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Abstract 

Background Whole-exome sequencing (WES) is an effective method in the prenatal setting for identification of the 
underlying genetic etiology of fetal ultrasound abnormalities. To investigate the diagnostic value of WES in fetuses 
with ultrasound abnormalities that resulted in fetal demise or pregnancy termination.

Methods 61 deceased fetuses with ultrasound abnormalities and normal copy number variation Sequencing were 
retrospectively collected. Proband-only or trio-WES were performed on the products of conception.

Result Collectively, 28 cases were positive with 39 variants (10 pathogenic, 22 likely pathogenic and 7 variants of 
uncertain significance) of 18 genes, and the overall diagnostic rate was 45.9% (28/61), of which 39.2% (11/28) were 
de novo variants. In addition, 21 variants in 11 genes among the positive cases had not been previously reported. 
The diagnostic yield for definitive findings for trio analysis was 55.9% (19/34) compared to 33.3% (9/27) for singletons. 
The most common ultrasound abnormalities were skeletal system abnormalities 39.2% (11/28), followed by multiple 
system abnormalities (17.9%, 5/28) and genitourinary abnormalities (17.9%, 5/28).

Conclusion Our results support the use of WES to identify genetic etiologies of ultrasound abnormalities and 
improve understanding of pathogenic variants. The identification of disease-related variants provided information for 
subsequent genetic counseling of recurrence risk and management of subsequent pregnancies.

Keywords Whole-exome sequencing, Deceased fetuses, Products of conception, Genetic diagnosis

Background
Congenital structural abnormalities are identified in 
approximately 3% of fetuses, accounting for 25% of peri-
natal deaths [1, 2]. Fetal structural abnormalities can vary 
from isolated minor anomalies to severe multi-system 
abnormalities, which can be effectively identified by pre-
natal ultrasound [3]. The identification of fetal ultrasound 

anomalies prompts additional prenatal evaluations. Most 
of the structural abnormalities indicated by prenatal 
ultrasound occur in fetuses with no family history of con-
genital malformation, making accurate prenatal genetic 
counselling difficult. Therefore, it is necessary to clarify 
the genetic etiology of fetal structural abnormalities. 
Chromosomal abnormalities and monogenic disorders 
have been considered significant causes of congenital 
defects, although the etiology of many congenital mal-
formations is unknown. G-banded karyotyping identified 
numerical and structural chromosomal abnormalities in 
50% of fetuses with ultrasound abnormalities, low-cov-
erage genome sequencing (e.g. CNV-seq) increases the 
detection rate in this group of fetuses by up to 5% [4, 5]. 
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However, the identifiable genetic cause is still undetected 
in over 60% of cases. Whole-exome sequencing (WES) 
can identify the genetic etiology by identifying the single 
gene pathogenic variation of fetal structural abnormali-
ties. According to previous studies, WES can be used to 
discover the genetic causes of fetal structural abnormali-
ties, identify pathogenic variations, and establish geno-
type-phenotypic associations [6]. Therefore, the method 
of WES was used in this study to analyze the 61 causes of 
fetal specimens terminated due to structural abnormali-
ties indicated by ultrasound.

Methods
Subjects
Fetal WES cases were retrospectively collected from 
pregnancies with ultrasound anomalies terminated or 
resulting in fetal demise between October 2020 and May 
2022. All cases had previously undergone CNV-seq, and 
no clinically significant variants were detected. Fetal phe-
notype information was obtained from prenatal ultra-
sound and fetal magnetic resonance imaging reports. All 
the couples were not consanguineous. Early pregnancy 
was excluded. (gestational age < 12  weeks). Pregnant 
women with known teratogen, uterine malformation, 
hypertension, diabetes, and other basic diseases were 
also excluded. Ethics approval to undertake the research 
was granted by the First Affiliated Hospital of Zhengzhou 
University Committee.

Sequencing analysis and variant annotation of WES
Fetal genomic DNA was obtained from products of con-
ception (POC), including chorionic villi and fetal skin 
tissues. Parental DNA was extracted from peripheral 
blood samples. The genomic DNA of deceased fetuses 
and their parents were extracted using the QIAamp 
DNA extraction kit (Qiagen, Germany), then quanti-
fied using Qubit 4.0 (Thermo Fisher Scientific Inc. USA). 
DNA libraries were established by using Ada & Index Kit 
(UDI for LIM) and Enzyme Plus Library Prep Kit (iGe-
neTech Co., Ltd, Beijing, China), and exome coding and 
splicing regions were captured using AIExome Human 
Exome Panel V2 Plus with TargetSeq One Hyb & Wash 
Kit (iGeneTech Co., Ltd, Beijing, China), according to the 
manufacturer’s instructions. Subsequently, the captured 
libraries were sequenced on the NovaSeq6000 platform 
(Illumina, San Diego, CA, USA) with an average sequenc-
ing depth > 100X and 20X sequencing coverage > 98%. 
Sentieon(release 201,808.05) was used to align paired-
end reads with the human reference genome GRCh37/
hg19 under the Genome Analysis Toolkit(GATK) 
best practice guidelines, and the duplicate reads were 
removed using Picard version 2.9.0. Candidate variants 

were assessed with the latest reports in online databases, 
such as ClinVar, Human exons database (ExAC), Human 
Gene Mutation Database (HGMD) and Online Mende-
lian Inheritance in Man (OMIM) databases.

Variant interpretation and classification
Variants were classified into pathogenic variants  (P), 
likely pathogenic variants (LP), variants of uncertain sig-
nificance (VUS), likely benign variants, and benign vari-
ants according to the guidelines of the American College 
of Medical Genetics and Genomics(ACMG) [7]. The 
P and LP variants were further analyzed with prenatal 
imaging to determine whether they fully and partially 
explain the observed phenotype. Polymerase chain reac-
tion (PCR) combined with Sanger sequencing was used 
to validate the candidate P/LP variants in specimens of 
deceased fetuses and peripheral blood of parents. Clini-
cal reports were provided to the families, including P and 
LP variants associated with the ultrasound phenotype 
and VUS variants highly consistent with the prenatal 
ultrasound phenotype.

Results
Demographic characteristics
We analyzed WES results from 61 deceased fetuses, with 
44.3% (27/61) submitted as singleton-only and 55.7% 
(34/61) as proband-parent trios. Among single-only, 
the most common abnormality was the skeletal system, 
while among proband-parent trios, the most common 
abnormality was the genitourinary system, followed by 
the skeletal system. All cases terminated the pregnancies 
due to severe ultrasound abnormalities. The maternal age 
was 22 to 38 years old (median 30 years); the mean ges-
tational age was 21 weeks, ranging from 12 to 33 weeks 
and 1  day. Cases are most common in the second tri-
mester. We summarized detailed gestational age infor-
mation of the diagnostic cases in Table  1. A total of 15 
women (25%) had previous pregnancy histories of fetus 
with similar congenital malformations. There were 47.5% 
(N = 29) males and 52.5% (N = 32) females based on fetal 
sex determined by WES data. The 61 cases were catego-
rized into 10 classes according to the anatomical system 
affected, including skeletal system (14, 23.0%), multisys-
tem (10, 16.4%), genitourinary (8, 13.1%), nervous system 
(6, 9.9%), facial region (6, 9.9%), cardiovascular (6, 9.9%), 
hydrops (4, 6.5%), stillbirth (4, 6.5%), growth abnormality 
(2, 3.3%), and abdominal (1, 1.6%) (Fig. 1A).

Potential diagnostic variants and detection rate of WES 
in deceased fetuses
Among the 61 cases included, 28 cases yielded a diag-
nosis by WES with a detection rate of 45.9% (28/61), 
involving 39 variants in 18 genes (10 P, 22, and 7 VUS). 
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Fig. 1 Phenotypic spectrum of fetuses with ultrasound anomalies undergoing ES.  A Scaled representation of relative frequency of each phenotype 
class within this series.  B Diagnostic rate for each phenotype class in positive case
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Detailed phenotypic and variant information of the diag-
nostic cases were summarized in Table 2. Skeletal system 
abnormalities yielded the highest detected rate of 39.2% 
(11/28), followed by 17.9% (5/28) in multi-system, 17.9% 
(5/28) in genitourinary abnormalities, 7.1% (2/28) in 
facial abnormalities, 7.1% (2/28) in the nervous system, 
and 3.6% (1/28) in fetal hydrops, cardiovascular system 
abnormalities, and stillbirth, respectively (Fig.  1B).  The 
diagnostic rate was 48.3% (14/29) for male fetuses and 
43.8% (14/32) for female fetuses. The difference was 
not statistically significant (p = 0.723). The diagnostic 
rate of single system abnormalities was 45.1% (23/51), 
and that of two or more systems abnormalities was 50% 
(5/10). The diagnostic rate of two or more systems of 
fetal abnormalities was slightly higher than that of single-
system, but the difference was not statistically significant 
(p = 0.776).

Inheritance mode in the diagnosed cases
Among the 28 cases with diagnostic results, 46.45% 
(13/28) were associated with autosomal dominant 
(AD) diseases, 46.45% (13/28) with autosomal recessive 
(AR) conditions, and 7.1% (2/28) with X-linked reces-
sive diseases. A total of 11 variants had arisen de novo 
(3 cases with missense variant in FGFR3, 2 cases with 
missense variant in COL1A1, 4 cases with frameshift 
variant in SALL4, KAT6B, ARIDA1 and COL1A1, 1 case 
with nonsense variant in NOTCH2, 1 case with mis-
sense variant in GNAI3), all of them were associated 
with AD conditions. In the  remaining 15 cases with 
recessive pathogenic variants, 12 cases (80%) had bipa-
rentally inherited compound heterozygous variants, 
1 case had a  homozygous variant (missense variant in 
ACE) and 2 fetuses inherited the variant in chromo-
some X from the mother.  In particular, in Case No.9, 
supratententate hydrocephalus with narrow transpar-
ent compartments was detected by ultrasound. A het-
erozygous variant of L1CAM was found in this female 
fetus by WES, which was inherited from the mother. 
The phenotype was consistent with X-linked cerebral 
edema (HSAS) caused by this gene. Although the con-
dition was X-linked recessive inheritance, consider-
ing that similar fetal malformations were found in two 

previous pregnancies, the phenotypes in the current 
fetus may be caused by skewed X-inactivation. But fur-
ther studies are needed to confirm this. In addition, 21 
novel variants in 11 genes were found. The inheritance 
mode of 28 cases was listed in Table3.

Disease categories involved in the diagnosed cases
The most prevalent disease was skeletal disorders involv-
ing six genes (FGFR3, DYNC2H1, COL1A1, NEB, SALL4, 
ECEL1) in 11 cases. FGFR3 associated with achon-
droplasia (100,800) were identified in 3 cases, 4 cases 
of Asphyxiating Thoracic Dystrophy 3 (613,091) were 
caused by DYNC2H1. In the remaining 4 cases, each was 
found with P/LP variants in COL1A1 associated with 
Osteogenesis Imperfecta, Type I (166,200), NEB gene 
associated with Arthrogryposis Multiplex Congenital 6 
(619,334), SALL4 associated with Duane-radial Ray Syn-
drome (607,323), ECEL1 associated with Arthrogryposis, 
Distal, Type 5d (615,065), respectively. The second most 
common category was multi-system involving 5 genes-
COL1A1, FGFR3, CAD, NOTCH2, KAT6B-in 5 cases. For 
the  genitourinary system, variants in 3 genes-PKHD1, 
JAG1, ACE- were identified in 5 cases, among which 3 
cases were Polycystic Kidney Disease 4 With Or Without 
Polycystic Liver Disease (263,200) caused by PKHD1. In 
the remaining 2 cases, each was found with P/LP vari-
ants in JAG1 gene associated with Alagille Syndrome 1 
(118,450), ACE gene associated with Renal Tubular Dys-
genesis (267,430). Variants in 2 genes-GNAI3, TFAP2A-
associated with facial region were identified in two cases. 
GNAI3 gene associated with Auriculocondylar Syndrome 
1 (602,483), TFAP2A gene associated with Branchioocu-
lofacial Syndrome (113,620). In addition, variants were 
identified in the other 4 phenotype categories involving 
4 genes, including 2 cases of L1CAM associated with 
Hydrocephalus Due To Congenital Stenosis Of Aqueduct 
Of Sylvius (307,000), PLAA associated with Neurodevel-
opmental Disorder With Progressive Microcephaly, Spas-
ticity, and Brain Anomalies (617,527), PIEZO1 associated 
with Lymphedema, Hereditary, Iii (616,843), and ARID1A 
associated with Coffin-siris Syndrome 2 (614,607).

In case NO.2, we received a definitive diagnosis of 
Alagille syndrome type 1 caused by heterozygous varia-
tion of the JAG1 gene, which was an autosomal dominant 
inheritance, and the variation came from the mother. 
Of the remaining 33 cases without a definitive diagno-
sis, there was one case with a VUS. Abnormal develop-
ment of both kidneys was found in prenatal imaging of 
one case, and a heterozygous variant with the uncer-
tain significance of JAG1 was identified by singleton 
WES. Sanger sequencing indicated that the variant was 

Table 1 Distribution of gestational age observed across 28 
molecular diagnoses in 61 cases

Gestational age Number of diagnoses Percent of 
diagnoses 
(%)

 < 14 W 2 7.2

 ≥ 14 W, < 28 W 23 82.1

 ≥ 28 W 3 10.7
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inherited from the mother, who did not show any clinical 
phenotype.

Discussion
WES can be used to explain the impact of monogenic 
disorders on pregnancy loss, elucidate the underlying 
genetic basis of structural developmental abnormality, 
establish a cause-effect relationship for fetal death, and 
enable a more accurate diagnosis of the disease. Cur-
rently, it is an effective prenatal method for identifying 
the underlying genetic etiology of fetal ultrasound abnor-
malities [8]. By using G-banded karyotyping, microarray 
analysis and WES, previous studies showed that the diag-
nostic rates of chromosomal abnormalities, pathogenic 
CNVs and monogenic variations in cases of fetal struc-
tural anomalies were 50%, 4%, and 22–36%, respectively 
[9]. These results suggest that with the addition of WES, 
current genetic testing can identify specific genetic eti-
ology in about three quarters of deceased fetuses. In 61 
fetal WES cases with ultrasound structural abnormali-
ties, 39 variants of 18 genes were detected, and 28 cases 
received positive WES results, with a diagnosis rate of 
45.9% (28/61).

Fu M et al. [10]. conducted WES of 19 aborted tissues 
and detected a total of 36 variation sequences, among 
which 12 were pathogenic variants, with a diagnosis rate 
as high as 33%. In another small study, Alamillo et  al. 
[11]. reported seven fetal specimens from pregnancies 
with ultrasound anomalies in which three had “positive” 
results and one had a “likely positive” result, for a detec-
tion rate of 43% (3/7) to 57% (4/7). In these studies, the 
single-only was adopted, and the parental genetic factors 
were ignored, which limited the identification of recessive 
diseases. However, Elizabeth Quinlan-Jones et  al. [12]. 
performed trio-WES in 27 deceased fetuses from induced 
labor or stillbirth due to ultrasound abnormalities, with a 

diagnostic rate of 37%, the phenotypic information was 
obtained from the prenatal imaging reports and the final 
autopsy report. In the study of Drury S et al. [13]. 14% of 
singleton cases had a positive result, which increased to 
30% when trios were analyzed. Yates et al. [6]. performed 
WES in 84 deceased fetuses with structural anomalies 
with a diagnostic rate of 20%. In the Yates study, 52 per-
formed parental/fetus trios with a diagnostic rate yield of 
24%. In those probands with only fetal DNA tested, there 
was a lower diagnostic rate of 14%. This elevation of sen-
sitivity is primarily due to the ability of performed paren-
tal/fetus trios to identify de novo variants and determine 
the phase for variants identified in recessive genes. In our 
study, we reported WES data in 61 cases with structural 
anomalies, singleton cases obtained a diagnostic yield of 
33.3%, and this number increased to 55.9% when trios 
were analyzed. The improvement in diagnostic rates 
further proves that proband-parent trios were an effec-
tive strategy for identifying genetic factors of fetal ultra-
sound abnormalities. The disease categories in this study 
overlap considerably with those identified in previous 
studies of deceased fetuses, including multi-system dis-
eases, urinary abnormalities, skeletal dysplasia, and cen-
tral nervous system abnormalities. The data in our study 
confirmed the high diagnostic rate of trio-based WES in 
deceased fetuses with multi-system, genitourinary and 
skeletal system abnormalities. In our study, the diagno-
sis rate was higher than that of previous large-scale stud-
ies (22–36%) [9]. This may be because the cases in this 
cohort had serious structural malformations, showing 
characteristic ultrasonic phenotypes.

In this study, the diagnosis rate of multi-system abnor-
malities was higher than that of single-system abnor-
malities because the phenotype of fetal ultrasound was 
diverse, which could better establish the phenotypic 
and genotypic association. For example, case NO.4 was 
achondroplasia caused by a missense variant of the 
FGFR3 gene. The ultrasound phenotype of this case not 
only included a narrow thoracic cavity but also thick-
ened nuchal skin fold and dilated torcular herophili. This 
is consistent with the phenotypic diversity of the FGFR3 
gene. The most frequent ultrasound anomalies in the 
positive cases included skeletal systems, multi-system, 
nervous system and Genitourinary system anomalies. 
The most common diagnosis in this study was short-rib 
thoracic dysplasia type 3(SRTD3) with or without poly-
dactyly caused by DYNC2H1 in 5 cases. All these cases 
had similar prenatal ultrasound findings of hypoplasia of 
the extremities, with compound heterozygous variants 
identified in DYNC2H1. SRTD3 is a serious autosomal 
recessive fetal osteochondroplasia [14].  The DYNC2H1 
gene, located at 11q22.3, encodes a large cytoplasmic 
dynamin involved in the structure and function of cilia, 

Table 3 Models of inheritance observed across 28 molecular 
diagnoses in 61 cases

Mode of inheritance Number of 
diagnoses

Percent of 
diagnoses

Number 
of novel 
variants

Autosomal dominant 13 46.45% 4

De novo 11 2

Inherited maternal 1

Inherited,paternal 1 2

Autosomal recessive 13 46.45% 17

Homozygous 1

Compound heterozygous 12 17

X-linked 2 7.1%

Inherited maternal 2
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which is involved in the retrograde transport of cilia and 
affects the formation of chondrocytes [15, 16]. DYNC2H1 
gene defects lead to the disruption of the Hedgehog sign-
aling pathway, which affects the proliferation and dif-
ferentiation of osteoblasts and chondrocytes, leading to 
chondroplasia [17, 18]. Bialleleic loss of function variants 
in this gene leads to severe fetal malformation, and a fatal 
condition whereby affected neonates die due to severe 
respiratory failure. Case NO.2 was found to have renal 
cystic dysplasia on prenatal ultrasonography and also 
demonstrated Oligohydramnios. WES analysis revealed a 
JAG1 heterozygous splice variant consistent with a diag-
nosis of Alagille syndrome. JAG1 gene can encode pro-
tein jagged-1 (JAG1) [19], a surface ligand in the highly 
conserved Notch signaling pathway, which can inter-
act with the Notch receptor to regulate gene transcrip-
tion [20]. The disease does not often lead to intrauterine 
death, it has well-defined postnatal phenotypes. More 
than 95 percent of ALGS patients develop heart defects. 
Butterfly vertebrae and specific facial features (triangu-
lar face, pointed chin) are also characteristic of Alagille 
syndrome [21, 22]. In addition to these features, most 
patients also have renal and vascular abnormalities. The 
current fetus showed renal abnormalities, and the variant 
was inherited from the mother, an imaging examination 
of the mother found that both kidneys were small accom-
panied by multiple cystic echoes. This suggests the effect 
of JAG1 gene variant on renal development. However, 
abnormal growth of both kidneys was found in prenatal 
imaging of one negative case, and a  heterozygous vari-
ant with unknown significance of JAG1 was identified by 
WES. This variation was derived from the mother, but the 
mother did not have a similar clinical phenotype, which 
may be caused by the heterogeneity of the JAG1 gene or 
the phenotypic diversity related to JAG1 gene. In case 
No.22, the deceased fetus with a neurodevelopmental 
disorder with progressive microcephaly, spasticity, and 
brain anomalies (NDMSBA). We identified compound 
heterozygous variants in the PLAA gene, resulting in a 
frameshift and premature termination. Ultrasound indi-
cated intrauterine stillbirth. The mutations were found by 
trio whole-exome sequencing. Meanwhile, the mutations 
were absent from the ExAc and HGMD databases. Falik 
Zaccai et al. [23]. found that plaa-null mice exhibited per-
inatal lethality. Compound heterozygous variants of LP/P 
and VUS were detected in the DYNC2H1, PKHD1, CAD 
and ECEL1 genes associated with an AR condition in six 
cases. It is possible that the two variants in the gene act 
synergistically to result in fetal phenotype. A  follow-up 
parental study to determine the influence of these vari-
ants and functional analysis on gene expression will be 
necessary to assess their association with fetal phenotype.

Of the 11 de novo variants, variants in FGFR3 genes 
associated with achondroplasia were identified in three 
cases. Prenatal ultrasound in all these fetuses revealed 
severe long bone shortness and constriction of the tho-
rax. This missense variant resulted in a fatal prenatal phe-
notype of bone dysplasia. The variant identified in the 
FGFR3 gene, p.Arg248Cys is identical to the previously 
reported FGFR3 gene variant, which has been reported 
in cases of fetal death [24]. By analyzing the entire exome 
cohort of fetuses with ultrasound abnormalities, the trio 
allows for a broader search of disease-causing genes, 
including de novo variants and recessive genes. Families 
with de novo variants can be directly informed of the 
low risk of recurrence in the second pregnancy, despite 
the possibility of low-level parental mosaicism, which is 
very rare [25]. These with definitive diagnosed recessive 
inheritance patterns have high recurrence risks and then 
had the option for invasive prenatal diagnosis in the sub-
sequent pregnancy to ascertain if the fetus was affected 
with the same condition.

The relationship between fetal phenotype and genotype 
was established to clarify that the genetic causes of fetal 
abnormalities depended on gestational age, the experi-
ence of geneticists and the type of imaging utilized. For 
a fetus with ultrasound abnormalities, it is difficult to 
identify accurate fetal phenotype due to the difference in 
gestational age corresponding to the stage of fetal devel-
opment. Therefore, the diagnosis rate of early pregnancy 
(GA < 14 W) is low; We can find that the second trimester 
(GA ≥ 14 W, < 28 W) of pregnancy was the most common 
among positive diagnosis cases, with a diagnosis rate of 
82.1%. In the second trimester, all organs of the fetus have 
developed, and ultrasound can identify the development 
of each system, which can better establish the genotype–
phenotype association. In particular, the abnormal skel-
etal system was diagnosed with 35.7% (10/28). Therefore, 
when systemic abnormalities are found in the second 
trimester, we cannot ignore the factor of single gene dis-
ease. At the same time, there were prominent ultrasound 
abnormalities at different stages of gestation. Changes 
in fetal position during the  ultrasound examination  can 
make it difficult for the radiologist to identify abnormali-
ties. At the same time, due to differences in the levels of 
clinical experience, prenatal imaging examinations some-
times cannot accurately identify the clinical phenotype 
of the fetus. Thus, genetic physicians cannot accurately 
establish the relationship between genotype and phe-
notype. It brought the challenge to WES diagnosis and 
analysis.

There were some limitations to our study. First, as we 
included only 61 families, the case number in each phe-
notype category was limited, this cohort of 61 cases 
could validate the clinical utility of ES but the sample 
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size was insufficient to have a comprehensive evaluation 
of genetic etiology for deceased fetuses with ultrasound 
anomalies. secondly, 7 VUS had an effect by interacting 
with other variants, studies using animal models should 
be a significant component design to clarify the func-
tional impact of the identified variants, especially the 
VUS on fetal phenotype.

Conclusions
In conclusion, ultrasound imaging does not provide an 
accurate diagnosis due to the lack of adequate phenotypic 
information in this early stage of fetal development. The 
application of WES technology has improved the diag-
nostic rate of fetuses with ultrasound abnormalities and 
identified the pathogenic effect of monogenic disease. 
In our cohort, we identified variants in genes known to 
manifest prenatally and the molecular diagnosis was con-
sistent with the ultrasound findings. By combining this 
strategy with prenatal imaging, clinicians can help more 
couples with fetal malformations to identify the under-
lying genetic etiology and evaluate the recurrence risk. 
For families with a high risk of recurrence, more accurate 
counseling and planning can be provided in terms of risk 
assessment and clinical management.
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