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Objective: This study was to evaluate the performance of noninvasive prenatal testing (NIPT) in detecting fetal chromosome
disorders in pregnant women.

Methods: From October 1st, 2017, to December 31th, 2022, a total of 15,304 plasma cell free DNA-NIPT samples were collected for
fetal chromosome disorders screening. The results of NIPT were validated by confirmatory invasive testing or clinical outcome follow-
up. Further, NIPT performance between low-risk and high-risk groups, as well as singleton pregnancy and twin pregnancy groups was
compared. Besides, analysis of 111 false-positive cases was performed.

Results: Totally, NIPT was performed on 15,086 eligible venous blood samples, of which 179 (1.19%) showed positive NIPT results
and 68 were further validated to be true positive samples via confirmatory invasive testing or follow-up of clinical outcomes. For
common chromosome aneuploidies, sex chromosome abnormalities (SCA) and other chromosomal aneuploidies, the detection
sensitivities of NIPT were all 100%, the specificities were 99.87%, 99.70%, and 99.68% and the positive predictive values (PPVs)
were 65.45%, 31.82%, and 10.91%, respectively. No statistically significant variance in detection performance was observed among
2987 high-risk and 12,099 low-risk subjects, as well as singleton and twin pregnancy subjects. The concentration of cell-free fetal
DNA of 111 false-positive cases ranged from 5.5% to 33.7%, which was higher than the minimum requirement of NIPT.
Conclusion: With stringent protocol, NIPT shows high sensitivity and specificity for detecting fetal chromosome disorders in a large-
scale clinical service, helping improving overall pregnancy management.
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Introduction

Fetal chromosome disorders are generally defined as syndromes caused by abnormal chromosome number or chromo-
some structure, leading to a complex and diverse range of symptoms such as intellectual disability, developmental delay,
and malformations. Certain medications, treatments or rehabilitative methods can relieve the patient’s condition or
suffering, but are not curative.' Chromosome aneuploidy is the most common type of fetal chromosome disorders,
among which trisomies (T) 21, 18, 13 are the most typical, and the incidence of these trisomies is relatively high,
accounting for about 0.2% of all full-term pregnancies.2 Sex chromosome abnormalities (SCA), such as 47, XYY
(Fernando syndrome), 47, XXX (Hyperemesis), 47, XXY (Klinefelter syndrome), 45, X (Turner syndrome), are
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a chromosomal disorder with an abnormal number of sex chromosomes, with an incidence of 1 in 200 to 1 in 400 live
births and a prenatal diagnosis incidence of up to 1 in 435. Most of these patients are detected by karyotype analysis due
to abnormal pubertal development, which may miss the best time to use the corresponding hormone treatment and lead to
unremarkable treatment effect. In addition, with the development of treatment technology, other types of chromosomal
disorders, such as other chromosome abnormalities and chromosome copy number variants (CNVs), are also attracting
increasing attention.’

Prenatal screening is a vital tool to detect fetal chromosomal disorders and reduce the birth of fetuses with birth
defects. Traditional screening and detection of fetal aneuploidy depends on biochemical detection and ultrasonic
detection, and the detection rate is 50-95%,* which is unstable and unsatisfactory, leading to many meaningless invasive
tests. However, noninvasive prenatal testing (NIPT) has become widely available due to the discovery of free DNA from
fetal cells in maternal plasma (cf-DNA) and the sustained development of next-generation sequencing technology (NGS).
This method of screening provides several advantages, including being noninvasive and improved positive predictive
value, accuracy, and safety.”’ Currently, in some studies, NIPT has expanded beyond screening for common chromo-
some aneuploidies (T21, T18, T13) to include screening for SCA, and other chromosome abnormalities.®* Garshasbi
et al, indicated that with a stringent protocol, NIPT showed excellent performance as screening test for the detection of
fetal T21, T18, T13 and SCA in mixed-risk pregnancies in Iran.® In Italy, a retrospective analysis of a large cohort of
consecutive patients who had whole-genome sequencing-based NIPT for classic trisomies and SCA shows excellent
detection rates and low false-positive rates.” A retrospective analysis evaluated the performance of a new paired-end
sequencing-based NIPT assay in 13,607 pregnancies from a single center in Germany, showing high sensitivities and
specificities observed based on known clinical outcomes, a high overall PPV, and a low failure rate.'® However, there are
limited studies in China which faced certain limitations such as small sample size, single chromosome disorders, and
absent follow-up. Thus, the expanding application of NIPT has been controversial due to the potential for increased false-
positive rates and the likelihood of uncertain findings with unclear clinical significance, which may contribute to patient
distress and anxiety.'""'?

Therefore, based on clinical data from 15,304 NIPT results in China, this study reported the detection performance of
NIPT for the common chromosome aneuploidies, SCA and other chromosome abnormalities in a large-scale clinical service
and compares the difference in detection performance of NIPT in high-risk and low-risk populations. Besides, this study
analyzed the differences in detection performance of NIPT in singleton and twin pregnancy populations and further
analyzed the characteristics of 111 false-positive cases, providing convincing evidence for the clinical application of NIPT.

Materials and Methods
Study Population and Design

Pregnant women who underwent conventional cf-DNA-based NIPT in West China Second University Hospital/Southern
Sichuan Women'’s and Children’s Hospital from October 1st, 2017, to December 31th, 2022, were recruited. The clinical
data of the enrolled subjects were collected, including name, age, gestational age, ethnicity, pregnancy history, pregnancy
mode, fetal ultrasound examination, NIPT results, clinical karyotype, pregnancy outcome, and neonatal physical
examination report. Inclusion criteria: all enrolled subjects had singleton or twin pregnancy at 10 weeks of gestation
or beyond and expressed a strong desire to undergo non-invasive prenatal testing (NIPT) screening. All subjects received
professional and detailed genetic counseling before NIPT screening.

To encourage reporting of the false-positive (FP) and false-negative (FN) results, an insurance policy was provided
for each participant as part of the test. Those who were found positive by NIPT were recommended to have confirmatory
invasive testing. If refused, the pregnancy was monitored continuously to obtain pregnant outcome. In instances where
the NIPT test yielded a negative result, yet subsequent laboratory tests, such as ultrasound, revealed chromosomal
abnormalities, the policy offered a compensation of Chinese Yuan (CNY) 20,000. Should the NIPT test negated the
presence of any chromosomal abnormalities, and subsequent ultrasound examinations corroborated this finding, yet
significant chromosomal abnormality symptoms or positive genetic testing results were detected in the neonate or during
follow-up visits, the policy would pay CNY 400,000 to each FN case.
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When chromosome disorders were detected by any method, posttest genetic counseling was offered in all cases. This
study was approved by the West China Second University Hospital/Southern Sichuan Women’s and Children’s Hospital
Ethics Committee. Informed consent was taken from all individual participants.

NIPT

The NIPT procedures included the DNA extraction, library construction, whole genome sequencing, and bioinformatics
analysis. Briefly speaking, 10 mL of blood samples was collected from each subjects and stored in tubes containing
ethylenediaminetetraacetic acid. The cf-DNA was extracted from the samples using a Circulating Nucleic Acid Kit from
Berry Genomics. Subsequently, the extracted plasma DNA was used as the input DNA to prepare the library for
sequencing and quality control. Noninvasive DNA high-throughput sequencing technology was applied for sequencing,
and the obtained sequences were compared with the human genome reference sequence map by bioinformatics analysis
to detect common chromosome aneuploidies, SCA and other chromosome abnormalities. Fetal chromosome disorder risk
was assessed by calculating the ratio Z-score. A high-risk result indicating sub-chromosomal deletions/duplications was
indicated if the Z-score was |Z| >3, while a low-risk result was indicated if the Z-score was |Z| <3.

Confirmatory Invasive Testing

Prenatal invasive diagnosis that utilized both chromosomal karyotyping and CNV-seq was conducted. The amniocentesis
was performed on positive subjects detected by NIPT at an average gestational age of 20 weeks. Chromosomal karyotyping
was used to confirm whole chromosomal aneuploidies, and sub-chromosomal deletions and duplications were confirmed by
CNV-seq. Samples were processed following established karyotyping protocols, including harvesting, colchicine treatment,
digestion, fixation, preparation of spreads, and banding of chromosomes. We analyzed a minimum of 20 metaphases, and up
to 50 metaphases were analyzed when mosaicism was detected. The sequencing reads were aligned to the human reference
genome. CNV-seq was performed using NGS, which involved randomly interrupting genomic fragments with a restriction
enzyme, end-filling, adding AMPs, linking to the primer, and ultimately sequencing and analyzing the fragments.

Comparison of NIPT Detection Performance Between Groups at Different Risk

Levels

Subjects were divided into high-risk and low-risk groups according to the presence or absence of risk factors. Subjects in
high-risk group could meet any of the following conditions: at least 35 years old; positive in conventional Down
syndrome screening test; abnormal ultrasound indicators, family history of aneuploidy, and previous history of chromo-
somal abnormalities. Subjects without all these factors were defined as low-risk group. The detection performance of
NIPT in the two groups was compared with the results of karyotype analysis or follow-up as the gold standard.

Comparison of NIPT Detection Performance Between Singleton Pregnancy and Twin

Pregnancy Groups
A total of 15,086 subjects were divided into the singleton group and the twin group. The results of chromosome karyotype
analysis or follow-up were used as the gold standard to compare the detection performance of NIPT between the two groups.

Collection of Postnatal Follow-Up Data

All the subjects were followed up by telephone and outpatient examination, and the registration form of subjects was
reviewed to record the delivery status, pregnancy outcome, and neonatal health status (karyotype analysis and other
cytogenetic results, physical examination reports).

Statistical Analysis

The data were analyzed using R software. For continuous data, normality was assessed using the Shapiro—Wilk method.
When data met the normality assumption, they were presented as mean + standard deviation. Those not conforming to
a normal distribution were expressed as median (IQR). Categorical data were presented as percentages (%) and

International Journal of Women’s Health 2024:16 https: 565
Dove:


https://www.dovepress.com
https://www.dovepress.com

Ye et al Dove

frequencies and compared using the chi-squared test or fisher exact test. A P value <0.05 was considered statistically
significant. The detection performance (sensitivity, specificity, positive and negative predictive values) of the NIPT was
determined using karyotyping results and clinical follow-up results as the gold standard, with 95% confidence intervals
calculated. The true positive (TP) was defined as those positive NIPT results that were confirmed by prenatal invasive
diagnosis or follow-up results. FP was defined as positive NIPT results that were shown to be normal euploidy karyotype
or phenotype by the gold standard. The FN was defined as negative NIPT screening cases with an aneuploidy karyotype
confirmed by prenatal invasive diagnosis or follow-up results. The true negative (TN) was defined as negative NIPT
results confirmed by normal neonatal clinical physical examination results (barring SCA).

Results

Study Population Characteristics
Peripheral blood samples from 15,304 subjects were included in the study. Out of the total samples, 140 (0.91%) were
deemed unsuitable for further processing because of insufficient volume, contamination, or incorrect labeling. Seventy-
eight samples (0.51%) required re-sampling because of failing quality control, or assay failure. Ultimately, 15,086
eligible samples (98.58%) were included (Figure 1).

The characteristics of the 15,086 subjects were shown in Table 1. The mean age of the pregnant women was 28.7 £
4.60 years old, most of which (87.61%) were below 35 years old. Gestational ages at NIPT ranged from 11 to 36 weeks,

Pregnancies with maternal
blood sampling
(n=15304)

Inappropriate sample (n=78)
Testing failure (n=140)

Sample completed NIPT
(n=15086)

NIPT negative (n=14907)

NIPT positive (n=179)

'

Common aneuploidy

(n=55)

|

(n=66)

Other abuo_rmalmes Validated by
(n=58) :
insurance (n=0)

‘ SCA

Selective abortion, pregnancy loss
or neonatal death (n=0)

Validated by karyotyping/CNV Validated by postnatal follow-up Lost to follow up

(n=49) (n=127) (n=3)
4
Validated by follow-up
(n=14907)
)
TP (n=28) TP (n=37)
T21 (n=7) T21 (n=20)
T18 (n=5) 55 T18 (n=3)
T13 (n=1) EE2l) T3 (n=0) FP (n=90)
SCA (n=5) SCA (n=13) r
Other abnormalities Other abnormalities Normal live birth

(n=10) (n=1) (n=14907)

Figure | Flowchart of noninvasive prenatal test (NIPT) results and clinical outcome of pregnant women undergoing screening for fetal chromosome disorders between
2017 and 2022.
Abbreviations: SCA, sex-chromosomal abnormalities; CNV, copy number variant; TP, true positive; FP, false positive.
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Table | Demographic Characteristic of Pregnant Women Undergoing Noninvasive Prenatal Testing
(NIPT) for Fetal Chromosome Disorders Between 2017 and 2022

Characteristic Total Population High Risk Low Risk
(n = 15,086) (n =2987) (n =12,099)
Maternal age 28.7 + 4.60 323 £529 28.2 + 4.60
<24 2829 (18.75%) 299 (10.01) 2530 (20.91)
25-29 5781 (38.32%) 505 (16.91) 5276 (43.61)
30-34 4607 (30.54%) 314 (10.51) 4293 (35.48)
3540 1735 (11.50%) 1735 (58.08) | 0
>40 134 (0.89%) 134 (4.49) 0
GA at NIPT 18.15 £ 2.71 1792 £ 2.14 1821+ 2.83
First trimester (< 13 w) 85 (0.56) 18 (0.60) 67 (0.55)
Second trimester (14-27 w) 14,855 (98.47) 2950 (98.76) 11,905 (98.40)
Third trimester (228 w) 102 (0.68) 10 (0.33) 92 (0.76)
Unknown 44 (0.29) 9 (0.30) 35 (0.29)
Singleton pregnancy 14,579 (96.64) 2930 (98.09) 11,649 (96.28)
Twin pregnancy 507 (3.36) 57 (1.91) 450 (3.72)
High-risk factors
Previous DS screening result
High risk 1024 (6.79) 1024 (3428) | 0
Low risk 2790 (18.49) 117 (3.92) 2673 (22.09)
No test 11,272 (74.72) 1846 (61.80) | 9426 (77.91)
Other high-risk factors
Family history of aneuploidy 0 0 0
Sonographic markers of chromosomal abnormality 142 (0.94) 142 (4.75) 0
Advanced maternal age 1869 (7.40) 1869 (62.57) 0

Abbreviations: DS, Down syndrome; GA, gestational age; w, weeks.

with a mean of 18.15 weeks. The vast majority of the samples were collected in the second trimester (98.47%). In
addition, there were 507 (3.36%) subjects of twin pregnancies and 14,579 (96.64%) subjects of singleton pregnancy
among the 179 of the 15,086 samples (1.19%) had positive NIPT results, including 55 for common chromosome
aneuploidies (T21, T18, and T13), 66 for SCA, and 58 for other chromosome abnormalities. Forty-nine underwent
confirmatory invasive testing, which identified 28 true positive cases (including 7 cases of T21, 5 cases of T18, 1 case of
T13, 5 cases of SCA, and 10 cases of other chromosomal abnormalities) and 21 false-positive cases. A total of 127 cases
were verified through follow-up, resulting in the detection of 40 true positive cases (consisting of 20 cases of T21, 3
cases of T18, 16 cases of SCA, and 1 case of other chromosomal abnormalities) and 90 false-positive cases. To sum up,
after confirmatory invasive testing and follow-up, 68 were true positive samples, 111 were false-positive samples, and 3
were lost to follow-up. Details could be available in Figure 1.

As depicted in Table 2, among the individuals confirmed to be T21, 25 underwent selective abortion, 1 experienced
neonatal death, and 1 delivered at term. Within the T18 true positive cases, 8 cases underwent selective abortion. One case

Table 2 Pregnancy Outcomes of True Positive Cases Confirmed by Confirmatory Invasive Testing and Follow-Up Results

Common Aneuploidy SCA Other Abnormalities
T21 TI8 TI3 X XXY XYYy XXX Deletion/ Autosomal Deletion/
Duplication Trisomy Duplication
Selective abortion 25 8 | 7 7 0 3 | 0 4
Pregnancy loss 0 0 0 0 0 0 0 0 0 0
Neonatal death | 0 0 0 0 0 0 0 0 0
Term delivery | 0 0 0 0 3 0 0 0 2
Abbreviation: SCA, sex-chromosomal abnormalities.
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was confirmed to be T13, and selective abortion was performed. Moreover, there were 5 types of SCA. Selective abortion
was conducted in 18 cases, and term birth took place in 3 cases which were identified as XYY. Moreover, among the cases
confirmed to be other chromosomal abnormalities, 4 cases underwent selective abortion, and 2 cases delivered at term. The
remaining 14,907 cases with negative NIPT outcomes had follow-up results, and no false-negatives were discovered.

Clinical Performance of NIPT in Testing Common Chromosome Aneuploidies

Among 15,086 subjects, 179 (1.19%) were NIPT positive. Fifty-five cases were found to be common chromosome aneuploidies.
There were 33, 13 and 10 cases of T21, T18 and T13. The performance of NIPT in detecting common chromosome aneuploidies
was shown in Table 3. In this subgroup, 27 true positive (TP) cases and 5 false-positive (FP) cases were detected for T21, while 8
TP cases and 5 FP cases were detected for T18 detection. For T13 detection, only 1 TP case and 9 FP cases were detected.
Subsequently, for T21, T18, T13, the detection sensitivities of NIPT were all 100%, the specificities were 99.97%, 99.97%, and
99.94% and the positive predictive values (PPVs) were 84.38%, 61.53%, and 10.00%, respectively. In summary, the sensitivity,
specificity and PPV of NIPT for the detection of common chromosome aneuploidies were 100%, 99.87% and 65.45%,
respectively.

Clinical Performance of NIPT in Testing SCA and Other Chromosome Abnormalities
There were 66, 55 cases of SCA and other chromosome abnormalities detected by NIPT. Twenty-one TP cases and 45 FP
cases were detected for SCA, while 6 TP case and 49 FP cases were detected for other chromosome abnormalities.
Subsequently, for SCA and other chromosome abnormalities, the detection sensitivities of NIPT were all 100%, the
specificities were 99.70%, and 99.68%, and the PPVs were 31.82%, and 10.91%, respectively.

Overall, the sensitivity, specificity and PPV of NIPT for fetal chromosome disorders were 100%, 99.27%, and
38.51%, respectively. Additionally, the theoretical PPV was calculated under two boundary conditions: all unconfirmed
NIPT positive cases were assumed to be either true positive or false positive. Because there were no missing data in

Table 3 Performance of Noninvasive Prenatal Testing (NIPT) in Detecting Fetal Chromosome Disorders in Pregnancies with
Outcome Data

TP (n) FP (n) Sensitivity Specificity PPV NPV Incidence (%)
(% (95% CI) | (% (95% ClI) | (% (95% Cl) | (% (95% CI)
Overall performance 65 11 100 99.27 38.51 100 0. 431
(n = 15,086) (94.48-100) (99.12-99.40) | (31.24-46.17) | (99.98-100)
Common aneuploidy 36 19 100 99.87 65.45 100 0.239
(90.26—100) (99.80-99.92) | (51.42-77.76) | (99.98-100)
T21 27 5 100 99.97 84.38 100 0.179
(87.23-100) (99.92-99.99) | (67.21-94.72) | (99.98-100)
TI8 8 5 100 99.97 61.54 100 0.053
(63.06—100) (99.93-99.99) | (31.58-86.14) | (99.98-100)
TI3 | 9 100 99.94 10.00 100 0.007
(2.50-100) (99.89-99.97) | (0.25-44.50) (99.98-100)
SCA 21 45 100 99.70 31.82 100 0.139
(86.28-100) (99.60-99.78) | (20.89-44.44) | (99.98-100)
Other abnormalities 6 49 100 99.68 10.91 100 0.040
(54.07-100) (99.57-99.76) | (4.11-22.25) (99.98-100)
Theoretical PPV boundaries | — T21 (% (n)) TI8 (% (n)) TI3 (% (n)) SCA (% (n)) Other abnormalities All abnormalities
(% () (% (n))
Lower boundary* - 84.38 (27/32) | 61.54 (8/13) 10.00 (1/10) 31.82 10.34 (6/58) 36.31
21/66 65/179
Upper boundary” - 84.38 (27/32) | 61.54 (8/13) 10.00 (1/10) 31.82 15.52 37.99
21/66 9/58 68/179
FPR Common T21 (% (n)) TI8 (% (n)) TI3 (% (n) SCA (% (n)) Other abnormalities All abnormalities
aneuploidy (% (n)) (% () (% (n))
0.13 0.03 0.03 0.06 0.27 0.32 0.74
(19/15,050) (5/15,059) (5/15,078) (9/15,085) (40/15,060) 49/15,077 111/15,018

Notes: *All unconfirmed case considered as FP; #All unconfirmed case considered as TP.
Abbreviations: NPV, negative predictive value; PPV, positive predictive value; FPR, false-positive rate; SCA, sex-chromosomal abnormalities; TP, true positive; FP, false
positive. No false-negative cases.
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common chromosome aneuploidies, the theoretical PPV of T21, T18 and T13 were 84.38%, 61.54% and 10.00%,
respectively. The theoretical PPV of SCA and other chromosome abnormalities were 31.82% and 10.34-15.52%,
respectively. The overall theoretical PPV of all abnormalities was 36.31-37.99%.

Clinical Performance of NIPT in Testing Chromosomal Aneuploidies in Groups at

Different Risk Levels

Based on the above criteria, 2987 of the 15,086 subjects were classified as high-risk and 12,099 as low-risk (Table 1).
Particularly, a total of 3814 subjects underwent Down syndrome screening test and 1024 were found positive accounting
for 34.28% in the high-risk group. Besides, 142 subjects (4.75%) had abnormal ultrasound indicators, and 1869 subjects
(62.57%) were advanced maternal age. Besides, there was no family history of aneuploidy in the high-risk group.

The comparison of clinical performance of NIPT between the high-risk and low-risk groups was shown in Table 4. In
the high-risk group, there were 46 positive cases detected by NIPT, including 23 TP cases, 22 FP cases, and 1 lost case,
while there were 133 positive cases detected by NIPT, including 42 TP cases, 87 FP cases, and 4 lost cases in the low-
risk group. Thus, for the high-risk group and in the low-risk group, the detection sensitivities of NIPT were all 100%, the
specificities were 99.25% and 99.27%, and the PPVs were 51.11%, and 32.56%, respectively. No statistically significant
variance in NIPT specificity was observed among 2987 high-risk and 2099 low-risk subjects (P = 0.905). However, the
PPV of the high-risk group was significantly higher than that of the low-risk group (P = 0.026).

Clinical Performance of NIPT in the Detection of Chromosomal Aneuploidies in the

Singleton Pregnancy and Twin Pregnancy Groups

As shown in Table 5, 507 subjects had twin pregnancies, and the remaining 14,579 subjects had singleton pregnancy. In
the singleton pregnancy group, 174 cases had positive NIPT results, including 66 TP, 103 FP, and 5 lost follow-up. The
sensitivity, specificity and PPV of NIPT were 100%, 99.29% and 39.05%, respectively. Likewise, in the twin pregnancy
group, there were 5 positive cases detected by NIPT, including 1 TP case, 4 FP cases. The sensitivity, specificity and PPV
of NIPT were 100%, 99.21% and 20.00%, respectively. No statistically significant variance in NIPT specificity and
positive predictive value was observed among 2 groups.

Analysis of false-positive Results

Totally, 111 false-positive results in subjects who were confirmed to be chromosome disorders after confirmatory
invasive testing and clinical outcome follow-up were identified. The clinical genetic data of these 111 subjects were
shown in Table 6. False-positive results were found in 21 cases by confirmatory invasive testing, and the remaining 86
cases were found by follow-up results. The median maternal age was 29.39 (18-41) years old. The median gestational

Table 4 Performance of Noninvasive Prenatal Testing in Detection of
Abnormalities in High-Risk Pregnancies and Low-Risk Pregnancies

NIPT Performance High-Risk Group Low-Risk Group P value
(n = 2987) (n =12,099)
NIPT positive (n) 46 133 -

True positive 23 42 -

False positive 22 87 -

Lost to follow-up | 4 -
Sensitivity (% (95% Cl)) 100 (85.18-100) 100 (91.59-100) NA
Specificity (% (95% Cl)) | 99.25 (98.88-99.53) | 99.27 (99.11-99.42) | 0.905
PPV (% (95% Cl)) 51.11 (35.77-66.30) | 32.56 (24.57-41.36) | 0.026
NPV (% (95% Cl)) 100 (99.87-100) 100 (99.97-100) NA

Note: No false-negative cases.
Abbreviations: NIPT, noninvasive prenatal testing; PPV, positive predictive value; NPV, negative
predictive value; NA, not applicable.
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Table 5 Performance of Noninvasive Prenatal Testing in Detection of

Abnormalities in Singleton Pregnancy and Twin Pregnancy Groups

NIPT Performance Singleton Pregnancy | Twin Pregnancy P value
Group (n = 14,579) Group (n = 507)
NIPT positive (n) 174 5 -

True positive 66 | -

False positive 103 4 -

Lost to follow-up 5 0 -
Sensitivity (% (95% Cl)) | 100 (94.56—100) 100 (2.50-100) NA
Specificity (% (95% Cl)) | 99.29 (99.14-99.42) 99.21 (98.01-99.79) | 0.7845
PPV (% (95% Cl)) 39.05 (31.65-46.84) 20.00 (0.51-71.64) | 0.6501
NPV (% (95% Cl)) 100 (99.98-100) 100 (99.28-100) NA

Notes: No false-negative cases.
Abbreviations: NIPT, noninvasive prenatal testing; PPV, positive predictive value; NPV, negative
predictive value; NA, not applicable.

Table 6 Analysis of Biological Factors Causing 107 False-Positive Results

Contributing Factor Value
Total 11
Confirmatory invasive testing 21
Follow-up 86
Maternal age (years) 29.39 (184l)
Gestational age (weeks) 18.2 (12.6-28.1)
Live birth normal phenotype with no prenatal diagnosis
Common aneuploidy 9
SCA 39
Other abnormalities 42
Twin pregnancy 4
Fetal fraction (%) 17.56 (5.5-33.7)

Abbreviation: SCA, sex-chromosomal abnormalities.

age was 18.2 (12.6-28.1) weeks. There were 9 cases of common chromosome aneuploidies, 39 cases of SCA, and 42
cases of other chromosome abnormalities, including 4 twin pregnancy cases. The concentration of cell-free fetal DNA
ranged from 5.5% to 33.7%, which was higher than the minimum requirement of NIPT.

Discussion
NIPT has been widely used to screen for T21, T18, and T13 in the past few years, yet relevant researches based on large
clinical data is still deficient in China."* Our study demonstrated that NIPT showed high sensitivity and specificity for
detecting fetal chromosome disorders in a large-scale clinical service, which is consistent with previous results with small
sample sizes.'* A recent study showed that NIPT had a sensitivity and specificity of more than 99.9% for detecting T21,
T18, and T13, while the corresponding PPVs were 69.77%, 47.24%, and 22.36%." Likewise, in our study, the
corresponding PPVs were 84.38%, 61.53% and 10.00%, respectively, and it also showed a downward trend, which
may be due to the decline of the incidence of the three diseases. Thus, genetic counseling after NIPT should be
strengthened for pregnant women with a high probability of abnormal test results to avoid misdiagnosis or misuse.
Education and genetic counseling about prenatal screening for obstetricians and patients should be further strengthened.
Some extending disease-causing chromosome disorders could be detected by NIPT, such as SCA and other chromo-
some abnormalities. In this study, the sensitivity and specificity of NIPT in detecting SCA were 100% and 99.73%, which
showed sound clinical performance. Additionally, recent studies reported PPVs for fetal SCA of over 50%,'® while the
PPV of SCA was 38.46% in our study, which was lower than 50%, probably due to the pregnant woman’s clinical profile
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and the characteristics of the testing laboratory. Moreover, cf-DNA screening allowed not only the detection of common
chromosome abnormalities but also enabled the identification of other chromosome abnormalities. In this study, the
sensitivity and specificity of NIPT detection for other chromosome abnormalities were 100%, and 99.68%, respectively.
Such additional data may be helpful in improving pregnancy management. However, the PPV was only 11.11%, which
may be attributing to its low incidence and needs more samples to verify. Overall, the need to perform invasive testing in
cases with SCA and other chromosome abnormalities should be discussed between geneticists, obstetricians and parents,
eventually allowing the development of rules for the best clinical follow-up actions to be taken.'”

Particularly, there is growing attention in the detection performance of NIPT in different populations. Previous study
has found that the specificity of NIPT in low-risk pregnancies is better than that in high-risk pregnancies, but this
difference does not seem to be clinically meaningful.'® Similarly, in our study, the sensitivity and specificity of detection
in high-risk and low-risk groups are equivalent, which proves that NIPT is reliable as a routine screening test in various
kinds of pregnant women. Besides, in this study, the positive predictive value PPV was significantly higher in the high-
risk group than in the low-risk group, which is consistent with earlier studies and may be due to the reduced PPV in the
low-risk group due to lower disease incidence.'® Studies have shown that twin pregnancies are more likely to have fetal
structural abnormalities than singleton pregnancies and that twin pregnancies have specific complications during
pregnancy.”” In this study, a total of 504 twin pregnancies were included, and the results showed that the sensitivity
of NIPT in the detection of both singleton and twin pregnancies groups was 100%. Notably, the specificity in the latter
group was slightly lower, and the PPV was also lower than that in the singleton pregnancy group, which may be because
twin pregnancy is more prone to placenta mosaic and leads to false positives. Moreover, NIPT can safely be offered to
women who are pregnant with twin pregnancies since in addition to the risk of an abnormal result, the risk of invasive
test procedures is higher than the singleton pregnancy women.

However, NIPT is only a screening method after all, and there may be false positives in the test results. Confounding
factors such as confined placental mosaicism, maternal chromosomal anomalies, and maternal background of CNV and
CPM may be attributed to the false positives.’>*' Therefore, when interpreting NIPT results, it is vital to take into
account these factors. Pregnant subjects should be provided with professional post-test genetic counseling to ensure
a thorough understanding of the results.?* In this study, the concentration of cell-free fetal DNA of all subjects ranged
from 5.5 to 33.7%, which was higher than the minimum requirement of NIPT. Actually, placental mosaicism is
associated with intrauterine growth restriction (IUGR), small-for-gestational-age infants, and unfavorable pregnancy
outcomes.>** As a result, when counseling patients with positive NIPT results for uncommon aneuploidies, the
possibility of fetal mosaicism, CPM, and uniparental disomy (UPD) should be discussed. In such cases, chromosomal
karyotyping and CNV-seq should be performed, and serial ultrasound examinations should be conducted to monitor fetal
growth.”

There are also several limitations in this study. First, a considerable number of NIPT positive subjects were unwilling
to accept invasive testing. Besides, not all subjects underwent Down syndrome screening test. In addition, only one
hospital’s patient data was included in this study, and selection bias, data loss due to pregnancy termination and loss to
follow-up cannot be avoided. Larger-scale, multicenter studies in real-world settings are needed to provide a more
comprehensive exploration for NIPT performance.

Conclusion

Currently, this study provides a true reflection of what NIPT could achieve in large scale of practice. With strict protocol
and quality management, our study showed a high sensitivity and specificity of NIPT in detecting fetal chromosome
disorders, especially the common chromosome aneuploidies, showing great potential for clinical application. However,
caution should be paid when consulting NIPT results for twin pregnancies, positive SCA, or other chromosomal
abnormalities and require other invasive tests to assist in interpreting the results.
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