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Abstract

Objective: This study explores and discusses the possible factors affecting the positive predictive value (PPV) of non-
invasive prenatal screening (NIPS) for the detection of fetal copy number variants (CNVs) in pregnant women.

Methods: NIPS was performed for 50,972 pregnant women and 212 cases were suspected as fetal CNVs. Post
additional genetic counseling for these women, 96 underwent invasive prenatal diagnosis (amniocentesis), following
which they received chromosomal microarray analysis (CMA). We analyzed the PPV of NIPS for the detection of fetal
CNVs and the possible interference factors that could affect the PPV.

Results: Among the 96 pregnant women that received prenatal diagnosis by CMA, 37 cases were confirmed to be
true positive for fetal CNVs with a PPV of 38.5%. There was no significant difference between the women with differ-
ent NIPS indications. Five cases were reported as the false positive and false negative of fetal CNVs and the differences
were mainly reflected in the inconsistency of chromosome fragments. Depending on the sizes of the CNVs, the PPVs
were 48.7% for CNVs < 3 Mb, 41.4% for CNVs falling within 3 ~5 Mb, 42.9% for the CNVs falling within 5~ 10 Mb, and
14.3% for CNVs > 10 Mb. Based on the chromosomal locations of CNVs, the PPV(4.8%) of the chromosomes of group
C(including chromosomes 6 ~12), was lower than that of the other groups (41.2% ~66.7%) (p =0.021). However, there
were no significant differences in the CNV characteristics, fetal fractions, unique reads, and the Z-scores between
these groups.

Conclusion: NIPS with a low-coverage sequencing depth has a certain effect on detection of fetal CNVs with the PPV
of 38.5%. Chromosomal locations of CNVs may be the main factor that influences its effect. This study can contribute
to an increased accuracy in genetic counseling and in predicting NIPS results that are positive for fetal CNVs,

Keywords: Non-invasive prenatal screening, Copy number variants, Chromosome microarray analysis, Prenatal
diagnosis, Positive predictive value

Introduction

Fetal microdeletion and microduplication syndromes
(MMs) are caused by the presence of specific pathogenic
copy number variants (CNVs) in the fetal genome. The
most common chromosomal MMs, with an incidence
rate of 1-1.7% [1], can cause serious clinical manifesta-
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prenatal screening and diagnosis methods are inefficient
in detecting fetal MMs. At present, it mainly depends
on invasive prenatal diagnosis, which greatly limits the
effect of prenatal intervention. No other effective preven-
tion and intervention methods have been developed yet.
Therefore, more and more clinicians hope to have a more
effective screening and diagnosis method in detecting
fetal MMs.

Non-invasive prenatal screening (NIPS) is a glob-
ally well-established and effective method of prenatal
screening. Initially, it was mainly performed to detect
three common fetal aneuploidies, trisomy 21, trisomy
18, and trisomy 13 [2-4]. However, recently, studies
have also reported its application in prenatal screening
for detection of sex chromosome aneuploidies [3, 5, 6],
fetal microdeletions/microduplications [7-9], and mono-
genic-inherited diseases [10—12].

In 2012, Jensen et al. [13] successfully extended the
application of NIPS to examine fetal 22q11.2 microde-
letion. Subsequently, other research groups have also
proven the effectiveness of NIPS in detection of fetal
MDMs [14]. However, most of these studies focused on a
limited number of common syndromes, such as 22q11.2
deletion, Prader-Willi, Angelman, 1p36 deletion, and
cri-du-chat syndrome. The detection rates of these syn-
dromes were approximately 90% in NIPS. Notably,
many such studies were performed with high-coverage
sequencing depth. Nevertheless, NIPS performed with
a low-coverage sequencing depth might be an alter-
native method for screening fetal CNVs [15, 16]. But it
still needs more clinical validation studies and technical
improvement to achieve clinically acceptable accuracy
[17].

Delayed clinical manifestations make it very difficult to
identify MMs in neonates by routine follow-ups post pre-
natal screening and diagnosis. Thus, most studies evalu-
ate only the positive predictive value (PPV) instead of
the detection rate. According to recent reports, the PPV
ranges from 11 to 80.56% [18]. It is believed that NIPS
can detect the changes in fetal CNVs through cell-free
fetal DNA, indicating the possibility of fetal MMs. How-
ever, the sample sizes used in previous studies were small,
with some studies only including less than 10 cases of
MMs. This limitation overlooks the variation in PPVs and
the factors that may influence this value.

Here, the study focuses on detecting fetal CNVs by
NIPS. We analyzed the NIPS data from 50,972 pregnant
women and discussed the possible factors that influence
the PPV. We hope that our study provides further insights
into clinical prenatal genetic counseling in detecting fetal
CNVs and improving the implications of NIPS.
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Materials and methods

Ethics approval and consent to participate

The study design and protocol were reviewed and
approved by the ethics committee of Changzhou Mater-
nal and Child Health Care Hospital (No. 201501). All
pregnant women received genetic counseling and gave
informed consent before testing.

Clinical subjects

From May 2012 to May 2021, 50,972 pregnant women
underwent NIPS at Changzhou Maternal and Child
Health Care Hospital. Calculation of AFP, free PHCG,
free E3, maternal age and gestational age in the second
trimester was used for prenatal serological screening
[4]. The cases were categorized as such: women with
advanced ages (13,452, 26.4%), high risk of serological
screening (7492, 14.7%), intermediate risk of serologi-
cal screening (11,291, 22.2%), voluntary demand (13,815,
27.1%), and others (4922, 9.7%), such as assisted repro-
ductive conception and twins. The ages of these women
ranged from 19 to 37 years old and the weeks of gesta-
tion ranged from 13 to 23™*°. Post NIPS, 212 women were
suspected to be positive for fetal CNVs and were called
back for another round of genetic counseling. Invasive
prenatal diagnosis (amniocentesis) was performed for 96
women, following which they underwent chromosomal
microarray analysis (CMA).

Non-invasive prenatal screening

In accordance with our previous reports [4, 19], mas-
sively parallel sequencing was performed on the Illumina
NextSeq CN500 platform and analyzed by Bambni 2.0
software (Berry Genomics Co., Ltd). Fetal DNA con-
centration>4% was the threshold for determining the
quality of a sample. The sequencing depth was approxi-
mately 0.08X, and the threshold size for unique reads
was>1.5 Mb. A Z-score>3 defined an increase in copy
number, whereas a Z score<— 3 defined a decrease in
copy number.

Prenatal diagnosis by CMA

Post amniocentesis, the women underwent prenatal diag-
nosis by CMA between 18-26 gestational weeks. This
procedure has been described in our previous reports
[20, 21]. Single nucleotide polymorphism array was pro-
cessed using a commercial 750 K microarray chip (Affy-
metrix CytoScan 750 K Array). The data was analyzed
using Chromosome Analysis Suite v3.2 software pack-
age. The public databases, DECIPHER, OMIM, ClinVar,
ISCA, NCBI, and UCSC were used to interpret the data.
The pathogenicities of identified CNVs were evaluated in
accordance with the American College of Medical Genet-
ics and Genomics guidelines [22].
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Statistical analysis

The data were analyzed by using EmpowerStats (X&Y
solutions, inc.) and R software (http://www.R-project.
org) [23]. The Chi-square test and F-test were used to
compare differences in continuous variables between the
groups. p <0.05 was chosen to be statistically significant.

Results

Among the 50,972 pregnant women that underwent
NIPS in our prenatal diagnosis center, 212 women were
suspected to have fetal CNVs. Post the second round of
prenatal genetic consultation, 96 women consented to
undergo prenatal diagnosis by CMA, while 116 declined.
The rate of prenatal diagnosis was only 45.3%. Eventu-
ally, 37 women were confirmed as true positive for fetal
CNVs with a PPV of 38.5% (Table 1). In accordance with
the guidelines of American College of Medical Genet-
ics and Genomics [22], we deciphered that 27 women
(73.0%) out of 37 exhibited a pathogenic or likely patho-
genic fetal CNVs, and these women all opted to termi-
nate their pregnancies. On the other hand, 10 women
(27.0%) exhibited fetal variants of unknown significance.
Their children have not shown any obvious abnormali-
ties after birth (Table 2). As shown in Table 1, the PPV of
women with an intermediate risk of serological screening
was the highest (60.0%), while that of women at advanced
age was unexpectedly lower (30.8%). The women cat-
egorized in the assisted reproductive conception and/or
twins groups had the lowest PPV (13.3%). However, there
was no significant difference in PPV between the women
with different NIPS indications.

Moreover, Table 3 showed five cases with the discrep-
ant results of fetal CNVs detected by NIPS and CMA.
It was worth noting that the differences between both
results were mainly reflected in the inconsistency of
chromosome fragments. We conducted clinical treat-
ment according to the results of prenatal CMA. Of which,
case 5 and case 2 selected termination of pregnancy due

Table 1 Maternal indications of fetal CNV detected by NIPS

Groups n Prenatal PPV (%)

diagnosis by

CMA

n TP FP
Advanced age women 39 13 4 9 308
High risk of prenatal screening 31 12 4 8 333
Intermediate risk of prenatal screening 46 20 12 8 600
Voluntary demand 71 36 15 21 417
Others* 25 15 2 13 133
Total 212 9 37 59 385

*including assisted reproductive conception, twins, etc
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to the pathogenic or likely pathogenic fetal CNVs. Other
cases (case 1, 3 and 4) were confirmed as loss of heterozy-
gosity or variants of uncertain significance, and they all
obtained live births after continuing pregnancy. We are
also closely observing the growth and development of
these newborns.

A comparison between possible factors that could
influence the PPV of NIPS were shown in Table 4. First,
among the 96 women that tested positive for fetal CN'Vs,
69 (71.9%) were suspected to have segment gains and 27
(28.1%) to have segment losses. The PPV for these CN'Vs
were 37.7% and 40.7% respectively; there was no signifi-
cant difference (p =0.782) between these PPVs. Second,
the sizes of CNVs estimated by NIPS ranged from 2.0 to
43.5 Mb (median 3.0 Mb), whereas that verified by CMA
ranged from 1.1 to 42.7 Mb (median 2.1 Mb). Moreover,
the differences in the sizes of CN'Vs in 28 women (28/42,
66.7%) were less than 1 Mb, hinting at a consistent CNV
size between two methods. Post comparing groups on
the basis of the CNV sizes, the PPV was evaluated to be
48.7% for CNVs<3 Mb, 41.4% for CNVs falling within
3~5 Mb, 42.9% for CNVs falling within 5~10 Mb, and
14.3% for CNVs>10 Mb. Surprisingly, the PPV decreased
with the increase in the CNV size; however, there was
no significant difference in the PPVs observed between
the groups (p=0.170). Third, the PPV was marginally
higher in women whose fetal fraction was>10% than
those whose fetal fraction was<10% (44.4% vs. 27.3%,
p=0.101). Fourth, NIPS with low-coverage sequencing
depth was performed in the present study. The average
size of a unique read was 3.15 Mb. Additionally, there
were no significant differences in the PPVs between the
different groups on the basis of unique reads and the
Z-score. Furthermore, upon comparing the PPV of differ-
ent chromosome groups on the basis of the chromosomal
location of CNVs, we found significant difference in the
PPVs between the groups (p=0.021). The PPV of most
chromosome groups has a certain effect (4.2% ~60.0%).
However, the PPVs for the chromosomes of group C (chr
6~ 12) were lower at only 4.8%. The relationship between
chromosomal locations of CNVs and the detection effi-
ciency of NIPS were shown in Table 5 and Fig. 1. Please
note that the results of sex chromosome CNVs were not
included in this study.

Discussion

Clinical application of NIPS in prenatal screening for
fetal CNVs is gaining increasing momentum. However,
there are many problems yet to be solved. For example,
these questions are yet unanswered: How to evaluate the
effect of NIPS scientifically? How to reduce the factors
interfering with NIPS efficiency and improve the accu-
racy of NIPS? In the present study, we evaluated the PPV
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Table 4 Influencing factors of NIPS detection efficiency
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Table 5 Chromosome location and NIPS detection efficiency

Factors Prenatal PPV (%) pvalue
diagnosis by
CMA
n TP FP
CNVs characteristic
Segment gains 69 26 43 37.7 0.782
Segment losses 27 N 16 407
CNVs size
<3Mb 39 19 20 48.7 0.170
3Mb~5Mb 29 12 17 414
5Mb~10Mb 7 3 4 429
>10 Mb 21 3 18 14.3
Fetal fraction
<10% 33 9 24 273 0.101
>10% 63 28 35 444
Unique reads
<3Mb 52 18 34 346 0.762
3Mb~4Mb 36 15 21 417
>4 Mb 8 4 4 50.0
CNVs Z-score
Within 3 68 32 36 471 0.007
Beyond 3 28 5 23 179
Chromosome grouping
A group (chr 1,2,3) 15 9 60.0 0.021
B group (chr 4,5) 16 8 50.0
Cgroup (chr6,7,89,10,11,12) 21 1 20 48
D group (chr 13,14,15) 14 6 429
E group (chr 16,17,18) 17 7 10 412
F group (chr 19,20) 2 1 1 50.0
G group (chr21,22) 11 5 6 455

of NIPS from a large sample size cohort, and reached
a conclusion that the PPV of NIPS with low-coverage
sequencing depth for detection of fetal CN'Vs was 38.5%.
Furthermore, we evaluated several factors that could
affect the PPV and found that it was closely related to the
chromosomal locations of CN'Vs.

It is well known that microdeletion/microduplica-
tion syndromes exhibit great variation and complicated
clinical manifestations. Despite routine follow-ups after
prenatal screening, it is very difficult to identify MMs
in neonates. Most studies have used the PPV to evalu-
ate the screening effect of NIPS. Only a few reports have
assessed the detection rate of some varieties of MMs. Our
study reported that the PPV for NIPS with low-coverage
sequencing depth for detection of fetal CN'Vs (38.5%) was
higher than that reported in similar studies, such as those
reported by Yang (30.96%) [24], Hu (36.11%) [16] and
Chen (28.99%) [15]. Recently, it has been reported that
the PPV could improve with high-coverage sequencing.

Chromosome n Prenatal diagnosis by PPV (%)
Numbers CMA
n TP FP

Chrl 7 4 2 2 50.0
Chr2 Il 7 5 2 714
Chr3 10 4 2 2 50.0
Chr4 13 10 5 5 50.0
Chr5 7 6 3 3 50.0
Chré 2 2 0 2 0.0
Chr7 38 3 0 3 0.0
Chr8 14 5 1 4 20.0
Chr9 9 6 0 6 0.0
Chr10 6 0 0 0 0.0
Chr11 4 2 0 2 0.0
Chri12 6 3 0 3 0.0
Chr13 8 8 5 3 62.5
Chr14 12 3 0 3 0.0
Chri15s 5 3 1 2 333
Chr16 12 5 2 3 40.0
Chr17 Il 7 4 3 57.1
Chr18 8 5 1 4 20.0
Chr20 10 2 1 1 50.0
Chr21 3 1 0 1 0.0
Chr22 16 10 5 5 50.0
Total 212 96 37 59 385

This is evident in the findings of Yang’s group upon com-
paring the PPV of two NIPS data with different sequenc-
ing depths, where they found that the PPV of NIPS Plus
(0.4X) was 12.65% higher than that of NIPS (0.15X)
(43.61% vs. 30.96%) [24]. Shi et al. also reported that the
PPV of NIPS Plus for detection of MMs with unremark-
able ultrasound findings was 50% [18]. However, these
findings did not significantly improve the PPV when
compared to our results. NIPS based on low-coverage
sequencing depth has a certain effect on prenatal screen-
ing for detection of fetal CNVs too. It is undeniable that
the detection effect of NIPS for fetal CNVs is not satisfac-
tory and much worse than that of fetal chromosome ane-
uploidy [25]. Some study reported that combining with
maternal age, prenatal serological screening and/or ultra-
sound scanning could improved NIPS screening perfor-
mance [26]. Fetal MMs has become a great challenge for
prenatal screening and diagnosis. Traditional prenatal
screening and diagnosis seemed to no good effective for
fetal MMs. Therefore, at present, NIPS may be a more
feasible method for clinical prenatal screening of fetal
CNVs.

Few studies have focused on the factors influencing
the efficiency of NIPS. One such factor is the CNV size,
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wherein the sensitivity of NIPS enhanced with increase
in CNV size in some common MMs [9, 27]. For example,
the sensitivity for detecting CNVs>10 Mb was higher
(91.67%) than for CNVs<5 Mb (68.42%). Ye et al. [17]
also reported the poor sensitivity of NIPS in CNVs<2 Mb
by a retrospective study. However, the PPV didn’t exhibit
such a trend [28]. Our findings concurred with these
observations as we also did not observe a significant dif-
ference in the PPVs for CNV sizes between groups. Sur-
prisingly, we did observe that the larger the CNV size,
the lower the PPV. While some studies have reported
that the PPV of CNVs>10 Mb is the lowest [15, 24], we
could not obtain strong evidence to explain this strange
problem. We conjecture that this may be attributed to the
interference of chromosomal location of CNVs with the
PPV estimation. Among the 16 false positive cases with
CNVs>10 Mb in the present study, 50% were because
of MMs on chromosomes 7, 9, and 14. In the present
study, we found that CNV characteristics, fetal fractions,
unique reads, and the Z-scores had no significant influ-
ence on the PPV. However, more studies investigating
this aspect are needed as the current literature is limited.

There are some limitations to this study: the sample
size was not large enough. The rate of prenatal diagno-
sis was low, only 96 women received prenatal diagno-
sis and were included in the later analyses. No in-depth
investigation could be performed to determine additional

influencing factors, and we did not analyze the sex chro-
mosome CNVs.

In conclusion, NIPS performed with low-coverage
sequencing depth has a certain effect on prenatal screen-
ing for detection of fetal CNVs and has a PPV of 38.5%.
The chromosomal location of CNVs may be the main
influencing factor governing the PPVs. We believe that
our findings can contribute towards increasing the accu-
racy in prediction and genetic counseling when dealing
with cases positive for fetal CN'Vs as detected by NIPS.
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