. Risk differences from each
study were pooled using a random-
effects model throughout to estimate
incremental yield by a previously pub-
lished method, which facilitated calcu-
lation with adjustment for “zero” values
from negative quantitative fluorescent
polymerase chain reaction and CMA or
karyotype testing.”~ Results were dis-
played in forest plots with corresponding
95% Cls. Heterogeneity was assessed
graphically within the forest plot and
statistically using Higgins’ I>. Publication
bias was assessed graphically using fun-
nel plots. Statistical analysis was per-
formed using RevMan version 5.3.4
(Review Manager, Cochrane Collabora-
tion, Copenhagen, Denmark) statistical
software.

Results

Study selection and characteristics
The study selection process is demon-
strated in Figure 1. Where a study was
suitable for inclusion but data were
incomplete in relation to phenotype, the
corresponding authors were contacted
to request further data (n=17), of whom
4 responded. Three studies were
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FIGURE 1
PRISMA flow diagram
. Total Citations Identified (n=1087):
o MEDLINE (n=572)
'S EMBASE (n=391)
o Web of Science (n=92)
L= Cochrane (n=22)
5 Study citations (n=7)
Extended cohorts (n=3)
Excluded: (n=985)
Duplicates removed (n=417)
Removed after screening abstract (n=568)
[C]
=
z
w
w
&
@ Studies & abstracts retrieved for
dedicated evaluation n=102
Excluded: (n=83)
<5 cases n=37
Inadequate phenotypic information* n=33
Testing based on postnatal phenotype n=11
Not NGS n=2
a
J
8 5
d )
z ﬂ Studies included in systematic |
review
|l n=19 (452‘ cases) |

Asterisk denotes authors contacted for further information.

NGS, next-generation sequencing.

Mone. Prenatal exome sequencing for short long bones and growth restriction. Am ] Obstet Gynecol 2023.

excluded because they did not meet in-
clusion criteria, and 1 author provided a
full dataset.'® In addition, another n=18
studies were included (encompassing the
extended datasets).”>'"'7*373  The
Table highlights the characteristics of
included studies, and Figure 2 shows the
overall quality assessment.

Synthesis of results and risk of bias

In total, n=19 studies were included,
with a total of n=452 IUGR or shortlong
bone cases (IUGR n=116 and short long
bones n=336). Of those in the TUGR
group, 61.2% (n=71) were apparently
isolated IUGR, and 38.8% (n=45) were
cases associated with additional anoma-
lies. In relation to short long bones, 25%
(n=84) of cases were reported as iso-
lated, and 75% (n=252) were associated
with any additional fetal anomaly, of

which 80.9% (n=204) had an additional
skeletal anomaly and were subsequently
analyzed. The mean maternal age and
gestation at testing was 30.3 (£4.7
standard deviation [SD]) years and 22.6
(+4.8 SD) weeks. Where stated, fetal
DNA was obtained in most cases via
amniocentesis  (74.3%; n=254/342).
Where documented (n=13 studies), the
median turnaround time for prenatal
sequencing was 17 days (range, 6—56).
The most common pregnancy outcome
was termination of pregnancy (59.5%;
n=179/301). The pooled incremental
yield for VUS was 9% (95% CI, 5—14;
I’=0%; P<.001), with too few studies
(n=2) reporting on IFs. A list of clinical
syndromes caused by pathogenic and
likely pathogenic variants included
within the final meta-analysis is outlined
in the Supplemental Table. Of note,
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86.5% (n=32/37) of isolated short long
bone cases with a diagnosis from
sequencing had a skeletal dysplasia.

Systematic review of pathogenic
variants

In total, there were n=224 (50%) cases
in which a causative pathogenic or likely
pathogenic variant was identified, of
which n=199 cases were included in the
subanalysis. Subgroup analysis was
focused on studies in which there were
>3 cases for each respective group. The
apparent incremental yields with pre-
natal sequencing were: (1) 4% (95%
CI, —5.0 to 12; ’=0%) in isolated TUGR
with evidence of placental insufficiency,
(2) 30% (95% CI, 13—47; P=1%) in
IUGR with additional anomalies, (3)
48% (95% CI, 26—70; ’=73%) in iso-
lated short long bones, and (4) 68%
(95% CI, 58—77; 12:51%) in short long
bones with additional skeletal anomalies
(Figures 3—6). Because of high levels of
heterogeneity in the latter 2 groups, a
random-effects model was applied. The
corresponding funnel plots are displayed
in Supplemental Figures 1 to 4. Where
documented, the most common genetic
syndromes associated with isolated short
long bones were thanatophoric dysplasia
and osteogenesis imperfecta, with fre-
quencies of 21.6% (n==8/37) for each of
these diagnoses. For short long bones
with additional skeletal features, osteo-
genesis imperfecta was the most com-
mon diagnosis  (28%; n=57/204)
(Supplemental Table). The inheritance
patterns were de novo in 75.4% (n=150/
199). In instances where multisystem
TUGR was associated with a pathogenic
variant, the most common associated
anomalies were those of the central
nervous system (50%; n=7/14) and the
most common ultrasound features
associated with a causative variant in
cases of short long bones and additional
skeletal features were bowing of the long
bones (55.9%; n=81/145) and a narrow
thorax (44.8%; n=65/145).

Comment

Principal findings

Prenatal exome sequencing has limited
incremental yield in IUGR owing to
placental insufficiency, with moderate
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TABLE
Characteristics of included studies

Isolated Multisystem

Study NGS approach FGR SLB FGR SLB Total

Boissel et al,** 2018 WES Trio 110X coverage 1 0 4 0 5
Agilent capture + lllumina HiSeq 2000 or 2500X

Chandler, et al,"’ 2018 (extended) Clinical ES Trio N=240 skeletal dysplasia genes 1 2 1 36 40
SureSelect Target enrichment lllumina NextSeq500

Daum et al,** 2019 WES Mainly proband only 1 0 4 4 9
Agilent capture+ Illumina HiSeq 2500

Dempsey et al, > 2021 WES Trio NEXTSEQ 500 or NOVASEQ 2 2 1 6 11

Deden et al,?® 2020 WES Trio 200-300 X coverage 0 0 3 17 20
Agilent capture + lllumina NextSeg500

Gabriel et al,'® 2021 WES Trio Sureselect -+ Agilent enrichment 22 24 3 17 66
HiSeq4000 or the Novaseq6000 170X

Greenbaum et al,>” 2019 WES Trio 100 x coverage 2 0 2 3 7
Capture kit unknown + lllumina sequencing

Han et al,?® 2020 WES trio 0 4 0 22 26
SimbleGen SeqCap enrichment NextSeq500 2000X

Liu et al,2° 2019 Targeted WES 20X 0 8 0 5 13
363 genes involves in dekeltal anomalies

Lord et al,? 2019 (extended) WES Trio 1628 genes 13 10 5 38 66
Agilent capture + lllumina Hi-Seq 2500
98.3% of the bait regions covered at a minimum depth
of 5X

Mone et al,** 2022 lllumina TruSight then lllumina HiSeq 2500 n=1542 0 0 5 9 14
gene panel 20X and Nonacus enrichment and lllumina
NextSeq550 n=1205 genes

Peng et al,®' 2021 Singleton WES Agilent enrichment Novaseq 6000 0 5 0 25 30
platform 100X

Petrovski et al,® 2019 (extended) WES Trio Nimblegen SeqCap EZ capture + lllumina 17 5 2 7 31
HiSeq2500 Average coverage 89.3 reads
Bioinformatic signatures

Rinaldi et al,** 2020 Trio WES 0 0 7 3 10
Nimblegen
SeqCap EZ capture and HiSeq2500

Tang et al,** 2021 Q800R Sonicator library prep. xGen Exome research 0 3 0 5 8
panel v1.0 19,396 geneslllumina NextSeq5000

Zhang L et al,>* 2021 Mainly singleton WES xGen Exome Research Panel 0 17 1 18 36
v1.0 capture and Illumina Hiseq2000

Zhang X et al,*® 2021 Trio panel (skeleton disease related panel n=505 0 0 0 27 27
genes) lllumina HiSeq 2000 97% coverage target
regions and WES xGen Exome Research Panel v1.0
Novaseq 6000 coverage depth >20X

Zhou J et al,'” 2021 WES and WGS trio 12 1 6 2 21
40X and 100X MGISEQ-2000

Zhou X et al,*® 2021 Singleton clinical exome 0 3 0 9 12

Agilent 2100 preparation then lllumina Hiseq 2500
97% with 20X coverage

ES, exome sequencing; /UGR, intrauterine growth restriction; NGS, next-generation sequencing; SLB, short long bones; WES, whole-exome sequencing; WGS, whole-genome sequencing.

Mone. Prenatal exome sequencing for short long bones and growth restriction. Am J Obstet Gynecol 2023.
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FIGURE 2

Quality assessment of studies included in systematic review

0

2 4 6 8

Number of studies
10 12 14 16 18

Structured summary of study

Study objectives

Eligibility criteria

mYes

Selected or unselected series described

Description of genetic tests done prior to ES

Partial

Description of analysis approach

STARD items

mNo

Whether ACMG or equivalent classification used

Clinical characteristics of participants described

Diagnostic variants listed

Approach to incidental findings addressed

Implications for practice

A total of 19 studies were reviewed using modified STARD criteria.
ACMG, American College of Medical Genetics and Genomics; ES, exome sequencing; STARD, Standards for Reporting of Diagnostic

Accuracy.
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yields for IUGR associated with addi-
tional fetal structural abnormalities and
isolated shortlong bones, and a high yield
for shortlong bones associated with other
skeletal anomalies. Most causative vari-
ants were heterozygous de novo in nature,
with the most common presenting syn-
dromes being thanatophoric dysplasia
and osteogenesis imperfecta.

Comparison with existing literature

Our findings support the current
evidence-based criteria for the NHS En-
gland rapid prenatal exome sequencing
pathway, with the exception of isolated
short long bones where there is no evi-
dence of placental insufficiency, which

may now be considered for inclusion.” It
is not surprising that prenatal
sequencing in cases of isolated TUGR has
alowyield given the fact that it represents
such heterogeneity in phenotype and
etiology, and nonstandard classification
in the literature of growth centiles, onset,
Doppler parameters, and symmetry of
IUGR. It is a challenge to distinguish the
small-for-gestational-age fetus from the
TUGR fetus, with the former often being
constitutionally small.”” Although it is
proposed that early-onset IUGR is more
likely to be associated with genetic eti-
ology, there remains little support for
this when there is evidence of placental
insufficiency.”® In addition, genetic

origins for the multifactorial patho-
physiology of this phenomenon likely lie
in overlapping polymorphisms and
nonmonogenic phenomena such as
epigenetic modifications, uniparental
disomy, and confined placental mosai-
cism, which prenatal sequencing cannot
assess.”” There were too few cases (n=3)
of isolated ITUGR within this systematic
review to explore the spectrum of genetic
disease in such instances.

What is also unsurprising is the high
yield demonstrated for use of prenatal
sequencing in short long bones with
additional skeletal features. Despite be-
ing a heterogeneous group comprising
individually rare conditions, skeletal
dysplasias are collectively one of the
most common congenital anomalies in
newborns, and also represent a signifi-
cant proportion of fetal anomalies
detected prenatally. However, prenatal
molecular diagnosis is vital, particularly
if conferring “lethality.” In this system-
atic review, many studies represented a
highly selected cohort with expert
phenotyping reflected by reporting long
bone centiles and ratios.""*”’"** It has
also been identified previously that
most variants in this group are de novo,
likely because of their limited repro-
ductive fitness. Exceptions to this are
less frequent autosomal recessive vari-
ants, autosomal dominant variants
associated with variable penetrance
where a parent is unaware they have the
condition, or occasionally parental
mosaicism for autosomal dominant

FIGURE 3

Pooled incremental yields of pES in isolated FGR

Standard

Risk Difference
Weight M-H, Random, 95% CI

Risk Difference
M-H, Random, 95% CI

NGS

Study or Subgroup Events Total Events Total
Gabriel 2021 3 24 1

Lord 2019 1 14 1
Petrovski 2019 1 19 1

Zhou J 2021 2 13 1

Total (95% CI) 70

Total events 7 4

Heterogeneity: Tau? = 0.00; Chi®* = 0.88, df = 3 (P = 0.83); I*> = 0% L

Test for overall effect: Z = 0.80 (P = 0.42)

24 30.8% 0.08 [-0.07, 0.24] —+=—
14 20.2% 0.00 [-0.19, 0.19] —
19 36.5% 0.00 [-0.14, 0.14] ——
13 12.4% 0.08 [-0.17, 0.32] ——
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FIGURE 4

Pooled incremental yields of pES in FGR associated with additional anomalies
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variants.'"*””""* In relation to the
finding of a moderate yield with iso-
lated short long bones, most of these
diagnoses were of skeletal dysplasias,
conditions that would be expected to
present with additional sonographic
features (Supplemental Table).”” This
particularly applies to the most com-
mon skeletal dysplasias identified in
our review, in which we found that
thanatophoric dysplasia has features
detectable from the first trimester,*>*!
the prenatal features of achondro-

osteogenesis imperfecta usually pre-
sents with short and bowed long bones
and/or other features including a
small chest and hypomineralization.
Although these conditions may occa-
sionally present as isolated short long
bones, the fact that so many were
defined as “isolated” highlights the
need for expert ultrasonography to
accurately phenotype fetuses undergo-
ing prenatal sequencing. This would
aid variant interpretation, and facilitate
triage for sequencing and counseling of

Strengths and limitations

This was a large review assessing the
provision of prenatal sequencing for
IUGR or short long bones. To optimize
the number of cases, corresponding au-
thors were contacted and extended
datasets were used. Despite the use of a
random-effects model, heterogeneity
remained relatively high, which can be
explained by: (1) case selection—with
some of the larger series representing
unselected populations,”’ whereas other
cohorts were highly selected as potential

plasia are well documented,”” and parents.*”’ skeletal dysplasias'"*>""*>"% and (2)
FIGURE 5
Pooled incremental yields of pES in isolated short long bones
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FIGURE 6

Pooled incremental yields of pES in SLB with additional skeletal features
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use of a panel or whole-exome
approach with refinement of panels
over time as researchers have become
more familiar with this novel genomic
testing strategy. The numbers of cases
of isolated IUGR owing to placental
insufficiency were too small to draw
firm conclusions; however, this may be
because it is not recognized as a true
fetal anomaly and hence is not listed as
part of the phenotype, or because it is
recognized as being heterogeneous and
not usually included in eligibility
criteria for sequencing. Moving for-
ward, a large prospective study assessing
the provision of sequencing in IUGR as
defined by clear criteria and exclusion
of alternative etiologies is needed. What
can be extrapolated clinically is limited
by the nature of the data reported
within the included studies; therefore,
the precise definitions of isolated short
long bones with the most optimal yield
for prenatal sequencing cannot be
deduced without further evidence.
However, in the first instance it may be
reasonable to restrict case selection to
short long bones that are severe (eg,
<third centile), early-onset (eg, <32

weeks) at presentation, and persistent
over >1 episode of imaging, and then
reevaluate the yield. It was presumed
that where authors had defined patho-
genic variants as causative that this was
the case, but that it may be difficult to
attribute causality to a gene where there
is no obvious antenatal phenotype and
there may indeed be associations that
occur by chance.

Conclusions and implications

Prenatal exome sequencing has a sub-
stantial incremental yield over CMA in
cases of isolated and nonisolated fetal
short long bones or IUGR with multi-
system abnormalities. However, our data
do not support the use of prenatal
sequencing in cases with isolated IUGR
with evidence of placental insufficiency.
Further studies are required to assess the
value of prenatal sequencing in this
situation.
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SUPPLEMENTAL FIGURE 1
Funnel plot of isolated fetal growth restriction
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SUPPLEMENTAL FIGURE 2
Funnel plot of multisystem fetal growth restriction
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SUPPLEMENTAL FIGURE 3
Funnel plot of isolated short long bones
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SUPPLEMENTAL FIGURE 4
Funnel plot of short long bones with additional skeletal features
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SUPPLEMENTAL TABLE
List of clinical syndromes included in meta-analysis

Clinical syndrome Isolated FGR  Multisystem FGR

SLB and additional

Isolated SLB  skeletal anomalies

Total

Osteogenesis imperfecta

Thanatophoric dysplasia

Achondroplasia

Achondrogenesis type I

Short-rib polydactyly

Hypochondroplasia

Chondrodysplasia punctata

Spondylo-peripheral dysplasia

Congenital disorder of glycosylation

Otospondylomegaepiphyseal dysplasia

Diastrophic dysplasia

Shwachman—Diamond syndrome 1
Autosomal dominant mental retardation 1 1
Campomelic dysplasia

Collagen, type I

Greenberg skeletal dysplasia

3-M syndrome 1

Kniest dysplasia

Ellis—van Creveld syndrome

Thrombocytopenia-absent radius syndrome

Kabuki syndrome 1
CHARGE syndrome 1
Nijmegen breakage syndrome 1

Neu—Laxova syndrome

Dyserythropoietic anemia, congenital type II 1
Miprocephaly, short stature, and polymicrogyria with 1
seizures

Arthrogryposis, distal, type 5D 1
Brachydactyly type A1

Osteochondrodysplasia, complex lethal, Symoens-
Barnes-Gistelinck type

Cutis laxa, autosomal recessive type IIB o
Epiphyseal dysplasia, multiple, 4

Hypophosphatasia

Spondyloepiphyseal dysplasia congenita

Netherton syndrome 1
Diamond—Blackfan-anemia 1 1
Menkes disease 1

Stickler syndrome, type I
Stiive—Wiedemann syndrome

Mone. Prenatal exome sequencing for short long bones and growth restriction. Am ] Obstet Gynecol 2023.
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SUPPLEMENTAL TABLE
List of clinical syndromes included in meta-analysis (continueq)

Clinical syndrome Isolated FGR Multisystem FGR Isolated SLB skeletal anomalies Total

SLB and additional

SADDAN dysplasia

Marshall syndrome

Bent bone dysplasia syndrome

Rubinstein—Taybi syndrome 2 1
Myasthenic syndrome, congenital, 5

Growth retardation, impaired intellectual development, 1
hypotonia, and hepatopathy

Gracile bone dysplasia

Mucopolysaccharidosis type Il

Cerebro-oculo-facio-skeletal syndrome 3 1
Cleidocranial dysplasia

Cornelia de Lange syndrome

Joubert syndrome 1

Muscular dystrophy-dystroglycanopathy (congenital 1
with brain and eye anomalies, type A, 11)

Total 3 14

FGR, fetal growth restriction; SADDAN, severe achondroplasia with developmental delay and acanthosis nigricans; SLB, short long bones.

Mone. Prenatal exome sequencing for short long bones and growth restriction. Am ] Obstet Gynecol 2023.
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