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A B S T R A C T

Background: Fetal structural anomalies are detected by ultrasound in approximately 3 % of 
pregnancies. Numerous genetic diagnostic strategies have been widely applied to identify the 
genetic causes of prenatal abnormalities. We aimed to assess the value of simultaneous copy 
number variation sequencing (CNV-seq) and whole exome sequencing (WES) in diagnosing fe
tuses with structural anomalies.
Methods: Fetuses with structural anomalies detected by ultrasound were included for eligibility. 
After genetic counseling, WES and CNV-seq were performed on DNA samples of fetuses and their 
parents. All detected variants were evaluated for pathogenicity according to ACMG criteria, with 
the final diagnosis was determined based on ultrasound results and relevant family history.
Results: The diagnostic rate of 174 fetuses with prenatal ultrasound abnormalities was 26.44 %, 
higher than that achieved through either CNV or WES analysis alone. Furthermore, the highest 
diagnostic rate was observed in fetuses with multiple system anomalies, accounting for 50 % of 
the total diagnostic yield, followed by skeletal system anomalies at 45.45 %. Three cases with 
multiple system abnormalities were found to have a dual diagnosis of pathogenic CNVs and SNV 
variants, representing 1.72 % of the total cohort. 38 pregnant women in their third trimester of 
pregnancy (27 weeks+) participated in this study, and 23.68 % received a confirmed genetic 
diagnosis. Finally, 31 women (67.39 %) voluntarily terminated their pregnancy following the 
testing and extensive genetic counseling.
Conclusions: Our study demonstrated that the simultaneous CNV-seq and WES analyses are 
beneficial for the molecular diagnosis of underlying unexplained structural anomalies in fetuses. 
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This strategy is more efficient in elucidating prenatal abnormalities with compound problems, 
such as dual diagnoses. Furthermore, the simultaneous strategy has a shorter turnaround time and 
is particularly suitable for families with structural anomalies found in the third trimester of 
pregnancy.

1. Introduction

Fetal structural anomalies, ranging from a single minor defect to fatal multisystem anomalies, are detected by ultrasound in 
approximately 3 % of pregnancies [1]. Previous studies have shown that chromosomal aneuploidy, uniparental disomy, copy number 
variations, single nucleotide variations (SNVs), and short insertion-deletions (Indels) are the most common genetic causes [2–5]. In 
general, conventional karyotype testing has a diagnostic rate of 8 %–10 % [6]. Chromosomal microarray analysis (CMA) or low-pass 
genome sequencing (CNV-seq) can detect up to an additional 10 % of short indels and duplications [7]. Recently, two significant cohort 
studies indicate that whole-exome sequencing (WES) can provide an additional 8.5%–10 % of diagnostic rate for structural abnor
malities, even when karyotype and CMA results are negative [4,5].

The strategy of sequential karyotype, CMA or CNV-seq, and whole exome sequencing has been extensively used in the clinical 
setting of prenatal abnormalities. Although it can improve the diagnosis rate, there are still some limitations: First, in the cases carrying 
pathogenic CNVs and SNVs simultaneously [8], the sequential strategy is more likely to cause missed diagnosis or insufficient 
follow-up health care. Second, this strategy requires a long turnaround time (up to 50 days), which is unsuitable for pregnancies where 
ultrasound anomalies are detected late, especially those in the third trimester [9,10]. Simultaneous CNV-seq and WES can overcome 
these challenges and have met the needs for prenatal diagnosis in some research [11]. However, evidence supporting the clinical 
feasibility of simultaneous CNV-seq and WES for detecting the genetic causes of fetal structural malformations remains limited. Here, 
we report a single-center experience of simultaneous CNV-seq and WES in 174 fetal structural abnormalities, aiming to explore the 
feasibility and diagnostic rate of this strategy in these pregnancies.

2. Material and methods

2.1. Patients

The families of 174 fetuses with structural abnormalities identified by ultrasound and indicated for prenatal genetic testing were 
recruited from Chenzhou First People’s Hospital. Written consent forms were obtained from each family, and the study was supported 
by the ethnic approval ((Research) No. 2020081) of Chenzhou First People’s Hospital. Fetal samples were obtained by an invasive 
diagnostic procedure such as amniocentesis, chorionic villus sampling, or cordocentesis. Parental peripheral blood samples were 
obtained for trio analysis or validation. Genetic counseling was provided both before and after prenatal genetic testing, and pregnant 
couples were informed of the testing results. The pregnancy outcome of each family was followed up.

2.2. WES

WES was performed by inputting 150–300 ng of genomic DNA from each sample. First, 80–200 ng of genomic DNA from each 
sample was sheared using the Covaris S220 Focused Ultrasonicator (Covaris, Woburn, MA, USA). The fragmented DNA was further 
processed using AMPure XP Beads (Life Sciences, Indianapolis, IN, USA) to obtain 100-300 bp fragments. Library construction 
including end repair, A-tailing, adapter ligation, and 7 cycles of PCR amplification was then performed. The PCR products were then 
heat denatured to form single-stranded DNA, followed by circularization with DNA ligase, and the remaining linear molecule was 
digested with exonuclease. After the construction of the DNA nanoballs, exome capture using the MGIEasy Exome Capture V4 probe 
(MGI) was followed by paired-end read sequencing (2 × 100 bp read length) on the MGISEQ-2000 platform with an average depth of at 
least 100-fold. Analysis of the exome sequencing data was performed as previously described [12]. Our WES can detect other types of 
variations related to the phenotype of the subject. These variations can involve large fragments of genomic copy number variation, 
such as deletion or duplication intervals (≥1 Mb). Additionally, the test can also detect chromosome aneuploidy, triploidy, and loss of 
heterozygosity (LOH) intervals (≥5 Mb). The accuracy of the prompt content has not been verified and will be displayed in the 
attached report.

2.3. CNV-seq

CNV-seq using whole-genome amplification was performed according to the manufacturer’s instructions (BGI, Wuhan, China). 
Briefly, the DNA was fragmented into 200-300bp fragments, followed by end repair, adaptor ligation, PCR amplification, purification, 
and quantitation. The eligible cDNA libraries were then sequenced using the BGISEQ-500 platform based on NGS technology (BGI, 
Wuhan, China). Chromosomal aneuploidy and whole-genome CNVs (resolution 0.1 Mb) and chromosomal mosaicism (>10 %) were 
detected with the method as previously reported [13].
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2.4. Data interpretation and reporting

Detected CNVs and SNV variants were interpreted according to the standards of the American College of Medical Genetics and 
Genomics (ACMG) and the Clinical Genome Resource (ClinGen) [14]. Among a large number of SNVs/INDELs, We have prioritized 
potential causative SNVs/INDELs from a vast collection based on the following criteria: (1) SNVs/INDELs that are either absent or have 
a minor allele frequency of ≤1 % in the Exome Aggregation Consortium (ExAC) and Genome Aggregation Database (gnomAD) da
tabases, indicating a variant evidence classified as PM2; (2) evidence of familial segregation that is consistent with the inheritance 
pattern of the variants, which can be supported by PS2/PM6/PM3; (3) supporting evidence from published research (such as 
PS1/PS3/PS4/PM5); (4) identification of null variants (PVS1); (5) assessment of conservation levels and predicted impact on coding 
and non-coding sequences (PP3); and (6) relevance to the clinical phenotype of the fetus (PP4). All selected variants were assessed for 
pathogenicity based on the ACMG guidelines and the ClinGen Sequence Variant Interpretation Working Group according to the 
updated recommendations for the ACMG criteria [15–17].

The positive results to explain the fetal phenotype included P/LP variants that were consistent with the inheritance pattern and 
associated with the phenotype of related disorders, and the variants of unknown significance (VUS) in the disease-causing genes that 
were associated with the fetal phenotype. Otherwise, the remaining results were reported as negative or non-diagnostic. The pregnant 
women and their partners were informed of the ACMG incidental findings [18], and secondary findings were only reported if they 
agreed in the pre-test informed consent process as per the ACMG document [19].

3. Results

3.1. Study cohort features

Between April 2019 and June 2022, 174 pregnant women with fetuses diagnosed with structural abnormalities via ultrasound at 
the First People’s Hospital of Chenzhou were enrolled in this study. The median gestational age was 23 weeks, ranging from 11 to 36 
weeks. 14 fetuses had a family history of affected siblings or at least one affected parent, but no molecular diagnosis was conducted 
(Table 1). Various sample types, including 31 cord blood samples, 25 chorionic villus, 8 abortion tissues, and 110 amniotic fluid 
samples, were used for WES and/or CNV-seq analysis (Table 1). The median turnaround times (TAT) for both WES and CNV-seq was 14 
days (range 10–21 days). In this study, we aimed to shorten the TAT of simultaneous CNV-seq and whole-exome sequencing, allowing 
pregnant women could obtain results faster. The median TAT for simultaneous CNV-seq and whole-exome sequencing were 14–21 
days as compared with TAT of up to 50 days for sequential strategy (Table 1).

3.2. Diagnostic rate based on prenatal ultrasound

In total, 15 cases (8.62 %) were identified with pathogenic CNVs through CNV-seq and 34 cases (19.54 %) diagnosed with 
pathogenic SNVs via WES (Table 2). We utilized HPO terms to standardize ultrasound-identified phenotypes and detected fetal ab
normalities across 10 different systems, including single-system and multi-system anomalies. Our findings indicate that while the 
combined diagnostic approach does not enhance the diagnostic rate for some fetuses with clinical abnormalities, the diagnosis rate for 
fetuses with cardiac, multiple system, nuchal, and skeletal abnormalities is significantly higher when using the combined methods of 
CNV and WES compared to a single method. Anomalies of the multiple systems and skeletal system exhibited the highest diagnostic 

Table 1 
Clinical details of the study cohort.

Cohort characteristics Number

Total 174
Gestational weeks (median) 23 weeks (range 11–36 weeks)
Maternal age (median) 27 (range 18–49)
Sample types

Amniotic fluid 110
Cord blood 31
Chorionic villus 25
Abortion tissues 8

Family history 14
Turnaround time (TAT)

WES 14 days (range 10–21 days)
CNV-seq 14 days (range 10–21 days)
Sequential strategy up to 50 days
Simultaneously CNV-seq and WES 14–21 days

Initial DNA
WES 150–300 ng
CNV-seq 200 ng
Sequential strategy 350–550 ng
Simultaneously CNV-seq and WES 100–280 ng

Follow-ups 87.9 % (153/174)
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rates with the combined methods, at 50 % and 45.45 % respectively. Fetuses with the affected brain (33.33 %) exhibited a higher 
diagnosis rate than the overall diagnosis rate. No successful diagnoses were made for fetuses with thoracoabdominal anomalies in our 
cohort. Other anatomical anomalies had varied diagnosis rates, all below the overall diagnosis rate.

3.3. Genetic sequencing analysis

In our study, the overall diagnostic yield achieved with the simultaneous CNV-seq and WES approach was 26.44 %, whereas the 
diagnostic yield for CNV testing alone was 6.9 %, and for WES testing alone was 17.82 % (Fig. 1). The combined diagnostic approach 
outperformed the individual testing methods in diagnosing fetal ultrasound anomalies. Furthermore, three patients (6.52 %) were 
identified with dual pathologies, underscoring the risk of missed diagnoses with sequential diagnostic approaches.

The diagnostic results of chromosomal variations are shown in Table 2, Fifteen pathogenic or likely pathogenic CNVs were 
identified in 15 patients, with the highest diagnostic rate in multiple systems anomalies (26.67 %, 8/30) and nuchal anomalies(16.67 
%, 4/24), followed by skeletal anomalies (9.09 %, 1/11) and cardiac anomalies (5.88 %, 2/34). The detailed CNV information is 
included in Table 3. Moreover, a pathogenic CNV, known as trisomy 21 was identified in two cases of nuchal anomalies, one case of 
multiple anomalies involving both skeletal and cardiac systems, and one case of skeletal anomaly. CNV-seq offers significant ad
vantages over WES alone by providing timely detection of structural variations, including smaller copy number variations. In our 
study, the deletion regions in case 7 (1.4 Mb deletion at Chr22: 20393660–21796237 (GRCh37/hg19)) and case 43 (1.4 MB deletion at 
Chr22: 18887652–20307698 (GRCh37/hg19)) encompassed the TBX1 gene, whose mutations largely explain the phenotypes asso
ciated with most DiGeorge syndromes. These syndromes related to the identified deletions may account for the fetal cardiac ultrasound 
abnormalities. For families opting to receive CNV-seq test results, the findings are sent to a prenatal geneticist for consultation, either 
to proceed with the pregnancy or termination of the pregnancy. Of the 15 fetuses with structural variations detected through CNV-seq, 
12 families opted for pregnancy termination, and 3 pregnancies ended in stillbirth (Table 3).

According to the diagnosis of WES, 34 fetuses were detected to have pathogenic sequence variants (SNVs and small InDels) 
(Table 4). Among all the anomaly groups, skeletal anomalies had the highest diagnostic rate of 36.36 % (4/11), then brain anomalies 
(33.33 %, 4/12) and multiple systems anomalies (33.33 %, 10/30), then followed by other systems anomalies (26.67 %, 4/15), 
genitourinary anomalies (18.18 %, 4/22), facial anomalies (16.67 %, 2/12), intrauterine growth restriction (10 %, 1/10), cardiac 
anomalies (8.82 %, 3/34), and nuchal anomalies (8.83 %, 2/24). Similar to CNV-seq, WES didn’t identify any pathogenic variants in 
thoracoabdominal anomalies. The WES analysis detected 54 causative variants in 35 fetuses, including 25 novel mutation. Among 

Table 2 
Distribution of diagnosis rates among anatomical systems of fetuses in the present cohort.

Clinical category CNV WES Combined detection

Brain 0/12 (0) 4/12 (33.33) 4/12 (33.33)
Facial 0/12 (0) 2/12 (16.67) 2/12 (16.67)
Cardiac 2/34 (5.88) 3/34 (8.82) 5/34 (14.71)
Thoracoabdominal 0/4 (0) 0/4 (0) 0/4 (0)
Genitourinary 0/22 (0) 4/22 (18.18) 4/22 (18.18)
Skeletal 1/11 (9.09) 4/11 (36.36) 5/11 (45.45)
Intrauterine growth restriction 0/10 (0) 1/10 (10) 1/10 (10)
Nuchal 4/24 (16.67) 2/24 (8.33) 6/24 (25)
Multisystem 8/30 (26.67) 10/30 (33.33) 15/30 (50)
Others 0/15 (0) 4/15 (26.67) 4/15 (26.67)

Data are given as n/N (%); Combined detection: fetuses that were diagnosed by CNV or WES.

Fig. 1. Diagnostic rate of fetal structural anomalies for CNV testing alone, whole-exome sequencing (WES) alone, and combined genetic anal
ysis methods.
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pathogenic variant detected by whole-exome sequencing in fetuses with prenatal ultrasound abnormalities, missense mutations were 
the most common (Fig. 2). Following those were nonsense mutations. Brain abnormalities were mainly characterized by deletion 
mutations. KEGG enrichment analysis of these pathogenic variant genes showed significant enrichment primarily in metabolic 
pathways (Fig. 3). Additionally, six pathogenic/likely pathogenic variants in TSC2, FGFR3, and G6PD were found to be causative in at 
least two fetuses, with half of these fetuses also carrying other variants. Of the 34 families with sequence variants detected through 
WES, after receiving genetic counseling and reproductive guidance from prenatal genetics physician, 25 opted for pregnancy termi
nation, and 9 resulted in live births (Table 3).

Table 3 
Pathogenic (P) and likely pathogenic (LP) copy-number variants (CNVs) detected by copy number variants sequencing among 174 cases of fetal 
structural anomalies.

ID Clinical findings Phenotype 
category

CNVs CNV 
classification

Sex Author(s) and 
Year

Outcome

7 Single ventricle; 
Transposition of the great 
arteries

Cardiac seq[GRCh37]22q11.21del 
(g.20393660-21796237) × 1

P Unknown Liping Zhao 
et al., 2020 [20]

TOP

17 Intrauterine growth 
restriction; 
Renal hypoplasia

Multisystem seq[GRCh37]4p16.3p16.1del 
(g.10004-7675299) × 1

P Unknown Chih-Ping Chen 
et al., 2020 [21]

TOP

43 Arrhythmogenic right 
ventricular dysplasia; 
Coronary artery 
aneurysm; 
Pericardial effusion

Cardiac seq[GRCh37]22q11.21q11.21del 
(g.18887652-20307698) × 1

P Unknown Jawad, A F et al., 
2001 [22]

TOP

57 Ventricular septal defect; 
Short long bone; 
Intrauterine growth 
restriction;

Multisystem 47,XX,+21 P Female Chih-Ping Chen 
et al., 2021 [23]

Stillbirth

58 Cystic hygroma Large NT/ 
Nuchal

seq[GRCh37]14q11.2q21.3dup 
(g.20484708-g.50777838) × 3

P Unknown Luo, Huayu et al., 
2018 [24]

TOP

69 Ventricular septal defect; 
Coarctation of aorta; 
Choroid plexus cyst

Multisystem 47,XX,+18 P Female M A Lizárraga 
et al., 2021 [25]

Stillbirth

83a Ventricular septal defect; 
Nasal bone loss

Multisystem seq[GRCh37]21p13q22.3dup(g.1- 
48129895) × 1

P Unknown Chih-Ping Chen 
et al., 2021 [23]

TOP

87a Short long bone; 
Intrauterine growth 
restriction; 
Oligohydramnios

Multisystem seq[GRCh37]2p25.3q37.3dup(g.1- 
243199373) × 1

P Unknown This study TOP

116 Cystic hygroma Large NT/ 
Nuchal

seq[GRCh37]21p13q22.3dup(g.1- 
48129895) × 1

P Unknown Chih-Ping Chen 
et al., 2021 [23]

TOP

131 Nuchal translucency of 
3.5 mm

Large NT/ 
Nuchal

seq[GRCh37]21p13q22.3dup(g.1- 
48129895) × 1

P Unknown Chih-Ping Chen 
et al., 2021 [23]

TOP

132 Absent fetal nasal bone; 
Short humerus and 
femur; 
Persistent left superior 
vena cava

Skeletal seq[GRCh37]21p13q22.3dup(g.1- 
48129895) × 1

P Unknown Chih-Ping Chen 
et al., 2021 [23]

TOP

146 Stillbirth Multisystem 47,XX,+22 P Female Shuang Hu et al., 
2023 [26]

Stillbirth

159 Nuchal translucency of 
5.4 mm

Large NT/ 
Nuchal

seq[GRCh37]Xp22.33p11.22del 
(g.1_50242846) × 1

P Male Dai, H-L et al., 
2023 [27]

TOP

​ ​ ​ seq[GRCh37]Xp11.22q28del 
(g.50242846_154926263) × 1

P ​ This study ​

172a Exencephaly; 
Prominent umbilicus; 
Talipes calcaneovarus; 
Cardiac anomalies; 
Endocardial cushion 
defect

Multisystem seq[GRCh37]2q35q35del 
(g.215500643-215843259) × 1

P Unknown This study TOP

192 Abnormal thoracic and 
lumbar vertebrae; 
Butterfly vertebrae; 
Hemivertebrae; 
Vertebral fusion

Multisystem seq[GRCh37]16p11.2p11.2del 
(g.29443654_30283046) × 1

P Unknown Andrée Delahaye 
et al., 2012 [28]

TOP

Large NT/Nuchal, large nuchal translucency; P, pathogenic; LP, likely pathogenic; TOP, termination of pregnancy.
a Indicates patients have a dual diagnosis of pathogenic CNVs and SNV variants.
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Table 4 
Pathogenic (P) and likely pathogenic (LP) variants detected by whole-exome sequencing among 174 cases of fetal structural anomalies.

ID Clinical findings Phenotype 
category

Gene Zygosity Disease (OMIM ID) Inheritance 
pattern

Mutation 
origin

Variant(s) Author(s) and 
Year

Outcome

5 Polyhydramnios Other RAPSN Comp 
het

Fetal akinesia deformation 
sequence 2 (618388)

AR mat NM_005055.4:c.484G > A(p. 
Glu162Lys)

Lore Winters 
et al., 2017 [29]

TOP

​ ​ ​ ​ ​ ​ ​ pat NM_005055.4:c.280G > A(p. 
Glu94Lys)

Natera-de 
Benito, D et al., 
2017 [30]

​

8 Cystic hygroma Large NT/ 
Nuchal

RIT1 Het Noonan syndrome 8 (615355) AD de novo NM_006912.5; c.268A > G(p. 
M90V)

Zilong Qiu et al., 
2020 [31]

TOP

10 Abnormal renal pelvis 
morphology; 
Hydrops fetalis

Genitourinary PKLR Comp 
het

Pyruvate kinase deficiency 
(266200)

AR pat NM_000298.5:c.1462C > T(p. 
Arg488*)

Baronciani, L 
et al., 1998 [32]

Livebirth

​ ​ ​ ​ ​ ​ ​ mat NM_000298.5:c.330_331delCG 
(p.Gly111Aspfs*18)

This study ​

​ ​ ​ G6PD Hemi Hemolytic anemia, G6PD deficient 
(favism) (300908)

XL mat NM_001042351.1:c.1024C > T 
(p.Leu342Phe)

Qi Jiang et al., 
2020 [33]

​

11 Pelvic dysplasia; 
Abnormal renal pelvis 
morphology

Multisystem P3H1 Comp 
het

Osteogenesis imperfecta, type VIII 
(610915)

AR pat NM_001243246.2:c.1914+1G 
> A

Liliane 
Todeschini de 
Souza et al., 
2021 [34]

TOP

​ ​ ​ ​ ​ ​ mat NM_001243246.2:c.652G > T 
(p.Glu218*)

Cabral, Wayne A 
et al., 2007 [35]

​

21 Short long bone Skeletal GPX4 Comp 
het

Spondylometaphyseal dysplasia, 
Sedaghatian type (250220)

AR pat NM_001039848.1: 
c.547_548dupTG(p. 
Trp183Cysfs*3)

This study TOP

​ ​ ​ ​ ​ ​ mat NM_001039848.1: 
c.549_552delGATG(p.Trp183*)

This study ​

22 Ectopic kidney; 
Renal dysplasia; 
Genitourinary

Genitourinary DHCR7 Comp 
het

Smith-Lemli-Opitz syndrome 
(270400)

AR pat NM_001360.2:c.278C > T(p. 
Thr93Met)

Fitzky et al., 
1998 [36]

TOP

​ ​ ​ ​ ​ ​ mat NM_001360.2:c.862G > A(p. 
Glu288Lys)

M Wisch- 
Baumgartner 
et al., 2001 [37]

​

29 Arterial calcification; 
Pulmonary artery 
atresia; 
Edema; Polyhydramnios

Multisystem ENPP1 Hom Hypophosphatemic rickets, 
autosomal recessive, 2 (613312)

AR pat NM_006208.2:c.1742C > T(p. 
Pro581Leu)

This study Livebirth

45 Cardiac rhabdomyoma Cardiac TSC2 Het Tuberous sclerosis-2 (613254) AD pat NM_001318829.2:c.910T > C 
(p.Trp304Arg)

Clinvar database TOP

54 Ventriculomegaly; 
Diacele enlargement; 
Dilated third ventricle

Brain PDHA1 Het Pyruvate dehydrogenase E1-alpha 
deficiency (312170)

XL de novo NM_000284.3: 
c.934_940delAGTAAGA(p. 
Ser312Valfs*12)

Dahl et al., 1990 
[38]

TOP

​ ​ ​ BUB1B Het Premature chromatid separation 
trait (176430); 
Mosaic variegated aneuploidy 
syndrome 1 (257300)

AD,AR mat NM_001211.5: 
c.2405_2406insCC(p. 
Trp803Hisfs*10)

This study ​

66 Absent fetal nasal bone; 
Increased distance 
between eyes

Facial ANKRD11 Het KBG syndrome (148050) AD mat NM_013275.5: 
c.2848_2849insG(p. 
Asp950Glyfs*68)

This study TOP

(continued on next page)
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Table 4 (continued )

ID Clinical findings Phenotype 
category 

Gene Zygosity Disease (OMIM ID) Inheritance 
pattern 

Mutation 
origin 

Variant(s) Author(s) and 
Year 

Outcome

74 Talipes calcaneovarus Skeletal RAB11B Het Neurodevelopmental disorder with 
ataxic gait, absent speech, and 
decreased cortical white matter 
(617807)

AD de novo NM_004218.3:c.368G > A(p. 
Gly123Asp)

This study TOP

75 Left ventricular 
hypertrophy; 
Left ventricular outflow 
tract stenosis

Cardiac PLD1 Comp 
het

Cardiac valvular dysplasia 1 
(212093)

AR pat NM_002662.4:c.2083C > T(p. 
Arg695Cys)

Priya Ranganath 
et al., 2023 [39]

TOP

​ ​ ​ ​ ​ ​ ​ mat NM_002662.4:c.2024G > A(p. 
Arg675Gln)

Lahrouchi, Najim 
et al., 2021 [40]

​

76 Cardiac rhabdomyoma; 
Ventriculomegaly

Multisystem TSC2 Het Tuberous sclerosis-2 (613254) AD pat NM_000548.3:c.1372C > T(p. 
Arg458*)

Park JH et al., 
2018 [41]

Livebirth

83a Ventricular septal defect; 
Nasal bone loss

Multisystem RPL11 Het Diamond-Blackfan anemia 7 
(612562)

AD pat NM_000975.3:c.126G > C(p. 
Gln42His)

This study TOP

84 Absent right kidney Genitourinary FRAS1 Comp 
het

Fraser syndrome 1 (219000) AR pat NM_025074.6:c.2407G > A(p. 
Val803Met)

Clinvar database TOP

​ ​ ​ ​ ​ ​ ​ mat NM_025074.6:c.10606G > A(p. 
Gly3536Ser)

This study ​

87a Short long bone; 
Developmental 
retardation; 
Oligohydramnios

Multisystem LBR Het Pelger-Huet anomaly (169400); 
Rhizomelic skeletal dysplasia with 
or without Pelger-Huet anomaly 
(618019)

AD, AR mat NM_002296.3:c.43C > T(p. 
Arg15*)

Hoffmann, 
Katrin et al., 
2002 [42]

TOP

106 Ectopic kidney; Renal 
Dysplasia

Genitourinary PBX1 Het Congenital anomalies of kidney and 
urinary tract syndrome with or 
without hearing loss, abnormal 
ears, or developmental delay 
(617641)

AD mat NM_002585.3:c.780C > G(p. 
Tyr260*)

This study Livebirth

110 Cataract Other OCRL Hemi Lowe syndrome (309000) XL mat NM_000276.3:c.940- 
9_943delAACTCATAGGTTC

Keita Nakanishi 
et al., 2023 [43]

Livebirth

111 Absence of cerebellar 
vermis; 
Abnormal skull 
morphology; 
Encephalocele

Brain CSPP1 Hom Joubert syndrome 21 (615636) AR mat NM_024790.6: 
c.2244_2245delAA(p. 
Glu750Glyfs*30)

This study TOP

119 Absence of cerebellar 
vermis

Brain TMEM67 Comp 
het

COACH syndrome 1 (216360) AR pat NM_153704.5:c.2204T > C(p. 
Val735Ala)

This study TOP

​ ​ ​ ​ ​ ​ ​ mat NM_153704.5:c.1175C > G(p. 
Pro392Arg)

Clinvar database ​

125 Nuchal cystic hygroma; 
Abnormal renal pelvis 
morphology

Multisystem PTPN11 Het LEOPARD syndrome 1 (151100) AD de novo NM_002834.3:c.214G > C(p. 
Ala72Pro)

Kosaki, Kenjiro 
et al., 2002 [44]

TOP

135 Cleft lip with cleft palate Facial CDH1 Het Blepharocheilodontic syndrome 1 
(119580)

AD mat NM_004360.3:c.454C > T(p. 
Gln152*)

This study TOP

137 Nuchal translucency of 
3.7 mm

Large NT/ 
Nuchal

CYP21A2 Comp 
het

Hyperandrogenism, nonclassic 
type, due to 21-hydroxylase 
deficiency (201910)

AR pat NM_000500:c.549+1G > C Leandro 
Simonetti et al., 
2018 [45]

Livebirth

​ ​ ​ ​ ​ ​ ​ mat NM_000500:EX3 DEL This study ​
147 Polyhydramnios Other PLEC Comp 

het
Epidermolysis bullosa simplex 5A, 
Ogna type (131950); 

AD,AR pat NM_000445.3:c.10526G > A(p. 
Arg3509His)

Clinvar database Livebirth

(continued on next page)
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Table 4 (continued )

ID Clinical findings Phenotype 
category 

Gene Zygosity Disease (OMIM ID) Inheritance 
pattern 

Mutation 
origin 

Variant(s) Author(s) and 
Year 

Outcome

Muscular dystrophy, limb-girdle, 
autosomal recessive 17 (613723)

​ ​ ​ ​ ​ ​ ​ mat NM_201384.1:c.12C > T(p. 
(His4 = ))

This study ​

​ ​ ​ ​ ​ ​ ​ mat NM_000445.3:c.9751C > G(p. 
Leu3251Val)

This study ​

​ ​ ​ MYH11 Comp 
het

Aortic aneurysm, familial thoracic 4 
(132900); 
Megacystis-microcolon-intestinal 
hypoperistalsis syndrome 2 
(619351)

AD,AR pat NM_001040113.1:c.1523G > A 
(p.Arg508His)

This study ​

​ ​ ​ ​ ​ ​ ​ mat NM_001040113.1: 
c.5819_5820insCA(p. 
Gln1941Thrfs*20)

Alhopuro, Pia 
et al., 2008 [46]

​

148 Lethal bone dysplasia Skeletal FGFR3 Het Achondroplasia (100800) AD mat NM_000142.4:c.1118A > G(p. 
Tyr373Cys)

Otsuka M et al., 
2011 [47]

TOP

150 Increased head 
circumference; 
Short humerus; 
Short femur; 
Situs inversus visceralis; 
Dextrocardia

Multisystem DYNC2H1 Comp 
het

Short-rib thoracic dysplasia 3 with 
or without polydactyly (613091)

AR mat NM_001080463.1:c.11747delG 
(p.Gly3916Valfs*23)

This study TOP

​ ​ ​ ​ ​ ​ ​ pat NM_001080463.1:c.427G > C 
(p.Ala143Pro)

This study ​

161 Polyhydramnios Other CLCN5 Hemi Dent disease 1 (300009) XL mat NM_001127899.1:c.941C > T 
(p.Ser314Leu)

Qiaoping Chen 
et al., 2021 [48]

Livebirth

172a Exencephaly; 
Prominent umbilicus; 
Talipes calcaneovarus; 
Cardiac anomalies; 
Endocardial cushion 
defect

Multisystem VANGL2 Het Neural tube defects (182940) AD pat NM_020335.2:c.937+1G > T This study TOP

​ ​ ​ G6PD Hemi ​ XL mat NM_001042351.1:c.95A > G(p. 
His32Arg)

This study ​

177 Nuchal cystic hygroma; 
Short long bone

Multisystem FGFR3 Het Achondroplasia (100800) AD,AR de novo NM_000142.4:c.1948A > G(p. 
Lys650Glu)

Chih-Ping Chen 
et al., 2020 [49]

TOP

​ ​ ​ COL1A2 Het Combined osteogenesis imperfecta 
and Ehlers-Danlos syndrome 2 
(619120)

AD,AR mat NM_000089.3:c.2506G > A(p. 
Ala836Thr)

Clinvar database ​

178 Ventricular septal defect; 
Common arterial trunk; 
Bilateral cleft lip; 
Hypoplasia of Proximal 
radius; 
Triangular shaped 
phalanges of the hand; 
Talipes calcaneovarus; 
Single umbilical artery

Multisystem CHD7 Het CHARGE syndrome (214800) AD de novo NM_017780.3:c.4908delG(p. 
Glu1636Aspfs*4)

This study TOP

(continued on next page)
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Table 4 (continued )

ID Clinical findings Phenotype 
category 

Gene Zygosity Disease (OMIM ID) Inheritance 
pattern 

Mutation 
origin 

Variant(s) Author(s) and 
Year 

Outcome

188 Short long bone; 
Small rib cage; 
Lethal bone dysplasia

Skeletal COL2A1 Het Achondrogenesis, type II or 
hypochondrogenesis (200610)

AD mat NM_001844.4:c.2473G > A(p. 
Gly825Arg)

This study TOP

191 Intrauterine growth 
restriction

Growth DYRK1A Het Intellectual developmental 
disorder, autosomal dominant 7 
(614104)

AD de novo NM_101395.2:c.-76-2A > G This study Livebirth

196 Single atrium and 
ventricle

Cardiac FANCA Comp 
het

Fanconi anemia, complementation 
group A (227650)

AR mat NM_000135.2:c.70G > T(p. 
Glu24*)

Moghrabi, Nabil 
N et al., 2009 
[50]

TOP

​ ​ ​ ​ ​ ​ ​ pat NM_000135.2:c.4225C > T(p. 
Arg1409Trp)

Richards, Sue 
et al., 2015 [51]

​

204 Meningoencephalocele Brain CC2D2A Comp 
het

Joubert syndrome 9 (612285) AR pat NM_001080522.2: 
c.3070_3071delAGinsC(p. 
Arg1025Glufs*7)

This study TOP

​ ​ ​ ​ ​ ​ ​ mat NM_001080522.2:c.2848C > T 
(p.Arg950*)

Daimin Xiao 
et al., 2017 [52]

​

Het, heterozygosity; Hom, homozygosity; Com het, compound heterozygosity; Hemi, hemizygote; P, pathogenic; LP, likely pathogenic; AR, autosomal recessive inheritance; AD, autosomal dominant 
inheritance; XL, X-linked inheritance; De novo, neither of the parents had the same variants; Pat, Father had the same variants; Mat, Mother had the same variants.

a Indicates patients have a dual diagnosis of pathogenic CNVs and SNV variants.
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3.4. Patients with dual diagnoses

In addition to these results, we identified three cases with both pathogenic CNVs and SNV variants (Table 3, Table 4), representing 
1.72 % of all involved patients. All three fetuses with dual diagnoses were diagnosed with multisystem anomalies. In case 83, ul
trasound findings including a fetal ventricular septal defect and absence of the nasal bone. A new variant, RPL11:c.126G > C(p. 
Gln42His), identified by WES, was determined to be likely pathogenic. The pathogenic SNV on the RPL11 gene was reported to be 
associated with diamond-blackfan anemia 7 (OMIM#612562), an autosomal dominant disorder that can cause ventricular septal 
defect and ostium secundum atrial septal defect. The fetus was simultaneously detected for trisomy 21 syndrome (OMIM#190685) by 
CNV-seq, which was known to contribute to heart malformations and characteristic facial features. Case 87 showed intrauterine 
growth restriction (IUGR) and small kidneys through ultrasound. CNV-seq revealed a 7.6-Mb deletion at 4p16.3-p16.1, previously 
linked to Wolf-Hirschhorn syndrome (OMIM#194190). The affected fetuses exhibit intrauterine growth restriction, renal hypoplasia, 
and prenatal growth deficiency. It is important to note that the pathogenic SNV on the LBR gene in the autosomal dominant form was 
not found to be associated with the skeletal phenotype (OMIM#169400), which confirmed that the CNV was solely causal of the 
skeletal phenotype in this particular case. Case 172 showed exencephaly, a prominent umbilicus, cardiac anomalies, and other 
multisystem diseases. A pathogenic CNV in 2q35 (342.61 kb deletion) altered the FN1 gene, which has been associated with genu 
varum and leg length discrepancy. The pathogenic SNV on the G6PD gene has been shown to cause neonatal jaundice and hemolytic 
anemia, providing additional information. The dual diagnosis provides compelling evidence for the genetic pathogenicity of fetuses, 
particularly those with symptoms in multiple anatomical systems.

Fig. 2. Pathogenic (P) and likely pathogenic (LP) variants type among phenotype category detected by whole-exome sequencing.
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4. Discussion

This study was one of the studies to simultaneously perform CNV-seq and WES analyses in fetuses with structural anomalies on 
ultrasound scans [8,11,53], yielding a diagnostic rate of 26.44 %, demonstrating a comprehensive evaluation of the genetic causes of 
these affected patients. CNV-seq and WES analyses interpreted 6.90 % and 17.82 % of fetal malformations, respectively. In addition, 
1.72 % of enrolled patients had dual genetic diagnoses, with both pathogenic CNVs and SNV variants. These findings are comparable to 
the study by Chen et al. [8] in Hubei Province, China, which reported a diagnostic rate was 23.67 %, supporting the increased 
diagnostic rate and feasibility of using a combined strategy for fetal structural abnormalities.

Previous studies have shown that CNV-seq provides an additional 6%–10 % of genetic diagnoses [2,6,8,53–55], which is similar to 
our study. All these studies included more than 100 patients, suggesting that the actual incidence of pathogenic CNVs is likely on this 
scale. However, certain patient subtypes may exhibit much higher levels of diagnostic CNVs. For example, a study from Changzhou, 
China, focusing on congenital heart defects, found 24.5 % chromosomal abnormalities using CMA, including 11.5 % aneuploidies and 
13.0 % clinical CNVs [56]. Another study focusing on congenital heart disease reported a similar rate of 14.3 % causative CNVs [26]. 
Studies involving more than 100 patients and using WES analysis reported the diagnostic yields ranged from 8.5 % to 49.6 %, 
depending on whether the focus was on all affected fetuses or some affected patients or different ethnic groups [4,5,8,53,54,57–62]. In 
our cohort, WES analyses yielded an 19.54 % causative diagnosis rate, which was comparable to cohorts with a similar number of 
unselected patients, higher than the larger cohorts, but lower than some specific types of affected fetuses. These differences may result 
from regional variations in disease occurrenceor focus on specific disease types within selected cohorts.

The highest diagnostic rate performed by CNV-seq and WES simultaneously in fetuses were multiple system or skeletal anomalies, 
50 %, and 45.45 % respectively, suggesting that these clinical signs detected by prenatal ultrasound screening may serve as specific 
clues for genetic diagnoses, which aligns with previous studies [8]. Patients with central nervous system involvement also had a high 
genetic diagnostic rate (33.33 %), similar to a previous study on fetuses [6], indicating that genetic diagnosis can effectively aid in 
identifying the causes of this disease cohort. These three systems also had a high diagnostic yield in the WES analyses, with diagnosis 
rates exceeding 30 %, demonstrating that the clinical benefit of simultaneous CNV-seq and WES analysis was far greater than indi
vidual diagnostic strategy. In other words, fetuses with congenital structural abnormalities in these systems are recommended to 
undergo simultaneous WES and CNV-seq analysis to obtain the best diagnosis. Notably, fetuses with amniotic fluid abnormalities and 
brain anomalies were diagnosed solely through WES, with the genetic variants identified in over 30 % of cases. Based on these findings, 
it might be reasonable to prioritize WES testing over CNV-seq for such patients.

Fig. 3. KEGG enrichment analysis of pathogenic (P) and likely pathogenic (LP) variants detected by whole-exome sequencing.
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TAT was an critical concern for pregnant couples, especially for pregnant women in the third trimester. Previous studies have 
shown that the average TAT for a sequential diagnostic approach involving karyotype, CMA, and WES exceeds 4 weeks [63], which is 
not ideal for couples in the late-stage pregnancies. For congenital structural anomalies detected during the third-trimester pregnancies, 
the TAT was unacceptable and required urgent reduction. Simultaneous CNV-seq and WES could reduce the TAT to 21 days, making it 
a more feasible option for prenatal patients, especially in the third trimester. In this study, a total of 38 third-trimester patients (27 
weeks+) were included, of which 23.68 % received a confirmed genetic diagnosis, representing 21.84 % (38/174) of the total cohort 
(Table 1). These findings indicate that at least in the Chenzhou region of Hunan Province, one-fifth of fetuses with congenital structural 
anomalies were diagnosed during the third trimester.

Economic efficiency is also a key consideration in the selection of prenatal diagnostic testing methods. While simultaneous CNV-seq 
and WES strategy can rapidly aid in diagnosing the causes for certain patients. For most pregnant women, clinical phenotypes remain 
essential for guiding diagnostic decisions. If ultrasound diagnosis has already confirmed prenatal symptoms suggestive of chromo
somal disorders in the fetus, rapid diagnostic methods like karyotyping and CMA should be prioritized to exclude these conditions. 
Moreover, the simultaneous CNV-seq and WES testing is more suitable for pregnant women nearing delivery. Thus, it aids in quickly 
diagnosing the causes for these pregnant women, facilitating rapid clinical management and prognostic measures.

In our study, three patients (case 83, case 87, and case 172) were diagnosed with a dual diagnosis of pathogenic CNVs and SNV 
variants. The dual-diagnostic rate in our study was 1.72 %, which is comparable to the rate reported in the previous study (1.04 %) [8]. 
The current standard sequential karyotype-CMA-WES strategy in these cases could lead to the loss of important genetic variant in
formation in such cases. If a pathogenic CNV is identified in cases following this sequential strategy, the workflow would be stopped 
and exome sequencing (ES) would be omitted. The available data on dual diagnoses in patients with prenatal anomalies are still 
limited, as few studies have utilized a simultaneous diagnosis strategy. Future research is needed to clarify the real incidence of 
dual-diagnosis pathogenic variants and to establish accurate precise counseling and medical guidelines for these patients.

Moreover, it is recommended to provide timely management and consultation for these pregnancies in the early stages of preg
nancy, in order to assess potential risks for the couple in the future. In the subgroup of families with a positive diagnosis, 43 families 
received a definitive diagnosis, and 34 couples opted to terminate the pregnancy after counseling about the likely phenotype of the 
postnatal fetus. The results from these studies demonstrated the benefits of the simultaneous strategy in detecting prenatal structural 
anomalies, particularly during the third trimester of pregnancy. These findings strongly support recommending the simultaneous 
strategy as a first-line approach for prenatal structural anomalies.s.

5. Conclusions

In this study, simultaneous CNV-seq and WES analysis during pregnancy were employed for clinical diagnosis of CNVs and SNVs in 
fetuses with ultrasound abnormalities. Despite the ongoing issue of high costs, our results suggest that this diagnostic method is more 
suitable for prenatal diagnosis of the genetic etiology in fetuses with non-severe abnormalities, providing crucial reference for parents 
considering pregnancy termination. This diagnostic method also offers a more accurate reference in confirming the genetic etiology of 
malformed fetuses, especially in cases where clinical phenotypes of SNV and CNV pathogenic variations may be easily confused. 
Finally, pre-test genetic counseling is essential for the implementation of this combined strategy, facilitating the selection of appro
priate populations for simultaneous CNV-seq and WES analysis in clinical diagnosis. Future research should focus on identify the 
population characteristics that are suitable for specific diagnostic strategies.
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