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To evaluate the value of increasing sequencing depths of non-invasive prenatal testing (NIPT) for fetal
chromosomal aneuploidies based on the semiconductor sequencing platform. This study recruited

a cohort of 59,800 singleton pregnancies from Guangdong Women and Children Hospital between
January 2015 and December 2020, including 48,018 cases of NIPT and 11,782 cases of expanded NIPT.
Cell-free DNA from plasma samples was sequenced at a sequencing depth of 0.15X for NIPT and 0.4X
for expanded NIPT. Patients with positive NIPT results were offered fetal karyotyping or microarray
analysis for confirmatory testing, and all pregnant women were followed up. A total of 892 cases

were predicted as positive for chromosomal aneuploidies, including 682 cases of NIPT and 210 cases
of expanded NIPT, with a positive rate of 1.42% and 1.78% (p=0.0037), respectively. The positive
predictive values (PPV) for trisomy 21/18/13 and other autosomal aneuploidies detected by NIPT were
84.80%, 69.23%, 25.00%, and 4.55%, respectively. For expanded NIPT, the positive predictive rates
were 86.96%, 80.00%, 35.00%, and 8.77%, respectively. Both NIPT and expanded NIPT have the
same PPV for detecting sex chromosome aneuploidies (approximately 50%). Additionally, one false-
negative case was identified during the follow-up period. This was a trisomy 18 confirmed by prenatal
diagnosis due to multiple ultrasound abnormalities during pregnancy. The study shows that increasing
sequencing depth can significantly improve the PPV performance of aneuploidies, with a statistically
significant difference, particularly in trisomy 18. The results may provide valuable guidance for clinical
doctors during consultations.
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Abbreviations

NIPT Noninvasive prenatal testing

PPV Positive predictive values

RAAs Rare autosomal aneuploidy

CNV Copy number variations

cffDNA Cell free fetal DNA

MPS Massively parallel sequencing

CMA Chromosome microarray analysis
NGS Next generation sequencing

SSP Semiconductor sequencing platform

AFP, B-HCG and uE3  Alpha fetal protein,  human chorionic gonadotropin, and unconjugated estriol
AMA Advanced maternal age
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Since 1997, the discovery of cell-free fetal DNA (cffDNA) has opened up a new approach for non-invasive
prenatal testing(NIPT)!. NIPT, which uses massively parallel sequencing (MPS), has gradually developed
into a first-line screening method for fetal chromosomal aneuploidies over the past decade due to a very high
detection rate not only for trisomy 21, 18 and 1323, but also an excellent predictive value for sex chromosomes
and chromosome copy number variations (CNVs)*~7. In China, NIPT is recommended for screening trisomy 21
(T21), trisomy 18 (T18) and trisomy13 (T13) for patients with intermediate risk of serological screening results
or serological screening in cases with a single marker abnormality of AFP, B-HCG or uE3 in the first or second
trimester®, and with ultrasound soft marker abnormalities’. Some advanced-aged pregnant women voluntarily
choose NIPT, especially after the implementation of the two-child policy in China because the number of
advanced age pregnant women has gradually increased. Many of them refuse to undergo prenatal diagnosis,
with the increased knowledge about NIPT and educational is popularisation more pregnant women actively
choose NIPT.

NIPT encompasses several technical platforms as it is derived from different high-throughput sequencing
principles!!~13. In recent years, expanded NIPT has gradually developed into a research focus for clinical
applications. Expanded NIPT is a technique that expands the detection range of NIPT from trisomy 13,18
and 21 to all autosomal aneuploidies, sex chromosome aneuploidies, and sub-chromosomal microdeletions/
microduplications by increasing sequencing depth!®. More studies have demonstrated that expanded NIPT
is feasible for the detection of CNVs!>!®. However, few studies have compared the chromosomal aneuploidy
detection efficiency using the same platform with different sequencing depths. The aim of the present study was
to retrospectively compare the chromosomal aneuploidy detection efficiency of NIPT using the semiconductor
sequencing platform (SSP) with a 0.15X depthand a data volume of 3 million reads for NIPT, and q 0.4X
depthand a data volume of 8 million reads for expanded NIPT.

Methods

Participant recruitment

This study was approved by the Ethics Review Committee of Guangdong Women and Children Hospital
(Guangzhou, China; No. 20251007). All clinical procedures and methods, including counseling, testing, were
performed in strict accordance with the ‘“Technical specifications for prenatal screening and diagnosis of fetal
cell-free DNA in maternal peripheral blood’ in China®. Pregnant women who were willing to undergo NIPT
were informed about the purpose, significance, accuracy, risks and limitations by the attending physicians and
signed written informed consent.

The retrospective study enrolled 59,800 consecutive high-risk singleton pregnancy women in Guangdong
Woman and Children Hospital from January 2015 to December 2020, including 48,018 in NIPT group and
11,782 in expanded NIPT group. According to the Chinese fetal cell-free DNA testing guideline’, the pregnancy
characteristics of these women were assigned to five group: (i) advanced maternal age (=35 years, AMA); (ii)
ultrasound soft marker abnormalities (including a thickened nuchal fold, rhizomelic limb shortening, mild fetal
pyelectasis, echogenic bowel, echogenic intracardiac focus and choroid plexus cyst; (iii)serological screening
for high or intermediate risks; (iv) serological screening for the single marker abnormality (AFP, B-HCG and
uE3); and (v) Other types: history of pregnancies with fetuses having chromosomal aneuploidy abnormalities.
Pregnant women within the scope of the indication chose NIPT or expanded NIPT according to their wishes.

Sample preparation and sequencing

For each patient, aperipheral blood sample (5 ml) was withdrawn from the cubital vein using EDTA-K2 tubes,
and centrifuged at 4 C and 1,600 x g for 10 min within 6 h first of all and then centrifuged at 4°C and 16,000 x g
fo 10 min to isolate plasma using an Eppendorf 5810R and 5424 centrifuge (Eppendorf) according to the JingXin
Fetal Chromosome Aneuploidy (T21, T18, T13) Testing Kits (NMPA registration permit No. 0153400300).
Samples were stored at -20 Cas soon as possible until genomic DNA extraction. Whole-genome sequencing was
performed using semiconductor sequencing technique on the Bioelectronseq 4000 sequencing platform (NMPA
registration permit No. 20153400309). Following the DNA library construction, 9 ~ 23 libraries were pooled and
then sequenced within ~200 bp reads as described previously!”. Combined GC-correction and Z-score testing
methods were used to identify fetal chromosome aneuploidy of trisomy 21, 18, and 13 as described previously's.
Meanwhile, fetal and maternal chromosome aneuploidies were classified using our modified Stouffer’s Z score
method as described previously!®.

Prenatal diagnosis and pregnancy follow-up

Pregnant women at high risk for NIPT received genetic counselling and were fully informed about prenatal
diagnosis based on fetal cells by amniotic fluid or cord blood puncture for fetal chromosomal analysis.
Chromosomal detection techniques included karyotyping (G-banding resolution was 400 bands) and
chromosomal microarray analysis (CMA) (CytoScanTM 750 K, available from Affymetrix, USA). To obtain
information on neonatal outcomes and neonatal growth, all participants were followed up by telephone
interviews.

Statistics

Excel and Rlanguage were used for data statistical analysis. Positive predictive values (PPVs) of fetal chromosomal
aneuploidies detected by NIPT were calculated based on prenatal diagnosis results. Chi-square and Fisher’s exact
probability tests were used to compare the PPVs of fetal chromosomal aneuploidy PPVs for NIPT between
different groups. Results with p-values of less than 0.05 were considered statistically significant.
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Results

Population profiles

From January 2015 to December 2020, 59,800 cases were successfully recruited for NIPT detection in the
Prenatal Diagnosis Center of Guangdong Women and Children Hospital. Among them, 48,018 patients who
chose 3 million reads sequencing depth detection served as NIPT, and 11,782 patients who chose 8 million
reads sequencing depth detection served as expanded NIPT. In NIPT group, the mean age of the pregnant
women was 30.2 + 12.5 years, and most of them (76.95%) were found to have abnormal serological screening. In
expanded NIPT group, the mean age of the pregnant women was 30.1+ 10.8 years, and most of them (60.64%)
were found to have abnormal serological screening. Of these 59,800 pregnant women, 7609 were AMA women
(age =35 years). In addition, there were 4020 in-vitro fertilization (IVF) pregnancies.Basic demographic and
clinical characteristics are shown in Table 1, and the study flow is shown in Fig. 1.

NIPT results

A total of 892 positive and 58,908 negative cases of fetal chromosomal aneuploidy were detected in the cohort,
including 682 positive cases in the NIPT group with a positive rate of 1.42% and 210 positive cases in the
expanded NIPT group with a positive rate of 1.78%(1.42% vs. 1.78%, p=0.0037). Of the positive pregnancies,
804 (90.13%) were followed up with amniocentesis and prenatal diagnosis, and the remaining 88 positive
pregnancies (9.87%) declined prenatal diagnosis after genetic counselling. There were 270 cases of trisomy 21
(T21), 74 cases of trisomy 18 (T18) and 67 cases of trisomy 13 (T13). There were also 254 cases of rare autosomal
aneuploidies and 227 cases of sex chromosome aneuploidies. In addition, pregnancy-related information was
lost in 18 cases due to refusal of follow-up.

Comparison of PPVs between NIPT and expanded NIPT for aneuploidies

A total of 892 cases at high risk of aneuploidy were detected by NIPT and expanded NIPT, and the overall positive
rate was 1.49%. The positive predictive values (PPVs) for NIPT for detecting trisomy 21/18/13 were 84.80%,
69.23%, and 25.00%, respectively. In contrast, the PPV for expanded NIPT for these conditions were 86.96%,
80.00%, and 35.00%, respectively.Expanded NIPT had increased the PPVs for detecting trisomy 21/18/13,
especially for trisomy 18 (69.23% vs. 80.00%, p <0.001) (Table 2; Fig. 1). The PPVs of NIPT and expanded NIPT
for detecting other autosomal aneuploidies were 4.55% and 8.77%(p =0.24) respectively, showing no significant
difference. The PPV's of NIPT for sex chromosome aneuploidy were the same as expanded NIPT (50.00%).

Comparison of PPVs for aneuploidies between NIPT and expanded NIPT according to
different pregnancy characteristics

At the same time, we analyzed and compared the PPVs of NIPT and expanded NIPT in different pregnancy
characteristics groups. There was a significant difference in PPVs of ultrasound soft marker abnormalities
between NIPT and expanded NIPT groups(p=0.01), but there was no difference in the PPVs for any other
group (Table 3).

Comparison of detection efficiency for rare trisomy

A total of 254 cases of rare trisomy aneuploidies were detected by NIPT and expanded NIPT (Fig. 2),and the
positive rate was 0.51% for NIPT and 0.57% for expanded NIPT. The PPVs were similar between NIPT and
expanded NIPT (4.55% vs. 8.77%,p = 0.24). Of the 254 positive cases, 12 true positives cases were confirmed by
invasive prenatal diagnosis, including 2 cases of partial segment loss of heterozygosity, 9 cases of low-proportion
mosaic trisomy, and 1 case of trisomy 20 (Table 4).

Characteristic NIPT Expanded NIPT P

Total 48,018(100.00%) 11,782 (100.00%)

Mean age when performed NIPT (SD), years 30.2+125 30.1+10.8 0.08
Gestational age at NIPT

12~19*° weeks 27,975(58.26%) 9091(77.16%) 7.5549E-314
20 ~23*¢ weeks 11,909(24.80%) 1332(11.31%) 2.2797E-219
24 ~29*¢ weeks 6002(12.50%) 1141(9.68%) 3.08855E-17
30~ 34" weeks 2022(4.21%) 210(1.78%) 1.2109E-35
>35 weeks 110(0.23%) 8(0.23%) 0.000411271
Serological screening for high or intermediate risks 22,160(46.15%) 6074(51.55%) 6.37874E-26
Serological screening for the single marker value abnormality(AFP, B-HCG, uE3) | 14,790(30.80%) 1071(9.09%) 0
Ultrasound soft marker abnormalities 4634(9.65%) 2724(23.12%) 0

isolated advanced maternal age (=35 years, AMA) 6170(12.85%) 1439(12.21% 0.06348737
Other types® 264(0.55%) 474(4.03%) 1.2245E-205
IVF pregnancies 2900 (6.04%) 1120 (9.51%) 2.50238E-41
Fetal fragment fraction 15.78%(4.10-35.65%) | 17.81%(7-36.807%)

Table 1. Demographic characteristics of the 59,800 pregnancies examined by NIPT. *History of pregnancies
with fetuses having chromosomal aneuploidy abnormalities.
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Pregnancies
(n=59800)

NIPT(0.15X sequencing depth)
0=48018

Expanded NIPT(0.4X sequencing depth)
n=11782

Chromosome aneuploidies Chromosome aneuploidies
(n=682)(1.42%) (n=210)(1.78%)
Exclude Exclude
Refused diagnosis(n=55) v Refused diagnosis(n=26)
Prenatal diagnosis Prenatal diagnosis
(n=620) (n=184)

CS+CMA

True positive False positive True positive False positive
(n=311) (n=309) (n=87) (n=97)
T21 (n=173; PPVs=84.80%) T18 (n=36; T21 (n=40; PPVs=86.96%) T18 (n=12;
PPVs=69.23%) T13 (n=10; PPVs=25%) OSA PPVs=80%) T13 (n=7; PPVs=35%) OSA (n=5;
(n=7; PPVs=4.55%) SCA (n=85; PPVs=50%) PPVs=8.77%) SCA (n=23; PPVs=50%)

Fig. 1. Flowchart of the study.

Prenatal diagnostic Prenatal diagnostic

validated by CMA/CS in validated by CMA/CS in

NIPT expanded NIPT
Characteristic Positive | Negative | PPV Positive | Negative | PPV P
Total 311 309 50.2% | 87 97 47.28% | 0.02
Trisomy 21 173 31 84.80% | 40 6 86.96% | 0.42
Trisomy 18 36 16 69.23% | 12 3 80.00% | <0.001
Trisomy 13 10 30 25.00% | 7 13 35.00% | 0.42
Other autosomal 7 147 455% |5 52 877% | 024
aneuploidies
Sex chromosome aneuploidy | 85 85 50.00% | 23 23 50.00% | 1

Table 2. Comparison of positive predictive values (PPV) for fetal chromosomal aneuploidy results between
NIPT and expanded NIPT. *Significant different between 0.15X and 0.4X seugencing depth.

Follow-up low-risk pregnancies and pregnancies who declined prenatal diagnosis

According to the “Technical Specifications of Prenatal Screening and Diagnosis of Fetal Free DNA in Peripheral
Blood of Pregnant Women” promulgated by the China National Health and Family Planning Commission in
2016°, all pregnant women were followed up until 3 months after newborn delivery, except one false-negative
case of trisomy 18'°, and 63 patients who refused prenatal diagnosis were also followed up. The rest of the
pregnant women had given birth successfully, and no visible abnormality was found in the newborn screening.

Discussion

Previous research has mainly focused on assessing the performance of expanded non-invasive prenatal testing
(NIPT) for the detection of copy number variations (CNVs). Our study is the first to evaluate the value of
increasing sequencing depth for the detection of chromosomal aneuploidies using a semiconductor sequencing
platform. We found no significant difference in detection performance between the two methods for aneuploidies
overall. However, expanded NIPT showed a slightly higher total positive rate(1.78% vs. 1.42%;p = 0.0037). Despite
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&

Sample number

20

Eiesxl"((;loglcal screening for high or intermediate 205 171 54.520 37 39 48.68% 0.16
Serological screening for the single marker value 0 0

abnormality (AFP, p-HCG, uE3) 18 40 31.03% 6 8 42.86% 0.28
Ultrasound soft marker abnormalities 22 37 38.00% 24 14 63.16% 0.01
isolated advanced maternal age (=35 years, AMA) | 64 56 53.33% 17 25 40.48% 0.17
Othera 2 5 33.33% 3 11 20.00% 0.72

Table 3. Comparison of PPV for fetal chromosomal aneuploidies between NIPT and expanded NIPT
according to different pregnancy characteristics. a: Previous adverse outcome of pregnancy; previous
pregnancy history of chromosomal abnormalities fetus. *Significant different between 0.15X and 0.4X
seuqencing depth.

Exparded NIPT: Refuse prenantal diagnosis
| ExpudedNPT: False positive
- Expanded NIPT True positive
NIPT: Refuse prenantal diagnosis
NIPT: False positive
. NIPT: True positive
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Fig. 2. Distribution of other autosomal aneuploidies between NIPT and expanded NIPT.

these advantages, expanded NIPT did not significantly improve the detection of rare autosomal aneuploidies,
highlighting a notable limitation of NIPT that needs to be acknowledged.

We used PPVs to evaluate the detection performance in this study. The PPVs of NIPT and expanded
NIPT for all chromosome aneuploidies were 50.16% and 47.28%, respectively (p=0.02,p <<0.05). This result
showed an improvement in the detection efficiency of expanded NIPT compared to NIPT, which benefited
from increasing sequencing depth. The PPVs of NIPT for detecting T21/T18/T13 was 84.80%, 69.23%, 25.00%
respectively. The results were basically consistent with Liu’s findings?’. The PPV's of expanded NIPT for detecting
T21/T18/T13 was 86.96%, 80.00%, and 35.00% respectively.The improvement of detection efficiency for T18
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Complications
NIPT Prenatal during Pregnancy
Characteristic | Number | Results | Age/y | diagnosis | CMA Result CS Result UPD | pregnancy outcome
arr[hg19]
Fetal death
16p13.3p12.3(94,807 —20,551,431)x2 hmz, ~ .
Case 1 T16 36 CVS 1623.3q24.3(84,010,949- -) UPD |/ :ﬁetjlues
90,146,366)x2 hmz
Case 2 T16 35 CVS arr(16)x2-3 mos47,XN,+16(4)/46,XN(17) |/ FGR TPO
arr[hg19]
14q11.2q13.3(20,520,197 - 37,350,812)x2
Case 3 T14 31 CVS hmz (-) UPD | FGR Live birth
14q24.2q32.33(70,758,466 — 104,240,618)x2
NIPT hm
Case 4 T22 24 CVS arr(22)x2-3(25%) mos47,XN,+22(4)/46,XN(17) |/ / Live birth
Case 5 T20 32 CVS arr(20)x3 47,XN,+20 / / Miscarriage
Case 6 T16 31 CVS arr(16)x2-3(ratio:34%) / TPO
Fetal cerebral
ventriculomegaly
Case 7 T16 29 CVS arr(16)x2-3(ratio:10%) mos47,XN,+16(4)/46,XN(39) |/ L9.1 mm/R TPO
9.0 mm in 22
week
Case 8 T7 38 CVS arr(7)x2-3(10%) mos 47,XN,+7(2)/46,XN(16) |/ / TPO
Case 9 T7 31 CVS arr(7)x2-3(10%) mos 47,XN,+7(2)/46,XN(18) |/ / TPO
T7/
Expanded Case 10 | T11/ 33 CVS arr(7)x2-3(10%) 46,XN / / Live birth
NIPT T20
mos Continue
Casell |T20 )40 )\ CVS ¢ 47 XN+20)M46XN22) |1 |/ pregnancy
Case12 | T8 31 CVS (-) mos 47,XN,+8[2]/46,XN[32] |/ / Live biirth

Table 4. Fetal autosomal aneuploidy true positive cases for NIPT.

was especially marked(p <0.001).The PPV for other chromosome aneuploidieswas 4.55% for NIPT and 8.77%
for expanded NIPT. The difference was not statistically significant15. The PPV for detecting sex chromosome
aneuploidy was 50% for NIPT, which was similar with that for expanded NIPT. This is an unexpected discovery.
Similarly, Zheng’s paper also showed these results?!. Sex chromosomes became the target disease. The awareness
of preventing missed diagnoses directly affected the subjective judgement of the result reviewers.

We also analysed the differences in PPV between groups with different pregnancy characteristics and between
NIPT and expanded NIPT. The difference in ultrasound soft marker abnormalities of PPVs was significant
different between NIPT and expanded NIPT (P=0.01). The reason may be that more pregnant women with
ultrasound soft markers chose to undergo extended NIPT testing (23.12% vs. 9.65%, P=0), The detection
rate of chromosomal abnormalities in fetuses with ultrasound soft markers is relatively higher compared to
other groups in the study, and this conclusion has been reported in other literatures®>>*. Whether it is in China
or other countries and regions (“Screening for Fetal Chromosomal Abnormalities: ACOG Practice Bulletin,
Number 226,” 2020)?*, the applicable population of NIPT has been clearly defined. However, the PPV was
slightly different in different clinical characteristics groups. This study provided aviable idea to improve the
detection efficiencyof NIPT for clinicians. In addition, the differences in characteristics between the two groups
were mainly due to the large differences in sample size between the two groups.

During recent years, other rare autosomal aneuploidies (RAAs) were often reported in clinical practice as
the unexpected findings of NIPT. The PPVs for other chromosome aneuploidies were at depressed 8.77% and
similar with those reported in Chen’s paper!®. But compared with Liang’s paper?, it was slightly lower. One
possible reason is the lack of data for the NIPT’s analysis model which caused by the pretty low incidence
of RAAs, and the frequent early spontaneous abortions of the RAAs?*. Another important reasonis that these
aneuploidies had high rates of confined placental mosaicism (CPM)?*?’. Ascell-free fetal DNA was mainly
derived from apoptotic placental trophoblasts, the result of NIPT actually shows the characteristic of the placental
trophoblasts. That makes the Confined placental mosaicism led to the false positive results of NIPT?$?°, Among
all the rare autosomal aneuploidies, Trisomy 7 was the most common, but PPV was still low like other rare
autosomal aneuploidies. Simultaneously, the prognosis of perinatal infants was very good™. It is worth noting
that the 2 true positive cases were confirmed to be loss of heterozygosity. It was suspected to be a uniparental
diploid of chromosome 16 (mixed type) and a uniparental diploid of chromosome 14 respectively.Intrauterine
growth retardation occurred in two fetuses, and intrauterine death occurred in the case of uniparental diploid
of chromosome 16, and the woman with uniparental diploid of chromosome 14 had a normal delivery and live
birth.

Follow-up played a crucial role in Non-Invasive Prenatal Testing (NIPT). With the exception of those who
declined follow-up, all other patients were monitored for pregnancy outcomes. In accordance with the guidelines
set forth by the National Health Commission of the People’s Republic of China, follow-up commenced at the
12th week post-delivery. The scope of follow-up encompassed any complications experienced during pregnancy,
the outcomes of the pregnancies, and the health status of the newborns. It is worth noting that a limitation of
this study was the absence of post-delivery verification for false-positive cases concerning the placenta. Another
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limitation of this study is that the detection performance of NIPT for RAA is affected by aneuploidy types and
the potential for mosaicism, and further analysis with large samples is still needed. In addition, There are some
tendencies among pregnant women who choose either NIPT or expanded NIPT. We compared the PPV’ for for
whole chromosome aneuploidies of NIPT and expanded NIPT according to different pregnancy characteristics.
We found that pregnancies with ultrasound soft-marker abnormalities had higher PPVs with both NIPT and
expanded NIPT than the other 4 groups of women, and the difference was statistically significant between the
NIPT and expanded NIPT groups ac cording to pregnancy characteristics.Since pregnant women chose NIPT or
expanded NIPT nonrandomly, some deviach was a limitation of the present study. Therefore, a large-scale NIPT
study of dif ferent pregnancy characteristics is a direction of our fur ther research.

Conclusion

The results showed that increasing sequencing depth can significantly improve the PPV performance of
aneuploidies, with a statistically significant difference, particularly in Trisomy 18. The results may provide some
guidance for clinical doctors when consulting.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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