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Prospective prenatal cell-free DNA screening 
for genetic conditions of heterogenous 
etiologies

Prenatal cell-free DNA (cfDNA) screening uses extracellular fetal DNA 
circulating in the peripheral blood of pregnant women to detect prevalent 
fetal chromosomal anomalies. However, numerous severe conditions 
with underlying single-gene defects are not included in current prenatal 
cfDNA screening. In this prospective, multicenter and observational study, 
pregnant women at elevated risk for fetal genetic conditions were enrolled 
for a cfDNA screening test based on coordinative allele-aware target 
enrichment sequencing. This test encompasses the following three of the 
most frequent pathogenic genetic variations: aneuploidies, microdeletions 
and monogenic variants. The cfDNA screening results were compared to 
invasive prenatal or postnatal diagnostic test results for 1,090 qualified 
participants. The comprehensive cfDNA screening detected a genetic 
alteration in 135 pregnancies with 98.5% sensitivity and 99.3% specificity 
relative to standard diagnostics. Of 876 fetuses with suspected structural 
anomalies on ultrasound examination, comprehensive cfDNA screening 
identified 55 (56.1%) aneuploidies, 6 (6.1%) microdeletions and 37 (37.8%) 
single-gene pathogenic variants. The inclusion of targeted monogenic 
conditions alongside chromosomal aberrations led to a 60.7% increase 
(from 61 to 98) in the detection rate. Overall, these data provide preliminary 
evidence that a comprehensive cfDNA screening test can accurately identify 
fetal pathogenic variants at both the chromosome and single-gene levels 
in high-risk pregnancies through a noninvasive approach, which has the 
potential to improve prenatal evaluation of fetal risks for severe genetic 
conditions arising from heterogenous molecular etiologies. ClinicalTrials.
gov r eg is tr at ion: C hi CT R2 10 00 45 739.

Birth defects are structural or functional abnormalities that can occur 
during intrauterine life, at birth or later in infancy1. In live newborns, the 
prevalence of birth defects is approximately 2–4%, while it is increased in 
spontaneous miscarriages and stillbirths2,3. Genetic variations derived 
from chromosome aberrations and single-gene variants are among the 
leading factors causing birth defects which account for 13–15% of their 
underlying etiology4. To ameliorate the impacts of genetic conditions 
on affected patients and their families, most of which have no effective 

treatments, carrier and newborn screening for conditions such as 
Tay-Sachs disease, cystic fibrosis and phenylketonuria have been 
implemented before or after birth5. These population-based screen-
ing tests have resulted in timely diagnosis, optimized treatment and 
overall reduced birth defect incidence4,6–8. Importantly, the discovery 
of fetal cell-free DNA (cfDNA) in pregnant women’s peripheral blood 
elicited the development of noninvasive screening for Down syndrome 
(trisomy 21 or T21) and other frequent chromosomal abnormalities9,10. 
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results available for fetal germline variants, 15 had maternal variants 
in targeted genomic regions interfering with fetal assessment, 8 did 
not meet the sequencing depth requirements for the screening test 
and in 7 cases, the sequencing data failed quality control for singleton 
pregnancy due to multiple gestation or sample contamination (Fig. 1). 
The mean maternal age of all qualified participants in the final cohort 
(n = 1,090) was 30.8 years (Table 1). The proportion of women carrying 
pregnancies at the gestational ages of 12–18 weeks, 19–24 weeks and 
≥25 weeks was 28.9%, 39.8% and 31.3%, whereas the average fetal frac-
tion for each group was 10.6%, 11.7% and 17.2%, respectively (Table 1). 
All pregnancies were at high risk of fetal genetic disease—876 (80.4%) 
had fetal ultrasound anomalies, 116 (10.6%) had abnormal maternal 
serum screening results, 86 (7.9%) had high-risk results in standard 
cfDNA screening for chromosomal conditions and 12 (1.1%) had a pre-
vious pregnancy history suggesting an increased risk for fetal genetic 
conditions (Table 1 and Extended Data Table 3).

Diagnostic testing outcomes, derived from invasive prenatal 
or postnatal procedures that are part of the standard of care, were 
gathered following the cfDNA screening test from a total of 1,090 par-
ticipants. A total of 978 pregnant women underwent invasive prenatal 
procedures such as amniocentesis or chorionic villus sampling, and an 
additional 112 participants were tested on the products of conception 
or fetal cord blood (Table 1). This allowed for a comparative analysis 
between the results derived from the cfDNA screening and diagnos-
tic testing (Table 2). The diagnostic tests included next-generation 
sequencing (NGS) single-gene panels for targeted monogenic condi-
tions, whole-exome sequencing (WES), Sanger sequencing, chromo-
some microarray analysis, CNV sequencing (CNV-seq) and karyotyping 
(Table 3 and Extended Data Tables 4–6). All clinical pregnancy manage-
ment decisions were based on the results of diagnostic testing, rather 
than the comprehensive cfDNA screening results, in accordance with 
current standard practice guidelines. Pregnancy outcomes by post-
natal follow-up were pursued after which all the clinical examination 
results were evaluated to examine if they were consistent with the 
genetic diagnosis (Table 3 and Extended Data Tables 4 and 5).

The clinical validity of the comprehensive prenatal cfDNA 
screening
In all participants in the final cohort (n = 1,090), pathogenic genetic 
variants were detected in 135 (12.4%) pregnancies by the comprehensive 
cfDNA screening and confirmed by diagnostic testing, which included 
89 aneuploidies, 9 microdeletions and 37 monogenic variants (Table 2).  
There were 44 trisomy 21 (T21), 12 trisomy 18 (T18), 5 trisomy 13 
(T13), 15 45X, 5 47XYY, 6 47XXX and 2 47XXY fetuses with aneuploi-
dies. The microdeletions detected included six 22q11.2del and three 
4p16del cases (Fig. 1). In fetuses affected by monogenic conditions, 
diagnostic variants were found in the following genes (the number 
of affected fetuses is indicated): FGFR3 (13), COL2A1 (4), PTPN11 (3), 
HRAS (2), FGFR2 (2), KMT2D (2), COL1A2 (2), SOS1 (1), EBP (1), EPHB4 
(1), SMAD4 (1), TSC2 (1), KRAS (1), COL1A1 (1), NSD1 (1) and NRAS (1;  
Fig. 1 and Table 3). With respect to testing indication, the abovemen-
tioned diagnostic genetic variants were identified in 98 (11.2%) of 
876 pregnancies with fetal structural abnormalities, 35 (40.7%) of 86 
pregnancies with high-risk results on standard cfDNA screening for 
chromosomal conditions, 2 (1.7%) of 116 pregnancies with high-risk 
results on maternal serum screening and none were identified in the 
remaining 12 cases with previous pregnancy history suggestive of an 
increased risk for genetic conditions (Extended Data Table 3). Overall, 
the comprehensive cfDNA screening demonstrated a clinical sensitivity 
of 98.5% (95% confidence interval (CI), 94.3–99.7%) and specificity of 
99.3% (95% CI, 98.4–99.7%) for all conditions screened (Table 2). These 
values were determined by comparing the screening with gold-standard 
diagnostic tests for all the conditions screened (Table 3 and Extended 
Data Tables 4, 5 and 6). The positive predictive value (PPV) and nega-
tive predictive value (NPV) were 95.7% (95% CI, 90.6–98.3%) and 99.8% 

After clinical studies demonstrated its significantly improved accuracy 
over conventional maternal serum and/or image-based prenatal screen-
ing for the detection of aneuploidies, prenatal cfDNA screening has 
been widely adopted around the world11–15. With highly efficient DNA 
sequencing technologies and bioinformatic tools, cfDNA screening 
has been expanded to include microdeletion syndromes caused by 
chromosome segmental copy number losses such as 22q11.2 deletion 
syndrome16–18. Importantly, the fetal cfDNA analysis has enabled the 
clinical application of noninvasive prenatal diagnosis for single-gene 
conditions in high-risk pregnancies, including those with abnormal 
fetal ultrasound findings19–21. This approach has demonstrated its high 
degree of accuracy, thereby reducing unnecessary invasive diagnostic 
procedures22–24. Initial investigations of prenatal cfDNA screening for 
multiple monogenic conditions within a diverse population have indi-
cated promising results, but meticulous follow-up studies centered on 
individual patient diagnostic outcomes are required to substantiate 
its validity in a clinical context25–27.

In more than half of pediatric patients and fetuses with single-gene 
defects, these conditions are attributed to de novo monogenic vari-
ants28–31. However, the detection of such variants falls outside the 
purview of conventional prenatal cfDNA screening or parental car-
rier screening. As a result, with the existing standard of prenatal care, 
severe, monogenic conditions like FGFR3-related skeletal dysplasia are 
typically detected first through fetal ultrasound screening32. By this 
stage, the available options for managing the pregnancy may be sub-
stantially constrained. To counter these limitations, we have recently 
developed a new prenatal cfDNA screening technique, known as coordi-
native allele-aware target enrichment sequencing (COATE-seq) for the 
concurrent screening of monogenic and chromosomal conditions33. 
COATE-seq attenuates both intra-allelic and interallelic hybridization 
bias, thereby enhancing the detection of low-level fetal variants asso-
ciated with common aneuploidies or copy number variations (CNVs; 
Extended Data Fig. 1)33. Furthermore, by leveraging the advantages 
of pair-end and high-coverage sequencing, this assay simultaneously 
analyzes both the cfDNA fragment length and allelic fraction associ-
ated with fetal monogenic variants. Such a dual strategy, used within 
a single test, results in simultaneous and enhanced detection of both 
chromosomal and monogenic variants33. Although cfDNA screening 
cannot replace phenotype-driven screening or diagnostic procedures 
executed via fetal imaging, it is complementary to existing strategies, 
thereby enhancing the detection rate of fetuses with genetic conditions 
of various molecular origins34–41. However, the accuracy of such a com-
prehensive screening approach has not yet been explored in routine 
clinical settings through prospective cohort studies. Additionally, 
it remains uncertain to what extent there is an additional detection 
yield when incorporating monogenic conditions beyond those chro-
mosomal abnormalities in current methods.

Given the substantial impact of cfDNA screening in prenatal care, 
this prospective observational study aims to evaluate the clinical valid-
ity and detection capabilities of a new prenatal screening methodol-
ogy using COATE-seq, which targets three of the most prevalent types 
of pathogenic genetic variants: aneuploidies, microdeletions and 
monogenic variants.

Results
Patients and data collection
Between 24 April 2021 and 10 September 2022, 1,191 sequentially identi-
fied pregnant women at elevated risk for fetal genetic conditions were 
enrolled and followed up in a prospective and observational clinical 
study from three maternity hospitals in different provinces of China. 
All participants underwent a comprehensive prenatal cfDNA screen-
ing test, which included the analysis of seven common aneuploidies, 
nine microdeletions and monogenic conditions associated with 75 
genes (Extended Data Tables 1 and 2). A total of 101 participants were 
excluded from further analyses. Of these, 71 had no diagnostic test 
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(95% CI, 99.1–100%) respectively. For aneuploidies, microdeletions, 
and monogenic conditions, the test sensitivity was 97.8% (95% CI, 
91.5–99.6%), 100% (95% CI, 62.9–100%), and 100% (95% CI, 88.3–100%), 
while the test specificity was 99.4% (95% CI, 98.6–99.8%), 100% (95% CI, 
99.6–100%), and 100% (95% CI, 99.5–100%), respectively (Table 2). The 
area under the receiver operating-characteristic (ROC) curve (AUC) for 
aneuploidies, microdeletions and monogenic conditions were 0.996, 
1.000 and 1.000, respectively (Table 2).

There were six false-positive cases on the comprehensive cfDNA 
screening that yielded negative results on diagnostic tests (Extended 
Data Table 5). All of these pregnancies also tested positive on standard 
cfDNA screening using a different analytical methodology involving 
low-depth whole-genome sequencing (Extended Data Table 5). In addi-
tion, there were two false-negative T21 cases (with positive results on 
diagnostic tests) that also tested negative on standard cfDNA screen-
ing (Extended Data Table 5). Given that two different methods both 
yielded false screening results for the abovementioned eight cases, it 
was unlikely that they were caused by analytical pitfalls in the cfDNA 
screening but may rather be the results of the genetic differences 
between the fetus and placenta. Confined placenta mosaicism and 
restricted variants in fetuses that are absent in the placenta are known 
factors to cause discrepant results in prenatal cfDNA screening and 
diagnostic testing42,43. Notably, although the comprehensive cfDNA 
screening test produced incorrect chromosomal results for eight 
pregnancies, there were not any false results in all 37 positive and 966 
negative cases for the monogenic conditions screened in this study  
(Table 2 and Fig. 1).

The detection yield of the comprehensive prenatal cfDNA 
screening in fetal structural anomalies
A diagnostic genetic variant was detected in 98 of 876 (11.2%) fetuses 
(P1–P98) with structural anomalies detected by ultrasound screening 

(Table 3 and Extended Data Table 4). Among them, 42 (42.9%) had 
common autosome aneuploidies (T21, T18 and T13), 13 (13.3%) had 
sex chromosome aneuploidies, 6 had microdeletions (6.1%) and 37 
(37.8%) had monogenic conditions (Fig. 2a, Table 3 and Extended 
Data Table 4). The overall detection rate for a diagnostic genetic 
variant was highest in lymphatic or effusion anomalies (36.9%), 
followed by skeletal (24.7%) and multisystem anomalies (23.3%;  
Fig. 2b). The detection rate for chromosomal aberrations, including 
both aneuploidies and microdeletions, was highest in lymphatic or 
effusion abnormalities (32.6%), followed by multisystem anoma-
lies (19.2%), increased nuchal translucency (8.8%), cardiac defects 
(5.7%) and craniofacial abnormalities (5.7%; Fig. 2b and Extended 
Data Table 3). The diagnostic yield for monogenic conditions was 
highest in skeletal abnormalities (23.5%), followed by lymphatic 
or effusion abnormalities (4.3%), multisystem anomalies (4.1%), 
fetal growth restriction (2.9%) and brain abnormalities (2.2%;  
Fig. 2b and Extended Data Table 3). The detection rate of a diag-
nostic genetic variant differed considerably with respect to fetal 
phenotypes and the underlying genetic etiologies. For instance, 
32.6% of fetuses with lymphatic or effusion abnormalities had chro-
mosomal conditions, while only 4.3% of such cases were caused by 
single-gene conditions (Fig. 2b and Extended Data Table 3). On the 
other hand, 23.5% of fetuses with skeletal anomalies were found 
to have monogenic conditions, while only 1.2% of such cases were 
attributed to chromosomal abnormalities (Fig. 2b and Extended Data  
Table 3).

In 13 (35.1%) of the 37 fetuses with structural anomalies caused 
by monogenic conditions (P18, P19, P20, P21, P22, P25, P26, P29, 
P32, P33, P34, P36 and P37), pathogenic variants were found in 
PTPN11, HRAS, KMT2D, SOS1, SMAD4, TSC2, KRAS, NSD1 and NRAS 
(Table 3). Defects in these genes are known to cause postnatal neu-
rological deficits such as learning disabilities, development delay 

1,191 patients were enrolled

101 were excluded
71 had no diagnostic testing results 
15 maternal carriers with variants in target regions
8 did not meet sequencing depth quality control
7 did not meet singleton quality control due to multiple 
pregnancy or sample contamination

1,090 patients underwent further analyses

1,082 were used for aneuploidy analysis

87 did not have diagnostic testing for
monogenic disorders

19 did not have diagnostic testing 
for microdeletions

1,071 were used for microdeletion analysis 1,003 were used for monogenic disorder analysis

95 had positive results
89 were positive on 
diagnostic testing 

44 T21, 12 T18, 5 T13, 
15 45X, 5 47XYY, 6 
47XXX, 2 47XXY

6 were negative on 
diagnostic testing

4 T13, 2 45X

987 had negative results
985 were negative on 
diagnostic testing 

2 were positive on 
diagnostic testing 

2 T21

8 did not have diagnostic testing for 
aneuploidies

1,062 had negative results
1,062 were negative on 
diagnostic testing 

37 had positive results
37 were positive on 
diagnostic testing 

13 FGFR3, 4  
COL2A1, 3 PTPN11, 
2 HRAS, 2 FGFR2, 2 
KMT2D, 2 COL1A2, 1
SOS1, 1 EBP, 1
EPHB4, 1 SMAD4, 1
TSC2, 1 KRAS, 1
COL1A1, 1 NSD1, 1
NRAS

966 had negative results
966 were negative on 
diagnostic testing 

9 had positive results
9 were positive on 

diagnostic testing 
6 22q11.2del, 3 
4p16del

Fig. 1 | Clinical study of comprehensive prenatal cfDNA screening targeting 
multiple types of genetic conditions. A total of 1,191 pregnant women were  
enrolled. Among them, 101 were excluded including 71 without diagnostic  
testing results, 15 maternal carriers with variants in target regions, 8 failing  
sequencing depth quality control requirements and 7 failing singleton quality 

control requirements due to multiple pregnancies or sample contamination. A 
final cohort of 1,090 cases was subjected to further analysis, and 135 pregnancies 
were identified through the new screening method, including 89 aneuploidies,  
9 microdeletions and 37 cases with monogenic conditions.
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and intellectual impairment, even though the affected fetuses did 
not show substantial central nervous system anomalies on routine 
prenatal ultrasound screening (Table 3). Overall, the detection 
for a diagnostic genetic variant was increased by 60.7% (from 61 
to 98) for pregnancies with fetal structural anomalies when those 
targeted monogenic conditions were analyzed in conjunction with 
chromosomal conditions (Fig. 2a and Extended Data Table 3). Note 
that the monogenic conditions associated with the 75 genes were 
selected specifically for this high-risk cohort. For an extended 
population, more stringent criteria should be applied, focusing 

on genes related to conditions characterized by severe outcomes, 
early onset, prevalent incidence and high analytical performance  
(Extended Data Table 2).

Table 1 | Demographic and clinical characteristics

Characteristics Values

Number of patients analyzed 1,090

Mean maternal age—year (range) 30.8 (20–46)

Median maternal age—year (range) 31.0 (20–46)

Mothers ≥35 years old—no. (%) 225 (20.6)

Mean maternal weight—kg (range) 60.7 (39–148)

Median maternal weight—kg (range) 59.7 (39–148)

Mean body mass index (range) 23.6 (15.4–61.4)

Mean gestational age at sample collection—week 
(range)

22.5 (12–37.1)

  Number of pregnancies 12–18 weeks (%); mean fetal 
fraction (%)

315 (28.9); 10.6

  Number of pregnancies 19–24 weeks (%); mean fetal 
fraction (%)

434 (39.8); 11.7

  Number of pregnancies ≥25 weeks (%); mean fetal 
fraction (%)

341 (31.3); 17.2

Pregnancies with fetal structural anomalies 876 (80.4)

 Cardiac—no. (%) 174 (19.9)

 Increased nuchal translucency—no. (%) 159 (18.2)

 Renal—no. (%) 108 (12.3)

 Brain—no. (%) 91 (10.4)

 Skeletal—no. (%) 85 (9.7)

 Multisystem anomalies—no. (%) 73 (8.3)

 Lymphatic or effusion—no. (%) 46 (5.3)

 Abdominal—no. (%) 41 (4.7)

 Craniofacial—no. (%) 35 (4.0)

 Fetal growth restriction—no. (%) 35 (4.0)

 Chest—no. (%) 17 (1.9)

 Spinal—no. (%) 12 (1.4)

Pregnancies with high-risk results on standard prenatal 
cfDNA screening—no. (%)

86 (7.9)

Pregnancies with high-risk results on maternal serum 
screening—no. (%)

116 (10.6)

Pregnancies with positive clinical history (for example, 
recurrent miscarriage)—no. (%)

12 (1.1)

Diagnostic testing on amniocytes—no. (%) 977 (89.6)

Diagnostic testing on chorionic villus—no. (%) 1 (0.1)

Diagnostic testing on product of conception—no. (%) 111 (10.2)

Diagnostic testing on umbilical cord blood—no. (%) 1 (0.1)

Pregnancy outcome live birth—no. (%) 623 (57.2)

Pregnancy outcome elective abortion—no. (%) 268 (24.6)

Pregnancy outcome spontaneous abortion (%) 2 (0.2)

Unknown pregnancy outcome—no. (%) 197 (18.1)

Table 2 | Clinical performance of the comprehensive 
prenatal cfDNA screening

Parameters Results

Overall

 True positive 135

 True negative 865

 False positive 6

 False negative 2

 Sensitivity (95% CI) 98.5% (94.3–99.7%)

 Specificity (95% CI) 99.3% (98.4–99.7%)

 Accuracy (95% CI) 99.2% (98.4–99.6%)

 PPV (95% CI) 95.7% (90.6–98.3%)

 NPV (95% CI) 99.8% (99.1–100%)

Aneuploidies

 True positive 89

 True negative 985

 False positive 6

 False negative 2

 Sensitivity (95% CI) 97.8% (91.5–99.6%)

 Specificity (95% CI) 99.4% (98.6–99.8%)

 Accuracy (95% CI) 99.3% (98.5–99.7%)

 PPV (95% CI) 93.7% (86.2–97.4%)

 NPV (95% CI) 99.8% (99.2–100%)

 AUC 0.996

Microdeletions

 True positive 9

 True negative 1,062

 False positive 0

 False negative 0

 Sensitivity (95% CI) 100% (62.9–100%)

 Specificity (95% CI) 100% (99.6–100%)

 Accuracy (95% CI) 100% (99.6–100%)

 PPV (95% CI) 100% (62.9–100%)

 NPV (95% CI) 100% (99.6–100%)

 AUC 1.000

Monogenic conditions

 True positive 37

 True negative 966

 False positive 0

 False negative 0

 Sensitivity (95% CI) 100% (88.3–100%)

 Specificity (95% CI) 100% (99.5–100%)

 Accuracy (95% CI) 100% (99.5–100%)

 PPV (95% CI) 100% (88.3–100%)

 NPV (95% CI) 100% (99.5–100%)

 AUC 1.000

The overall test sensitivity and specificity were calculated based on all confirmed positive 
cases through diagnostic testing on the variant detected by cfDNA screening and all negative 
cases confirmed by diagnostic tests covering all three types of variants
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Table 3 | Summary of fetuses affected by monogenic conditions identified by comprehensive prenatal cfDNA screening and 
confirmed by diagnostic testing

Participants GA 
(weeks)

MA 
(years)

Indications FF (%) Comprehensive prenatal cfDNA 
screening results

Diagnostic testing and 
pregnancy outcomes

P1 18.7 27 Systemic skeletal malformations 7.1 FGFR3 (NM_000142.4): c.742C>T, 
p.Arg248Cys, thanatophoric dysplasia

Amniocentesis; WES; elective 
abortion

P2 22.0 27 Generalized skeletal dysplasia, 
narrow aortic diameter, small 
cerebellum

12.9 FGFR3 (NM_000142.4): c.746C>G, 
p.Ser249Cys, thanatophoric dysplasia

Product of conception; 
NGS-SGD and CNV-seq; elective 
abortion

P3 23.0 29 Systemic skeletal malformations 7.6 FGFR3 (NM_000142.4): c.1118A>G, 
p.Tyr373Cys, thanatophoric dysplasia

Product of conception; Sanger 
and CNV-seq; elective abortion

P4 27.9 31 Short long bones 16.9 FGFR3 (NM_000142.4): c.1138G>A, 
p.Gly380Arg, achondroplasia

Product of conception; 
NGS-SGD and CNV-seq; elective 
abortion

P5 21.7 32 NF 6.2 mm, enlarged head, 
shortened femur, humerus, and 
fibula

14.0 FGFR3 (NM_000142.4): c.1138G>A, 
p.Gly380Arg, achondroplasia

Amniocentesis; NGS-SGD; 
elective abortion

P6 30.9 34 Shortened femur and humerus 22.5 FGFR3 (NM_000142.4): c.1138G>A, 
p.Gly380Arg, achondroplasia

Product of conception; Sanger 
and NGS-SGD; elective abortion

P7 28.0 29 Shortened femur and humerus 17.4 FGFR3 (NM_000142.4): c.1138G>A, 
p.Gly380Arg, achondroplasia

Product of conception; Sanger 
and NGS-SGD; elective abortion

P8 31.9 29 Shortened femur and humerus 30.2 FGFR3 (NM_000142.4): c.1138G>A, 
p.Gly380Arg, achondroplasia

Amniocentesis; WES

P9 30.9 29 Growth restriction 19.5 FGFR3 (NM_000142.4): c.1138G>A, 
p.Gly380Arg, achondroplasia

Cord blood; WES; elective 
abortion

P10 20.6 30 Skeletal dysplasia, hydrocephalus 18.1 FGFR3 (NM_000142.4): c.1948A>G, 
p.Lys650Glu, Thanatophoric dysplasia

Product of conception; 
NGS-SGD; elective abortion

P11 16.0 37 Skeletal dysplasia 11.5 FGFR3 (NM_000142.4): c.1948A>G, 
p.Lys650Glu, thanatophoric dysplasia

Product of conception; 
NGS-SGD; elective abortion

P12 16.4 30 Short limbs and narrow thorax 8.2 FGFR3 (NM_000142.4): c.2421A>T, 
p.*807Cysext*101, thanatophoric 
dysplasia

Amniocentesis; WES and 
NGS-SGD; elective abortion

P13 18.0 36 Short limbs 9.3 FGFR3 (NM_000142.4): c.2419T>G, 
p.(*807Glyext*101), thanatophoric 
dysplasia

Amniocentesis; NGS-SGD; 
elective abortion

P14 24.3 26 Skeletal dysplasia, micrognathia, 
short long bones

19.3 COL2A1 (NM_001844.5): c.1546G>A, 
p.Gly516Ser, achondrogenesis

Amniocentesis; WES and 
NGS-SGD; elective abortion

P15 13.0 32 Nuchal translucency 7.4 mm, 
micrognathia, abnormal heart 
structures

15.1 COL2A1 (NM_001844.5): c.1597C>T, p. 
Arg533*, hypochondrogenesis

Amniocentesis; NGS-SGD; 
elective abortion

P16 15.0 26 Skeletal dysplasia, NF thickening 5.4 COL2A1 (NM_001844.5): c.2887G>A, 
p.Gly963Ser, achondrogenesis

Product of conception; WES and 
NGS-SGD; elective abortion

P17 13.1 34 Encephalocele, extremely short 
limbs, single umbilical artery

9.3 COL2A1 (NM_001844.5):c.2951G>A, 
p.Gly984Asp, achondrogenesis

Amniocentesis; Sanger and 
NGS-SGD; elective abortion

P18 18.6 32 Venous catheter absent 6.8 PTPN11 (NM_002834.4): c.844A>G, 
p.Ile282Val, Noonan spectrum disorder

Amniocentesis; NGS-SGD; 
elective abortion

P19 18.1 35 Nuchal translucency 4.5 mm 6.8 PTPN11 (NM_002834.4): c.1510A>G, 
p.Met504Val, Noonan spectrum 
disorder

Amniocentesis; NGS-SGD; 
liveborn

P20 23.3 27 NF 8.1 mm 7.9 PTPN11 (NM_002834.4): c.1510A>G, 
p.Met504Val, Noonan spectrum 
disorder

Amniocentesis; NGS-SGD

P21 18.1 28 NF 6.0 mm, cystic hygroma 10.9 HRAS (NM_005343.4): c.34G>A, 
p.Gly12Ser, Costello syndrome

Amniocentesis; NGS-SGD

P22 18.1 34 Single umbilical artery, cystic 
hygroma

17.1 HRAS (NM_005343.4): c.38G>A, 
p.Gly13Asp, Costello syndrome

Product of conception; 
NGS-SGD; elective abortion

P23 24.1 31 Syndactyly 17.3 FGFR2 (NM_000141.4): c.755C>G, 
p.Ser252Trp, Apert syndrome

Product of conception; WES; 
elective abortion

P24 23.4 34 Lateral ventriculomegaly 12.0 FGFR2 (NM_000141.4): c.1025G>C, 
p.Cys342Ser, Pfeiffer syndrome

Amniocentesis; NGS-SGD; 
liveborn

P25 17.0 32 Left ventricular hypoplasia, right 
ventricle double outlet

8.9 KMT2D (NM_003482.3): c.2263dup, 
p.R755Pfs*3, Kabuki syndrome

Amniocentesis; Sanger and 
NGS-SGD; elective abortion

P26 23.6 34 Small fetus, multiple abnormalities 3.1 KMT2D (NM_003482.3): c.8453G>A, 
p.Trp2818Ter, Kabuki syndrome

Amniocentesis, NGS-SGD; 
elective abortion
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Pregnancy outcome for the participants undergoing the 
comprehensive prenatal cfDNA screening
The pregnancy outcome data were pursued up to 6 weeks after the 
expected delivery date. In all 1,090 qualified participants who under-
went both comprehensive cfDNA screening and diagnostic test 
procedures, there were 623 (57.2%) live births, 268 (24.6%) elective 
abortions and 2 (0.2%) spontaneous abortions (Table 1). Of the total 
participants, 197 (18.1%) had no available pregnancy outcome data. They 
were enrolled and had prenatal diagnoses at one of the participating 
hospitals, but they sought postdiagnosis management and/or delivery 
at other clinical care centers (Table 1). In those 137 cases with positive 
results on diagnostic testing, 11 (8.0%) had live births, 106 (77.4%) had 
elective abortions, 1 (0.7%) had spontaneous abortion and 19 (13.9%) 
had unknown pregnancy outcomes (Extended Data Table 7). Among 
them, 100 had fetal anomalies on ultrasound screening, of which 4 
(4.0%) had live births, 82 (82.0%) had elective abortions and 13 (13.0%) 
had unknown pregnancy outcomes (Extended Data Table 7). Pregnancy 
outcomes together with all postnatal and/or prenatal clinical examina-
tions were evaluated, and no discrepancies were found between the 
genetic diagnosis and clinical examination (Table 3 and Extended Data 
Table 4). All clinical pregnancy management decisions were based on 
the results of diagnostic testing. In all cases with pregnancy outcome 
data, no adverse events were reported associated with the performing 
of the cfDNA screening or diagnostic tests.

The parental age effects on different types of genetic 
conditions
It is known that increased maternal age is one of the most substantial 
risk factors for fetal aneuploidies such as T21 and T18 (refs. 44,45). 

Advanced paternal age is associated with an increased risk for dominant 
conditions caused by de novo variants in single genes, such as FGFR2, 
FGFR3 and PTPN11 (refs. 46,47). No significant association of increased 
maternal or paternal age with the incidence of chromosome segmental 
CNV was observed48. In this cohort, we investigated whether parental 
ages were associated with the occurrence of different types of genetic 
conditions. In 61 pregnancies affected by autosome aneuploidies, the 
mean maternal age was 32.8 years, which was significantly elevated 
from that of 1,015 participants (30.7 years, P = 0.005) with no fetal auto-
some aneuploidy detected. The parental ages were not significantly 
different between the positive and negative cases for sex chromosome 
aneuploidies, microdeletions and monogenic conditions (Extended 
Data Table 8).

Discussion
In this cohort of pregnancies with elevated risks for fetal genetic condi-
tions, we show that a comprehensive fetal cfDNA analysis can reliably 
identify fetuses at risks of different genetic etiologies including ane-
uploidies, microdeletions and monogenic conditions. The strength of 
this study was the use of a state-of-the-art prenatal cfDNA screening 
method, which concurrently detected genetic aberrations ranging 
from a single-nucleotide variant to whole chromosome copy number 
change. This method has the benefit to circumvent the typical stratifica-
tion of the referral prenatal population caused by sequential testing of 
chromosomal and monogenic conditions, thus allowing an unbiased 
assessment for the detection yield of different genetic etiologies in an 
at-risk population. Compared to current standard screening only tar-
geting chromosomal abnormalities, the detection rate for a diagnostic 
genetic variant was increased by 60.7% in the comprehensive cfDNA 

Participants GA 
(weeks)

MA 
(years)

Indications FF (%) Comprehensive prenatal cfDNA 
screening results

Diagnostic testing and 
pregnancy outcomes

P27 24.3 31 Shortened femur, fibula, tibia, and 
humerus

9.0 COL1A2 (NM_000089.3): c.2835+1G>A, 
osteogenesis imperfecta

Amniocentesis; Sanger and 
WES; elective abortion

P28 28.6 27 Curved and short femur 13.1 COL1A2 (NM_000089.3): c.3106G>C, 
p.Gly1036Arg, osteogenesis 
imperfecta

Amniocentesis; NGS-SGD; 
liveborn

P29 31.0 31 Enlarged head circumference, 
short long bones, dilated left renal 
pelvis, polyhydramnios

31.0 SOS1 (NM_005633.3): c.1294T>C, 
p.Trp432Arg, Noonan spectrum 
disorder

Amniocentesis; WES, and 
NGS-SGD; elective abortion

P30 29.0 31 Spinal abnormalities, skeletal 
dysplasia

17.5 EBP (NM_006579.3): c.187C>T, 
p.Arg63Ter, chondrodysplasia 
punctata

Product of conception; 
NGS-SGD; elective abortion

P31 25.0 34 Single umbilical artery, pelvic 
ectopic kidney

14.6 EPHB4 (NM_004444.5): 
c.1124dupG, p.D376Rfs*, capillary 
malformation-arteriovenous 
malformation syndrome

Amniocentesis; Sanger; elective 
abortion

P32 21.0 32 Lateral ventriculomegaly 4.6 SMAD4 (NM_005359.5): c.1486C>T, 
p.Arg496Cys, Myhre syndrome

Amniocentesis; Sanger and 
NGS-SGD; elective abortion

P33 26.1 33 Cardiac rhabdomyoma 19.4 TSC2 (NM_000548.5): c.2098-2A>G, 
tuberous sclerosis

Product of conception; WES; 
elective abortion

P34 19.6 32 Nuchal translucency 4.3 mm 8.9 KRAS (NM_004985.5): c.458A>T, 
p.Asp153Val, Noonan spectrum 
disorder

Amniocentesis; NGS-SGD; 
liveborn

P35 24.6 29 Skeletal dysplasia 10.9 COL1A1 (NM_000088.3): c.1571G>C, 
p.Gly524Ala, osteogenesis imperfecta

Product of conception; WES; 
elective abortion

P36 26.1 33 Bilateral hydronephrosis 10.4 NSD1 (NM_022455.4): c.7239dupT, p. 
Leu2414Ffs*, Sotos syndrome

Amniocentesis; NGS-SGD

P37 23.7 29 NF 19 mm, peritoneal effusion 14.9 NRAS (NM_002524.5): c.182A>C, 
p.Gln61Pro, Noonan spectrum disorder

Amniocentesis; WES, NGS-SGD; 
elective abortion

FF, fetal fraction; GA, gestational age (weeks); MA, maternal age (years); NF, nuchal fold; NGS-SGD, a next-generation sequencing panel test for the targeted 75 genes included in the cfDNA 
screening.

Table 3 (continued) | Summary of fetuses affected by monogenic conditions identified by comprehensive prenatal cfDNA 
screening and confirmed by diagnostic testing
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screening. Because the patient cohort included a large variety of fetal 
anomalies instead of targeted conditions, this study was made more 
generalizable to uncover the detectability of cfDNA screening for both 
chromosomal and monogenic variants.

The inclusion of single-gene conditions in fetal cfDNA screening 
has benefits for prenatal diagnosis. While such screening can never 
replace image-based screening procedures, it may function as an 
adjunctive instrument for early identification of presymptomatic 
fetuses during the first trimester, such as those affected by achondro-
plasia. In addition, some monogenic conditions are characterized by 
neurological defects that may not be evident on routine prenatal ultra-
sound screening. In the study, pathogenic variants (scored according 
to the American College of Medical Genetics and Genomics sequence 
variant interpretation guidelines) associated with postnatal neurologi-
cal impairments such as learning disabilities, developmental delay and 
intellectual disability were identified in 13 of 37 fetuses (35.1%) with 
monogenic conditions who displayed no prenatal abnormalities in 
the brain or central nervous system. Prenatal and perinatal manage-
ment can also substantially benefit from prenatal cfDNA screening, 
as demonstrated by a previous report on a fetus affected by Costello 
syndrome49. This becomes particularly relevant when pregnant women, 
aware of fetal anomalies, opt to continue their pregnancies and decline 
invasive procedures. In these situations, prenatal cfDNA analysis serves 
as an invaluable tool to guide delivery plans addressing potential neo-
natal complications linked to the relevant monogenic condition49.

This study had the limitation of focusing on cfDNA screening tests 
in pregnancies already identified as being at elevated risk for fetal 
genetic conditions. This approach is advantageous for enriching the 
cohort with affected fetuses, thereby facilitating an effective evalua-
tion of the test’s overall sensitivity, a key parameter for screening tests. 
However, it leaves the performance of the test in a general obstetric 
population unexamined. The prior risk in the general population is 
expected to be significantly lower than in this high-risk cohort, a factor 
that could substantially impact the PPVs of the test, particularly for 
ultra-rare genetic conditions. It should be noted that false-positive 
prenatal cfDNA screening results are not uncommon for chromosomal 
anomalies, but its performance on dominant monogenic conditions 
exhibits an elevation in accuracy, at least for high-risk pregnancies23. 

Consistent with this, we have not observed false results for monogenic 
conditions in this cohort, in which all 37 positive findings in single 
genes and 966 negative cases were confirmed by diagnostic testing. 
Conversely, this study identified eight cases that yielded false results 
for aneuploidies, most likely attributable to confined placental mosai-
cism or divergent genomic content between the fetus and the placenta 
(Extended Data Table 5). Again, these observations and resultant gen-
eralizations require further validation through larger-scale cohort 
studies in a broader population.

Although the PPVs were reasonably high for monogenic conditions 
in this study, interpreting its NPVs necessitates a heightened level of 
scrutiny. Some monogenic conditions, caused by analytically difficult 
variants other than simplex short sequence variants (for example, 
exonic CNVs, large indels and variants obscured by homologous or 
repeat sequences), might elude detection using standard sequencing 
techniques. Consequently, the clinical NPVs for certain single-gene 
conditions (for example, those caused by pathogenic variants in PKD1) 
examined in this study may have been inadvertently overestimated. 
Future investigations using locus-specific analytical methods may 
assist in further refining these clinical NPVs, particularly for genes 
anticipated to underperform (Extended Data Table 2). Irrespective of 
the analytical tools used in the cfDNA assay, comprehensive pretest 
genetic counseling remains essential to clarify for patients that this 
test is a screening, not a definitive diagnostic procedure. Given that the 
screening is performed on fetal cfDNA originating from the placenta 
rather than the fetus itself, a small, yet distinct possibility persists of 
carrying an affected fetus even if screening test results are negative.

This study was observational in design to minimize potential 
adverse effects on pregnancy management, similar to previous inves-
tigations that assessed the clinical validity of prenatal cfDNA screening 
on targeted conditions14,15. Unlike typical prenatal cfDNA screenings 
that aim for prompt results to guide further invasive diagnostic test-
ing, this study reported the cfDNA screening results after they were 
confirmed by diagnostic tests. These diagnostic tests were initiated 
based solely on other clinical indications (for example, fetal ultrasound 
abnormalities) as part of the standard of care. As a result, the cfDNA 
screening in this study is expected to have minimal impact on clinical 
decision-making in pregnancy management. Future interventional 
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Fig. 2 | The detection rate of diagnostic genetic variants in pregnancies 
with fetal structural anomalies. a, A diagnostic genetic variant was detected 
in 98 of 876 (11.2%) pregnancies with fetal structural anomalies. Among 
them, 42 (42.9%) had common autosome aneuploidies, 13 (13.3%) had sex 
chromosome aneuploidies, 6 had microdeletions (6.1%) and 37 (37.8%) had 
monogenic conditions. b, In all 876 pregnancies with fetal structural anomalies, 
the detection rate for a diagnostic genetic variant was highest in lymphatic 
or effusion anomalies (36.9%), followed by skeletal anomalies (24.7%) and 

multisystem anomalies (23.3%). The detection rate for chromosomal conditions 
was highest in lymphatic or effusion anomalies (32.6%), followed by multisystem 
anomalies (19.2%), increased NT (8.8%), cardiac defects (5.7%) and craniofacial 
anomalies (5.7%). The detection rate for monogenic conditions was highest in 
skeletal anomalies (23.5%), followed by lymphatic or effusion anomalies (4.3%), 
multisystem anomalies (4.1%), FGR (2.9%) and brain anomalies (2.2%). NT, nuchal 
translucency; FGR, fetal growth restriction.
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studies shall examine the implications of this screening test on both 
prenatal and postnatal care, particularly when it is administered during 
early gestational periods with rapid result turnaround.

Prenatal cfDNA screening for chromosomal abnormalities (for 
example, Down syndrome) was historically offered to pregnant women 
of advanced maternal age (≥35 years old), but current guidelines recom-
mend it to all pregnancies irrespective of the mother’s age50. The corre-
lation between the elevated occurrence of de novo single-gene variants 
and increased paternal age has also been well demonstrated46,47. Further 
research in larger populations is necessary before advocating the 
broad application of a comprehensive prenatal cfDNA screening cover-
ing monogenic conditions to pregnancies involving older parents or 
indeed to all pregnancies.

The main goal of this study was to evaluate a comprehensive 
screening method within high-risk pregnancies and ascertain the 
clinical validity and increased detection rate for multiple types of 
genetic variants relative to conventional methods. It is noteworthy that 
a large proportion of the pregnant women involved in this study were 
inclined to accept the comprehensive screening, influenced by their 
awareness of abnormal fetal findings. Because monogenic conditions 
can have extreme phenotypic and genetic heterogeneity, it is vital to 
exercise caution when extending an expanded screening to the general 
obstetrical population. Therefore, it is imperative to establish more 
selective inclusion criteria for specific monogenic conditions as we 
aim to extend our research to a more diverse demographic. To facili-
tate this, we propose a clinical prioritization framework called ‘SEPH,’ 
which focuses on the following four key elements: severe outcome, 
early onset, prevalent incidence and high analytical performance 
(Extended Data Table 2). First, the condition under consideration 
should result in severe outcomes such as reduced lifespan, impaired 
mobility, intellectual disability, malformations, sensory impairment or 
immunodeficiency, with minimal phenotypic variability. This ensures 
that the identified conditions are most likely substantial and exhibit 
consistent characteristics, facilitating reliable predictions. Second, 
the onset of the condition should typically occur during infancy or 
childhood. Third, population prevalence data should be available that 
allows an accurate assessment of condition risk before and after the 
screening test. Conditions of higher prevalence should be prioritized 
to enhance cost-effectiveness. Finally, a screening test’s high analyti-
cal sensitivity is crucial, ensuring that it can detect most pathogenic 
variants in the candidate gene. Following these criteria proposed in this 
study, priority was given to 37 genes (Extended Data Table 2). The rest of 
the genes are assigned low priority and can generally be excluded from 
screening in the broader population. Exceptions may be considered in 
special cases where invasive diagnostic procedures are declined, mak-
ing prenatal cfDNA analysis the sole avenue for optimized perinatal 
management49. The SEPH framework highlights differing principles for 
condition selection in diverse patient populations that will guide our 
future population studies as a preliminary measure, using structured 
approaches in new screening method development51,52. The ultimate 
aim is to evolve into an evidence-based, quantifiable and objective 
methodology for the refinement of the abovementioned analytical 
elements. These include the appropriate quantification and categoriza-
tion of condition severity for inclusion criteria, along with the formula-
tion of robust, condition-specific guidelines for interpreting sequence 
variants in a prenatal setting. Achieving this objective requires exten-
sive collaboration among clinical specialists, as demonstrated by 
ClinGen gene and condition curation studies, as well as the develop-
ment of condition-specific sequence interpretation guidelines53,54. 
Beyond the analytical considerations, a comprehensive evaluation 
and resolution of various factors are imperative before implement-
ing expanded prenatal cfDNA screening in the general obstetrical 
population. These encompass clinical utility validation, equitable 
test access, robust genetic counseling, informed public policy devel-
opment, financial sustainability and the addressing of ethical and 

psychosocial implications55–57. Among these factors, genetic counseling 
is pivotal for the success of a prenatal screening program, as it aids 
expectant parents in making informed decisions about testing options 
and ensures accurate interpretation of test results. As demonstrated 
in the development of other new genetic tests, tackling the abovemen-
tioned complex issues before any clinical implementation will require 
rigorous studies and strong interdisciplinary collaboration58.

In summary, this prospective, multicenter cohort study comparing 
cfDNA screening and diagnostic testing results supports the clinical 
validity of a comprehensive prenatal cfDNA screening including three 
of the most frequent causes of human genetic conditions—aneuploi-
dies, microdeletions and monogenic variants. Given its reasonable 
accuracy and substantially improved detection rate, an expanded 
prenatal cfDNA screening merits consideration for further exploration 
as a tool for the noninvasive evaluation of fetal risks of heterogeneous 
genetic conditions.
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Methods
Study design
This prospective cohort was an observational study designed to evalu-
ate the clinical validity of a comprehensive prenatal cfDNA screening 
approach for a broad range of chromosomal and monogenic conditions 
by comparing the cfDNA and genetic diagnostic results. The screen-
ing panel included a total of seven frequent aneuploidies and nine 
microdeletion syndromes (Extended Data Table 1). In addition, domi-
nant monogenic conditions associated with 75 genes were selected 
(Extended Data Table 2). To assess the performance metrics of the 
prenatal cfDNA screening test, cases were followed up to compare 
the screening results with the prenatal or postnatal diagnostic test-
ing results. All participants were prospectively enrolled and followed 
up from 24 April 2021 to 10 September 2022 with the screening test 
being administered before diagnostic testing. This investigation was 
observational rather than interventional in nature, and the invasive 
diagnostic procedures were initiated solely based on clinical indica-
tions. In addition, the screening results were not reported unless they 
were consistent with those of diagnostic tests. All clinical pregnancy 
management decisions were based on the results of diagnostic testing, 
rather than the comprehensive cfDNA screening results, in accordance 
with current standard practice guidelines. None of the participants in 
the cohort had been involved in our previous studies.

This study has been reviewed and approved by the internal review 
board at the Obstetrics and Gynecology Hospital of Fudan University 
(2020-178). This clinical study led by the Obstetrics and Gynecology 
Hospital of Fudan University has received approval for the collection 
of human genetic resources in China from the Ministry of Science and 
Technology of China (2021-CJ0599). The trial registration number was 
ChiCTR2100045739 with a published study protocol59.

Patient involvement and participant eligibility
Patients were involved in the conduct of this research during their 
visit seeking prenatal care. During the recruitment stage, the design, 
methods and outcome of the research and testing were informed by 
discussions with patients through a structured interview. Between 24 
April 2021 and 10 September 2022, 1,191 pregnant women were consecu-
tively enrolled and followed up from three tertiary hospitals in different 
provinces of China. Eligible women were ≥20 years old with a singleton 
pregnancy of ≥12 weeks gestation (in compliance with national regula-
tion on the gestational age requirement for prenatal cfDNA screening in 
China) who did not undergo any prior prenatal diagnosis. Pregnancies 
with fetal structural anomalies (including nuchal translucency ≥3 mm), 
high-risk results from standard cfDNA screening or maternal serum 
screening\ or previous pregnancy history suggestive of elevated risks 
for genetic conditions were assessed for enrollment. The enrollment 
for cases with isolated increased nuchal translucency was capped at 
20% of the total with abnormal ultrasound findings. Exclusion criteria 
encompassed pregnant women with an age <20 years old, gestational 
age <12 weeks, one of the parents with or suspected to have a chromo-
somal abnormality, recent blood or organ transplantation, clinical 
history indicated for diagnostic testing of a known familial variant(s) 
in the panel and maternal malignancy during pregnancy. Genetic diag-
nosis was made by the analysis of samples collected from chorionic 
villus sampling, amniocentesis, products of conception or cord blood. 
Cases with no diagnostic testing results, failing assay quality control or 
enrolled not compliant with the inclusion criteria were also excluded. 
Written consent was received from all participants. Each participant 
provided consent for the publication of scientific findings, which may 
include genetic and clinical diagnoses, pregnancy outcomes and related 
demographic data such as age and gestational age.

The library preparation process for cfDNA sequencing
The comprehensive prenatal cfDNA screening used in this study was 
developed by Beijing BioBiggen Technology and involved a targeted 

sequencing method termed COATE-seq, as described previously33. A 
total of 10 ml of peripheral blood was collected from each participant, 
and plasma was separated by a standard two-step centrifugation pro-
cess. A minimum of 1.8 ml of maternal plasma was first isolated from 
whole blood by centrifuging the collection tube at 1,600g for 15 min 
at a temperature of 4 °C. The plasma was then subjected to a second 
round of centrifugation at 16,000g for 10 min at 4 °C. The extraction 
of cfDNA was executed using the Magnetic Serum/Plasma Circulating 
DNA Maxi Kit (Tiangen).

The extracted cfDNA was first end-repaired following the manu-
facturer protocol (Nanodigbio), before being ligated at 20 °C for 15 min 
using adapters containing unique molecular indexes. A PCR was initi-
ated to introduce the sample barcode, with the following parameters: 
initial denaturation at 98 °C for 2 min, followed by nine cycles of dena-
turation at 98 °C for 15 s, annealing at 60 °C for 30 s and extension at 
72 °C for 30 s. This was finalized by an extension step at 72 °C for 2 min. 
The resultant PCR products were then quantified using Qubit 1× dsDNA 
HS Assay Kits (Invitrogen).

For target enrichment, 12–36 samples were pooled and incubated 
at 65 °C for 16 h with hybridization probes per manufacturer pro-
tocol (Heristar). The DNA was then recovered, washed and purified 
with the Dynamag-270 magnetic beads (Invitrogen). Another PCR 
was performed to create the sequencing library, which involved an 
initial denaturation at 98 °C for 2 min, followed by 12 cycles of dena-
turation at 98 °C for 15 s, annealing at 60 °C for 30 s and extension at 
72 °C for 30 s, before ending with a final extension at 72 °C for 2 min. 
Next, single-stranded circular DNA libraries were generated using 
the MGI-Easy Circularization Kit (MGI). The circular DNA was then 
converted into DNA nanoballs via rolling circle amplification, as per 
MGI’s protocol. The concentration of the final sequencing library was 
measured using Qubit ssDNA Assay Kits (Invitrogen). The completed 
DNA library was finally sequenced on an MGISEQ-2000 sequencer from 
MGI, China, using a 2 × 100 paired-end mode.

The cfDNA analysis for single-gene variants, microdeletions 
and aneuploidies
The minimum threshold for sequencing depth was 200× for single-gene 
sequence variant calling. The mean coverage for the genes of inter-
est across all samples was 1,387×, and more than 99.3% of the tar-
geted regions on average in all samples met the minimum coverage 
requirement of 200×. The average gene-specific coverage meeting the 
minimum sequencing depth threshold (percentage of target regions 
with >200×) is provided in Extended Data Table 2. Mutect2 was used 
as the primary algorithm for variant calling, with the variant allele 
fraction threshold configured to a lower bound of zero (https://gatk.
broadinstitute.org/hc/en-us/articles/360037593851-Mutect2). Two 
additional filtering methods were used in the identification of fetal 
monogenic variants following variant calling—allele-count distribution 
(ACD) and fetal–maternal insert-size distribution (FMID) as previously 
described33. For a specific variant under evaluation, it was considered 
more likely of fetal origin if its allele fraction (or alternative-allele 
count) fell within the expected range correlated with fetal fraction. 
If the log cumulative distribution function value for the β-binomial 
distribution ranged between −10 and −0.001, the variant passed the 
ACD filter. In the FMID filter, the insert size of each read containing an 
alternative allele was assessed to exclude reads with proximal insert 
sizes harboring the reference allele. Subsequently, the insert sizes of 
all remaining reads with either reference or alternative alleles were 
compared using the four statistical tests: Welch’s t test, Kolmogo-
rov–Smirnov test, Kruskal–Wallis H test and Mann–Whitney U test. 
In this phase, variants present on fragments with alternative alleles 
that exhibited statistically different lengths compared to those with 
reference alleles were retained (the minimum P value of the above four 
tests was ≤0.001). Next, to mitigate the risk of over-filtering variants, 
particularly in samples with low fetal fraction, a median insert-size 
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comparison was used to preserve variants present on shorter fragments 
where the median length of alternative-allele fragments was less than 
that of reference-allele fragments. Variants that failed to pass both the 
above ACD and FMID filters were marked as most likely of maternal 
origin or sequencing artifacts.

The test detects monogenic single-nucleotide variants and ≤3 bp 
insertions, deletions or indels in the coding exons and 10 bp into the 
intronic regions adjacent to the exon/intron junctions of targeted 
genes. It does not detect sequence variants in nontarget regions, exonic 
CNVs, dynamic variants, complex recombination or other structural 
variants. Variants located in regions complicated by high repetitive 
sequences, high GC content, homologous sequences or pseudogenes 
may not be detected. The test only reports pathogenic or likely patho-
genic variants associated with severe outcomes, adhering to the ACMG 
guidelines60, and excludes reporting benign, likely benign and variants 
of uncertain significance. The detection rate for each gene by the 
sequence analysis is listed in Extended Data Table 2. This test identifies 
target whole chromosome abnormalities but may not detect smaller 
aberrations within these chromosomes as described previously33. 
Similarly, the test detects target microdeletions covering the entire 
critical regions associated with the conditions and smaller deletions 
within these regions may not be detected.

The detection of maternal variants
The analysis includes a fragment length assessment, considering that 
maternal cfDNA typically presents longer fragment lengths in com-
parison to fetal cfDNA. When a variant is found on cfDNA fragments 
with lengths surpassing those of the reference allele fragments, an 
examination of maternal leukocytes is undertaken to investigate the 
possibility of maternal germline or mosaicism carrier status. Moreover, 
if the monogenic allelic fraction exceeds two s.d. above the expected 
fetal variant level, a maternal leukocyte test is also conducted. The s.d. 
for the fetal allelic fraction is calculated based on the single-nucleotide 
polymorphisms included in the chromosomal copy number analy-
sis assay. The maternal test involves using cells collected from the 
buffy coat during plasma isolation. Regardless of the results from the 
above maternal test, a genetic diagnostic test for the fetus is always 
recommended.

Diagnostic testing for singe-gene conditions, microdeletions 
and aneuploidies
All participants in the final cohort (n = 1,090) who yielded either neg-
ative or positive cfDNA sequencing results had undergone at least 
one diagnostic test, using genomic DNA extracted from chorionic 
villi, amniocytes, cord blood or the product of conception. Different 
diagnostic tests were used as the reference methods for the targeted 
singe-gene conditions, microdeletions and aneuploidies in the prenatal 
cfDNA screening as described below.

NGS gene panel. This test uses a library construction kit (Nanodigm-
bio) and a targeted capture hybridization kit (IDT) for the prepara-
tion of DNA sequencing libraries. High-throughput sequencing is 
performed on the MGI-2000 (MGI) sequencers. All exonic regions 
and 10 bp intronic regions located both upstream and downstream of 
the exon–intron junctions of those 75 genes (the RefGene transcripts 
used in the Human Gene Mutation Database) included in the prenatal 
cfDNA screening test were sequenced. This test has an average sequenc-
ing depth of over 500× in targeted regions, with ≥99% of the target 
regions sequencing depth of over 20×. This test detects sequence 
variants including single-nucleotide variants and insertions, deletions 
or indels up to 20 nucleotides at an accuracy ≥99%. Dynamic variants, 
rearrangement variants and complex recombination variants are not 
detected. Reportable variants detected by NGS that are confounded by 
pseudogenes or homologous sequences detected in the NGS test are 
confirmed by locus-specific amplicon Sanger sequencing.

WES. This test employs the KAPA HyperExome (Roche) kit to capture 
and enrich DNA from the exon and neighboring splicing regions of the 
target genes. MGISEQ-2000 sequencing platform is used for sequenc-
ing. This test has an average sequencing depth of over 180× in targeted 
regions, with ≥95% of the target regions sequencing depth of over 20×. 
This test detects sequence variants including single-nucleotide variants 
and insertions, deletions or indels up to 20 nucleotides at an accuracy 
≥99%, as well as exonic deletions at an accuracy ≥95%. This test only 
reports pathogenic, likely pathogenic, or variants of unknown clinical 
significance, not reporting likely benign or benign variants. Dynamic 
variants, rearrangement variants and complex recombination are not 
detected. This test may detect aneuploidies, absence of heterozygo-
sity (AOH) ≥5 mb and certain dynamic variants with limited accuracy. 
This method cannot detect large fragment genomic CNVs (deletion/
duplication interval <1 mb) and genomic structural variations (such 
as translocations, inversions, <5 mb AOH). This test does not detect 
all variants affected by highly repetitive low-complexity regions or 
pseudogenes.

Chromosomal microarray analysis. This test uses the Affymetrix 
CytoScan HD Array chip (Thermo Fisher Scientific), containing about 
1.95 million CNV markers and approximately 750,000 SNP markers, for 
whole-genome chromosomal aneuploidies, microdeletions, microdu-
plications and terminal deletions. This test can detect AOH. This test 
does not identify chromosomal balanced translocations, inversions, 
insertions or low percentage mosaicism. The test results are filtered 
using ChAS software and do not report duplications less than 500 kb, 
deletions less than 300 kb, polymorphic copy number changes indi-
cated by public databases or AOH segments less than 10 mb.

Chromosome CNV-seq. The DNA is analyzed by NGS on an MGI (MGI) 
or Illumina platform (Illumina). This test detects aneuploidy of auto-
somes and sex chromosomes, deletions (≥1 mb), duplications (≥2 mb) 
and mosaicism (≥30%). This test does not detect uniparental disomy 
or AOH.

Karyotyping. The karyotype analysis involves the collection of cul-
tured cells subjected to chromosomal preparation and G-banding 
(320 bands). The tests detect both numerical and structural changes of 
autosomes and sex chromosomes. This test may not detect microdele-
tions, duplications or abnormalities at the single-gene level.

Study outcomes
The outcomes of the study were the clinical validity of an expanded 
prenatal cfDNA screening and its detection rate for different types of 
genetic conditions causing fetal anomalies. Results for both screening 
and diagnostic testing performed on chorionic villus, amniocentesis, 
cord blood or products of conception were collected and compared 
for qualified participants. The clinical validity was measured by calcu-
lating the screening test sensitivity, specificity, PPV, NPV and the AUC. 
Only pregnant women who underwent diagnostic genetic testing were 
included in the study results, while those lacking any genetic diagnos-
tic testing results were excluded. The detection rates of a diagnostic 
genetic variant associated with aneuploidies, microdeletions and 
monogenic conditions were measured for the entire cohort and with 
respect to different indications.

Postnatal follow-up
The study collected the postnatal follow-up data for the pregnancy 
outcomes of the participants by reviewing medical records, which 
included miscarriages, elective abortions, stillbirths and live- 
birth deliveries. When medical records of pregnancy outcomes  
were not available in the participating hospitals, participants were 
contacted by phone up to three attempts and up until 6 weeks after the 
expected delivery date. Pregnancy outcomes and clinical examination 
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results were evaluated to examine if they were consistent with the 
genetic diagnosis.

Data handling
Variant interpretation was carried out by at least one laboratory direc-
tor certified by the American Board of Medical Genetics and Genomics. 
Only pathogenic and likely pathogenic variants associated with severe 
outcomes were reported, which were scored following well-established 
variant assessment criteria60,61. Positive variants were reported only 
when they were consistent with diagnostic testing. Experienced clini-
cal geneticists provided post-test genetic counseling to participants 
regarding the interpretation of diagnostic results, the impact of these 
positive results and potential management options. Participants’ 
prenatal screening and diagnostic test results, clinical examination 
findings and images and other relevant information were collected 
from the medical records and used for statistical analysis. Microsoft 
Excel was used for the clinical data collection.

Statistical analysis
The diagnostic testing results were compared to the prenatal cfDNA 
screening results to assess its clinical validity. Assay performance met-
rics were demonstrated by sensitivity, specificity, PPV and NPV, accord-
ing to each category of abnormalities. Data were analyzed with respect 
to different indications. Before the start of this study, we performed a 
power analysis and planned to enroll at least 1,000 participants from 
whom we expected to detect at least 25 cases affected by the targeted 
chromosomal and monogenic conditions. This estimation was based 
on the detection rate among pregnancies with similar indications. 
The sample size in this study would allow a probability of 95% or above 
to observe a possible measuring error at the case level for both the 
chromosomal and monogenic conditions. Average ages were com-
pared using a two-tailed t test for samples with unequal variances. For 
all calculations, P values less than 0.05 were considered statistically 
significant. The Clopper–Pearson method was used to calculate the 
test performance including sensitivity, specificity and positive and 
NPVs with exact 95% CIs. AUC was used to evaluate the prenatal cfDNA 
screening performance. The ROC curve was generated by computing 
sensitivity and specificity at each cutoff using Scikit-learn RocCurve-
Display (https://scikit-learn.org/).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The demographic data, clinical history, prenatal cfDNA screening, diag-
nostic test results and the diagnostic test methodologies of all 1,090 
participants in the final cohort are within the paper and the Extended 
Data. All the pathogenic single-gene variants and the key phenotypes 
of the participants are available in the ClinVar database at https://www.
ncbi.nlm.nih.gov/clinvar/submitters/508997/. The raw data files for all 
1,090 participants are securely stored in an environment compliant 
with patients’ privacy protection regulations within our laboratory and 
will be maintained for a minimum of ten years following publication. 
Access to these raw data files, unfiltered cfDNA gene sequencing data 
(VCF files) and locus-specific diagnostic sequencing results is avail-
able upon request from the corresponding author, J.Z. This process is 
to assure that patients’ data privacy will be safeguarded and that the 
data will be used exclusively for noncommercial academic research 
purposes. All requests for data access must originate from an academic 
institution and be accompanied by verifiable affiliation (for example, 
a publicly accessible research investigator profile on the institution’s 
website). Upon receipt of a qualified request, it will undergo review by 
a Data Privacy Committee (DPC), composed of two senior investigators 
from the study and an external reviewer, to verify that the data will be 

used exclusively for noncommercial, academic research purposes. 
After DPC approval, the execution of a Data Transfer Agreement is 
required, which will explicitly stipulate nondisclosure to third party 
and that the data are to be used solely for noncommercial, academic 
research activities. Qualified requests will be processed within a 3-week 
time frame. The hg38 reference genome sequence can be obtained at 
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001405.40/.

Code availability
Customized computing code used in this study is available at 
https://github.com/Jinglan1/NIPS2/. Raw FASTQ were filtered and 
UMI-preprocessed using FASTP 0.21.0, https://github.com/OpenGene/
fastp. The clean FASTQ files were aligned to hg38 human reference 
using BWA 0.7.17-r1188 (https://github.com/lh3/bwa) and then sorted 
by Samtools 1.9 (https://github.com/samtools/samtools/releases/). 
Consensus BAM files were generated by Gencore 0.15.0 and then final-
ized by BaseRecalibrator and ApplyBQSR GATK 4.1.8.0 followed by 
variant calling (https://gatk.broadinstitute.org). Raw variants were 
annotated by Annovar v2019-10-24 (https://annovar.openbioinfor-
matics.org/).
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Extended Data Fig. 1 | The illustration of a comprehensive prenatal cell-
free DNA screening test. The comprehensive prenatal cfDNA screening 
methodology utilizes a multi-faceted approach, involving new laboratory 
technologies, genomic algorithms and specialized condition interpretation 
analytics. Top panels: the test employs a tailored sequencing library construction 
process that combines customized adaptors for improved ligation efficiency, 
molecular indexing to curtail PCR-induced errors and capture-based 
hybridization to reduce allele drop-out, significantly increasing overall test 
accuracy for different types of genetic variants. Central to the method are the 
coordinative allele-aware target enrichment (COATE) probes which are designed 
to minimize the difference in hybridization equilibrium constants between 

reference and alternative alleles, which may not be perfectly complementary to 
either the wild-type or variant allele but reduce the enrichment bias introduced 
by conventional probes. Middle panels: fetus-specific genomic features, 
including cfDNA fragment length, meiotic error origin, meiotic recombination 
and recombination breakpoints, are used together to discern fetal monogenic 
and chromosomal variants. Bottom panels: condition-specific analytics are 
used for the interpretation of genetic variants following the American College 
of Medical Genetics guidelines on the analyses of sequence variants and 
chromosome copy-number variations. Only those classified as pathogenic or 
likely pathogenic variants following these guidelines are reported.
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Extended Data Table 1 | The targeted chromosomal conditions screened

1Prevlance data were collected from the GeneReviews (https://www.ncbi.nlm.nih.gov/books/NBK1116/), Online Catalog of Human Genes and Genetic Disorders (https://omim.org/) and 
published literature when available. NA: not available.
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Extended Data Table 2 | The targeted monogenic conditions and prioritization assessment for screening

1Sequencing detection rate is the percentage of variants detectable by sequencing method among all pathogenic variants. The detection rate data were collected from GeneReviews 
(https://www.ncbi.nlm.nih.gov/books/NBK1116/) or calculated based on literature in the Human Gene Mutation Database database (https://my.qiagendigitalinsights.com/bbp/view/hgmd/
pro/search_gene.php). 2 The average gene-specific coverage meeting the minimum sequencing depth threshold (percentage of target regions with >200×) was provided. 3 Prevalence data 
were cited from GeneReviews, Orphanet (https://www.orpha.net/consor/cgi-bin/index.php), Online Catalog of Human Genes and Genetic Disorders (https://omim.org/), MedlinePlus (https://
medlineplus.gov/) and published literature when available. 4 Clinical prioritization criteria for conditions recommended in general population screening are based on public data and the 
findings of this study. S: conditions with severe outcomes (for example, shortened lifespan, impaired mobility, intellectual disability, malformation, sensory impairment, immunodeficiency, 
etc.) and no extreme phenotypic variability. E: conditions with early onset in infancy or childhood. P: conditions with known population prevalence. Conditions with a prevalence lower than 
1:100,000 are marked with * assigned with a lower priority for general population. H: a high analytical performance in the screening test. NA: not available.
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Extended Data Table 3 | The detection rate of diagnostic genetic variants across different indications
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Extended Data Table 4 | Summary of fetuses affected by chromosomal conditions identified by comprehensive prenatal 
cfDNA screening and confirmed by diagnostic testing
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Extended Data Table 4 (continued) | Summary of fetuses affected by chromosomal conditions identified by comprehensive 
prenatal cfDNA screening and confirmed by diagnostic testing

http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-023-02774-x

Extended Data Table 4 (continued) | Summary of fetuses affected by chromosomal conditions identified by comprehensive 
prenatal cfDNA screening and confirmed by diagnostic testing
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Extended Data Table 5 | Cases with false screening results
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Extended Data Table 6 | The diagnostic testing results and pregnancy outcomes of pregnancies with negative prenatal 
cfDNA screening results
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Extended Data Table 6 (continued) | The diagnostic testing results and pregnancy outcomes of pregnancies with negative 
prenatal cfDNA screening results
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Extended Data Table 6 (continued) | The diagnostic testing results and pregnancy outcomes of pregnancies with negative 
prenatal cfDNA screening results
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N367 25.1 38 Ventricular septal defect 22.9 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N368 26.0 27 Short limbs 13.2 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N369 31.3 24 Hypoplastic colon, bright spots on the left ventricle 14.2 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N370 26.4 28 Left clubfoot 16.0 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N371 27.4 29 Enlarged bilateral renal, right hydronephrosis 25.0 Low risk - - Normal Normal - Amniocytes - 
N372 13.0 30 Cystic hygroma 21.2 Low risk Normal Normal Normal Normal - Amniocytes Elective abortion 
N373 27.1 26 Echogenic bowel 21.8 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N374 17.3 30 NT 5.9 mm 6.1 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N375 18.1 25 NT 4.3 mm 3.9 Low risk Normal Normal Normal Normal - Amniocytes - 
N376 19.1 27 NT 3.8 mm 8.4 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N377 25.4 28 External genitalia abnormalities 6.9 Low risk - Normal - - - Product of conception - 
N378 26.0 34 Cardiac defects 13.5 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N379 26.3 30 Growth restriction 17.9 Low risk Normal Normal Normal Normal - Amniocytes Elective abortion 
N380 18.1 32 Bilateral choroidal cys, large bladder 9.5 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N381 23.0 39 Ventricular septal defect, right pulmonary cystadenoma 30.9 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N382 17.0 34 Bilateral choroidal cys 7.2 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N383 20.0 30 Right choroidal cys 12.6 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N384 18.6 34 Choroidal cys 18.7 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N385 18.3 34 Left choroidal cyst 7.1 Low risk Normal Normal Normal Normal - Amniocytes - 
N386 24.3 31 Bilateral choroidal cys 11.6 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N387 19.1 26 Bilateral choroidal cys 11.6 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N388 18.0 41 Bilateral choroidal cys 3.4 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N389 19.0 31 Right choroidal cyst 11.2 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N390 28.0 26 Brain cyst 9.9 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N391 25.1 34 Aplasia/hypoplasia of the corpus callosum 8.5 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N392 26.0 35 Fetal hydrops, pleural effusion 35.5 Low risk Normal Normal Normal Normal - Amniocytes Elective abortion 
N393 24.3 33 Low liver echo, strong intestinal echo, mild tricuspid regurgitation 17.1 Low risk Normal Normal Normal Normal - Amniocytes Elective abortion 
N394 18.3 22 NT 3.4 mm, ventricular septal defect 6.1 Low risk Normal Normal Normal Normal - Amniocytes - 
N395 18.6 30 NT 3.4 mm 12.3 Low risk Normal Normal Normal Normal - Amniocytes - 
N396 20.7 27 Spots on the left ventricle, bilateral renal pelvis separation 9.0 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N397 17.0 32 Increased echogenicity of the umbilical cord root 13.0 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N398 28.0 22 Meconium peritonitis 8.1 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N399 29.7 22 Fetal hydrops, pleural and celiac effusion 30.1 Low risk Normal Normal Normal Normal - Product of conception Elective abortion 
N400 25.0 25 Hyperechogenic left chest cavity 17.7 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N401 26.4 40 Gallbladder absent 13.8 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N402 16.3 28 Megacystis, single umbilical artery 9.2 Low risk Normal Normal Normal Normal - Amniocytes Elective abortion 
N403 24.0 32 Single umbilical artery 14.1 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N404 21.4 33 Venous catheter absent 14.2 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N405 25.4 32 Interrupted inferior vena cava 7.2 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N406 25.1 34 Aortic arch with mirror image branching 15.1 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N407 30.0 24 Right aortic arch, aberrant left subclavian artery 30.4 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N408 25.6 25 Pulmonic stenosis 18.7 Low risk Normal Normal Normal Normal - Amniocytes Liveborn 
N409 32.4 37 Hepatomegaly 23.3 Low risk - - Normal Normal - Amniocytes - 
N410 30.7 27 External genitalia abnormalities 20.7 Low risk - - Normal Normal - Amniocytes Liveborn 
N411 21.0 34 Systemic skeletal dysplasia, short limbs, narrow chest cavity 7.3 Low risk - - Normal Normal - Amniocytes Elective abortion 
N412 23.1 32 Abnormality of prenatal development 12.0 Low risk - - Normal Normal - Amniocytes - 
N413 24.0 22 Short long bones 24.6 Low risk - - Normal Normal - Amniocytes Liveborn 
N414 25.0 27 Cardiovascular system abnormalities 15.0 Low risk - - Normal Normal - Amniocytes - 
N415 24.0 28 Cystic hygroma 19.2 Low risk - - Normal Normal - Amniocytes Liveborn 
N416 22.0 32 Right renal agenesis, single umbilical artery, double inferior vena cava 13.8 Low risk - - Normal Normal - Amniocytes Liveborn 
N417 32.3 34 Short long bones 30.1 Low risk - - Normal Normal - Amniocytes Liveborn 
N418 30.0 28 Short long bones 21.3 Low risk - - Normal Normal - Amniocytes Liveborn 
N419 19.0 32 Short long bones 9.1 Low risk - - Normal Normal - Amniocytes Elective abortion 
N420 20.1 33 Posterior cranial fossa and cardiac sonographic changed 17.2 Low risk - - Normal Normal - Amniocytes Liveborn 
N421 15.7 31 Increased NT, fetal hydrops, omphalocele, ectopia cordis 7.6 Low risk - - Normal Normal - Product of conception Elective abortion 
N422 27.0 20 Suspected tetralogy of Fallot 19.4 Low risk - - Normal Normal - Amniocytes - 
N423 26.3 29 Right kidney dysplasia, cardiovascular system abnormality 9.7 Low risk - - Normal Normal - Product of conception Elective abortion 
N424 28.1 20 Short long bones 13.9 Low risk - - Normal Normal - Amniocytes Liveborn 
N425 30.6 25 Bilateral lateral ventriculomegaly 37.3 Low risk - - Normal Normal - Amniocytes Liveborn 
N426 30.0 25 Bilateral lateral ventriculomegaly 19.9 Low risk - - Normal Normal - Amniocytes Elective abortion 
N427 27.4 33 Small cerebellum, bilateral lateral ventriculomegaly 13.9 Low risk - - Normal Normal - Amniocytes Elective abortion 
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Extended Data Table 6 (continued) | The diagnostic testing results and pregnancy outcomes of pregnancies with negative 
prenatal cfDNA screening results
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Extended Data Table 6 (continued) | The diagnostic testing results and pregnancy outcomes of pregnancies with negative 
prenatal cfDNA screening results
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Extended Data Table 6 (continued) | The diagnostic testing results and pregnancy outcomes of pregnancies with negative 
prenatal cfDNA screening results
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Extended Data Table 7 | Pregnancy outcomes in participants with positive and negative diagnostic testing results
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Extended Data Table 8 | Parental age and the occurrence of different genetic variants
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