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Abstract

Background: The prenatal test of cell-free fetal DNA (cffDNA) is also known as noninvasive prenatal testing (NIPT)
with high sensitivity and specificity. This study is to evaluate the performance of NIPT and its clinical relevance with
various clinical indications.

Methods: A retrospective analysis was conducted on 14,316 pregnant women with prenatal indications, including
advanced maternal age (≥35 years), maternal serum screening abnormalities, the thickened nuchal translucency
(≥2.5 mm) and other ultrasound abnormalities, twin pregnancy/IVF-ET pregnancy, etc. The whole-genome
sequencing (WGS) of maternal plasma cffDNA was employed in this study.

Results: A total of 189 (1.32%) positive NIPT cases were identified, and 113/189 (59.79%)cases were confirmed by
invasive prenatal testing. Abnormal serological screening (53.14%) was the most common indication, followed by
elderly pregnancy (23.02%). The positive prediction value for T21, T18, T13, sex chromosome abnormalities, other
autosomal aneuploidy abnormalities, and CNV abnormalities were 91.84, 68.75,37.50, 66.67, 14.29, and 6.45%,
respectively. The positive rate and the true positive rate of nuchal translucency (NT) thickening were the highest
(4.17 and 3.33%), followed by the voluntary requirement group (3.49 and 1.90%) in the various prenatal screening
indications. The cffDNA concentration was linearly correlated with gestational age (≥10 weeks) and the positive
NIPT group’s Z-score values.

Conclusions: whole-genome sequencing of cffDNA has extremely high sensitivity and specificity for T21, high
sensitivity for T18, sex chromosome abnormalities, and T13. It also provides evidence for other abnormal
chromosomal karyotypes (CNV and non-21/18/13 autosomal aneuploidy abnormalities). The cffDNA concentration is
closely related to the gestational age and determines the specificity of NIPT. Our results highlight NIPT’s clinical
significance, which is an effective prenatal screening tool for high-quality care of pregnancy.
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Highlights

� The whole-genome sequencing of cell-free fetal DNA from maternal plasma is an effective prenatal screening
tool for pregnancies with various prenatal indications.

� The concentration of cffDNA was linear with gestational age and the Z-score values of the positive NIPT group.
� NIPT has a significant positive predictive value for pregnancies with prenatal indications.

Keywords: cffDNA, Prenatal screening, Aneuploidy, Prenatal diagnosis, Whole-genome sequencing, Chromosomal
abnormalities

Background
The prenatal test of cell-free fetal DNA (cffDNA), also
known as noninvasive prenatal testing (NIPT) is an at-
tractive alternative to serum screenings and invasive
tests owing to its high sensitivity and specificity [1–3].
Currently, NIPT is primarily used for screening high-
risk pregnancies such as trisomy 21, trisomy 18, and tri-
somy 13. However, it may have inconsistent results with
ultrasound examination and/or actual fetal chromosome
composition because the plasma cffDNA is mainly de-
rived from placental trophoblast cells. Also, many factors
may cause false positive of NIPT testing, including the
maternal chromosomal abnormalities, maternal tumors
(Hodgkin and non-Hodgkin lymphoma, breast, ovarian
and cervical cancers, etc.), vanishing twins, placenta con-
fined placental mosaicism (CPM), even placental chime-
rism [4–6]. So far, NIPT has been used as a screening
method but not as a diagnostic test; it cannot replace in-
vasive diagnostic approaches such as chorionic villus
sampling and amniocentesis.
The two most widely offered NIPT methodologies were

single-nucleotide polymorphism (SNP), and the whole-
genome sequencing (WGS) approaches. Both share com-
parable clinical sensitivities for detecting common aneu-
ploidies: T21, T18, T13, and monosomy X. In the present
study, we explored NIPT screening’s clinical significance
as a useful prenatal screening tool for the high-quality care
of pregnancy via analyzing the 14,316 plasma cffDNA
WGS screening data from pregnant women in Central
China. We also explored the correlation of NIPT with the
prenatal indications, particularly its sensitivity and specifi-
city in detecting trisomies 21, 18, and 13, sex chromosome
aneuploidy (SCA), non-21/18/13 autosomal aneuploidy
and CNV abnormalities. We also analyzed the possible
causes for false-positive and false-negative NIPT results.

Methods
Patient information
A total of 14,316 pregnant women were included from
October 2013 to November 2018 at Renmin Hospital of

Wuhan University, and also the ones referred from the
following 14 hospitals: Wuhan General Hospital, Jinmen
Second People Hospital, Daye People’s Hospital, Daye
Chinese Medicine Hospital, Qingshan District Maternal,
and Child Health Hospital, Lichuan City Hospital of
Traditional Chinese Medicine, Tuanfeng County Peo-
ple’s Hospital, Yi Du Maternal and Child Health Hos-
pital, Lichuan Maternal and Child Health Hospital,
Tianmen First People’s Hospital, Badong County Peo-
ple’s Hospital, Laifeng County Central Hospital, Tuan-
feng County People’s Hospital, Guangshui Maternal and
Child Health Hospital, and Hong’an People’s Hospital.
The testing for all the recruited participants was per-
formed at Renmin Hospital of Wuhan University. The
institutional review board of Renmin Hospital of Wuhan
University approved the study. Informed consent was
obtained from all participants.
The participants include pregnant women with high-risk

pregnancy indicators, missing maternal serum screening test
or ultrasound screening opportunities, interventional surgery
contraindication (infection including HBV+, HCV+, HIV+,
etc., and coagulopathy, etc), and volunteers (Table 1). The
high-risk pregnancies indicators included advanced maternal
age (AMA, ≥35 years old), abnormal maternal serum screen-
ing (aMSS, high risk: T21 ≥ 1/270, T18≥ 1/350; T13 ≥ 1/100
and intermediate-risk: 1/1000 ≤T21 < 1/270; 1/1000 ≤T18 <
1/350; 1/1000 ≤T13 < 1/100), the thickened nuchal translu-
cency (NT, NT ≥ 2.5mm) and any other reported abnormal
ultrasound findings (aUS) in fetus and placenta diagnosed by
the experts, twin pregnancy/IVF-ET pregnancy (Table 1). Pa-
tients with NIPT (+) patients were classified as a positive
group, and the patients with both NIPT (+) and interven-
tional prenatal diagnosis (+) were classified as a true positive
group. The invasive prenatal diagnosis included the karyo-
type analysis or microarray analysis of chorion, amniotic
fluid, and cord blood. The blood samples were collected
from the peripheral venous blood of each participant.
Of the 14,316 pregnant women, 13,162 were in single-

tons, and 458 in twins, with the average age of 29.71 ±
5.11 ranged from16–51 years, and the gestational age
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16.99 ± 2.82 weeks with a range of 9–36 weeks. The body
mass index (BMI) of participants was from13.67–42.36,
with an average of 22.52 ± 3.16.

cffDNA preparation and sequencing
Maternal peripheral blood samples (5 ml) were collected
in EDTA tubes, thoroughly mixed, and stored temporar-
ily in 4 °C refrigerators. Samples were excluded if
hemolysis occurred or the sample was stored beyond 8 h
before plasma separation. The plasma was isolated and
dispensed into 2.0 mL Eppendorf tubes by centrifugation
of the blood samples at 1600×g, 4 °C, for 10 min. The re-
sulted plasma was centrifuged again at 16,000 x g 4 °C,
for another 10 min. The supernatant was carefully ali-
quoted with 600 μL each into new 2.0 mL Eppendorf
tubes and stored at -80 °C for cffDNA extraction. The
plasma cffDNA extraction was performed with Nucleo-
Mag cfDNA isolation kit (Takara, Beijing, China) follow-
ing the manufacturer’s manual. Fetal Chromosome
Aneuploid (T21, T18, and T13) Detection Kit (Capital-
Bio Corporation, Beijing, China) was used for library
construction/quality control and library amplification.
The resulted libraries were sequenced using the Bioelec-
tronSeq 4000 Semiconductor Sequencing System

(CapitalBio Corporation, Beijing, China) following the
manufacturer’s instruction.

Bioinformatic analysis
The obtained readings were aligned to the human gen-
omic reference sequences (hg19) using the BWA algo-
rithm. On average, the depth of sequencing of this NIPT
method for each sample was about 0.1× sequencing
depth. An in-house Perl script for FLAG field in the
alignment file was used to filter the unmapped reads or
those with multiple primary alignment records. An inte-
grated three-step process, including LOESS correction,
intra-run normalization, and linear model regression,
was applied to eliminate the effect of GC bias [7, 8].
To determine if a tested maternal plasma sample

belonged to a trisomy pregnancy, we calculated the z-
score of % corresponding chromosome of the tested
sample. The z-score is related to the number of standard
deviations from the mean of a reference data set. The fe-
tuses with trisomy 21, 18, 13, or sex chromosome aneu-
ploidies were identified by Z score calculation using
CapitalBio Data Analysis & Management Software BES
4000 Software as previously reported [9]. A Z score > 3
and fetal fraction ≥4% was set as the cutoff value to

Table 1 The efficacy of indications in detecting chromosomal abnormality

Clinical indications Characteristic Population
with high risk

T21 T18 T13 SCAs

Total(%) Maternal age
(years)

GA at NIPT
(wks)

P
(TP)

PPV P
(TP)

PPV P
(TP)

PPV P
(TP)

PPV P
(TP)

PPV

AMA (≥35 years) 3295
(23.02)

37.39 ± 2.37 16.54 ± 2.58 63
(38)

60.32% 23
(21)

91.30% 8 (6) 75.00% 6
(2)

33.3% 15
(9)

60.00%

aMSS 7608
(53.14)

28.06 ± 3.52 17.40 ± 2.83 24
(11)

45.83% 5 (5) 100.00% 2 (1) 50.00% 1
(0)

0.00% 8 (5) 62.50%

abnormally thickened NT 120
(0.84)

27.58 ± 3.54 15.32 ± 2.17 5 (3) 60.00% 1 (1) 100.00% 2 (2) 100.00% 0
(0)

NA 1 (0) 0.00%

aUS 112
(0.78)

27.69 ± 3.22 22.69 ± 3.04 3 (1) 33.33% 0 (0) NA 0 (0) NA 0
(0)

NA 2 (1) 50.00%

Twin /IVF-ET pregnancy 429
(3.00)

28.81 ± 3.27 15.26 ± 2.05 6 (5) 83.33% 3 (3) 100.00% 0 (0) NA 0
(0)

NA 3 (2) 66.67%

Miss other screening
opportunities

5 (0.03) 25.80 ± 2.99 25.40 ± 0.49 0 (0) 0.00% 0 (0) NA 0 (0) NA 0
(0)

NA 0 (0) NA

Voluntary Testing 2524
(17.63)

27.59 ± 3.68 16.03 ± 2.23 88
(42)

47.73% 17
(15)

88.24% 4 (2) 50.00% 9
(4)

44.44% 34
(21)

61.76%

Interventional surgery
contraindication

14 (0.10) 27.64 ± 2.12 16.29 ± 1.39 0 (0) 0.00% 0 (0) NA 0 (0) NA 0
(0)

NA 0 (0) NA

Other risk factors 209
(1.46)

28.44 ± 3.41 15.35 ± 2.35 0 (0) 0.00% 0 (0) NA 0 (0) NA 0
(0)

NA 0 (0) NA

Total 14,316 189
(100)

59.79% 49
(45)

91.84% 16
(11)

68.75% 16
(6)

37.5% 63
(38)

60.32%

Data are given as mean (range) or n (%)
Others – all other combinations except the indications in the table; abnormal ultrasound findings (aUS), abnormal maternal serum screening (aMSS, high risk:
T21 ≥ 1/270, T18 ≥ 1/350; T13 ≥ 1/100 and intermediate risk: 1/1000 ≤ T21 < 1/270; 1/1000 ≤ T18 < 1/350; 1/1000 ≤ T13 < 1/100), nuchal translucency (NT) (increase
extent > 95), advance maternal age (AMA); interventional surgery contraindication includes infection and coagulopathy; Other risk factors group include the
pregnant women with other inherited disease, chromosomal polymorphism, drugs use history during pregnancy, medical history. or mental abnormality, et al
P Positive, the NIPT(+), TP True positive, both NIPT(+) and interventional prenatal diagnosis (+), PPV positive predictive value, Down syndrome, GA gestational age,
NA not applicable, wks weeks
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express the ratio of chromosome 21, 18, or 13 was in-
creased, resulted from fetal trisomy 21, 18, or 13. More-
over, a Stouffer’s Z-score method was utilized to detect
subchromosomal abnormalities more precisely with the
combined Z scores in each 1Mb region as report [10],
in which, if the z score > 5, it was considered as micro-
duplication, reversely if < − 5, microdeletion.

Follow-up
All the participants were registered. If the NIPT results
suggested trisomy 21, 18, 13, or sex chromosome aneu-
ploidies, the amniocentesis was recommended for copy
number variation (CNV) analysis; and the participants
were followed up. If the CNV results showed abnormal,
the karyotype analysis and/or microarray analysis were
further recommended. The pregnant women who
showed any NIPT abnormalities were classified as NIPT
(+) or high-risk NIP group. For NIPT (+) pregnant
women who refuse amniocentesis, the pregnancy was
followed up for 1 year until the baby is delivered. For
NIPT (−) pregnant women, karyotype analysis was based
on their clinical indications and the participants’
willingness.
The specificity of the NIPT testing was evaluated by a

questionnaire survey on the newborns’ health status.
Newborns with no abnormalities in postpartum neonatal
examinations were considered aneuploidy negative. Re-
gardless of the NIPT results, incomplete pregnancy

(miscarriage, stillbirth, and labor induction) and cases
without a genetic diagnosis were not included in the
NIPT test performance calculation.

Statistical analysis
The statistical software SPSS 21.0 was used for statistical
analysis of the descriptive data. The count data were
expressed in the number of cases, frequency, and com-
position ratio. The comparison between groups was per-
formed by χ2 test, and the difference was statistically
significant with P < 0.05. The positive predictive value
(PPV) was used to evaluate the performance of NIPT.

Results
The maternal age & gestational age distribution of
pregnant women
The pregnant women were divided into eight age groups
with 5-year intervals. The number of pregnant women
in each different age group is shown in Fig. 1A. The data
showed that the main force of pregnant women giving
childbirth is between 25 and 40 years old in Central
China; the positive detection cases are also concentrated
in this age group, which occupied 52.43% (97/185) of all
positive cases (Fig. 1C). The time for the most com-
monly received examination was at 16 and 22 weeks of
gestation. The gestational age distribution of the positive
cases was shown in Fig. 1B and D.

Fig. 1 Maternal age and gestational age distribution of pregnant women. The black dots represent the population of pregnant women (y-axis)
plotted against the corresponding maternal age(A/C), gestational age(B/D) (x-axis)
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The relationship of cell-free fetal DNA concentration with
gestational week and Z scores of trisomy 21, 18, 13
The cffDNA concentration was the well-known key fac-
tor in fetus aneuploidy detection [11]. The cffDNA con-
centration and its relationship with gestational week and
the Z scores were further examined. We measured the
cffDNA from 5656 plasma samples and correlated the
cffDNA concentration with Z scores from nearly 80
plasma samples with positive NIPT for trisomy 21, 18,
13. The result showed that the amount of cffDNA in-
creased significantly with the gestational week (Fig. 2A).
They have a significant positive correlation; however, the
coefficient rate was only 0.6971, which indicated that
gestational week combined with other mechanisms
might be responsible for driving the cffDNA concentra-
tions. The correlation of the cffDNA concentration with
the Z scores of positive NIPT further explores that
cffDNA increased significantly with the Z scores of tri-
somy 21, 18, 13. There was a significant positive correl-
ation with a coefficient of 0.744, 0.2727, and 0.4338,
respectively (Fig. 2).

Aneuploidy detection with NIPT test
A total of 189 cases of positive NIPT with chromosomal
abnormalities were found in 14,316 pregnant women
(Table 2). There was no significant difference in the

positive detection rate between a single pregnancy and
twin pregnancy (183/13,162 vs. 6/458, p > 0.05).

Trisomy 21, 18, 13 detections with NIPT test
The 49 pregnant women showed a T21 positive (0.34%),
of which T13 accompanied one pregnant woman. The
48 patients (97.96%, 48/49) underwent interventional
prenatal diagnosis, and 45 were diagnosed. Further ana-
lysis of 3 false-positive cases found that their Z scores
were < 5, judged as a gray area according to the manu-
facturer’s instructions. In the confirmed cases, 2 cases
had a Z value of < 5, and the amniocentesis showed a tri-
somy 21 mosaic karyotype (47, XN, + 21 [5]/ 46, XN
[110] and 47, XN, + 21 [2]/ 46, XN [36], respectively).
Also, there was one case in which a T21 diagnosis was
missed. The pregnant woman was recalled for abnormal
ultrasound screening and underwent a prenatal diagnosis
for T21. The peripheral blood of this pregnant woman
was collected and underwent NIPT. The result still
showed a negative result; the possible explanation is that
the maternal placenta might not coincide with fetal gen-
etic information.
NIPT reported 16 patients with a T18 positive (0.11%),

13 of them (81.25%, 13/16) underwent prenatal diagno-
sis. Out of those, 11 patients were diagnosed, and 2 pa-
tients had false-positive cases with a Z value < 5. Three

Fig. 2 The relationship of estimated cffDNA concentration with gestational week and Z scores of trisomy 21, 18, 13. The black dots represent the
cffDNA concentrations (y-axis) plotted against the corresponding gestational week (x-axis) and Z scores of trisomy 21, 18, 13
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patients had no interventional prenatal diagnosis, one
patient had multiple tumors in the fetus, one underwent
an abortion, and one had a miscarriage.
NIPT reported a T13 positive in 16 patients (0.11%).

Twelve patients (75%, 12/16) underwent prenatal diag-
nosis, and 6 were diagnosed. Four patients had no inter-
ventional prenatal diagnosis. One patient had multiple
malformations confirmed by B-ultrasound. The other
three declined any form of confirmation and chose to
continue the pregnancy. There were no abnormalities
found in follow-up within 12months, and no abnormal-
ities were found within 6 months after birth. The statis-
tical results are shown in Table 2.
Together, these data showed that NIPT’s positive pre-

dictive value for T21, T18, and T13 is 91.84, 68.75, and
37.5%, respectively (Table 2).

SCAs detection with NIPT test
NIPT reported sex chromosome aneuploidy (SCA) ab-
normalities in 63 patients (0.44%), including 29 cases of
45 X, 16 cases of 47 XXY, 9 cases of 47 XXX, and 9
cases of 47 XYY. Forty-four patients (69.84%, 44/63)
underwent prenatal diagnosis and 42 cases were con-
firmed (19 X monomers, 3 partial X monomers, 8 cases
of 47 XXY, 2 cases of 47 XXX, 1 case 47 XXX/ 46 XX
chimera, and 5 cases of 47 XYY). Two false-positive
cases were due to the mother’s abnormality (47, XXX).
The PPV of NIPT for abnormal sex chromosome

number is 66.67% (42/63). Among them, XO had the
highest PPV of 75.86% (22/29), followed by XYY and
XXY (55.56 and 50.0%, respectively) and XXX lowest
(33.33%).

Other autosomal aneuploidies and CNV abnormalities
NIPT reported 31 cases (0.22%) of other uncommon
autosomal aneuploidy abnormalities involving

aneuploidy changes on chromosomes 3, 7, 8, 9, 10, 14,
15, 16, 20, and 22. Fourteen cases were confirmed CNV
abnormalities (0.10%, 14/14, 316), involving CNV
changes on chromosomes 4, 5, 7, 8, 10, 11, 14, 15, 16,
and 22. A total of 19 cases (42.22%,19/45) received the
invasive prenatal diagnosis, and karyotype analysis, 5
cases including one reported with T10, one reported
with T8, one reported with microdeletion of chromo-
some 22, and one reported with microdeletion of
chromosome 5 were confirmed. In the case of the
microdeletion of chromosome 22, it was found that the
pregnant woman did not declare that she was a balanced
translocation carrier.
Among these cases, one pregnancy with 47 XN, + 7

and one pregnancy with microduplication of chromo-
some 12 ended in miscarriage. One woman who had
two previous deliveries but had a chromosome 4 micro-
deletion chose to terminate the pregnancy. Other preg-
nant women declined any form of confirmation and
chose to continue the pregnancy. There were no abnor-
malities that were observed in the follow-up within 12
months. In summary, the positive predictive value (PPV)
of NIPT for other autosomal aneuploidy abnormalities
was 6.45%. The PPV for CNV abnormalities was 14.29%.

Prenatal indications of NIPT and test results
The clinical indications of NIPT in 14,316 pregnant
women are shown in Table 1. Abnormal maternal serum
screening (aMSS) group was the most common indica-
tion, accounting for 53.14%, followed by the advanced
maternal age (AMA) group (23.02%) and voluntary test-
ing group (17.63%). The thickened NT group’s positive
detection rate was the highest (4.17%), and the voluntary
testing group (3.49%) was the second. NIPT has different
detection abilities in different indication groups and in
statistically different positive cases of the indication

Table 2 The performance of NIPT for detection of fetal aneuploidy

NIPT result (N = 14,316) Positive(n) TP(n) FN(n) Sensitivity Specificity PPV NPV

T21 49 45 1 97.83% 99.97% 91.84% 99.99%

T18 16 11 0 100.00% 99.99% 68.75% 100.0%

T13 16 6 0 100.00% 99.96% 37.50% 100.0%

XO 29 22 0 100.00% 99.96% 75.86% NA

XXY 16 8 0 100.00% 99.96% 50.00% NA

XYY 9 5 0 100.00% 99.98% 55.56% NA

XXX 9 3 0 100.00% 99.96% 33.33% NA

CNV 14 2 NA – – 14.29% NA

other autosomal aneuploidy abnormalities 31 2 NA – – 6.45% NA

Total 189 104 – – 55.03% NA

Since sex chromosome abnormalities and CNV abnormalities may not appear clinically during follow-up, it is impossible to calculate false negatives or false
positives, so sensitivity and specificity are not calculated
NPV negative predictive value, PPV positive predictive value, Positive the NIPT(+), TP true positive, both NIPT(+) and interventional prenatal diagnosis (+), FN false
negative, PPV positive predictive value, NPV negative predictive value

Wang et al. BMC Pregnancy and Childbirth          (2021) 21:585 Page 6 of 9



group. The PPV of the twin/IVF-ET pregnancy was the
highest, followed by the thickened NT group, the PPV
value of other abnormal ultrasound abnormality on the
fetus and placenta was the lowest. The lowest value may
be associated with fewer positive cases and maternal
refusion of prenatal diagnosis. The detection rate of T21,
T18, T13, and sex chromosome abnormalities were simi-
lar in different indication groups without significant dif-
ference (p > 0.05).

Discussion
The clinical significance of NIPT has been confirmed by
several large-scale clinical studies [12, 13]. Of the 14,316
pregnant women in our study, NIPT results indicated
that the high-risk T21/T18/T13 cases were 49 (0.34%),
16 (0.11%), and 16 (0.11%), respectively. The incomplete
pregnancy (miscarriage, stillbirth, and labor induction)
and cases without a genetic diagnosis were excluded, the
other high-risk T21/T18/T13 cases were conducted in-
vasive diagnosis confirmation or postnatal follow-up, the
s true positive (TP) was 45 (0.31%), 11 (0.08%) and 6
(0.04%). NIPT PPV for the 21, 18, and 13-tris were
91.84, 68.75, and 37.5%, respectively. Our data is com-
patible with the other reported in China [14–16].
The relationship between the Z-score of high-risk

T21/T18/T13 with NIPT’s accuracy was analyzed and
showed that the relationship between cffDNA concen-
tration and Z-score of high-risk T21/T18/T13 and gesta-
tional age was linear. The greater the gestational age
(≥10 gestational weeks), the higher the cffDNA concen-
tration and the positive specimen’s higher Z-score. The
Z value of the false-positive cases of T13, T18, and T21
was also retrospectively analyzed. The false-positive
cases were mainly with the Z < 5, which belonged to the
gray area of the kit manual. This data further suggests
that the Z score for NIPT testing is closely related to
noninvasive prenatal testing accuracy.
Our data together indicated that clinical indications

for NIPT testing should be strictly controlled. For NIPT
results of 3 ≤ Z < 5, more appropriate post-test genetic
counseling and further prenatal diagnostic guidance
should be given. Also, studies have shown that low con-
centrations of cffDNA, confined placental mosaicism
(CPM), vanishing twins, placental chimerism, and a low
proportion of fetal chimerism may have false positives of
3 ≤ Z < 5 [17]. Therefore, it is strongly recommended
that the combination of chromosomal karyotypes and
microarray analysis for this group of pregnant women
avoids misdiagnosis.
In this study, we found that the maternal age in central

China is between 25 to 40, of which pregnant women
aged over 35 years old counted for 23.02%. The ad-
vanced maternal age group’s NIPT positive rate was sig-
nificantly higher than the serological high risk/critical

risk group (chi-square = 74.04, p < 0.01). The positive de-
tection rate of T21/T18/T13 was 1.12% (37/3295), indi-
cating that at least 98.09% of advanced maternal age
pregnancies can avoid invasive and risky prenatal diag-
nosis through NIPT. We further analyzed the proportion
of advanced maternal age pregnancies before and after
imposing the “Two-Children” policy on January 1, 2016
[8, 9, 13]. We found that advanced maternal age preg-
nancies decreased significantly from 30.49% (182/597) to
22.69% (3113/13719) (Chi-square = 19.62, p < 0.01), indi-
cating that the fertility desires of advanced maternal age
are reduced due to high pregnancy complications and
comorbidities. NIPT’s wide application may help allevi-
ate this group’s concerns and increase fertility desires by
improving the quality of birth to some extent.
The voluntary testing group counted for 17.63% of all

pregnant women. This group’s positive detection rate is
lower than the NT thickening group, probably due to
public awareness of NIPT in pregnant women and the
preferential policies and subsidies for NIPT from the
government, which is critical for reducing congenital
disabilities in Central China. Our data suggest that the
NT thickening group’s positive detection rate and the
true positive rate are higher than other indication
groups, implying that NT thickening is riskier than other
indication groups. Some experts recommend that such
pregnant women should be directly counseled on pre-
natal diagnosis [18, 19]. We recommend that pregnant
women should undergo prenatal testing for chromo-
somal aneuploidy if there are no contraindications. NIPT
screening was also included for the patients with inter-
ventional surgery contraindication includes infection and
coagulopathy in our study. However, our data didn’t
show any significant difference owing to the low sample
number. Our data support the reports that women in-
fected with hepatitis B, hepatitis C, and/or human im-
munodeficiency virus (HIV) are recommended to use
the noninvasive methods of prenatal risk assessment [8,
9, 13]; Also, it prefers to use the methods with high sen-
sitivity and low false-positive rates, such as serum
screening combined (or not) with nuchal translucency,
anatomic ultrasound, and noninvasive molecular pre-
natal testing [5].
This study found that the overall positive predictive

value of NIPT for sex chromosome abnormalities was
60.32%. The detection rate of aneuploidy, especially X+
type, was higher, which may be related to the pregnant
women’s ovarian microenvironment at their ages. The
accumulation of various harmful substances in the exter-
nal environment increases the probability that the auto-
somes and sex chromosomes do not separate, which
results in the increased incidence of fetal chromosomal
abnormalities. The detection rate of sex chromosome
abnormalities in this study was 60.32% (38/63), much
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lower than the detection rate of T21/T18/T13. It may be
related to the mother X chromosome CNV [18], placen-
tal mosaic, or CPM. Besides, the mother’s X chromo-
some CNV may also cause X-linked disease in
pregnancies with male fetuses, and it is necessary to con-
duct interventional tests.
We did not observe the difference of aneuploidy be-

tween single pregnancy and twin pregnancy, although it
has reports mentioned that twin pregnancies may result
in low fetal DNA concentration and a high failure rate
of NIPT detection [19]. The results may be owing to the
relatively small twin number versus huge single pregnan-
cies in our study. Also, all 5656 plasma samples used for
cffDNA concentration measurement were singleton
pregnancies in our study; only singleton pregnancies
were included in the statistical analysis of the relation-
ship between the fetal concentration and the Z value of
the positive result.
In this study, the twins and IVF pregnancies were clas-

sified in the same group; this is because the IVF preg-
nancies usually have a high incidence of multiple births,
but they often choose to reduce their fetuses to single-
tons first trimester. On the other hand, if the pregnant
woman carries a twin in China, it is regarded as precious
fetuses with special attention and care by the whole fam-
ily. However, both situations have a high detection fail-
ure rate; therefore, it is classified into the same group.
The significant factors contributing to false-positive

and false-negative NIPT results were maternal copy
number variant, vanishing twins, and fetal/placental mo-
saicism, but fetal fraction did not affect [20]. This study
found 2 cases of 47 XXX pregnant women with sex
chromosome abnormality in NIPT test results, indicating
that the sensitivity and specificity of NIPT detection of
SCAs are significantly lower compared with the typical
T21/T18/T13. Some experts suggest combining
maternal-plasma sequencing with maternal-WBC se-
quencing to avoid unnecessary invasive prenatal tests,
assess the risk of X-linked disease to the fetus, and sig-
nificantly improve NIPT’s accuracy for ChrX and ChrY
[5]. Nevertheless, there are various biological reasons to
consider, including maternal SCA mosaicism [18], van-
ishing twins, fetal under- or over-masculinization, CPM,
or a maternal solid organ transplant [21] explain the dis-
cordance of NIPT sex chromosome result with that of
sonographic or karyotype assessments.
A total of 31 cases of non-21/18/13 autosomal aneu-

ploidy abnormalities and 14 cases of CNV abnormalities
were detected in this study. Through the follow-up diag-
nosis of some patients with late follow-up and some
positive patients, it was found that the current sequen-
cing depth of NIPT and conventional algorithms could
not apply to other routines. The abnormalities of NIPT
results may not distinguish normal fetuses from other

non-21/18/13 autosomal abnormalities. It must be noted
that placental but not fetal DNA is examined in NIPT,
and placenta genetic aberrations might be different from
the fetus, which will lead to false positives. It is currently
found that most pregnant women with non-21/18/13
chromosomal abnormalities in NIPT have a slow fetal
development, and reasons remain to be further studied.
In combination with current domestic and international
expert consensus and guidelines, NIPT is not recom-
mended for screening genome-wide CNV abnormalities
[22–26]. Clinically, CNV-positive NIPT results should
be treated with caution.
As a powerful screening approach, NIPT has dramatic-

ally changed the current status of prenatal screening.
With the popularity of NIPT technology in low-risk
pregnancy populations [20] and the development of
high-throughput sequencing technologies, the benefi-
ciaries of NIPT testing and the range of disease detec-
tion are also expanding [27, 28]. NIPT by whole genome
sequencing often obtains positive results, which can link
with biological explanation for the abnormalities from
the fetal, and/or the placenta, and/or the pregnant
woman. More clinical attention should be paid to gen-
etic counseling and prenatal diagnosis before further
clinical testing.

Conclusion
Our data indicate that whole-genome sequencing of
cffDNA has exceptionally high sensitivity and specificity
for T21 and has a high sensitivity for T18, sex chromo-
some abnormalities, and T13. NIPT by whole-genome
sequencing also provides evidence for other abnormal
chromosomal karyotypes (CNV and non-21/18/13 auto-
somal aneuploidy abnormalities). The cffDNA concen-
tration is closely related to the gestational age and
determines the specificity of NIPT. Our results highlight
the clinical significance for whole-genome sequencing of
cffDNA as a useful prenatal screening approach for
high-quality care of pregnancy.
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