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Application of family
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357 cases
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Technology, Gongging, China, *Shangrao Maternal and Child Health Hospital, Shangrao, China

Objective: Translation of fertility risks through whole-exome sequencing of
family lines to identify variants that explain patient’s clinical phenotypes.

Methods: 1. Using techniques such as amniotic fluid, chorionic villus, or
umbilical cord blood sampling, intact fetal cells were extracted for cell culture
and subsequently analyzed using chromosomal karyotyping and chromosomal
microarray techniques. 2. With fully informed consent, fetuses and their parents
whose genetic etiology could not be detected by karyotyping combined
with chromosomal microarray technology had their cellular DNA subjected
to whole-exome sequencing of the pedigree. 3. Pathogenic variants were
screened in combination with fetal ultrasound phenotyping and ACMG variant
rating guidelines for variant interpretation, followed by inviting multidisciplinary
experts to conduct an in-depth analysis and indicate fetal-related ultrasound
abnormalities. 4. Genetic counseling is assisted based on the results.

Results: 1. Of the 357 fetuses included in the study, 33 (33/357, 9.24%) had a
successful genetic etiology identified through family-wide exome sequencing
combined with ultrasound phenotyping. 2. The results showed that skeletal
anomalies were the most frequent, accounting for 15 cases (15/33, 45.45%),
followed by multiple malformations in 7 cases (7/33, 21.21%), renal anomalies in
3 cases (3/33, 9.09%), soft index anomalies in 2 cases (2/33, 6.06%), neurological
anomalies in 2 cases (2/33, 6.06%), cleft lip and palate in 1 case (1/33, 3.03%),
cardiac abnormality in 1 case (1/33, 3.03%), hydatidiform mole in 1 case (1/33,
3.03%), and cataract in 1 case (1/33, 3.03%). 3. During whole-exome sequencing,
three previously unreported variant sites were identified: MSX2 (NM_002449.4:
cA423_427dupCAATC, p.Argl43Profs*39), EVC (NM_153717.2: c¢.130delC,
p.Leud44Phefs*72), and RYR1 (NM_000540.2: c.14129 + 1 G > A).

Conclusion: 1. This study provides robust data supporting the application
of whole-exome sequencing of family lines in clinical practice, offering
valuable reference information for clinicians. 2. The newly discovered variants
significantly enhance the relevant genetic databases. 3. Genetic diagnosis can
offer clear guidance regarding the decision to continue with the pregnancy and
future reproductive choices.
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1 Introduction

Prenatal diagnosis is a method that uses advanced technology to
assess the health of the fetus in utero. In cases where ultrasound
examination indicates fetal structural abnormalities, prenatal
diagnosis primarily includes non-invasive and invasive approaches.
Non-invasive prenatal diagnosis utilizes imaging examinations and
DNA technologies to evaluate fetal conditions without invasion. In
contrast, invasive prenatal diagnosis uses direct sampling methods to
obtain more precise genetic information about the fetus.

Ultrasound, as a routine screening method during pregnancy, can
detect whether the fetus has significant structural abnormalities,
ranging from single-system diseases to multi-system disorders.
However, due to limitations in fetal phenotypes in utero, a diagnosis
that relies solely on ultrasound examination often proves challenging.
Therefore, supplementary diagnostic methods such as chromosome
karyotype analysis, chromosome microarray analysis (CMA), and
fluorescence in situ hybridization (FISH) are necessary. Whole-exome
sequencing (WES) plays a crucial role in addressing issues involving
single-nucleotide variants (SNVs). Its clinical application enables the
detection of genetic variations in single or a few nucleotides during
the fetal period, thereby enhancing the precision of prenatal diagnosis.
Genetic diagnosis not only significantly impacts the prognosis of the
fetus but also provides scientific bases for parental decisions and
clinical management during pregnancy. Moreover, it offers guidance
for both parents’ next pregnancy.

Currently, the majority of prenatal testing technologies focus on
analyzing large genomic variations. Whole-exome sequencing (WES),
as a novel detection technology based on high-throughput capture
sequencing and deep sequencing, can accurately identify single-
nucleotide variants (SN'Vs). It primarily targets the exons and flanking
regions of approximately 20,000 coding genes in the human genome
(1, 2). Although these regions constitute less than 2% of the human
genome, over 85% of known pathogenic mutations originate from
them (3). Compared to whole-genome sequencing (WGS), WES is
more cost-effective (1), making it advantageous in clinical applications.

Several extensive prospective studies have confirmed the
significant role of WES in prenatal diagnosis, particularly in cases
where ultrasound examination indicates fetal structural abnormalities.
WES can significantly enhance the genetic positive diagnosis rate,
approximately 9% (4, 5). Moreover, small-scale studies demonstrate
the high diagnostic capability and clinical utility of WES (6), providing
insights into the etiology of recurrent miscarriages (7) and improving
the detection rate of pathogenic variants in fetuses with congenital
renal and urinary tract abnormalities (8). Sun et al. evaluated the
likelihood of genetic abnormalities, particularly base mutations, in
fetuses with congenital heart disease and coarctation of the aorta,
identifying diagnostic genetic variants in 29% of cases through WES
(82). This study highlights an overall WES diagnostic rate of 17%
(5/30) within the cohort, underscoring the significant genetic role of
WES. In prenatal diagnosis, excluding non-triploid and copy number
variations, the use of WES to evaluate a group of fetuses with structural
abnormalities and their parents has proven valuable (9). Mone et al.
further expanded the sample size, confirming the diagnostic value of
WES in fetuses with structural abnormalities (10).

Simultaneously, WES also holds potential for discovering new
pathogenic genes, crucial for expanding the genetic spectrum. For
identified a mnovel variant EYAI:

instance, Tang et al
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NM_000503.4:c.827-1G > C (intron 8, splicing mutation) associated
with BOR in Chinese fetal families through WES, providing new
avenues for early diagnosis of fetal diseases and prognosis guidance
(83). In 2022, Lai et al. revealed the practicality of WES in the prenatal
setting, recommending its  widespread use  beyond
traditional examinations.

In recent years, fetal structural abnormalities’ detection rate has
been approximately 2-4%. While traditional chromosomal analysis
combined with CMA technology can identify genetic causes in 20%
of these cases, the introduction of WES for genetic cause detection in
majority of the unidentified cases provides robust support (11, 12).
Many studies have indicated that WES often demonstrates the highest
detection rates in multi-system abnormalities (11, 12), followed by
skeletal dysplasia and central nervous system abnormalities (13). It
also demonstrates exceptional diagnostic capabilities for the urinary
tract abnormalities (14) and the cardiovascular system abnormalities
(4,5,11, 12, 14, 15).

This study aims to delve into common pathogenic genes
discoverable through WES in Jiangxi Province, aiming to improve the
detection rate of genetic causes in fetal prenatal conditions, thereby
reducing the birth rate of fetuses with congenital disabilities, and

improving their prognosis.

2 Materials and methods
2.1 The participants of the study

From 25 February 2021 to 28 February 2023, a total of 357 cases
of fetal ultrasound structural abnormalities underwent familial trio
whole-exome sequencing following detailed genetic counseling and
informed consent.

2.1.1 Study design and participants

A total of 7,627 pregnant women presented at our hospital due to
fetal structural abnormalities identified through systematic ultrasound
examinations. Following the exclusion of cases in which chromosomal
karyotyping and chromosome microarray analysis could ascertain the
cause, as well as families that declined to participate in familial trio
whole-exome sequencing (WES), 357 pregnant women provided their
consent to undergo familial trio whole-exome sequencing. This
included four cases in which chromosome microarray analysis
identified potentially pathogenic segments; however, the analysis of
familial trio WES determined that these segments lacked clinical
significance (Figures 1, 2). The Clinical Research Ethics Committees
of Jiangxi Maternal and Child Health Hospital approved this study.

2.1.2 Inclusion and exclusion criteria

When fetal ultrasound examination indicates structural
abnormalities, prenatal diagnostic physicians should provide detailed
genetic counseling to the pregnant woman and her family to fully
inform them about the risks of invasive prenatal diagnostic techniques
and the purposes and limitations of various genetic testing methods,
as well as to obtain signed informed consent. Common fetal structural
abnormalities include multiple malformations, issues across various
systems, hydrops fetalis, and several abnormal ultrasound soft
markers. After excluding surgical contraindications, families that
refused family-exome sequencing, and families with identified genetic
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FIGURE 1
Overall experimental process diagram.
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interpretation of detected copy number variations follows the 2019
guidelines of the American College of Medical Genetics and Genomics
(ACMG) for chromosomal copy number variations.

2.3 Whole-exome sequencing technology

2.3.1 Detection methods

Whole-exome sequencing (WES) was performed on the genomic
DNA of three individuals in a pedigree to identify variants associated
with clinical phenotypes. Genomic DNA was isolated from the
peripheral blood of both parents and fetal cord blood (amniotic fluid,
chorionic villus) using the QIAamp DNA Mini Kit, QLAGEN 56304
(Qiagen). Subsequently, the isolated genomic DNA was randomly
fragmented using the Covaris $220 ultrasonic processor, Covaris S220.
Exome sequencing libraries were constructed following the
manufacturer’s instructions and amplified on the high-throughput
sequencing platform (MGISEQ-2000, BGI Tech, Beijing Genomics
Institute) by fragment enrichment of target exons and adjacent
cleavage sites. Finally, stringent quality control measures were applied
to the raw sequencing data, such as removing adapter sequences and
filtering low-quality sequences.

2.3.2 Data analysis

The sequenced fragments were aligned to the UCSC GRCh37/
hg19 human reference genome using the Burrows—-Wheeler Aligner
(BWA) software package, followed by removing duplicates and
recalibrating base quality scores. Subsequently, the GATK
HaplotypeCaller (Call germline SNPs and indels via local reassembly
of haplotypes) was used for base quality score recalibration, including
detecting single-nucleotide polymorphisms (SNPs) and insertions or
deletions (indels). Finally, the ExomeDepth method (ExomeDepth is
a R package designed to detect inherited copy number variants
(CNVs) using high throughput DNA sequence data) was employed
for copy number variation detection at the exon level.

2.3.3 Variant filtering and interpretation

Genes were named according to the standards of the Human
Genome Organization Gene Nomenclature Committee (HGNC), and
variants were named following the guidelines of the Human Genome
Variation Society (HGVS) (19). During variant annotation and
filtering (20), clinical presentations of the proband, clinical
presentations of both parents, population databases, disease databases,
and bioinformatics prediction tools were integrated for variant
selection. Finally, variants were classified for pathogenicity according
to the guidelines of the American College of Medical Genetics and
Genomics (ACMG) and the Association for Molecular Pathology
(AMP). Detailed interpretation of pathogenic variants was referenced
from the ClinGen Sequence Variant Interpretation Working Group
and clinical literature reports.

2.3.4 Clinical analysis of pedigree whole-exome
sequencing results

In interpreting the experimental report, we adopted a
comprehensive assessment strategy. First, we thoroughly correlated
the detected variants in patients with relevant disease phenotypes,
integrating ultrasound phenotypes, magnetic resonance imaging
(MRI) examinations, and clinical presentations of both parents to
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make a comprehensive judgment. Additionally, multidisciplinary
consultations were conducted with experts from various fields to
assess the patient’s prognosis, provide professional opinions, and offer
recommendations. This approach helps couples understand the fetal
health status more accurately and provides valuable reference for
future pregnancies.

2.4 Statistical analysis

In this study, we summarized and counted the genetic detection
rates, pathogenic gene names, inheritance patterns, clinical
presentations of associated diseases, relevant research reports, gene
variant classifications, and ratings across various systems using whole-
exome sequencing technology. Different types of data were represented
using different methods. Count data were expressed as counts,
percentages, or rates.

3 Experimental data analysis

3.1 Chromosome karyotype analysis, CMA,
and WES examination results

The cohort recruited a total of 7,627 cases who presented at our
hospital between 25 February 2021, and 28 February 2023, due to
ultrasound-detected fetal structural abnormalities. Informed consent
was obtained from all 7,627 families for karyotype and CMA testing.
The study identified 848 cases (11.12%) with chromosomal
abnormalities and 688 cases (9.02%) detected by CMA abnormalities,
including 196 cases with concurrent chromosomal abnormalities.
Among families willing to proceed with whole-exome sequencing
(WES) after excluding chromosomal karyotype and CMA
abnormalities, 357 cases were eligible. Ultimately, 33 cases (9.24% of
357) were confirmed according to study criteria. Table | summarizes
the results of karyotype analysis, CMA, and WES testing for the 357
cases of ultrasound-detected fetal structural abnormalities.

3.2 WES detection rates by system

Among 357 fetuses, genetic etiology was definitively established
using pedigree whole-exome sequencing combined with ultrasound
phenotyping in 33 cases (9.24%). Among these, skeletal abnormalities
were identified in 15 cases (45.45%), multiple malformations in 7 cases
(21.21%), renal abnormalities in 3 cases (9.09%), multiple digital
anomalies in 2 cases (6.06%) each, neurological abnormalities in 2
cases (6.06%) each, cleft lip/palate in 1 case (3.03%), cardiac

TABLE 1 Karyotype analysis, CMA, and WES testing results for 357 cases.

Variants detected

Number of tests

related to
phenotype
Karyotype 762717627 848 (848/7627, 11.12%)
CMA 7627/7627 688 (688/7627, 9.02%)
trio-WES 357/7627 33 (33/357, 9.24%)
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abnormalities in 1 case (3.03%), hydrops fetalis in 1 case (3.03%), and
cataract in 1 case (3.03%).

Among the 33 cases, 18 (54.54%) had de novo mutations, 8
(24.24%) inherited mutations from their fathers, 4 (12.12%) inherited
mutations from their mothers, 1 (3.03%) had a homozygous mutation,
and 2 (6.06%) had compound heterozygous mutations.

The study identified 102 cases with skeletal system abnormalities,
with pathogenic variants in 15 cases (14.71%); 59 cases with multiple
malformations, with pathogenic variants in 7 cases (11.86%); 9 cases
with cardiac abnormalities, with pathogenic variants in 1 case
(11.11%); 51 cases with urogenital system abnormalities, with
pathogenic variants in 3 cases (5.88%); 36 cases with neurological
abnormalities, with pathogenic variants in 2 cases (5.56%); and 65
cases with multiple digital anomalies, with pathogenic variants in 2
cases (3.77%) (Figure 3).

3.3 Confirmed case genetic analysis

In cases of abnormal skeletal system, 5 cases are inherited from
parents, and 10 cases are newly mutated. In case 15, the mutation is
from the fetal father, who currently shows no clinical manifestations.
Reports are confirming this mutation as pathogenic (21, 22), causing
early-onset osteoporosis susceptibility type (OMIM:615221). Disease
characteristics: Early-onset osteoporosis susceptibility type disease is
often challenging to detect in early stages; it only draws attention when
complications, such as frequent fractures (such as vertebral and rib
fractures after minor trauma), low bone turnover markers, and
reduced trabecular bone and cortical bone are observed. Age is a key

10.3389/fmed.2025.1529894

factor influencing disease onset, particularly noticeable
postmenopause in females and after 65 years of age in males. It is
recommended for the male partner to maintain health regularly,
inform both parents of the test results, and indicate that this mutation
increases susceptibility to osteoporosis but does not directly cause
disease. Clinical presentation of the disease has little relation to fetal
ultrasound phenotype, and no clear pathogenic cause has been found.
In case 11, the mutation is from the fetal father, who exhibits clubfoot.
Reports are confirming this mutation as pathogenic (23, 24), causing
Weyers Acrofacial Dysostosis (OMIM:193530). Disease characteristics:
Weyers acrofacial dysostosis is a rare syndrome of ectodermal
dysplasia with skeletal development abnormalities. The disease is
sporadic, with an unknown prevalence, found only in a few families
worldwide. In case 8, the mutation is from the fetal mother, who has
a skeletal system disease. Reports are confirming this mutation as
pathogenic (25-28). In case 9, the mutation is from the fetal father,
who has short limbs. Reports are confirming this mutation as
pathogenic (25, 29), causing Boomerang dysplasia (OMIM:112310).
This disease affects overall skeletal development, with specific
prevalence details unknown. In case 10, prenatal ultrasound
examination revealed fetal limb shortening, with no reported family
history of genetic disorders. Whole-exome sequencing identified two
variants in the EVC gene (24). The first variant,
NM_153717.2:¢.130delC (p.Leu44Phefs*72), was inherited from the
father who is also an asymptomatic carrier. This variant has not been
previously reported in the literature as pathogenic. The second variant,
NM_153717.2:EX9-EX11 Del, was inherited from the mother, who is
also an asymptomatic carrier. These two compound heterozygous

variants in EVC are associated with Weyers Acrofacial Dysostosis

1111%

3.77%

proportion

16.00%
14.71%
14.00%
12.00%
10.00%
8.00%
6.00%
4.00%
2.00%
0.00%
M Skeletal abnormalities
M Renal abnormalities
W Nervous system abnormalities
FIGURE 3
Classification of ultrasound abnormal indices.
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(OMIM:225500). Disease characteristics: Main clinical symptoms
include chondrodystrophy, polydactyly (syndactyly), ectodermal
dysplasia triad, and heart malformations. Patients also present with
achondroplasia, short ribs, postaxial polydactyly, and defective nail
and tooth development. 60% of achondrogenesis type-II patients also
exhibit congenital heart defects, with the most common being an
atrioventricular septal defect. Cases 1-7 have reports confirming this
mutation as pathogenic (30-33), causing lethal osteogenesis
imperfecta type I (OMIM:187600). This disease is a severe neonatal
skeletal dysplasia where patients exhibit severe shortening of limbs
with considerable head deformity, narrow chest, short ribs, and curved
femurs. Some patients also show femoral fractures and bifid skull
(30-33). Case 14 has reports confirming this mutation as pathogenic
(34), causing limb-girdle short stature with small head syndrome—
micrognathia and delayed development (OMIM:617164). Disease
characteristics: Patients often present with limb-girdle short stature
accompanied by micrognathia and/or micrognathia, where facial
deformities, severe enteritis, microcephaly, limb-girdle short stature,
and mild developmental delay characterize micrognathia. Case 12 has
reports confirming this mutation as pathogenic (35), causing De
Lange Syndrome Type 1 (OMIM:122470). Disease characteristics: It is
a clinically heterogeneous developmental disorder affecting multiple
systems, presenting with upper limb deformities, congenital heart
disease, gastrointestinal malformations, and diaphragmatic hernia. In
case 13, this mutation can cause King-Denborough syndrome
(OMIM:619542). Disease characteristics: It is a congenital myopathy
that easily leads to malignant hyperthermia, skeletal abnormalities,
and facial deformities. The exact etiology is not fully understood, but
some cases are associated with the ryanodine receptor gene.

A total of seven cases of multiple systemic abnormalities have
reports confirming two cases inherited from parents, and five cases
are de novo mutations. Case 16 is a mutation from the fetal mother;
the mother has no clinical manifestations, and the reports confirm this
mutation as pathogenic (36-40), causing glucose-6-phosphate
dehydrogenase deficiency (OMIM:300908). This disease can cause
chronic hemolytic anemia triggered by drugs, food, or infections. The
five different categories of mutations are as follows: Type-I mutation,
G6PD deficiency has a prevalence of less than 1/1,000,000; type-II
mutation, G6PD enzyme activity is 1-10% of normal levels, associated
with acute hemolytic anemia; type-III mutation, G6PD enzyme
activity is 10-60% of normal levels; type-IV mutation, mild damage
to G6PD enzyme activity, 60-100% of normal levels; and type-V
mutation, increased G6PD enzyme activity. Fetal ultrasound
phenotype does not correlate with clinical manifestations of the
disease, no definite pathogenic variant found, informing both parents
of test results, informing that fetal mutations from mothers are
incomplete dominant inheritance, mothers have no symptoms
suggesting good prognosis for fetuses but not ruling out the possibility
of fetal onset, strict dietary control and careful drug selection are
required after birth, while minimizing infection risks. In case 17, the
mutation from the fetal father, the father is short statured, with
irregular heartbeat, and the reports confirm this mutation as
pathogenic (41), causing geleophysic dysplasia type 2 (OMIM:614185).
Disease characteristics: A rare skeletal disorder characterized by short
stature, significant hand and foot abnormalities, and distinctive facial
features. Less than 30 cases have been reported. Other clinical features
include progressive cardiac valve thickening, contractures of the
Achilles tendon and heel, tracheal stenosis, bronchopulmonary
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insufficiency, and hepatomegaly. Fetal ultrasound phenotype shows
minimal correlation with clinical manifestations of the disease,
considering no clear pathogenic cause has been found; regular
prenatal check-ups are recommended. Case 18 has reports confirming
this mutation as pathogenic (42), causing tuberous sclerosis type 1
(OMIM:191100). The disease mainly affects organs such as the brain,
kidneys, heart, and skin. Its main features include hamartomas
(common benign proliferation of tissue or cells in an organ) and
dysmorphic tissues (abnormal tissue binding). Case 19, a de novo
mutation, causing craniosynostosis with clavicular skeletal dysplasia
(OMIM:168550). Disease characteristics: Associated with cranial
defects, characterized by enlarged cranial vault and clavicular
ossification defect. Case 20 has reports confirming this mutation as
pathogenic, causing spinal muscular atrophy type 2 (OMIM:253550)
(43-45). Disease characteristics: SMA type II is a neuromuscular
disorder characterized by degeneration of spinal anterior horn cells,
leading to symmetric muscle weakness and atrophy. The disease is
generally of moderate severity, with onset between 6-18 months.
Patients are unable to stand and do not survive to adulthood, often
associated with multi-system abnormalities. Case 21 has reports
confirming this mutation as pathogenic (46), causing Noonan
syndrome type 5 (OMIM:611553). Disease characteristics: Patients
often present with short stature and varying degrees of facial
deformities, with an increased risk of cardiac abnormalities. Fetal
ultrasound phenotype does not correlate with clinical manifestations
of the disease, no related pathogenic mutation found, informing both
parents of test results and poor prognosis for Noonan syndrome type
5. Case 22 has reports confirming this mutation as pathogenic (47—
49), causing Apert Syndrome (OMIM:101200). Disease characteristics:
Newborn incidence is 1/65,000-1/88,000. Premature closure of cranial
sutures is a typical symptom, inhibiting normal skull growth, affecting
head and facial shape. Other symptoms include protruding and
bulging eyes, shallow eye sockets, strabismus, and an underdeveloped
upper jaw. The pathogenic gene for this disease is FGFR2, primarily
involving missense mutations. Surgical intervention can prevent
closure of cranial sutures to avoid brain damage.

Three cases of urinary tract abnormalities, two cases inherited
from parents, and one case is a de novo mutation. Case 23 has a
mutation from the fetal father, self-reports no clinical manifestations,
advised abdominal ultrasound examination, which suggests bilateral
kidney enlargement, and multiple cyst formation consistent with
polycystic kidney disease. Reports confirm this mutation as
pathogenic (50). Case 24, a de novo mutation, has reports confirming
this mutation as pathogenic (51), and both can cause polycystic
kidney disease type 1 (OMIM:173900), with about 50% of patients
developing end-stage kidney disease around the age of 60. Fetal
ultrasound phenotype corresponds to clinical manifestations of the
disease, informing both parents of test results, disease risks, and
considering the fetal mutation gene from the father. Although the
father shows mild clinical signs, early detection of fetal kidney
abnormalities is advised, with regular kidney function tests after
birth, considering a generally fair prognosis for the fetus. Case 25, a
mutation from the fetal mother, no clinical manifestations, has
reports confirming this mutation as pathogenic (52-54), causing
Emery-Dreifuss muscular dystrophy type 2 (OMIM:181350). This
disease is a degenerative muscle disorder with a prevalence of
1:100,000. It can cause jaw and limb development abnormalities
associated with type-A lipodystrophy (OMIM:248370), characterized
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mainly by underdeveloped jaw and clavicle, along with joint, soft
tissue, and fat distribution abnormalities. It can also cause lethal
restrictive dermopathy (OMIM:275210), characterized by fetal
intrauterine growth restriction, skin erosions, and typically resulting
in death within a week after birth. Both parents were informed of test
results, fetal mutation gene from the mother, no corresponding
clinical manifestations in the mother, considering autosomal recessive
genetic disease, the fetus is a carrier with low disease probability.
Ultrasound examination suggests bilateral kidney enlargement,
without finding related pathogenic genes, recommending
continued observation.

One case of cardiovascular system abnormality, case 26, has
reports confirming this mutation as pathogenic (33, 55), causing Apert
Syndrome (OMIM:101200). Disease characteristics: Newborn
incidence is 1/65,000-1/88,000. Premature closure of cranial sutures
is a typical symptom, inhibiting normal skull growth, affecting head
and facial shape. Other symptoms include large and bulging eyes,
shallow eye sockets, strabismus, an underdeveloped upper jaw, and
lesions in important organs like the heart.

Two cases of nervous system abnormalities. Case 27 has reports
confirming this mutation as pathogenic (56-58), causing Nijmegen
Breakage Syndrome type 1 (OMIM:163950). This disease is
characterized by short stature and varying facial deformities, with an
increased risk of cardiac abnormalities. Informing both parents of test
results after one month, and rechecking the ultrasound, fetal limbs are
small with mild left ventricular reflux, consistent with clinical
manifestations of the disease. Additionally, agenesis of the corpus
callosum suggests poor prognosis, recommending termination of
pregnancy. In case 28, this mutation can cause antenatal phenotypic
abnormality (OMIM:NA). Characteristics include difficulties in
weight gain and challenging nasogastric tube feeding, with early
barriers in language and psychomotor development. Clinical
manifestations of the disease often differ postnatally from the
ultrasound phenotype, without finding related pathogenic mutations.
Still, the KMT2A mutation is pathogenic, leading to more severe
disease phenotypes, along with agenesis of the corpus callosum and
poor prognosis.

Two cases of multiple soft marker abnormalities. Case 29 has
reports confirming this mutation as pathogenic (47-49), causing
Antley-Bixler syndrome without reproductive or steroid synthesis
abnormalities (OMIM:207410). Features include craniosynostosis
beginning in the perinatal period, midface hypoplasia, narrow or
obstructed posterior nasal openings, bowed femora, and multiple joint
contractures. Spider finger-like toes and/or congenital finger flexion
have also been reported. Case 30, mutation from the fetal father, the
father currently shows no clinical manifestations, advised abdominal
ultrasound examination. Ultrasound examination indicates bilateral
kidney enlargement; reports confirm that this mutation is pathogenic
(51), causing polycystic kidney disease type 1 (OMIM:173900).
Autosomal dominant polycystic kidney disease is a late-onset disease,
typically manifesting in adulthood. Clinical manifestations include
cysts in both kidneys and other organs such as the liver, pancreas,
seminal vesicles, and arachnoid membrane, along with vascular
abnormalities including intracranial aneurysms, aortic root dilation,
aortic dissection, mitral valve prolapse, and abdominal hernia.
Clinical manifestations in patients include hypertension, pain, and
renal insufficiency. About 50% of patients develop end-stage kidney
disease around 60 years of age. Fetal ultrasound phenotype does not
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match the clinical manifestations of the disease, without finding
related pathogenic mutations.

Edematous fetus, case 31, mutation from fetal mother, no related
disease manifestations in the mother, reports confirm this mutation
as pathogenic (59), causing X-linked chondrodysplasia punctata type
1 (OMIM:302950).
chondrodysplasia affecting skin and hair. Fetal ultrasound phenotype

Characteristics include genetic spotted
shows minimal correlation with clinical manifestations of the disease,
without finding related pathogenic mutations and informing both
parents of test results and of fetal generalized edema suggesting poor
prognosis, recommending termination of pregnancy.

Cataract in case 32, a mutation from the fetal father, father
diagnosed with cataracts, has reports confirming this mutation as
(60-62), (OMIM:115700).

Characteristics include cataract, a common ophthalmological disease

pathogenic causing cataract 4
characterized by lens opacity, significantly affecting vision, potentially
leading to blindness.

Cleft lip and palate in case 33, reports confirm this mutation as
pathogenic (63-65), a mutation from the fetal father. Father shows
skin deformities and hearing impairment, reports confirm this
mutation as pathogenic (66, 67), causing Bart-Pumphrey syndrome
(OMIM:149200). Characteristics include nail and skin deformities
and hearing loss. Typical features include leukonychia, thick and
brittle nails, and wart-like skin growths (acrochordons) at finger and
toe joints. Patients often have palmoplantar keratoderma, severe to
profound hearing loss in infancy, and skin deformities in childhood.
Some patients may have no clinical manifestations. This disease is rare,
and specific incidence rates are unclear. Fetal ultrasound phenotype
does not correlate with clinical manifestations of the disease, without
finding related pathogenic mutations.

Pregnancy outcomes included termination in 25 cases (25/33,
75.76%); premature birth in 3 cases (3/33, 9.09%), with 2 cases being
healthy and 1 case presenting with a congenital clubfoot; cesarean
section in 1 case (1/33, 3.03%), with the fetus diagnosed with trisomy
21; and full-term delivery in 4 cases (4/33, 12.12%), with 3 cases being
healthy and 1 case showing fetal limb shortening (Table 2).

4 Discussion

With the advancement of ultrasound technology, more structural
abnormalities in fetuses can be detected prenatally, with a detection
rate of approximately 65.9%. This includes soft ultrasound marker
abnormalities. Currently, whole-exome sequencing (WES) is not
recommended for fetuses with isolated soft ultrasound marker
abnormalities. In clinical practice, increased nuchal translucency
positively correlates with fetal cardiac structural abnormalities and
chromosomal abnormalities detection rates. Additionally, combined
with advanced maternal age, high-risk maternal serum screening, or
non-invasive DNA testing suggesting high risk, increased attention
should be paid.

It is worth noting that, unlike our approach, Yates et al. performed
whole-exome sequencing on fetuses who died due to ultrasound
abnormalities (68). In 84 cases, they identified the genetic mechanism
in 17 cases (20%). This suggests the importance of whole-exome
sequencing in providing a precise diagnosis for fetuses that did not die
due to termination of pregnancy or natural fetal death. Similarly, the
study by Quinlan-Jones et al. (69) showed that combining exome
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TABLE 2 Combined analysis of ultrasound phenotype with whole-exome sequencing results and pregnancy outcomes.

System/
disease

Skeletal system

Number

Ultrasound
phenotype

cDNA
alteration,
protein
alteration

ACMG classification

Clinical
diagnosis

Genotype

Variant
type

Pregnancy
outcome

1 Macrocephaly with FGFR3 c1138G > A PS3 + PS4 + PM1 + PM2 + PM6_ Thanatophoric De novo heterozygous = Missense Artificial abortion
short stature of the (p.Gly380Arg) Strong+PP1 + PP4 dysplasia type 1/AD
lower limbs

2 Abnormal skeletal FGFR3 c742C>T PS2_Very Strong+PS3 + PS4 + PM2 + PP4 Thanatophoric De novo heterozygous = Missense Artificial abortion
development of limbs, (p.Arg248Cys) dysplasia type 1/AD
shortening, bending
deformation, with a
narrow chest cavity

3 Shortening of the FGFR3 c1138G> A PS3 + PS4 + PM1 + PM2 + PM6_ Lethal skeletal De novo heterozygous | Missense Artificial abortion
humerus and femur (p.Gly380Arg) Strong+PP1 + PP4 dysplasia type II/AD

4 Fetal biparietal FGFR3 c.1138G > A PS3 + PS4 + PM1 + PM2 + PM6_ Thanatophoric De novo heterozygous = Missense Artificial abortion
diameter is large by (p.Gly380Arg) Strong+PP1 + PP4 dysplasia type 1/AD
4 weeks, femur is
small by 4 weeks

5 Long bones of the FGFR3 c1138G> A PS3 + PS4 + PM1 + PM2 + PM6_ Thanatophoric De novo heterozygous = Missense Artificial abortion
limbs are short by (p.Gly380Arg) Strong+PP1 + PP4 dysplasia type 1/AD
4 weeks

6 Limbs are short by FGFR3 c1138G> A PS3 + PS4 + PM1 + PM2 + PM6_ Thanatophoric De novo heterozygous = Missense Artificial abortion
6 weeks, considered (p.Gly380Arg) Strong+PP1 + PP4 dysplasia type 1/AD
chondrodysplasia

7 Biparietal diameter > = FGFR3 c.1620C > A PS2 + PS4 + PM1 + PM2 + PP4 Thanatophoric De novo heterozygous = Missense self-reported normal
95th percentile, femur (p.Asn540Lys) dysplasia type 1/AD fetus
< st percentile, Crouzon syndrome—
polyhydramnios Cutaneous skeletal/

AD

8 Multiple joint FLNB c5071G > A PMI + PM2 + PP2 + PP3 + PP4 + PS4- Boomerang dysplasia/ =~ Maternal Missense Artificial abortion

contractures in the (p.Gly1691Ser) Moderate+PM6_Strong AD heterozygous

feet, clubfoot, family
history of genetic

disease

(Continued)
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TABLE 2 (Continued)

System/
disease

Number

Ultrasound
phenotype

cDNA
alteration,

protein
alteration

ACMG classification

Clinical
diagnosis

Genotype

Variant
type

Pregnancy
outcome

9 Limbs short by three =~ FLNB c1945C>T PVS1 + PM2 + PM3_Strong Boomerang dysplasia/ =~ Paternal heterozygous = Duplication Full-term birth,
weeks, bright spot in (p-Arg649*%) AD female, 7.1 pounds,
left ventricle short limbs

10 Short limb EVC c.130delC PVS1 + PM2 + PP3 Weyers acrofacial Paternal heterozygous = Deletion Artificial abortion
development (p.Leud44Phefs*72) PVS1 + PM2 + PM3 Dysostosis/AD Maternal Deletion

EX9-EX11 Del Ehlers-Danlos heterozygous
Syndrome/AR

11 Left congenital EVC2 c.2476C>T PVS1 + PM2 + PM3 Weyers acrofacial Paternal heterozygous = Nonsense Premature male

clubfoot varus (p.Arg826%) dysostosis/ AD infant, 7 pounds, left
Antenatal phenotypic congenital clubfoot
abnormality/AD varus

12 Bilateral upper limb NIPBL c.5440C > T PVS1 + PM2 + PP4 Cornelia de Lange De novo heterozygous = Nonsense Artificial abortion
abnormalities at (p.Arg1814%) syndrome type 1/AD
14 weeks

13 Abdominal RYR1 c14129+1G> A PVS1 + PS2_Supporting+PM2 King-Denborough De novo heterozygous = Missense Artificial abortion
circumference, femur, syndrome/AD
and humerus below Malignant
fifth percentile, right hyperthermia
superior vena cava susceptibility type 1/
with left branch AD

14 Short mandible, ARCN1 c934C>T PVS1 + PS2_Moderate+PM2 Limb-girdle short De novo heterozygous = Nonsense Artificial abortion
retrognathia, limbs (p.Arg312%) stature with minor
not matching clinical head and mandibular
gestational age dysplasia and

developmental delay/
AD

15 Femoral and humeral = WNT1 c.506G > A PMI + PM2 + PM3_Strong+PP3 + PP4 Early-onset Paternal heterozygous = Missense Premature female
lengths less than the (p.Gly169Asp) osteoporosis infant, 3.7 pounds,
first percentile, right susceptibility/ AD healthy

subclavian artery,

vagus

(Continued)

e an
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TABLE 2 (Continued)

System/
disease

Multiple
systemic

abnormalities

Number

Ultrasound
phenotype

Gene

cDNA
alteration,
protein
alteration

ACMGQG classification

Clinical
diagnosis

Genotype

Variant
type

Pregnancy
outcome

16 Thickened nuchal fold = G6PD c1376G>T PS3 + PS4 + PM1 + PP4 + BS1 Glucose-6-phosphate | Maternal hemizygous = Missense Cesarean section, one
6.2 mm, fetal (p.Arg459Leu) dehydrogenase child, 6.4 pounds,
tricuspid valve mild deficiency/XL with favism
regurgitation

17 Umbilical cord edge FBN1 c.1090C > T PVS1 + PS4_Moderate+PM2_Supporting+PP4 Geleophysic dysplasia | Paternal heterozygous = Duplication Vaginal delivery,
echogenicity absent, (p.Arg364*) type 2/AD female infant, 5.8
possible umbilical Acromicric dysplasia/ pounds
cord cyst or placental AD
cyst, premature
ventricular
contractions

18 Bilateral TSC1 737 +1G>T PVS1 + PS2 + PM2 + PP4 Tuberous sclerosis De novo heterozygous | Splice site Artificial abortion
periventricular type 1/AD
nodular sclerosis with Antenatal phenotypic
cardiac abnormality/AD
rhabdomyoma,
ventricular

19 Fetal occipital low MSX2 c.423_427dupCAATC = PVSI1_Strong+PS2 + PM2 Foramen magnum De novo heterozygous = Duplication Artificial abortion
echoic mass, possible (p.Arg143Profs*39) with clavicular cranial
meningocele, narrow dysplasia/AD
transparent septum Foramen magnum
space enlargement

syndrome type 1/AD

20 Multiple SMN1 EX7 Del PVS1 + PM3 + PP4 Spinal muscular Homozygous deletion Artificial abortion
malformations atrophy type 2/AR

21 Possible overlapping RAF1 c.1082G>C PS2_Very Strong+PM2 + PP2 + PP3 Noonan syndrome De novo heterozygous = Missense Artificial abortion
fingers, fetal (p.Gly361Ala) type 5/AD
hydronephrosis,
polyhydramnios

22 Bilateral cleft hands FGFR2 c755C>G PS2 + PS3 + PS4_ Apert syndrome/AD | De novo heterozygous = Missense Artificial abortion
with syndactyly, (p.Ser252Trp) Supporting+PM1 + PM2 + PP2 + PP3 + PP4 Antley-Bixler
partial finger loss, syndrome without
bilateral toe genital or steroid
syndactyly, enlarged synthesis
posterior fossa abnormalities/ AD

(Continued)
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TABLE 2 (Continued)

System/
disease

Number

Ultrasound
phenotype

cDNA
alteration,

protein
alteration

ACMG classification

Clinical
diagnosis

Genotype

Variant
type

Pregnancy
outcome

ventricle
approximately 10.5-
mm wide, no septum

pellucidum

Hirsutism, short
stature, facial
dysmorphism, and
developmental delay/
AD

Urinary system 23 Increased renal polycystic | ¢.2054_2055delAG PVS1 + PM2 + PP4 Autosomal dominant | Paternal heterozygous | Deletion Artificial abortion
parenchymal echoes kidney (p-Glu685Valfs*28) polycystic kidney
bilaterally disease 1 disease type 1/AD
(PKD1)
24 Multicystic kidneys PKD1 ¢.3067C>T PVS1 + PM2 + PP4 Autosomal dominant = Paternal heterozygous | Nonsense Artificial abortion
(p.GIn1023%*) polycystic kidney
disease type 1
25 Bilateral renal LMNA c1579C>T PVS1 + PM2 + PP4 Emery-Dreifuss Maternal Missense Premature baby
enlargement, (p.Arg527Cys) muscular dystrophy heterozygous weighing 6 pounds,
increased type 2/AD healthy
echogenicity Mandibular dysplasia
with A-RLIPO/AR
Cardiovascular 26 Enlarged lateral FGFR2 c.758C>G PS2 + PM1 + PM2 + PP2 + PP4 Apert syndrome/AD | De novo heterozygous = Missense Artificial abortion
system ventricles, ventricular (p.Pro253Arg)
septal defect
Nervous system 27 Right lateral PTPNI11 c922A>G PS2_Very Strong+PS4 + PM1 + PM2 + PP1_ Nijmegen breakage De novo heterozygous = Missense Artificial abortion
ventricular (p.Asn308Asp) Strong+PP2 syndrome type 1/AD
enlargement, left Multiple Lentigines
lateral ventricle at syndrome type 1/AD
upper limit of normal, Chondrosarcoma
agenesis of corpus Syndrome/AD
callosum,
polyhydramnios
28 Agenesis of corpus KMT2A c.5332delA PVS1 + PS2_Moderate+PM2 Antenatal phenotypic | De novo heterozygous | Deletion Artificial abortion
callosum, right lateral (p.Arg1778Glyfs*45) abnormality/AD

(Continued)
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TABLE 2 (Continued)

System/
disease

Number

Ultrasound
phenotype

cDNA
alteration,

protein
alteration

ACMGQG classification

Clinical
diagnosis

Genotype

Variant
type

Pregnancy
outcome

keratoderma with

deafness/AD

Soft marker 29 Multiple soft marker | FGFR2 c.755C>G PS2 + PS3 + PS4_ Antley-Bixler De novo heterozygous = Missense Artificial abortion
abnormalities abnormalities (p-Ser252Trp) Supporting+PM1 + PM2 + PP2 + PP3 + PP4 syndrome without
genital or steroid
synthesis
abnormalities/ AD
Apert syndrome/AD
30 Bilateral PKD1 c.7111delG PVSI + PM2 + PP4 Autosomal dominant | Paternal heterozygous | Deletion Full-term birth,
ventriculomegaly (p.Val2371Cysfs*11) polycystic kidney female, 6 pounds,
disease type 1/AD healthy
Edematous fetus 31 Generalized edema ARSE EX1-EXI11E Del PVS1 + PM2 + PS4-Support X-linked Maternal hemizygous = Deletion Artificial abortion
chondrodysplasia
punctata type 1/XL
Cataract 32 Bilateral lens with CRYGD c.418C>T PVS1 + PS3 + PS4_ Congenital cataract Paternal heterozygous = Nonsense Artificial abortion
complete strong (p.Arg140%) Supporting+PM2 + PM6 + PP4 type 4/AD
echogenic
manifestations
Cleft lip and 33 Cleft lip and palate GJ1B2 ¢.235delC PVS1 + PS3_Moderate+PM3_Very Strong+BS1 Bart-Pumphrey De novo heterozygous = Deletion Artificial abortion
palate (p.Leu79Cysfs*3) PVS1 + PS3_Moderate+PM3_Very Strong syndrome/AD Paternal heterozygous = Deletion
Autosomal dominant
deafness type 3A/AD
Palmoplantar

DM: disease-causing mutation; M: the mother is the patient; F: the father is the patient; /: neither the mother nor the father is a patient.
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sequencing with autopsy significantly increased the genetic diagnostic
rate of structural abnormalities leading to termination of pregnancy,
stillbirth, neonatal death, or infant mortality. Additionally, Best et al.
compiled data from 31 prenatal whole-exome sequencing studies,
revealing a rise in the genetic diagnosis rate of fetal abnormalities
from 6.2 to 80%. This result once again highlights the potential of
whole-exome sequencing technology for prenatal diagnosis (70).

During consultations for fetuses with isolated soft ultrasound
marker abnormalities, the risks and limitations of current testing
technologies should be fully disclosed, and both parents should
be advised to undergo regular ultrasound examination observations.

Five patients ultimately gave birth to healthy infants. Case 25
involved phenotype assessment of both parents, indicating autosomal
recessive inheritance in the fetus, who is a carrier without disease
manifestation. Case 15 involved late-onset diseases without current
clinical manifestations; there is an increased likelihood of osteoporosis
due to multiple WNTI gene variants, which necessitates regular
follow-up. Case 17 involved the FBNI gene, where the hidden
inheritance pattern of this gene can explain the absence of relevant
ultrasound phenotypes in the fetus. Case 30 considered adult-onset
polycystic kidney disease, with symptoms typically appearing after the
age of 40, making early detection challenging. Regular observation is
recommended for patients. In case 7, the mother declined to mention
the current status of the fetus during follow-up, claiming normalcy
without undergoing neonatal examination. The reliability of these
results is uncertain. Furthermore, the FGFR3 gene also exhibits the
possibility of autosomal dominant inheritance. However, combined
with prenatal ultrasound examination indicating macrosomia and
brachydactyly type 1, we still suspect fetal disease.

Research indicates that WES has the highest diagnostic rates for
skeletal abnormalities and multiple malformations, at 14.71 and
11.86%, respectively, which are lower compared to previous studies (4,
5). This discrepancy may arise from various factors, including
differences in ultrasound technology’s technician expertise and
reporting scope. In this study, soft ultrasound marker abnormalities
were classified separately. When combined with other systemic
abnormalities or multiple abnormalities, WES is recommended.
Patients with isolated soft ultrasound marker abnormalities may
experience underdiagnosis. Common skeletal abnormality-related
genes include FGFR3, COL1A1, COLIA2, and DYNC2H]I. FGFR3 is
the most commonly identified in this study, likely due to its distinct
clinical phenotype. Ultrasound examination is more sensitive to
detecting fetal limb shortening and growth retardation. This is partly
due to clear diagnostic criteria for fetal limb shortening and lower
technical requirements for detecting limb abnormalities than cardiac
abnormalities, resulting in higher clinical detection rates.

FGFRs are a family of fibroblast growth factor receptors, typical
receptor tyrosine kinases involved in embryonic development,
angiogenesis, and cartilage formation, regulating cartilage growth.
COLIAI encodes the pro-al chain of type I collagen, which forms
fibrillar collagen critical for connective tissue, bone, cornea, dermis,
and tendons. COL1A2 encodes the a2 chain, which, along with two
al chains encoded by COLIAI, forms a triple helical structure
stabilized by hydrogen bonds, maintaining its stability. Mutations in
COLIAI and COL1A2 genes can lead to osteogenesis imperfecta and
congenital osteoporosis (71).

The PKDI gene is located on the short arm of chromosome 16,
specifically on band 16p13.1 (72). It is primarily associated with the
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pathogenesis of polycystic kidney disease (PKD). This study identified
three cases related to this gene. Among them, two cases showed early
clinical manifestations related to renal issues, while one case exhibited
clinical ultrasound examination findings suggestive of bilateral
ventriculomegaly, later confirmed with fetal renal abnormalities. Adult-
onset PKD is more common, with symptoms appearing later and often
not clinically evident. Variations inherited from parents are more
frequent. The study found that both parents usually perceive themselves
as normal, but an ultrasound examination can detect certain issues.

During clinical consultations for fetuses, it is crucial to advise
carriers of this gene, either the father or mother, to undergo regular
ultrasound examination observations to prevent severe complications.
Patients (either parent) often find it challenging to accept the diagnosis
of being a carrier, requiring clinical psychologists to guide them,
emphasizing the controllability of the disease and the importance of
regular follow-up observations.

The study identified three novel mutation sites, contributing to the
expansion of the gene database. Case 19 discovered the mutation MSX2;
NM_002449.4: c.423_427dupCAATC (p.Argl43Profs*39) through
WES. Both parents were normal. Prenatal ultrasound examination
indicated a hypoechoic mass in the occipital region of the fetus,
suggesting possible meningocele, and a narrow transparent septum.
MSX2 has been reported to play a crucial role in forming cranial bone
morphology (73). In 1993, Li et al. demonstrated through in situ
hybridization experiments that MAX2 transcripts are present in
osteoblasts adjacent to cranial sutures in mice (74). Subsequently, Li
et al. discovered a (CA)n polymorphism in the MSX2 gene related to
craniosynostosis in studies by Warman et al. (75) and Miiller et al. (76),
primarily affecting the seventh amino acid, where histidine replaces
proline. Florisson et al. found this to be an autosomal dominant
mutation. The newly discovered mutation site spans from the 143rd
amino acid to the 181st amino acid, resulting in changes in the last six
amino acids within the second domain, disrupting the interaction
between MAX2 and TFIIF components in osteoblasts, leading to
dysregulation of the bone sialoprotein promoter activity (77).
Comprehensive analysis indicates this site as pathogenic, corroborated
by fetal ultrasound examination showing related neurological
manifestations, further confirming the pathogenicity of this mutation.

Case 10: WES identified the mutation EVC; NM_153717.2:
c.130delC (p.Leu44Phefs*72). Prenatal ultrasound examination
indicated fetal limb shortening, and the mutation originated from the
fetus’s father. The mechanism of disease caused by the EVC gene
remains unclear. In 2000, Ruiz-Perez et al. detected a heterozygous
mutation in the EVC gene in a patient with Weyers acrofacial
dysostosis (78). This mutation affects the first structural domain. This
case represents a compound heterozygous mutation, and the fetal
ultrasound phenotype of shortened limbs aligns with phenotypes
associated with the EVC gene.

Case 13: WES revealed the mutation RYRI; NM_000540.2:
c.14129 + 1G > A, a novel mutation. Prenatal ultrasound examination
indicated fetal measurements (abdominal circumference, femur, and
humerus) below the fifth percentile, with a right superior vena cava
seen in the left branch. In 1998, Manning et al. identified 21 RYRI-
related mutations in families with malignant hyperthermia, including
four associated with central core myopathy (79). In 2001, Brandt et al.
found susceptibility to malignant hyperthermia associated with 30
mutations in the RYRI gene (80). In 2005, Monnier et al. reported that
60% of mutations in a cohort labeled “confirmed” were in the MH1
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(52%) and MH2 (36%) domains of the RYRI gene (81). Database
entries indicate that this locus is related to King-Denborough
syndrome, which can cause abnormalities in the skeletal and muscular
systems, dwarfism, and intellectual development impacts, consistent
with the corresponding ultrasound phenotype. Both parents opted
for termination.

The study also identified cases 15, 16, 17, 28, 30, 31, and 33, where
fetuses with clinically inconspicuous but genetically diagnosed
conditions were unexpectedly discovered. Such discoveries effectively
prompt early prevention strategies, mitigate potential triggers for
disease onset, and enable targeted treatments. However, the
uncertainty of ultrasound phenotypes complicates clinical
interpretations. During follow-up, it was noted that pathogenic genes
exhibiting fetal manifestations are more likely to be accurately
diagnosed and draw attention from both parents. In contrast, exact
clinical diagnoses for terminated fetuses remain challenging.

The study has limitations. First, sequencing is limited to exons,
lacking relevance for some intronic diseases. Second, diagnostic
reliance on ultrasound examination findings of fetal structural
abnormalities varies by sonographer skill, potentially missing cases
with incomplete penetrance, subtle phenotypic abnormalities, or
delayed-onset disorders like intellectual developmental delay. Third,
due to the risks of invasive prenatal diagnosis, few families opt for
whole-exome sequencing, introducing selection bias and affecting
sample size in systematic reviews.

5 Conclusion

Family-based WES plays a genetic diagnostic role in fetuses with
ultrasound structural abnormalities, increasing diagnostic rates
by 9.24%.

1 With the continuous enrichment of gene and disease databases,
family-based whole-exome sequencing will play a more
significant role. At the same time, discoveries of new loci will
also expand the gene pool.

2 Genetic diagnosis guides decisions on whether to continue
pregnancies and affects the reproduction of the entire family.

Currently, the pathogenesis of some ultrasound structural
abnormalities remains unclear. With technological advancements,
comprehensive analyses combining whole genome sequencing, optical
genome mapping, and other technologies assist in diagnosis.

As technology advances, the potential of whole genome research in
clinical applications becomes increasingly prominent. More detailed
genetic analyses and interpretations of numerous variations will be crucial
directions for future research. Currently, clinical studies on whole genome
sequencing in critically ill newborns have yielded a diagnostic positivity
rate of 20% (3/15), providing a reliable genetic basis for clinical
management of critically ill cases and demonstrating the immense value
of WGS in disease diagnosis. In tuberculosis molecular epidemiology,
whole genome sequencing has shown unique advantages, deeply
exploring drug resistance in tuberculosis bacteria to provide substantial
evidence for developing effective treatment strategies and playing a critical
role in mixed infection diagnosis, helping doctors accurately assess patient
conditions. Furthermore, the application of whole genome sequencing in
prenatal diagnosis has achieved significant results, demonstrating its
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generalizability and substantial research value across various fields. With
ongoing technological improvements and decreasing costs, whole
genome sequencing is expected to see the broader application in the
future and represents a promising area for in-depth research.
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