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Abstract 

Background:  Exome sequencing (ES) is becoming more widely available in prenatal diagnosis. However, data on 
its clinical utility and integration into clinical management remain limited in practice. Herein, we report our experi-
ence implementing prenatal ES (pES) in a large cohort of fetuses with anomalies detected by ultrasonography using 
a hospital-based in-house multidisciplinary team (MDT) facilitated by a three-step genotype-driven followed by 
phenotype-driven analysis framework.

Methods:  We performed pES in 1618 fetal cases with positive ultrasound findings but negative for karyotyping and 
chromosome microarray analysis between January 2014 and October 2021, including both retrospective (n=565) and 
prospective (n=1053) cohorts. The diagnostic efficiency and its correlation to organ systems involved, phenotypic 
spectrum, and the clinical impacts of pES results on pregnancy outcomes were analyzed.

Results:  A genotype-driven followed by phenotype-driven three-step approach was carried out in all trio pES. Step 
1, a genotype-driven analysis resulted in a diagnostic rate of 11.6% (187/1618). Step 2, a phenotype-driven compre-
hensive analysis yielded additional diagnostic findings for another 28 cases (1.7%; 28/1618). In the final step 3, data 
reanalyses based on new phenotypes and/or clinical requests found molecular diagnosis in 14 additional cases (0.9%; 
14/1618). Altogether, 229 fetal cases (14.2%) received a molecular diagnosis, with a higher positive rate in the retro-
spective than the prospective cohort (17.3% vs. 12.4%, p<0.01). The diagnostic rates were highest in fetuses with skel-
etal anomalies (30.4%) and multiple organ involvements (25.9%), and lowest in fetuses with chest anomalies (0%). In 
addition, incidental and secondary findings with childhood-onset disorders were detected in 11 (0.7%) cases. Further-
more, we described the prenatal phenotypes for the first time for 27 gene-associated conditions (20.0%, 27/135) upon 
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Background
Ultrasound detectable significant fetal abnormalities 
occur in 2–3% of pregnancies. Fetal congenital anoma-
lies (CA) increase infant morbidity and mortality but also 
cause intangible suffering to the family [1]. Therefore, it is 
crucial to adopt timely and accurate diagnoses as well as 
appropriate interventions for congenital anomalies. The 
diagnosis of complicated fetal conditions is becoming 
increasingly sophisticated and has prompted the emer-
gence of an entirely new clinical field. Fetal medicine dif-
fers from obstetrics, or maternal-fetal medicine, in that 
the fetus is the principal focus of attention. Managing the 
fetal patient requires the expertise of various clinicians, 
including fetal medicine experts, prenatal imaging practi-
tioners, genetic counselors to neonatologists, and pediat-
ric surgical and medical subspecialists [2].

Fetal structural anomalies are the main indication for 
invasive prenatal genetic testing, traditionally completed 
by G-banding karyotype analysis and chromosome 
microarray analysis (CMA). The results relate to clinical 
prognosis assessment, perinatal management, recurrence 
risk assessment, and future family planning. However, in 
more than half of the fetal structural anomaly cases, the 
molecular etiology is unknown, resulting in challenges in 
parental counseling. Next-generation sequencing tech-
nology has been proven to be a powerful tool for the 
clinical diagnosis of Mendelian disorders [3, 4]. Exome 
sequencing (ES) has become a first-tier clinical diagnos-
tic test for children with neurodevelopmental disorders 
[5]. The most recent clinical guideline of the American 
College of Medical Genetics and Genomics (ACMG) 
recommended exome and genome sequencing as a first-
tier or second-tier test for patients with one or more CAs 
prior to 1 year of age or for patients with developmen-
tal delay or intellectual disability with onset prior to 18 
years of age [6]. Given the success in postnatal patient 

populations and the limitations of current genetic testing 
for prenatal cases, ES is now applied to prenatal diagno-
sis (pES) more widely. There have been several reports on 
the application of ES in prenatal diagnosis in relatively 
large sample sizes (n>100) [7–13], with diagnostic rates 
ranging from 8.5 to 35% [14]. However, data on integrat-
ing ES into clinical practice and returning results during 
pregnancy remain limited.

We report our 8-year clinical experience from a single 
clinical hospital applying pES in a cohort of 1618 fetuses 
with structural anomalies. ES data analyses were carried 
out in a three-step approach. In brief, the first genotype-
driven step prioritized the variants based on pathogenic-
ity and allele origin/zygosity without phenotypic data, 
the second phenotype-driven comprehensive analysis 
step was performed based on initial indications, and the 
third data reanalyses step were implemented in cases 
with new phenotypic information and/or upon the phy-
sicians’ request. In particular, we evaluate the diagnostic 
efficiency of pES, delineate the disease spectrum of the 
study cohort, and assess the clinical impacts of prenatal 
ES on medical management changes, including delivery 
plan modifications and neonatal management.

Methods
Study cohort
This study was approved by the Institutional Review 
Board of the Ethics Committee in the Guangzhou 
Women and Children’s Medical Center, and written 
informed consent was obtained from the expecting cou-
ples for invasive prenatal diagnosis. The study cohort was 
recruited between January 2014 and October 2021. The 
involved patients came from the Multidisciplinary Clinic 
of Fetal Medicine at Guangzhou Women’s and Children’s 
Medical Center, the largest specialist hospital serving 
patients in Southern China and throughout the country. 

a systematic analysis of the diagnosed cases and expanded the phenotype spectrum for 26 (19.3%) genes where 
limited fetal phenotypic information was available. In the prospective cohort, the combined prenatal ultrasound and 
pES results had significantly impacted the clinical decisions (61.5%, 648/1053).

Conclusions:  The genotype-driven approach could identify about 81.7% positive cases (11.6% of the total cohort) 
with the initial limited fetal phenotype information considered. The following two steps of phenotype-driven analy-
sis and data reanalyses helped us find the causative variants in an additional 2.6% of the entire cohort (18.3% of all 
positive findings). Our extensive phenotype analysis on a large number of molecularly confirmed prenatal cases had 
greatly enriched our current knowledge on fetal phenotype-genotype correlation, which may guide more focused 
prenatal ultrasound in the future. This is by far the largest pES cohort study that combines a robust trio sequence data 
analysis, systematic phenotype-genotype correlation, and well-established MDT in a single prenatal clinical setting. 
This work underlines the value of pES as an essential component in prenatal diagnosis in guiding medical manage-
ment and parental decision making.

Keywords:  Prenatal diagnosis, Genotype-driven, Multidisciplinary model, Exome sequencing, Structural anomaly, 
pES, Ultrasound
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The Fetal Medicine Multidisciplinary Clinic was estab-
lished in 2010, and the multidiscipline team met with 
couples with abnormal fetuses regularly, providing cou-
ples with valuable information on the diagnosis or treat-
ment of fetal abnormalities, as well as subsequent clinical 
pathways and technical team support.

Fetuses in accordance with the following criteria were 
included: (1) fetuses were diagnosed with increased 
nuchal translucency (NT >3.5mm), fetal hydrops, and 
other structural anomalies by prenatal imaging; (2) sam-
ples for both parents were available; (3) the quantity/
quality of fetal DNA sample was sufficient for ES test. 
All fetuses underwent karyotype and/or CMA (Cytocan 
750K/HD, Affymetrix) testing before pES, and those with 
aneuploidies, chromosome rearrangement, and clini-
cally significant copy number variations detected were 
excluded from this cohort. In total, ES was performed 
successfully in 1618 fetuses (chorionic villi n=139, amni-
ocytes n=971, and cord blood n=508) and their parents 
(and other informative 1st or 2nd degree relatives includ-
ing siblings, uncles, aunts, or grandparents, n=126). 
According to the time point of the ES test, 1618 cases 
were divided into the retrospective cohort (WES was 
performed at the end of a pregnancy, with no impacts 
on pregnancy decisions and as scientific research subsi-
dized by research funding with no cost to the patients’ 
families, between January 2014 and July 2017, n= 565) 
and the prospective cohort (WES was performed during 
an ongoing pregnancy, as routine fee-for-service in clini-
cal settings, between August 2017 and October 2021, n= 
1053).

Exome sequencing, analysis, and interpretation
Fetal samples were collected from chorionic villi, amni-
ocytes, or cord blood depending on gestational age, 
and samples from parents and other relatives were 
obtained from peripheral blood. All genomic DNA was 
extracted using a Qiagen DNA Blood Mini kit (Qiagen, 
Germany) following the manufacturer’s protocol. Agi-
lent or Integrated DNA Technologies kits were used 
for target enrichments, followed by 150-base pair reads 
sequenced using Illumina HiSeq2500, HiSeq Xten, or 
NovaSeq platforms. An overview of pES data analy-
sis and interpretation logistics is summarized in Fig.  1. 
Detailed information for methods in this process is 
provided in Additional file  1. In brief, raw fastq data 
were analyzed with an in-house pipeline and local ref-
erence samples (more than 10,000 individuals, includ-
ing patients and healthy individuals), briefly including 
mapping, realignment, variant calling, quality control, 
variant filtration, annotation, sex, and family pedigree 
relationship confirmation. All the single-nucleotide 
variants (SNVs) and indels detected were classified into 

five levels (pathogenic/P, likely pathogenic/LP, uncer-
tain/VUS, likely benign/LB, and benign/B) based on the 
ACMG and ClinGen variant curation expert panel guide-
lines [15–17].

ES data analyses were carried out in a stepwise model 
(Fig.  1). The first genotype-driven step prioritized the 
variants based on pathogenicity and allele origin/zygo-
sity without phenotypic data. Variants captured in this 
step included known/expected disease-causing alleles 
(reported indisputable P/LPs and extremely rare null 
changes) and/or rare variants most likely to be causa-
tive based on inheritance pattern (for example, de novo, 
homozygous, compound heterozygous, and hemizygous 
variants). The resultant short gene/variant list for each 
trio was reviewed for brief clinical correlation, in silico 
prediction, minor allele frequency, relevant literature, 
and annotation in ClinVar and Human Gene Mutation 
Database (HGMD) databases, and the ACMG and Clin-
Gen expert panel recommendations were utilized in 
variant classification. In the second phenotype-driven 
analysis step, a comprehensive review of rare variants 
in genes potentially related to initial clinical indications 
for prenatal diagnosis was performed. In the third analy-
sis step, data reanalyses were implemented in cases with 
new phenotypic information acquired during the prena-
tal and/or postnatal period and/or upon the physicians’ 
request. The standard Human Phenotype Ontology 
(HPO) terms were matched to the clinical synopsis of the 
P/LP/VUS disease genes, and ES results were finally clas-
sified into five tiers: (1) Positive diagnostic result: P/LP 
variants identified in a disease gene that can explain (par-
tially or fully) the fetal phenotype; (2) Inconclusive: vari-
ant of unknown significance (VUS) identified in a disease 
gene which can explain (partially or fully) the fetal phe-
notype; (3) Incidental findings (IFs): P/LP variants iden-
tified in childhood-onset disease gene, unrelated to fetal 
phenotype; (4) Secondary findings (SFs): P/LP variants 
identified in ACMG recommended SF2.0 gene list, unre-
lated to fetal phenotype [18, 19]; (5) Candidate genes: 
variants (mostly de novo) predicted to be deleterious 
and absent in general population, identified in undefined 
disease genes that have a paralog gene or previously pub-
lished data to support the association with fetal anoma-
lies, or based on animal model and tissue expression [20, 
21]. All diagnostic de novo variants were validated by 
Sanger sequencing.

The ES report included positive and inconclusive 
results related to primary prenatal indications. Inciden-
tal and secondary findings with a childhood-onset dis-
ease were also included in the report, based on consensus 
between laboratory and clinicians. Secondary findings 
for a late-onset disease were not routinely reported. For 
the retrospective cohort, the results were reported to the 
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couples as scientific research data postnatally. For the 
prospective cohort, the results were reported once the 
test was concluded.

The pregnancy outcome and clinical follow-up data 
were collected until December 2021. Clinical impacts 
were assessed both in retrospective and prospective 
cohorts. Statistical analyses were performed using Fish-
er’s exact test, Pearson’s correlation test, or analysis of 
variance (ANOVA).

The resources and datasets used in this study included 
1000 Genome Project (https://​www.​inter​natio​nalge​
nome.​org/), Genome Aggregation Database ( https://​
gnomad.​broad​insti​tute.​org/), Exome Aggregation Con-
sortium (https://​exac.​broad​insti​tute.​org/), Exome 
Sequencing Project (https://​evs.​gs.​washi​ngton.​edu/​
EVS/), ClinVar (https://​www.​ncbi.​nlm.​nih.​gov/​clinv​
ar/), ClinGen (https://​clini​calge​nome.​org/), Human 
Gene Mutation Database (https://​www.​hgmd.​cf.​ac.​uk/​
ac/​index.​php), Online Mendelian Inheritance in Man 

(https://​omim.​org/), Orphanet (https://​www.​orpha.​net/​
consor/​cgi-​bin/​index.​php), UniProtKB (https://​www.​
unipr​ot.​org/​help/​unipr​otkb), Human Protein Reference 
Database (http://​www.​hprd.​org/), Geneimprint (https://​
www.​genei​mprint.​com/), MetaImprint (http://​bioin​fo.​
hrbmu.​edu.​cn/​MetaI​mprint), UCSC Genome Browser 
(http://​genome.​ucsc.​edu/), Human Phenotype Ontology 
(https://​hpo.​jax.​org/). The detailed information for tools 
and software used is provided in Additional file 1.

Results
Cohort characteristics
Trio exome sequencing was performed in 1618 fetuses. 
At testing time, the median maternal age was 29 years 
(range 18–47), and the median gestational age was 25 
weeks (range 11–35). Based on the systems involved, 
fetal malformations were classified into 8 categories (cen-
tral nervous, facial, chest, cardiovascular, abdominal, 
urogenital, skeletal, and multisystem). Isolated hydrops 

Fig. 1  The pipeline of prenatal ES data analysis in our cohort study
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fetalis, fetal growth retardation (FGR), and increased 
NT were classified into separate categories. For fetuses 
with increased NT, if a new phenotype appeared in late 
pregnancy, they would be reclassified into the corre-
sponding malformation categories. The most frequently 
affected organ referred for prenatal ES was the cardio-
vascular system (17.9%), followed by the central nervous 
(16.2%), skeletal (12.8%), and urogenital (11.4%) systems, 
altogether comprising more than half of all cases. The 
detailed clinical characteristics of the fetal cases are sum-
marized in Additional file  2: Table  S1. The turn-around 
time of prenatal ES was 4–10 weeks in the retrospective 
cohort and 1–4 weeks in the prospective cohort.

Positive diagnostic results and data reanalysis
In genotype-centric analysis step 1, P/LP variants were 
identified in 187 cases, representing an 11.6% diagnos-
tic rate (187/1618). VUSes were identified in 55 cases 
(3.4%, 55/1618). Step 2 shows phenotype-driven analy-
sis resulted in additional positive diagnostic variants in 
28 cases (1.7%, 28/1618). In addition, VUSes potentially 
related to phenotypes were identified in 68 cases (4.2%, 
68/1618).

In step 3 for data reanalysis, 295 cases obtained addi-
tional new phenotypes during the prenatal or perinatal 
period. One case received upgrades from inconclusive to 
positive based on further phenotypic information. After 
reanalysis, P/LP variants previously interpreted as inci-
dental findings in steps 1 and 2 in 7 cases (0.4%, 7/1618) 
were reclassified as disease-related based on additional 
phenotypes in late pregnancy. The detailed informa-
tion of fetuses with diagnostic or VUS results with new 
phenotypes is summarized in Additional file 2: Table S2. 
In addition, 3 cases (0.2%, 3/1618) were upgraded from 
negative to P/LP due to a new disease gene identified in 
reanalysis upon special clinical requests, 2 cases with 

intragenic copy number variants, and 1 case with a sec-
ond allele identified by Sanger sequencing were revealed 
by reanalysis. Altogether, data reanalysis yielded an 
increased diagnostic rate of 0.9% (14/1618), of which 
50.0% (7/14) attributed to new phenotypes reclassified 
from IFs to positive diagnoses, and 21.4% (3/14) attrib-
uted to new disease genes identified. In addition, eight 
cases were upgraded from negative to inconclusive based 
on the newly provided phenotype, yielding a VUS rate of 
0.5% (8/1618). The overall positive diagnostic and VUS 
rates of each analysis step are summarized in Table 1.

In total, 253 different variants across 135 unique genes 
were identified as positive diagnoses in 229 fetal cases 
(Additional file  2: Table  S3), with an overall diagnostic 
rate of 14.2% (229/1618). Of these, 98 diagnostic variants 
(38.7%, 98/253) were not previously reported. Of the 135 
genes identified, 26 (19.3%) were revealed to expand the 
previously reported fetal phenotype spectrum; 11 were 
outside the list in the PAGE study [8]. Twenty-seven 
genes (20.0%, 27/135) were reported in prenatal cases for 
the first time, of which potential fetal phenotype expan-
sion was identified in 13 genes (Table  2). Among the 
positive diagnostic cases, 172 (75.1%), 40 (17.5%), and 17 
(7.4%) were associated with autosomal dominant, reces-
sive, and X-linked disorders, respectively (Table 3). In our 
cohort, 134 cases had a family history record with prior 
affected pregnancies or relatives, including 100 with 
similar phenotypes (significant family history) and 34 
with different phenotypes. The diagnostic rate was 48.0% 
(48/100) in cases with a significant family history, signifi-
cantly higher than that for sporadic cases (11.8%, p<0.01).

The diagnostic rate in the retrospective cohort was 
significantly higher than that in the prospective cohort 
(17.3% vs. 12.4%, p<0.01). Significantly higher diagnostic 
rates were obtained in fetuses with abnormalities in skel-
etal systems (30.4%) and multiple organ systems (25.9%) 

Table 1  The overall positive diagnostic and inconclusive rates in each analysis step

Analysis step Diagnostic results Inconclusive results

Step 1
(Genotype-driven)

187/1618 (11.6%) 55/1618 (3.4%)

Step 2
(Genotype-Phenotype correlation based 
on initial invasive indications)

28/1618 (1.7%) 68/1618 (4.2%)
19 due to genotype-phenotype correlations

9 due to family co-segregation

Step 3
(Reanalysis due to new phenotypes or 
physician’s requests)

14/1618 (0.9%) 8/1618 (0.5%)
1 due to new phenotypes upgrading from VUS to LP

7 due to new phenotypes reclassified from IFs to positive diagnoses

3 due to new disease genes identified

2 with intragenic copy number variants

1 with focused Sanger analysis for a disease gene possessing pseudogene sequence

Total 229/1618 (14.2%) 131/1618 (8.1%)
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than in other subgroups (p< 0.05) (Fig.  2,  Additional 
file  2: Table  S4). No molecular diagnosis was made by 
pES for the 46 fetuses with chest malformations.

Among the diagnosed cases, genes associated with 
neurodevelopmental disorders were found in all patients 
with central nervous anomalies (n=33). Positive cases 
with multisystem or cardiovascular abnormalities 
showed significantly higher probability (85.7% and 86.5%) 
of harboring neurodevelopmental disorder-related 

variants than cases with skeletal (44.4%), facial (25.0%), 
and urogenital (6.7%) anomalies (p<0.05).

Genotype‑phenotype correlation analysis
In this study, clinical features were converted into 
standard HPO terms for all cases to facilitate the gen-
otype-phenotype correlation analysis. A disease gene 
was considered potentially relevant to the fetal anom-
alies if its associated clinical phenotypes meet one of 

Table 3  Inheritance patterns of positive diagnostic and VUS cases

Inheritance patterns Total AD AR XL

De novo Inherited from the 
parent

De novo Maternally 
inherited

Positive diagnostic cases 229 145 27 40 7 10
  Retrospective cohort 98 70 5 12 5 6

  Significant history/family history 11/12 0/1 5/5 4/4 0/0 2/2

  Prospective cohort 131 75 22 28 2 4

  Significant history/family history 37/42 1/5 15/15 17/18 0/0 4/4

VUS cases 131 36 17 60 3 15
  Retrospective cohort 48 26 0 16 2 4

  Significant history/family history 0/1 0/0 0/0 0/0 0/0 0/1

  Prospective cohort 83 10 17 44 1 11

  Significant history/family history 13/14 0/0 4/5 8/8 0/0 1/1

Negative cases 1246
  Retrospective cohort 411

  Significant history/family history 12/13

  Prospective cohort 835

  Significant history/family history 27/52

Fig. 2  Diagnostic rates based on malformation classification. The highest diagnostic rates were obtained in fetuses with multiple organ and skeletal 
anomalies and the lowest in fetuses with chest anomalies
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the following criteria: (1) match HPO entry of the fetal 
phenotype; (2) match the superclass based on HPO 
or clinical synopsis in Online Mendelian Inheritance 
in Man (OMIM) database; (3) be reported in previous 
cases manifesting the same or similar phenotypes of 
the fetuses.

Among the 229 diagnostic cases, 195 disease genes 
(85.2%, 195/229) matched at least one HPO term, and 
27 (11.8%, 27/229) fit the superclass based on HPO or 
clinical synopsis in OMIM, showing atypical pheno-
types. Variants in 4 genes (1.7%, 4/229) were initially 
considered as incidental findings and reclassified as 
diagnostic results due to similar phenotypes reported 
in the literature (cases 29, 39, 208, and 229). Three 
genes (KMT2C, KCNT1, NFIB) identified in fetuses 
with increased NT have not been reported prenatally 
(cases 169, 170, and 172).

In the 229 diagnosed cases, 49 had additional new phe-
notypes during prenatal and/or postnatal periods. P/LP 
variants identified in 7 fetuses (3.1%, 7/229) were consid-
ered as incidental findings based on initial fetal anomalies 
and reclassified as diagnostic variants due to new pheno-
types in data reanalysis (Additional file 2: Table S2). One 
case (0.4%, 1/229) was upgraded from VUS to LP due to 
new phenotypes (case 207).

Frequent molecular diagnosis of disease genes
The most frequent diagnostic genes in 4 or more cases 
were FRFR3 (n=15), COL1A1 (n=12), KMT2D (n=11), 
COL2A1 (n=6), PTPN11 (n=6), TSC2 (n=6), FGFR2 
(n=5), FLNA (n=4), NIPBL (n=4), HNF1B (n=4), and 
COL1A2 (n=4) (Fig. 3).

Intragenic copy number variants (CNVs)
While gross copy number abnormalities were ruled out 
by karyotype/CMA for this cohort and CNV analysis was 
not part of the routine pES testing, focused CNV analysis 
on highly suspected genes based on phenotypes was per-
formed for selected cases upon clinicians’ requests in the 
reanalysis step. The potential significant CNVs were con-
firmed by orthologous methods for a definitive diagnosis. 
Such assessments resulted in 2 additional positive cases 
involving intragenic deletions in the ATRX and SHOX 
genes (0.3%; case 126 and case 162).

Diagnostic rates in relation to NT measurement
In our cohort, NT measurement results were available for 
690 cases, including 121 patients with isolated increased 
NT (≥3.5 mm) without concomitant anomalies (the iso-
lated group) and 569 cases with increased NT (47 with 
NT ≥3.5 mm, and 522 with NT between 3.0 and 3.4 
mm) associated with other structural abnormalities (the 
associated group; Additional file  2: Table  S5). The pES 

detection rates were 5.0% in the isolated group and 25.5% 
in the associated group with NT ≥3.5 mm, respectively 
(p<0.05). For cases with isolated increased NT between 
3.5 and 4.9 mm, the total diagnostic rate was 3.8% (3/78). 
The diagnostic rates increased with increasing NT meas-
urement, although the correlation was not statistically 
significant (p=0.08). No such correlation was observed in 
the associated group.

Number of candidate variants analyzed
The numbers of potential diagnostic/candidate vari-
ants in step 1 (genotype-driven) and step 2 (phenotype-
driven) in 525 representative cases (including all or at 
least 50 cases from each malformation class) are analyzed 
and listed in Additional file 2: Table S6. The numbers of 
candidate variants based on malformation class and over-
all result category (positive, inconclusive, and negative), 
are summarized in Additional file  2 Table  S7. The aver-
age total number of variants closely reviewed per case 
was 1.7, and the mean number of variants interpreted as 
irrelevant after a quick review was 34.3. Overall, the neg-
ative cases had a significantly lower number of variants 
analyzed for all 6 statistical indexes, with either candidate 
variants ruled out after close review or no candidates for 
review (p<0.01). Moreover, cases with multisystem mal-
formations had the highest number of variants closely 
reviewed (mean 3.1) and the highest number of variants 
quickly ruled out (mean 55.3).

The amount of time for reviewing these candidate 
variant(s) for each case was approximately 15 min on 
average, ranging from 5 to 30 min for the vast majority 
of cases.

Inconclusive results
Variants of uncertain significance were detected in 131 
fetuses (Additional file  2: Table  S8), including 2 cases 
combined with positive diagnostic variants and 15 
with significant family history. ES reanalysis resulted in 
upgrades from negative to inconclusive for 8 cases due 
to new phenotypes. Therefore, the inconclusive rate in 
this study was 8.1% (131/1618). Twenty-four inconclusive 
cases (18.3%, 24/131) with fetal phenotype consistency 
and variants predicted to be deleterious or reported in 
previous cases were considered as high-risk inconclusive, 
including 5 cases (cases 244, 267, 347, 346, and 357) with 
prior similarly affected fetuses in each family.

Incidental and secondary findings
Incidental findings with childhood-onset disease gene 
were revealed in 8 fetuses (0.5%, 8/1618) and second-
ary findings were detected in 13 fetuses (0.8%, 13/1618) 
according to ACMG recommended list (Additional file 2: 
Table S9). All the incidental findings were reported based 
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Fig. 3  Frequent positive and potential diagnostic genes. The number of cases by disease genes in different malformation categories is shown
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on consensus between the laboratory and clinicians. 
Of note, secondary findings with childhood-onset dis-
eases in 3 fetuses (3/13, 23.1%) were also included in the 
reports.

Candidate genes
Candidate gene analyses focused on de novo etiology and 
prioritized 33 variants based on the combined consider-
ations of gene function and variant type (1 nonsense, 4 
frameshift, and 28 missense changes) in 31 cases (Addi-
tional file 2: Table S10). In addition, compound heterozy-
gous missense variants in the ASXL3 gene were identified 
in a family having 3 children with congenital heart defects 
[22]. Of these 32 cases, 16 had cardiovascular anomalies, 
1 had fetal hydrops, 5 had urogenital anomalies, 4 had 
skeletal abnormalities, and 2 had central nervous or chest 
or multisystem anomalies, respectively.

Pregnancy outcomes and assessment of the clinical impact
Pregnancy outcomes were available in 1462 (90.4%) of 
the 1618 cases. Ninety-five cases were lost to follow-
up (5.9%, 95/1618), and 61 were still in pregnancy until 
February 2022. For the remaining cases, 579 were ter-
minated, 5 were fetal demise, and 878 were live birth, 
including 19 with neonatal death (Additional file  2: 
Table S11).

In the retrospective cohort, 98 cases (17.3%, 98/565) 
obtained molecular diagnosis contributing to recurrence 
risk assessment and reproductive planning. For the 5 
cases with incidental or secondary findings with child-
hood-onset disease genes in the retrospective cohort, 
2 were terminated due to fetal anomalies, and 3 (0.5%, 
3/565) were live birth with the ES results implicated for 
future clinical surveillance and medical management.

In the prospective cohort, clinical impacts were evalu-
ated in all cases (Table 4). For terminated cases with diag-
nostic findings, 25.7% (27/105) were terminated due to 
fetal anomalies prior to ES results, and 74.3% (78/105) 
made the decision based on positive ES results. For diag-
nostic cases with live birth, the clinical decision of con-
tinuation of pregnancy was made in 35.0% of cases (7/20) 
due to non-neurodevelopmental consequences, 20.0% 
(4/20) due to inherited from either parent, and 40.0% 
(8/20) due to both effects, respectively. Overall, positive 
ES results contributed to clinical decision making on ter-
mination (59.5%) or continuation of pregnancy (14.5%) 
in 97 cases (74.0%, 97/131). Inconclusive results had a 
predominantly clinical impact in one case (1.2%, 1/81), 
manifesting increased NT and pleural effusion with deci-
sion making on termination (reported in the previous 
case with intellectual disability and behavior disorder 
[23]), and 10 cases (12.3%, 10/81) with decision making 
on the continuation of pregnancy due to inherited from 

either parent. Incidental findings had a clinical impact 
in 2 cases (40%, 2/5) with decision making on the con-
tinuation of pregnancy due to non-neurodevelopmental 
consequences and implications for clinical management. 
Secondary finding with a childhood-onset disease was 
reported in 1 case, contributing to clinical surveillance 
and management with live birth. For negative cases, the 
clinical decision to continue pregnancy was made in 
60.2% of cases (502/834) based on negative ES results 
and severity and treatability of fetal anomalies. In total, 
ES results showed an overall clinical impact of 61.5% 
(648/1053) on decision making regarding termination or 
continuation of pregnancy in the prospective cohort.

Discussion
This study summarizes the clinical experience in imple-
menting pES based on a hospital multidisciplinary team 
model. The care of a fetal patient is becoming more per-
sonalized and precise as prenatal diagnosis gets more 
sophisticated. Prenatal imaging, maternal serum screen-
ing, genetic analysis, and multidisciplinary collaboration 
promote the accurate identification of fetal abnormali-
ties. The multidisciplinary model of fetal medicine, based 
on the analysis and opinions of experts from different 
specialties, makes consensus recommendations on the 
management of specific high-risk pregnancies or com-
plicated fetal conditions. Not only evidence-based pre-
natal protocols can be adjusted and developed, but also 
multidisciplinary teams can coordinate follow-up in early 
childhood, especially in patients treated with prenatal 
invasive intervention, thus improving the patient’s prog-
nosis [2, 24]. This study is the first time that an MDT with 
a stepwise framework analyzed and interpreted prenatal 
ES data in a large cohort of 1618 fetal cases and assessed 
the clinical impact of prenatal ES.

It is well known that ES is typically a phenotype-driven 
test. Despite the advances in prenatal imaging, the fetal 
genotype-phenotype correlation remains the major prac-
tical challenge of prenatal ES. Currently, there is no fetal 
variant database equivalent to postnatal ones. Variable 
presentations of fetal disorders and the appearance of 
ultrasound abnormalities at late gestational age can only 
complicate the pES data interpretation [25]. Furthermore, 
some phenotypes are impossible to determine from pre-
natal imaging, such as developmental delay, intellectual 
disability, metabolic abnormality, and subtle dysmorphic 
features. A previous study focused on fetuses with multi-
ple congenital anomalies, using a genotype-first approach 
followed by reverse phenotyping, shed light on unex-
pected fetal phenotype-genotype correlations [26].

In our study, we performed the variant analysis in three 
steps. The genotype-driven followed by phenotype-driven 
and reanalysis approach identified diagnostic variants 
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in 81.7% (187/229), 12.2% (28/229), and 6.1% (14/229) 
positive cases in each step, respectively. Twenty-six genes 
were revealed to expand the spectrum of fetal phenotypes 
not reported previously. Twenty-seven genes were firstly 
reported in prenatal cases. Variants in 4 cases (1.7%) were 
initially considered as incidental findings and reclassi-
fied as diagnostic results based on literature searching 
for similar phenotypes as atypical clinical symptoms. 

For case 225 with supraventricular tachycardia, enlarged 
cisterna magna, ascites, and pleural effusion, a de novo 
nonsense variant was identified in the CSNK2A1 gene 
with very vague HPO “match” for cardiovascular sys-
tem defects. Postnatal examination after termination 
showed dysmorphic features including hypertelorism, 
low-set ears, open mouth, and camptodactyly of a finger, 
which confirmed the genotype-phenotype correlation. 

Table 4  Clinical impacts of ES results in the prospective cohort

Clinical impacts No. of cases Percentage (%)

Diagnostic cases 131 12.4 (131/1053)
1. Termination 105 80.2 (105/131)

  (1) Decision making on termination due to positive ES result 78 74.3 (78/105)

  (2) Termination due to fetal anomaly prior to ES result 27 25.7 (27/105)

2. Continuation of pregnancy and implication for clinical management 20 15.3 (20/131)

  (1) Decision making due to non-neurodevelopmental phenotype 7 35.0 (7/20)

  (2) Decision making due to inherited from either parent 4 20.0 (4/20)

  (3) Decision making due to non-neurodevelopmental phenotype and inherited from the parent 8 40.0 (8/20)

  (4) Initial negative result becoming positive due to new disease gene identified 1 5.0 (1/20)

3. Fetal birth before ES report returned 3 (1 with neonatal demise) 2.3 (3/131)

4. Lost to follow-up 1 0.8 (1/131)

5. In pregnancy 2 1.5 (2/131)

VUS cases 81 7.7 (81/1053)
1. Termination 41 50.6 (41/81)

  (1) Termination due to fetal anomaly prior to ES result 28 68.3 (28/41)

  (2) Termination due to VUS results and fetal anomaly 12 29.3 (12/41)

  (3) Termination due to VUS results predominantly 1 2.4 (1/41)

2. Continuation of pregnancy 33 40.7 (33/81)

  (1) Decision making due to VUS result and fetal anomaly 22 (1 with neonatal demise) 66.7 (22/33)

  (2) Decision making due to VUS inherited from either parent 10 30.3 (10/33)

  (3) Decision making due to precious IVF fetus 1 3.0 (1/33)

3. Lost to follow-up 2 2.5 (2/81)

4. In pregnancy 5 6.2 (5/81)

Cases of IFs with childhood-onset disease 5 0.5 (5/1053)
1. Termination due to fetal anomaly prior to ES result 1 20.0 (1/5)

2. Decision making on continuation of pregnancy due to non-neurodevelopmental phenotype of 
positive and IF result and implication for clinical management

1 20.0 (1/5)

3. Decision making on termination due to positive and IF results 1 20.0 (1/5)

4. Decision making on continuation of pregnancy due to non-neurodevelopmental phenotype of IF 
result and implication for clinical management

1 20.0 (1/5)

5. In pregnancy 1 20.0 (1/5)

Cases of SFs with childhood-onset disease 1 0.1 (1/1053)
1. Decision making on continuation of pregnancy and implication for clinical management 1

Negative cases 834 79.2 (834/1053)
1. Termination due to fetal anomaly prior to ES result 205 24.6 (205/834)

2. Decision making on continuation of pregnancy due to negative result and fetal anomaly severity 502 (7 with neonatal demise 
and 4 with fetal demise)

60.2 (502/834)

3. Fetal birth before ES report returned 10 1.2 (10/834)

4. Lost to follow-up 64 7.7 (64/834)

5. In pregnancy 53 6.4 (53/834)
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The above data further demonstrate the importance and 
necessity of “real-time” refining of phenotypic informa-
tion for exome data interpretation, improving diagnos-
tic performance and facilitating identification of novel 
genotype-phenotype associations [27, 28]. Therefore, it 
is recommended that a multidisciplinary team with full 
communication and interaction will improve prenatal ES 
detection efficiency and medical quality control [29, 30].

The mean number of closely reviewed variants was 1.7, 
and the average time to review candidate variants was 
approximately 15 min for each pES trio in our cohort. 
More than 50% of cases have only one or no candidate 
variants for close review (median = 1). These data dem-
onstrated that the stepwise analysis strategy in our study 
was highly efficient and time-saving.

Previous reports highlighted the benefits of imple-
menting ES and regular reanalysis in the clinical setting, 
with additional 5–22% yields by reanalysis [31]. In our 
study, data reanalysis only yielded an overall increased 
diagnostic rate of 0.9%. The possible reasons for the sig-
nificantly lower yield of reanalysis may include (1) firstly, 
data reanalysis was only performed on those with addi-
tional new phenotypes and upon the physicians’ request 
(n=593); (2) secondly, our cohorts were all prenatal 
fetuses, and 35.8% (579/1618) cases chose termination of 
pregnancy, which is not beneficial to comprehensive phe-
notyping; (3) thirdly, as most pregnant women returned 
to their local hospitals for delivery or termination, mak-
ing detailed postpartum phenotype collection difficult; 
(4) finally, one main limitation of our study is the lack of 
regular and long-term postnatal follow-up, which needs 
to be further improved and supplemented.

By ES detection, the diagnostic rate in the retrospec-
tive cohort (17.3%) was higher than that in the prospec-
tive cohort (12.4%). Similar results were obtained in the 
most recent study comparing prospective (13%, 24/183) 
and retrospective (29%, 35/120) cohorts of fetal clinical 
exome sequencing [13]. As ES was performed at the end 
of the pregnancy in the retrospective cohort, fetal phe-
notype observation was much more distinct and compre-
hensive. The detection rate of 8.5% reported in the largest 
prospective PAGE study [8] was lower than the 12.4% 
detection rate of the prospective cohort in the present 
study. pES analysis in the PAGE study mainly focused on 
1628 development-related genes, while our pES assessed 
all known OMIM disease genes plus genes annotated in 
the Orphanet database. A total of 11 diagnostic genes in 
our cohort were outside the list in the PAGE study, sug-
gesting a more comprehensive approach can improve the 
clinical sensitivity of pES.

Among the different malformation categories, the top 
five positive predictors for monogenetic diseases were 
skeletal anomalies (30.4%), multiple malformations 

(25.9%), cardiovascular anomalies (12.8%), central nerv-
ous anomalies (12.6%), and facial anomalies (9.7%). Nota-
bly, none of the 46 fetuses with anomalies in the chest 
system achieved molecular diagnosis by pES, suggesting 
isolated chest malformation is highly unlikely related to a 
monogenic disease. However, the limited sample size ren-
ders further evaluation necessary. Furthermore, the diag-
nostic rate (48%, 48/100) in the subgroup with significant 
family history was much higher than the overall detection 
rate (14.2%), further illustrating the strong genetic back-
ground in cases with family history. However, 39 of such 
cases remained unresolved, half consisting of cases with 
a family history of cardiovascular malformations (n=11) 
and cleft palate and lip (n=9), consistent with the known 
multifactorial etiology of these structural malformations. 
For all families with negative pES results but with strong 
indications for a monogenic cause, more efforts may be 
needed to reach a molecular diagnosis, including reanal-
ysis over time with new gene discoveries, technical opti-
mizations, and utilization of more advanced diagnostic 
methods such as whole genome sequencing [32, 33].

Neurodevelopmental involvement is the most promi-
nent condition of concern that impacts the parental 
decision on pregnancy. Our results showed a high like-
lihood of adverse neurodevelopmental consequences in 
diagnosed cases with central nervous anomalies, FGR, 
isolated hydrops, multisystem anomalies, cardiovascu-
lar anomalies, and increased NT. In contrast, diagnosed 
cases with skeletal, facial, and urogenital anomalies were 
less associated with neurodevelopmental abnormalities. 
These results may be helpful for prenatal genetic coun-
seling and need further corroboration from additional 
cohorts.

For fetuses with increased NT (≥3.5 mm), the detec-
tion rate was significantly higher in the associated group 
than in the isolated group (25.5% vs. 5%, p<0.05) in our 
cohort, consistent with previous pES studies [34]. The 
pES positive rate in the isolated increased NT group in 
our cohort (5%) is similar to a previous meta-analysis 
showing a 4% (95% CI 2–6%) incremental yield in such 
cases [35]. These data indicate that the diagnostic yield 
of pES is low for fetuses with truly isolated increased NT 
once chromosomal abnormalities are excluded. In con-
trast, increased NT combined with additional anomalies 
appears to be a positive predictor for a molecular diagno-
sis (25.5% positive rate), and such fetuses may be prior-
itized for pES testing.

In our large cohort, 20.0% (27/135) of the diagnostic 
genes were reported in prenatal cases for the first time; 
this expanded the phenotypic spectrum of single-gene 
disorders to the prenatal setting. Current mutation data-
bases such as ClinVar and Human Genetics Mutation 
Database include limited fetal phenotypic data, making 
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fetal phenotype-genotype correlation extremely chal-
lenging. Continuing efforts on the pES data analysis 
can provide new information regarding the spectrum of 
anomalies in rare disorders or well-established genetic 
conditions without known prenatal characteristics [36]. 
This new information, in turn, can effectively help to 
clarify the uncertain significance of results. For example, 
de novo P/LP variants in the NFIA gene were identified 
in two fetuses (cases 4 and 19) with agenesis of the cor-
pus callosum and ventriculomegaly by prenatal ultra-
sound and brain MRI at the gestational age of 33 and 22 
weeks, respectively. The NFIA-related autosomal domi-
nant brain malformations with or without urinary tract 
defects disorder (BRMUTD; OMIM: 613753) is quite 
rare, with intragenic mutations described in ~20 affected 
individuals so far [37]. Central nervous system abnormal-
ities for BRMUTD mainly comprise agenesis or hypo-
plasia of the corpus callosum, and additional features 
include macrocephaly, seizures, ventriculomegaly, and 
hypotonia. NFIA was also considered as the critical gene 
for 1p32-p31 deletion syndrome. NFIA haploinsuffi-
ciency has been associated with ventriculomegaly, corpus 
callosum hypogenesis, abnormal external genitalia, and 
intrauterine growth restriction in a fetus [38]. Here, we 
firstly reported two fetal cases with an NFIA intragenic 
mutation and CNS structural anomalies highly consist-
ent with the postnatal presentations of BRMUTD and the 
prenatal features for 1p32-p31 deletion syndrome, rein-
forcing the genotype-prenatal phenotype association for 
this extremely rare disorder.

The uncertainty of the VUSes identified in the fetuses 
can result in significant anxiety and make decision 
making challenging for the parents. Effective resolu-
tion strategies include family segregation analysis, con-
firmatory clinical test / tracing phenotypic clues, case 
matching by genotype, and functional validation [39]. 
Family segregation analysis is the most convenient to 
carry out in clinical practice; however, it is not help-
ful for the de novo VUS, comprising 29.8% (39/131) of 
inconclusive results in prenatal cases. Due to the time 
urgency of prenatal diagnosis, it is usually challenging 
to implement functional validation for ongoing preg-
nancy. For case 35 in our retrospective cohort, cleft 
lip and palate were presented in the fetus, mother, and 
grandfather. A maternally inherited splicing variant 
c.1920+1G>A was detected in the ARHGAP29 gene, 
which is not a known OMIM disease gene, but recorded 
in the Orphanet database for nonsyndromic cleft lip 
and palate (ORPHA:199306). After termination, the 
mRNA level of ARHGAP29 from samples of the fetus 
and mother was tested and demonstrated significantly 
decreased compared to the wild type. RT-PCR analysis 
revealed the variant caused abnormal skipping of exon 

17 in the ARHGAP29 gene [40]. Phenotypic tracing and 
clarification is another critical approach, which needs 
close collaboration between the laboratory and clini-
cians. Detailed descriptions of phenotypes in fetuses and 
family members, including differences in clinical pres-
entations, even if subtle or atypical, are important and 
should be communicated [27]. When pregnancies are 
ended, postnatal examination by experts in dysmorphol-
ogy and fetal autopsy at post-mortem can be beneficial to 
refine the phenotype and target specific genes for further 
in-depth investigation [25]. Furthermore, long-term post-
natal follow-up is also critical to ascertain the individual’s 
clinical situation and provide proper prenatal counseling.

Compared to the smaller sample size of previous studies 
on the clinical impact of prenatal ES [41–44], in our large 
retrospective cohort, 17.3% (98/565) cases obtained molec-
ular diagnoses that guide precise recurrence risk assess-
ment and reproductive planning. In the prospective cohort, 
positive ES results contributed to decision making on ter-
mination or continuation of pregnancy in 74.0% of diag-
nostic cases (97/131). It has been reported that the overall 
frequency of unsolicited findings (unrelated to the clinical 
question) in clinical whole-exome sequencing is low [45, 
46]. In our prenatal cohort, the detection rate of unexpected 
findings, including incidental and secondary findings, was 
1.3% (21/1618). Guided by previous statements from inter-
national society [29, 47], incidental and secondary findings 
with childhood-onset diseases were also reported. In the 
retrospective cohort, IFs and SFs were reported in 0.5% 
(3/565) cases with live birth, implicating future clinical sur-
veillance and management. Of the prospective cohort, pre-
natal ES had a clinical impact on 2 cases with IFs and 1 case 
with SF regarding pregnancy decision making and clinical 
management. Our experience demonstrated the substantial 
clinical impact and significant prognostic contribution of ES 
to pregnancy assessments in the prenatal setting.

Although prenatal ES increased the overall diagnostic 
yield by 14.2% in our structurally anomalous fetuses with 
uninformative karyotype and CMA results, significant 
challenges remain to be overcome when translating ES 
into clinical practice. Ethical issues that are not unique 
to prenatal fetal ES detection, such as non-biological par-
ents, the chance of detecting incidental findings, second-
ary findings, and variants of uncertain significance, can 
be managed through consistent laboratory principles 
and a multidisciplinary system [48, 49]. Prenatal ES data 
analysis and interpretation within the hospital will facili-
tate continuous communications and confirmations by 
the multidisciplinary team, further enhancing confidence 
in the clinical management of such complicated cases. In 
addition, before applying prenatal ES into routine clini-
cal practice, policies and procedures ensuring patient pri-
vacy and confidentiality need to be clarified [47].
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Conclusions
In conclusion, our data, the largest pES cohort so far, 
showed that most (81.7%) of the causative genes and vari-
ants could be captured by genotype-driven analysis prior-
itizing a short list independent of phenotypic information 
followed by focused clinical correlation and variant inter-
pretation. Herein, the proven efficient genotype-driven 
approach enabled rapid analysis through minimizing 
the most challenging and time-consuming clinical cor-
relation part of pES analysis. Such assumption agnostic 
strategy also identified potential novel genotype-prenatal 
phenotype association in many gene/disorders. Findings 
from pES, especially informed adverse neurodevelopment 
outcome risk assessment based on pES results, impacted 
the clinical decision regarding termination vs. continua-
tion of the pregnancy in >60% of couples in the prospec-
tive cohort. Our study demonstrated that pES clearly 
improves existing prenatal diagnostic capabilities, expands 
our understanding of genetic disease in utero, and thus 
helps us to better interpret fetal phenotypes in the future. 
The data presented here affirm the compelling evidence 
for applying ES as a very promising technique in prena-
tal genetic diagnosis, especially for fetuses with multiple 
organ/skeletal abnormalities/positive family histories, and 
highlight the necessity of establishing a multidisciplinary 
consultation system to implement prenatal ES.
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