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ABSTRACT

Objective: To investigate the application of whole exome sequencing (WES) in the prenatal
diagnosis of isolated fetal growth restriction (FGR) with a normal result by chromosomal microarray
analysis (CMA).

Methods: This retrospective study included singleton fetuses with isolated FGR in Guangdong
Women and Children Hospital between July 2018 and August 2023. All fetuses were subjected to
invasive prenatal testing with CMA and WES. Only cases with negative CMA results were included.
Results: r

A total of 135 fetuses were included. Ultrasonography identified short long bones in 39 fetuses
and nonshort long bones in 96 cases. WES revealed pathogenic/likely pathogenic (P/LP) variants
in 16(11.9%) fetuses and variants of uncertain significance (VUS) in 2 (1.5%) fetuses. Compared to
the nonshort long bones group, the short long bones group had a significantly higher detection
rate of P/LP variants (33.3% [13/39] vs. 3.1% [3/96], p<0.001, OR=15.5(4.1-58.5)). No significant
differences were observed in the detection rates between severe FGR and nonsevere FGR (12.3%
[13/106] vs. 10.3% [3/29], p=.000, OR=1.2(0.3-4.6)), or between the early-onset (12.9% [15/116])
and the late-onset group (5.3%[1/19],p=0.565, OR=2.7(0.3-21.5)).

Conclusions:

P/LP variants are more prevalent in fetuses with short long bones. WES is recommended for
isolated FGR with short long bones, but further studies are needed to assess its utility in cases
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KEY MESSAGES

+  Among fetuses diagnosed with isolated fetal growth restriction and a normal CMA result, WES

identified clinically significant findings in 11.9% of fetuses.

+ Compared to the nonshort long bones group, the short long bones group had a greater

detection rate of P/LP variants.

Introduction

Fetal growth restriction (FGR) refers to the inability of
a fetus to maintain expected growth and is defined as
an estimated fetal weight below the 10th percentile
for gestational age [1]. It is a relatively common com-
plication of pregnancy, affecting approximately 5-10%
of newborns [2]. FGR is associated with high risks of
perinatal morbidity and mortality and can lead to
delayed postnatal growth and mental development as
well as increased susceptibility to metabolic syndrome
in adulthood [3,4]. Identifying pathological mecha-
nisms is required for the optimal management of

pregnancy. The aetiology of FGR is complex and
includes infection, chemical substances, and abnormal-
ities of the placenta or umbilical cord, among oth-
ers [5-7].

Genetic abnormalities are important causes of FGR
[8,9]. Conventional molecular diagnostic strategies
include karyotyping and chromosomal microarray
analysis (CMA). G-banding karyotyping and CMA have
been the predominant strategies applied for detecting
chromosomal abnormalities in FGR in clinical practice.
Previous studies have shown that chromosomal abnor-
malities can explain 20% of FGR cases [10-14].
However, a diagnosis remains unattainable in many
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cases. Thus, additional diagnostic tools are necessary
to further determine the genetic cause of FGR and to
provide appropriate counselling. Recently, two
large-scale prospective studies revealed that whole
exome sequencing (WES) provides an additional diag-
nostic yield of 8-10% for fetuses with an ultrasound
anomaly, a normal karyotype and normal CMA results
[15,16]. The ACMG stated that WES may be considered
for a fetus with any ultrasound anomaly when stan-
dard CMA and karyotype analysis have failed to yield
a definitive diagnosis, but it did not metion whether
WES should be performed for isolated FGR [17]. A
recent review of 146 cases by Pauta M et al. found
that WES analysis resulted in a 12% increase in the
diagnosis of isolated growth restriction in fetuses with
normal chromosomal analysis results [18]. However,
comparisons of the severity and classification by ges-
tational age of FGR were not analyzed in this review.
In the present study, WES was performed to identify
genetic causes for 135 fetuses with isolated FGR and
normal CMA results and to estimate the application
value of WES in the prenatal diagnosis of isolated FGR.

Materials and methods
Ethics approval

The study was approved by the Medical Ethics
Committee of Guangdong Women and Children
Hospital [202201109]. All participants were informed of
the purpose, experimental procedures and potential
risks of the study and signed an informed consent
form. All experiments were performed in accordance
with the Declaration of Helsinki and National
Regulations for Ethics of Biological Medical Sciences
on Human Studies released by the Ministry of
Health, China.

Subjects

Fetuses who were diagnosed with FGR by prenatal
ultrasonography at our centre between July 2018 and
August 2023 were enrolled in this study. Fetal
crown-rump length (CRL) was measured by ultrasound
during the first trimester of pregnancy to assess gesta-
tion. The Hadlock formula is utilized to calculate the
estimated fetal weight (EFW) from the biparietal diam-
eter, abdominal circumference, and femur length [19].
FGR is defined as an estimated fetal weight <10th per-
centile for gestational age according to the Chinese
population references [20]. Following prenatal detec-
tion of FGR, a systematic sonographic assessment for
associated anomalies was performed. Fetus was

considered isolated FGR if no other structural abnor-
malities were noted. The exclusion criteria were as fol-
lows: (1) multiple pregnancies and (2) FGR with
structural anomalies.

After diagnosis, all parents were given comprehen-
sive counselling. CMA and WES of the fetuses and par-
ents (parent-fetus trios) were offered to all fetuses.
Written informed consent was obtained from pregnant
women before invasive prenatal diagnostic testing.
Information on maternal demographic characteristics
and clinical data on the current pregnancy was
obtained. All fetuses underwent invasive prenatal diag-
nostic testing via the collection of amniotic fluid by
amniocentesis or umbilical cord blood by cordocente-
sis. Only patients with normal CMA results were
included.

All isolated FGR patients were divided into two
groups according to the ultrasound features: (1) short
long bones group, which refers to FGR related only to
short long bones; and (2) nonshort long bones group,
which indicates a proportionately small biparietal
diameter, head circumference (HC), abdominal circum-
ference (AC), and femoral length (FL), as demonstrated
by fetal ultrasound. FGR that occurred before 32 ges-
tational weeks was considered early onset FGR, and
after 32 gestational weeks was considered late onset
FGR. Cases with an EFW below the 3rd percentile were
diagnosed with severe FGR and EFW between the 3rd
to 10th percentile were diagnosed with non-severe FGR.

WES analysis

The genomic DNA of fetus-parental trios was extracted
using a Qiagen DNA Blood Midi/Mini kit (Qiagen GmbH,
Hilden, Germany) according to the manufacturer’s pro-
tocol. The DNA library was sequenced on an lllumina
NovaSeq 5000 (lllumina, Inc, San Diego, CA, USA) for
paired-end 150-bp reads, yielding an average coverage
above 100x, with 95% of target bases covering at least
20x. The sequencing data for the human assembly
GRCh37/hgl9 were analysed by NextGENe software,
which is responsible for variation alignment, calling, and
annotation. The annotation variants were screened
according to a small allele frequency (MAF) < 0.01. For
the filtered data, genotype driven variant analysis was
conducted, combined with phenotype driven analysis,
to find the pathogenic or likely pathogenic variants
associated with the phenotype. The genomic variation
database (http://dgv.tcag.ca/dgv/app/home), DECIPHER
database (https://decipher.sangerac.uk/), and OMIM
database  (http://www.ncbi.nlm.nih.gov/omim)  were
employed. Variants were evaluated with the predictors
included in the Varsome website (https://Varsome.com/),
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VarSEAK website (https://varseak.bio/), and SpliceAl soft-
ware [21]. All of the selected variants were then classi-
fied into five categories, including pathogenic (P), likely
pathogenic (LP), benign, likely benign, and variants of
uncertain significances (VUS), according to the American
College of Medical Genetics and Genomics (ACMG)
guidelines [22]. Variants suspected to be clinically signif-
icant were confirmed by Sanger sequencing. Before
undergoing WES, a detailed explanation of the possible
results, including the possibility and significance of VUS
would offered by genetic counselors. A multidisciplinary
team of clinical and laboratory geneticists, obstetricians
and genetic counselors reviewed all the rare
phenotype-related variants to identify the reportable
variants.

Pregnancy outcome

The maternal and fetal clinical characteristics, which
included maternal age, gestational age at the suspi-
cion of FGR, umbilical artery Doppler results, amniotic
fluid volume, gestational disease, neonatal outcomes,
and postpartum growth and development from all
pregnancies, were ascertained from delivery room
records or by phone enquiry if the pregnancy was not
followed up and delivered in our centre.

Statistical analysis

SPSS 20.0 software was used for data analysis. The
chi-square test was used to test the differences
between WES vyield in relation to different group.
Chi-square test for continuous calibration was used in
cases where a table cell contained < 5 observations.
p<0.05 was considered statistically significant. Odds
ratio (OR) is derived using the OR formula for a
2-dimensional table with a confidence interval of 95%.

Results
Clinical features

A total of 135 fetus-parental trios were successfully
analysed by WES, including 96 cases with nonshort
long boness and 39 cases with short long boness.
Based on the gestational age at diagnosis, 116 cases
were considered early onset FGR, and 19 cases were
late onset FGR. One hundred and six fetuses were
severe FGR, and 29 fetuses were non-severe FGR. The
mean maternal age was 29.6+4.1years. The mean ges-
tational age at diagnosis was 28.1+3.9weeks. A total
of 108 prenatal samples were obtained by amniocen-
tesis, and 27 were obtained by cordocentesis. The
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Table 1. Maternal and fetal characteristics in this study.
Mean+SD/ or n (%)

Characteristic

Maternal features

Maternal age

Gestational age at diagnosis
Fetal features

29.6+4.1 (year)
28.1+3.9 (weeks)

Short long bones group 39/135 (28.9%)
Non-short long bones group 96/135 (71.1%)
EFW blow the 3rd percentile 106/135 (78.5%)
EFW between the 3rd to 10th percentile 29/135 (21.5%)
Diagnosed <32GW 116/135 (85.9%)
Diagnosed >32GW 19/135 (14.1%)

Methods of prenatal diagnosis
Amniocentesis
Cordocentesis

108/135 (80.0%)
27/135 (20.0%)

Outcomes
Live born 85/135 (63.0%)
Termination of pregnancy 42/135 (31.1%)
intrauterine fetal demises 5/135 (3.7%)
(

Lost to follow up 3/135
EFW: estimated fetal weight; GW: weeks of gestation.

2.2%)

clinical characteristics of the patients included in this
study are summarized in Table 1.

Analysis of WES results

WES revealed P/LP variants in 11.9% (16/135) of
fetuses. The clinical characteristics of the 16 fetuses are
shown in Table 2. Among the diagnostic results, de
novo mutations were identified in 12 (75.0%) fetuses
with dominant inheritance, and compound heterozy-
gotes were identified in 4 (25.0%) fetuses with autoso-
mal recessive inheritance.

In addition to these 16 fetuses, two fetuses had
genetic variants that were not P/LP but merited fur-
ther clinical and molecular investigations, and these
were classified as VUS (Table 3). The total proportion
of fetuses with VUS was 1.5% (2/135).

Subgroup analysis of different types of FGR

In the nonshort long bones group (n=96), there were
3 patients with P/LP variant, for a positivity rate of
3.1%. In the short long bones group (n=39), there
were 13 patients with P/LP variant, for a positivity rate
of 33.3%. Compared to that in the nonshort long
bones group, the percentage of patients who under-
went WES was greater in the short long bones group
(chi-square test for continuous calibration, x?=214,
p<0.001, OR = 15.5(4.1-58.5)).

P/LP variants were found in 13 patients in the
severe FGR group and 3 patients in the nonsevere
FGR group. In total, 12.3% (13/106) of the patients in
the severe FGR group and 10.3% (3/29) of those in
the nonsevere FGR group had P/LP variants, which
was not a significant difference (chi-square test for
continuous calibration, x2=0, p=1.000, OR =
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Table 2. Pathogenic and likely pathogenic variants identified by WES in fetuses with FGR.

Fetal biometric measurements (Z-scores)

Pregnancy
No GA BPD HC AC FL EFW Results of WES Disease (OMIM ID) outcome
1 31+3 0.66 0.62 0.30 —-439 -1.74 (41%) FGFR3 c.1138G> A(p.Gly380Arg), Achondroplasia (100800) TOP
het,de novo,PAD
2 30+4 1.29 1.46 0.18 —5.50 —2.20 (1.7%) FGFR3 c.1138G> A(p.Gly380Arg), Achondroplasia (100800) TOP
het,de novo,PAD
3 26+6 1.32 1.27 -0.72 -3.03 -2.15(1.6%) FGFR3 c.1138G> A(p.Gly380Arg), Achondroplasia (100800) TOP
het,de novo,PAD
4 32+5 0.99 0.33 -1.80 -6.23 —4.11 (0%) FGFR3 ¢.1138G > A(p.Gly380Arg), Achondroplasia (100800) TOP
het,de novo,PAD
5 30 247 1.91 —0.05 —3.98 -1.69 (4.5%) FGFR3 c.1138G> A(p.Gly380Arg), Achondroplasia (100800) TOP
het,de novo,PAD
6 30+5 0.08 0.48 -0.12 -4.66 —2.33 (1%) FGFR3 ¢.1138G > A(p.Gly380Arg), Achondroplasia (100800) TOP
het,de novo,PAD
7 30+6 2.61 2.58 —0.44 -393 -1.77 (3.8%) FGFR3 c.1138G> A(p.Gly380Arg), Achondroplasia (100800) TOP
het,de novo,PAD
8 31 1.28 1.72 0.00 —-492 -1.97 (24%) FGFR3 ¢.1626C > A(p.N542K) Achondroplasia (100800) TOP
het,de novo,PAD
9 20 1.93 160 —-091 -6.49 —5.0 (0%)  FGFG3 c.742C>T(p.Arg248Cys) Achondroplasia/ Thanatophoric TOP
het,de novo,PAD dysplasia type
1(100800/187600)
10 29+3 -028 -140 -1.34 =271 —3.0 (0.1%) COL1A2 ¢.1801G>A(p.Gly601Ser) Osteogenesis imperfecta TOP
het,de novo,PAD (20301472)
11 2945 0.73 -0.08 -0.51 -430 -2.67 (0.4%) CUL7 ¢.5011C>T(p.Q1671%), Het.pat,LPAR Three M syndrome (273750) TOP
CUL7 c4585C>T(p.R1529*%) Het.mat,LPAR
12 24+4 —0.02 124 -076 —-542 -3.52 (0%) CUL7 c.2416C>T(p.R806*) Het.pat,LPAR Three M syndrome (273750) TOP
¢.3489delC(p.F1164Sfs*61) Het.mat,LPAR
13 2844 -083 -121 -107 -374 -3.25(0.1%) NAGLU c.1693C>T(p.Arg565Trp) Sanfilippo type IlIB (252920) IUTD
Het.pat,LPAR
NAGLU ¢.1562C>T (p.Pro521Leu)
Het.mat,LPAR
14 30+5 -1.11 -091 -3.06 -1.94 -374 (0%) NR2F1c.1117C>T (p.R373%) Bosch-Boonstra-Schaaf Optic TOP
het,de novo,LPAD atrophy syndrome (615722)
15 23+3 -216 249 -248 -3.17 —4.97 (0%) TCF20 c.5124_5125del (p.Cys1708Trpfs*11) Developmental delay with TOP
het,de novo,LPAD variable intellectual
impairment and behavioral
abnormalities(618430)
16 26+5 -322 -234 -361 -0.41 —43 (0%) LIG4 ¢.833G>T (p.Arg278Leu) DNA ligase IV (LIG4) deficiency TOP

Het.pat,PAR

(606593)

LIG4 ¢.1271_1275del (p.Lys424Argfs*20)
Het.mat,PAR

Z: Z score; P: pathogenic; LP: likely pathogenic; Pat: Parental inherited; Mat:Maternal inherited; AD: Autosomal dominant; AR: Autosomal recessive; TOP:

termination of pregnancy;lUTD:intrauterine fetal demises.

Table 3. VUS Identified by WES in fetuses with FGR.

Fetal biometric measurements (Z-scores)
No GA BPD HC AC FL EFW

Results of WES

Disease (OMIM ID) Pregnancy outcome

1 19+1 =229 -127 =259 =375 -5.94 (0%)

SBDS c.184A>T (p.Lys62%)
Het.pat,PAR

Shwachman-Diamond TOP
syndrome (260400)

SBDS ¢.218G > C(p.Ser73Thr)
Het,mat,VUS,AR

2 32+3 028 -070 -079 -1.72

—1.90 (1.9%) ZC4H2 c.635C>T (p.S212F)
het,de novo,VUS,XLD

Wieacker-Wolff
syndrome (314580)

Delivery at 36*2w
female,2.1kg

Normal growth and
development

Z: Z score; P: pathogenic; LP: likely pathogenic; Pat: Parental inherited; Mat: Maternal inherited; AD: Autosomal dominant; AR: Autosomal recessive; TOP:

termination of pregnancy; IUTD: intrauterine fetal demises.

1.2(0.3-4.6)). The rate of P/LP variants was 12.9% in
the early onset group (15/116), which was not signifi-
cantly different from that in the late-onset group
(5.3%, 1/19). (Chi-square test for continuous calibra-
tion, x2=0.3, p=0.565, OR = 2.7(0.3-21.5)). However, in
the nonshort long bones group, all the P/LP variants
were found to be associated with severe and
early-onset FGR. Characteristics of these findings are
listed in Table 4.

Pregnancy outcome

Among the 16P/LP variant patients, 15 pregnancies
were terminated, and one pregnancy resulted in intra-
uterine fetal demise. Among the two VUS patients, one
parent chose to continue the pregnancy, and one
chose to terminate the pregnancy. Of the 119 remain-
ing pregnancies, 4 ended in fetal intrauterine demise,
27 ended in termination, and 3 were lost to follow-up.



Table 4. Detection rates of P/LP variants in different subgroup.
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Group Number of Cases Number of P/LP Variants Detection Rate (%) P-value 0Odds Ratio (95% Cl)
Short Long Bones 39 13 333 <0.001 15.5 (4.1-58.5)
Non-Short Long Bones 96 3 3.1

Severe FGR 106 13 123 1.000 1.2 (0.3-4.6)
Non-Severe FGR 29 3 10.3

Early-Onset FGR 116 15 129 0.565 2.7 (0.3-21.5)
Late-Onset FGR 19 1 53

Among the 85 deliveries, two infants died within
1month, four infants were diagnosed with growth
retardation, and 79 exhibited normal growth and
development after birth.

Discussion

Previous studies have demonstrated the clear advan-
tages of WES in prenatal diagnosis in fetuses with
structural anomalies. Petrovski et al. performed a pro-
spective cohort study of 234 trios with an incremental
yield of prenatal WES to CMA of 10% in fetal structural
anomaly cases. Twenty-nine FGR patients with other
structural anomalies were analysed. Ten percent (3/29)
of these had diagnostic genetic variants [16]. It is clear
that if additional structural anomalies are detected,
WES should be offered to the parents in addition to
CMA for nonisolated FGR. However, data on the yield
of WES for isolated FGR are still rare.

Meler E et al. reviewed the genetic syndromes that
can cause FGR without structural defects and showed
that isolated FGR, particularly extreme FGR (EFW below
the first centile), may also be a sign of a syndrome
caused by a single-gene mutation, such as Cornelia de
Lange syndrome, 3M syndrome and floating-Harbour
syndrome [23]. To estimate the performance of WES in
patients with isolated FGR, Pauta M et al. reviewed the
data of 146 fetuses with isolated FGR to determine the
diagnostic yield of WES above that of CMA or karyo-
typing. The study revealed that a monogenic disorder
was prenatally found in association with apparently
isolated FGR in 12% of these fetuses [18]. In our study,
we found that WES detected 11.9% of P/LP variants,
which is consistent with a previous study.

In the present study, among the 16 fetuses with a
genetic diagnosis, de novo mutations were identified
in 75.0% of fetuses with dominant inheritance, and
compound heterozygotes were identified in 25.0% of
fetuses. Furthermore, 56.3% of fetuses contained vari-
ants in FGFR3, which is one of four distinct
membrane-spanning tyrosine kinases that serve as
high-affinity receptors for numerous fibroblast growth
factors and plays essential roles in skeletal develop-
ment. The variant c.1138G>A in fetuses 1-7 and the
variant ¢.1626C>A in fetus 8 are associated with

achondroplasia (OMIM:100800). The variant ¢.742C>T
in fetus 9 results in acondroplasia or Thanatophoric
dysplasia type 1 (OMIM:100800/187600) [24]. Fetus 10
had a de novo heterozygous variant c.1801G>A in
COL1A2, which resulted in Osteogenesis imperfecta
(OMIM:20301472) [25]. Fetus 14 had a de novo hetero-
zygous variant of NR2F1 (c.1117C>T), which was con-
sistent with Bosch-Boonstra-Schaaf optic atrophy
syndrome (OMIM:615722) [26]. Fetus 15 had a de novo
heterozygous variant (c.5124_5125del) in TCF20.
Heterozygous mutation of this gene causes develop-
mental delay with variable intellectual impairment and
behavioural abnormalities (OMIM:618430) [27]. Four
fetuses exhibited an autosomal recessive inheritance
pattern. Fetuses 11 and 12 all carried compound het-
erozygosity variants in GUL7. The pathogenic variation
in GUL7 results in 3M syndrome (OMIM:273750) [28].
Fetus 13 had two variants of NGAL (c.1693C>T and
¢.1562C>T). The variants of NAGLU were parentally
inherited, causing Sanfilippo type IlIB (OMIM:252920)
[29]. Fetus 16 carried a compound heterozygosity
mutation in LIG4 (c.833G>T(p. Arg278Leu) and
¢.1271_1275del (p.Lys424Argfs*20). Mutations in this
gene cause autosomal recessive DNA ligase IV defi-
ciency (OMIM:606593) [30].

As an important biometric measurement in prena-
tal ultrasound screening, short long bones may be
ascribed to FGR, chromosomal abnormalities or skele-
tal dysplasia [31]. Recently, Mone F et al. reviewed the
data of 452 cases to determine the incremental yield
of prenatal exome sequencing in cases of isolated FGR
associated with placental insufficiency (n=116) or in
cases of isolated short long bones (n=336). The appar-
ent incremental yields with prenatal sequencing were
4% in isolated FGR with evidence of placental insuffi-
ciency and 48% in isolated short long bones [32]. In
our study, the diagnostic yield of WES for P/LP vari-
ants in the nonshort long bones and short long bones
was 3.1% and 33.3%, respectively. This result was con-
sistent with the study of Mone F. Regarding the high
diagnostic yields in the short long bones group, the
majority of these identifications were skeletal dyspla-
sias, which typically exhibit additional characteristics
in ultrasound features. For example, the prenatal ultra-
sound features for achondroplasia include reduced
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femur length and humeral length, as well as increased
biparietal diameter and head circumference. However,
in our study, of the 8 cases diagnosed with achondro-
plasia, only 2 cases showed long bones shortening
and macrocephaly. Therefore, we emphasize that fur-
ther WES analysis for fetuses with short long bones
should be conducted timely to spare the family from
a delayed diagnosis or misdiagnosis. Early prenatal
diagnosis of skeletal dysplasias provided tangible ben-
efits for parents by allowing them to mentally prepare,
make plans for termination of pregnancy or delivery
and treatment. As the genetic causes of isolated FGR
with short long bones become clearer, gene panels
for common skeletal system genes, such as FGFR3,
GUL7, and COL1AT, can be used to assess the genetic
characteristics of fetuses with prenatal isolated FGR
and short long bones when WES is not readily avail-
able. However, the diagnostic incremental yield in
non-short long bones is low. Given the limitations of
the current study, including its small sample size and
single-center design, further investigation is warranted.
We hope that further prospective investigation by
multicenter and prospective research may be war-
ranted to evaluate the utility of WES for FGR with
non-short long bones. A precise diagnosis of FGR can
assist parents in making informed clinical decisions.
For fetuses with a poor prognosis, timely termination
of pregnancy can mitigate the financial burden associ-
ated with postnatal care and reduce the overall bur-
den on society and families. Consequently, during
prenatal genetic counseling, counselors must discuss
with parents the possibility of identifying P/LP variants
through WES, along with the associated costs.
Ultimately, the decision to undergo WES is at the dis-
cretion of the parents.

Peng et al. reviewed the data of 128 FGR fetuses
with no additional anomalies who underwent genetic
testing with karyotyping and CMA. They demonstrated
an association between the chromosomal abnormality
rate and FGR severity: the rate increased from 7.8% in
fetuses with EFW below the 10th centile to 10% in
those with EFW below the 5th centile and to 18% for
fetuses with EFW below the 3rd centile [33]. Hang Z
et al. found 8P/LP variants in 51 singleton fetuses with
isolated and severe FGR (EFW < 3rd percentile) and
reported that WES can increase the diagnostic yield for
isolated and severe FGR in fetuses with normal CMA
results by 15.7% [34]. However, not study assessed the
rate of positivity for the severity of isolated FGR by
WES. In this study, the prevalence of the P/LP variant
was 12.3% in the severe FGR group and 10.3% in the
nonsevere FGR group, which was not a significant dif-
ference. However, in the nonshort long bones group,

all the P/LP variants were found in the severe isolated
FGR group. These findings suggest that WES is more
valuable for fetuses with severe isolated FGR with non-
short long boness. However, further studies should be
performed to confirm this hypothesis.

Previous studies have also shown that the chromo-
somal abnormality rate in FGR decreases with advanc-
ing gestational age [35,36]. This study also demonstrated
the detection rate of P/LP variants in fetuses with FGR
diagnosed at different gestational ages. However, there
was no significant difference between the early-onset
group and late-onset group. Due to the limited num-
ber of patients with late-onset FGR, additional studies
are needed to better define this discrepancy.

In addition to its diagnostic potential, the wide-
spread application of WES has led to an increasing
identification of VUS, posing significant challenges in
clinical practice. In this study, WES revealed VUS in 2
(1.5%) fetuses, highlighting the complexity of inter-
preting these results in a clinical context. Given the
uncertainty associated with VUS, it is recommended
that clinicians enhance patient monitoring through
regular examinations and ultrasounds. Timely interven-
tions should be considered if necessary, based on
emerging clinical findings. Moreover, intensive
follow-up is essential after birth to track the clinical
course and gather additional data that may clarify the
significance of these variants.

There are several limitations in our study. The retro-
spective design may introduce selection bias, thereby
potentially influencing the interpretation of our results.
Moreover, the single-center nature may restrict the
diversity of our patient population, which may com-
promise the external validity and generalizability of
our findings. Additionally, the limited follow-up dura-
tion represents a significant limitation of this study,
particularly in the context of long-term phenotypic
outcomes. Given the relatively short duration of
follow-up, our findings may not fully capture the
long-term implications of the observed phenotypes or
the potential evolution of these phenotypes over time.
To address this limitation, future studies should priori-
tize extended follow-up periods to provide a more
comprehensive understanding of long-term pheno-
typic outcomes. Furthermore, statistical comparison
between other etiological categories such as gesta-
tional complications, intrauterine infection and con-
fined placental mosaicism was not possible since these
analysis was not performed for all cases. We hope that
further prospective investigations involving multi cen-
tre and prospective research may be warranted to
evaluate the application value of WES in the prenatal
diagnosis of isolated FGR.



Conclusion

Among fetuses diagnosed with isolated fetal growth
restriction and a normal chromosomal microarray analysis,
WES identified clinically significant findings in 11.9% of
fetuses. Compared to the nonshort long bones group, the
short long bones group had a greater detection rate of P/
LP variants. In summary, our study proposes that WES
should be offered for isolated FGR with short long boness.
However, more studies are needed to investigate the util-
ity of WES for isolated FGR with nonshort long boness.
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