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Abstract

Background: Expanding noninvasive prenatal testing (NIPT) to include the detec-
tion of fetal subchromosomal copy number variations (CNVs) significantly de-
creased the sensitivity and specificity. Developing analytic pipeline to achieve high
performance in the noninvasive detection of CN'Vs will largely contribute to the ap-
plication of CNVs screening in clinical practice.

Methods: We developed the Noninvasively Prenatal Subchromosomal Copy num-
ber variation Detection (NIPSCCD) method based on low-pass whole-genome se-
quencing, and evaluated its efficacy in detecting fetal CNVs and chromosomal
aneuploidies with 20,003 pregnant women.

Results: Totally, NIPSCCD identified 36 CNVs, including 29 CNVs consistent and
7 CNVs inconsistent with amniocytes tests. Additionally, seven fetal CNVs identi-
fied by amniocytes testing were undetected by NIPSCCD. The sensitivities for de-
tecting CNVs > 10 Mb, 5 Mb-10 Mb, and CNVs < 5 Mb were 91.67%, 100.00%,
and 68.42%, respectively. Moreover, NIPSCCD identified 103 true positive trisomy
21/18/13 cases and 21 false positives, producing an overall 100.00% sensitivity and
99.89% specificity.

Conclusion: NIPSCCD showed a good performance in detecting fetal subchromo-
somal CNVs, especially for CNVs >10 Mb, and can be incorporated into the routine
NIPT chromosomal aneuploidies screening with high sensitivity and specificity.
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1 | INTRODUCTION

The discovery of cell-free fetal DNA (cffDNA) in mater-
nal circulation and the rapid development of next-genera-
tion sequencing enable the noninvasive detection of fetal
genetic disorders using maternal plasma (Chiu et al., 2008;
Fan, Blumenfeld, Chitkara, Hudgins, & Quake, 2008; Lo
et al., 1997). In recent years, noninvasive prenatal test-
ing (NIPT) has been successfully used for the screening of
common fetal aneuploidies including trisomy 21 (Down's
syndrome), trisomy 18 (Edward's syndrome), and trisomy
13 (Patau syndrome) with high sensitivity and specificity
(Benn, Cuckle, & Pergament, 2013; Minear, Lewis, Pradhan,
& Chandrasekharan, 2015; Taylor-Phillips et al., 2016).
However, it remains difficult to detect chromosome structural
variations with conventional NIPT method. Subchromosomal
copy number variations (CNVs), known as segmental dele-
tions and duplications, are extensively distributed in human
genome (Zarrei, MacDonald, Merico, & Scherer, 2015). A
substantial proportion of these CNVs are associated with
severe diseases such as Prader-Willi/Angelman syndromes,
Cri-du-chat syndrome (5p-), DiGeorge syndrome (22ql1),
1p36 deletion syndrome (Weise et al., 2012), and some newly
identified microdeletion and microduplication syndromes
(Goldenberg, 2018; Nevado et al., 2014). It has been re-
ported that clinically relevant CNVs occur in 6% of fetuses
with a structural or growth anomalies (Wapner et al., 2012).
Distinguished from chromosomal aneuploidies, the inci-
dence of CNVs is independent of maternal age (Wapner et
al., 2015). Thus, the prenatal detection of CNVs with clin-
ical significance would benefit all the pregnant women in
genetic counseling and clinical management of the pregnant
outcomes. As a result, the expansion of NIPT from detection
of chromosomal aneuploidies to subchromosomal CNVs has
long attracted the attention of clinical investigators.

Previous studies have explored the feasibility of whole-ge-
nome sequencing (WGS) based NIPT in fetal CNVs detec-
tion (Benn & Cuckle, 2014; Peters et al., 2011; Srinivasan,
Bianchi, Huang, Sehnert, & Rava, 2013; Yu et al., 2013), but
the requirement of deep sequencing made it far from cost-ef-
ficient for clinical practice. Therefore, bioinformatic pipelines
based on low-coverage sequencing of whole genome with ma-
ternal plasma were developed to solve this problem. Chen et
al. demonstrated that the Fetal Copy-number Analysis through
Maternal Plasma Sequencing (FCAPS) method could be used
to detect large subchromosomal deletions and duplications in
fetuses ata0.08 X sequencing depth (Chenetal.,2013). Further
study using a collection of 919 clinical samples with known
CNVs suggested that the FCAPS method is of high sensitiv-
ity and specificity in detecting CNVs larger than 10 Mb (Liu
et al., 2016). Straver et al. proposed a WIthinSamplE COpy
Number aberration DetectOR (WISECONDOR) method that
could detect CN'Vs down to 20 Mb in size at the sequencing

depth of 0.15-1.66X (Straver et al., 2014). Moreover, by using
the semiconductor sequencing platform (SSP), 71.8% of the
fetal CNVs ranging from 0.52 Mb to 84 Mb in size could
be detected with 3.5 M reads, but the sensitivity declined to
41.2% when the CNVs sizes were restricted between 1 Mb
and 5 Mb (Yin et al., 2015). Focusing on the removal of se-
quencing “noise”, Zhao et al. developed a novel method using
shallow WGS (approximately 0.2x) which correctly identified
17 of 18 cases with microdeletions/microduplications and 156
of 157 unaffected cases (Zhao et al., 2015). It was reported
that 15 out of 18 samples with CNVs larger than 6 Mb could
be detected at read counts between 4 M and 10 M using a call-
ing pipeline based on segmentation algorithm. However, only
4 out of 13 CNVs were correctly identified if the CNV was
smaller than 6 Mb (Lo et al., 2016).

To date, it remains challenging to detect small CNVs by
NIPT because the proportion of cffDNA involved in the im-
balanced chromosomal segments is limited (Rose, Benn, &
Milunsky, 2016). Despite of the fact that commercial provid-
ers have offered NIPT analysis for certain pathogenic CNVs,
the use of NIPT in detecting microdeletions and microdu-
plications has not reached an acceptable false positive rate
to be deemed practical in clinical setting (Advani, Barrett,
Evans, & Choolani, 2017). In this study, we developed the
Noninvasively Prenatal Subchromosomal Copy number vari-
ation Detection (NIPSCCD) method, for the genome-wide
analysis of fetal CNVs through low-pass WGS of maternal
plasma, and evaluated its performance in 20,003 success-
fully tested clinical samples. Our study demonstrated that
the NIPSCCD method could be incorporated into the current
NIPT program for fetal chromosomal aneuploidy screening
and it has good performance in the detection of fetal CNVs.

2 | MATERIALS AND METHODS
2.1 | KEditorial policies and ethical
considerations

This study was approved by the Ethics Committee of hos-
pitals including Qingdao Women & Children Hospital
of Qingdao University, Affiliated Hospital of Guizhou
Medical University, Wuxi Maternal and Child Health Care
Hospital, Hebei Maternity and Child Healthcare Hospital,
First Affiliated Hospital of Xinjiang Medical University and
Wuhan Women and Child Care Service Hospital. Informed
consents were obtained from all individual participants in-
cluded in the study.

2.2 | Sample collection

A total of 20,290 pregnant women were recruited with in-
formed consents between 30 July 2015 and 30 June 2016 from
several provinces in China, including Shandong, Hebei, Hubei,
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Jiangsu, and Sinkiang. Ethical approvals were granted by the
Ethics Committee of hospitals enrolled in this study. NIPSCCD
was offered to the participants as primary or secondary screen-
ing. Since the objective of the study was to report the perfor-
mance of NIPSCCD in detecting subchromosomal CNVs as
well as trisomy 21, 18, and 13, other chromosomal abnormali-
ties including monosomies and other trisomies were screened
but not analyzed. Each participant received counselling after
NIPSCCD screening. Positive NIPSCCD individuals with tri-
somy 21, 18, and 13 were suggested to undergo invasive testing
for prenatal diagnosis, while positive individuals with CNVs
detected by NIPSCCD were validated by amniocentesis fol-
lowed by whole-genome sequencing (Qi et al., 2018) or tel-
ephone follow-ups. All the negative ones were confirmed by
telephone follow-ups. Invasive testing and follow-up results
were used as gold standard to calculate the sensitivity and spec-
ificity of NIPSCCD. For all NIPSCCD tests, 10-ml peripheral
blood from individual was collected in EDTA-containing tubes
(Sekisui, Tokyo, Japan). The plasma was separated within 4 hr
after blood sample collection with previously described method
(Yin et al., 2018) and stored at —80°C for further analysis.

2.3 | Library construction and
DNA sequencing

The genomic DNA isolated from amniocytes was fragmented
into an average size of 250 bp, whereas cell-free DNA
(cfDNA) was isolated with MagMAX™ Cell-Free DNA
Isolation Kit (Applied Biosystems™ cat.: A29319) accord-
ing to the manufacture's instruction. Library construction,
quality control, and sequencing were performed as previ-
ously described (Liang et al., 2013; Qi et al., 2018; Song et
al., 2013). Briefly, 2.5 ng of cfDNA or fragmented DNA was
used for the preparation of sequencing libraries. The 8-bp
barcoded sequencing adaptors were ligated to fragments and
amplified by PCR. Purified libraries were sequenced using
NextSeq 550AR (Annoroad Gene Technology Co., Ltd,
China). For the confirmatory tests, an average of 7.5-M reads
with 40 bp in length was generated for each amniocytes sam-
ple, accounting for 0.1x of the human genome; for each ma-
ternal plasma sample, an average of 4.2-M reads with 40 bp
in length and Q30 > 95% was generated for further analy-
sis. Samples that failed to pass the in-house quality control
of cfDNA testing in the first round were subjected to repeat
testing. In total, 20,232 samples had successful NIPSCCD
results after the second test. For the evaluation of the perfor-
mance of NIPSCCD, 20,003 successfully tested samples with
confirmatory results or follow-up results were used.

24 |

All short sequencing reads were aligned to human reference
genome (GRCh37/hg19) with BWA aligner (Li & Durbin,
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2009). Unique reads were counted in each of the nonoverlap-
ping 100-Kb windows that were equally divided along the
chromosomes. Reads count within each 100-Kb window was
corrected with a LOWESS model using GC content per win-
dow, and capped at the mean plus or minus 3 times of the re-
sidual standard deviation when the corrected value exceeded
the two capping thresholds. The corrected values were then
transformed into raw Z-scores with mean O and standard de-
viation of 1.

Z,o; =lowess (Reads;,GC;)

V4

Taw,i

—Mean (Z )

raw

Sd (Zyyy )

wg,i

A set of 1,000 reference samples were preselected from
a separate group of low risk NIPT samples without chromo-
somal aneuploidies and pathogenic CNVs. Read counts for
this set of data were similarly processed using the correction
model.

For each testing sample, an additional round of Z-score
transformation was performed for each 100-Kb window by
subtracting the mean value of the raw Z-scores of the corre-
sponding windows from the reference set, and then divided
by their standard deviation.

3 ng,i —Mean (Zref)
Sd (Z)

i

To obtain the confidence interval for the estimated Z-
scores, these transformations were also performed for the ref-
erence samples using bootstrap resampling. Windows were
merged into continuous segments by applying the CBS algo-
rithm to obtain the final Z-scores (Venkatraman & Olshen,
2007). Subchromosomal segments with absolute values of
the final Z-scores above 1.28 were considered indicative of
CNVs, while z-scores of a whole chromosome above 3 were
considered as trisomy 21/18/13. For the borderline Z-score
samples, a retest was carried out to confirm the results. The
significance levels of the detected segments were evaluated
using the distribution of those final Z-scores of the covered
windows in the reference set.

Fetal fraction estimation based on reads mapped to chro-
mosome Y was conducted as previously reported (Zhang,
Zhao, et al., 2015). Within the detected CNVs region, an al-
ternate estimation of fetal fraction was also performed using
a depth-based model similar to the way of chromosome Y
based fetal fraction estimation. CNV events were filtered
out as false positives when the deviation between two fetal
fraction estimations was larger than 3 times of the standard
deviation of the reference set (internally constructed using
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FIGURE 1

validated aneuploidy male fetus). The workflow of the
NIPSCCD was summarized as Figure 1.

3 | RESULTS

31 |

To evaluate the performance of NIPSCCD method (Figure
1) for fetal subchromosomal CNVs and trisomy 21/18/13
screening, we conducted the low-pass WGS (about 4.2 M
reads) using peripheral blood samples of 20,290 pregnant
women. Cell-free DNA (cfDNA) testing was successfully
performed on 19,805 (97.61%) of 20,290 cases in the first
round and 485 (2.39%) samples failed the in-house quality
control, in which 95 (0.47%) cases required repeat blood
sampling. After the second testing, 427 of 485 women were
successfully tested and 58 women who gave noninformative
results were excluded. Therefore, a total of 20,232 (99.71%,
20,232/20,290) women had successful NIPSCCD results.
Out of the 20,232 pregnant women, 229 cases were ex-
cluded from further analysis, including 152 cases with
NIPSCCD positive results of monosomies and trisomies be-
yond trisomy 21/18/13, 27 cases with CN'Vs of unknown clin-
ical significance but refused to undergo amniocentesis, and
50 cases due to the loss of contact. Finally, 20,003 samples

Study population

e

v

Calculate fetal fraction using UR
from detected CNV windows

Fit LOWESS regression
line using UR and GC

!

Estimate fetal fraction
using detected CNVs

}

Call CNVs and fetal
Karyotype with pre-defined
threshold

The workflow of the NIPSCCD method. UR, unique reads

with confirmatory results or follow-up data were used for the
evaluation of NIPSCCD performance. The mean maternal age
was 32 years ranging from 28 to 48 years, and the mean gesta-
tional week was 18.2, ranging from 11 to 20 weeks (Table 1).

3.2 | Evaluation of NIPSCCD for fetal
CNYVs detection

In 20,232 pregnancies with successful cfDNA testing, the
NIPSCCD method identified 64 samples with single or mul-
tiple CN'Vs and produced a total number of 72 CNVs. Due to
the refusal of invasive procedures, additional confirmatory re-
sults were obtained for 36 NIPSCCD-identified CNVs across
28 pregnant women. Moreover, seven additional CNVs were
not detected by the NIPSCCD but by amniocentesis testing.
The detailed information of the CNVs were listed in Tables
2 and 3.

TABLE 1 Demographic characteristics of the samples in this
study
Body index Range (Min-Max) Mean + SD
Maternal age 28.0-48.0 322+53
Gestational weeks 11.0-20.0 18.2 +2.8
Maternal weight (kg) 45.0-79.8 60.6 + 10.3
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- . g In total, the amniocytes testing identified 36 CNVs with
B é g £ the size ranging from 0.25 Mb to 97.2 Mb. There were 12
o % j; g g CNVs larger than 10 Mb, 5 CNVs between 5 Mb to 10 Mb,
3 2., 8., = 2 5 and 19 CNVs less than 5 Mb. Among these, 12 CNVs were
EJ g S E S = E % found to be pathogenic including four Cri-du-chat syn-
% i@ = ‘3 g - %g g" é drome related CNVs because of the 5p15.33-5p14.1 dele-
A Q227 Z & = tion in sample EC13CD00073, 5p15.33-5p14.3 deletion in
e sample ECI3EX00442, 5p15.33-p13.2 deletion in sample
= N . . Z; EC17QD00108, and the 5p15.33-p15.2 deletion in sample
= e < hE & ) = EC13HB00814; two cases of 22ql1 duplication syndrome
R ~ - 2 * i’ caused by the duplication of 22q11.21-22q11.21 in sample
é EC13HB01069 and sample EC13HB01084 and one case of
§ ‘g 22q11.2 distal deletion syndrome attributed to the deletion
g 5 of 22q11.21-22q11.23 in sample EC13HB01084; one case
= f of Chromosome 18p deletion syndrome caused by the dele-
E g § tion of 18p11.32-18p11.31 in sample EC13BD00154; one
g % 5 % % E) case of 15q11-q13 duplication syndrome resulted from the
= 5 § 5 E 2 duplication of 15q11.2-15q13.1 in sample EC16BE00322;
‘«5 5 3 5 5 :f one case of 1g21.1 microdeletion syndrome resulted from
& T & g p the deletion of 1q21.1-1g21.2 in sample EC13HB01354; one
§ case of Prader-Willi/Angelman syndrome due to the deletion
- - :f, in 15q11.2-15q11.2 (EC178L04039) and finally the 58.5-Mb
a B a :3 deletion in Xp22.33-Xpl1.1 (EC13CD00028) which could
% 5‘“ g S‘: ic ; give rise to multiple diseases including Leri-Weill dyschon-
S ;} E ; o _%é drostosis (LWD) - SHOX deletion, Steroid sulphatase defi-
a E, g % E— —; ciency (STS) (Table 2).
g N S S i g Within the 36 CNV cases identified by NIPSCCD, the
Z g E’ g g ;» fetal fraction of male pregnancies varied between 3.77% and
i 16.02% (Tables 2 and 3). In comparison with the amniocytes
= ?:) testing results, the chromosomal locations of 29 CNVs iden-
2 - - o © = tified by NIPSCCD could completely cover or overlap at
é i = = a3 o %D least 51% region of the detected variants in the correspond-
% % ing amniocytes testing results. All the 12 pathogenic CNVs
o X é g were detected by both methods, which accounted for 33.3%
< & S o £ E (12/36) of the total CNVs identified by NIPSCCD. However,
éﬁ E, ~ & lé = § g among 13 samples containing only one CNV in amniocytes
g § E.L % § E § _% testing data, NIPSCCD had missed a 1.75-Mb duplication in
*QZ _ ‘; = i 3 ; 3 E EC13AK00635 (Table 3) and gained an extra 0.75-Mb du-
g S s < = § 3 E plication in sample EC13JD00020 (Table 3). In nine sam-
E § % 5 T3 ;_, E E ples with multiple CNVs, three of which (EC13BK00003,
e S 8-S 35 EC13SA00154, EB13EX00305) produced identical results,
- «~ © % s whereas the rest of six samples had inconsistence in one
< :g ;: :rf - g E“ or two CNVs (Table 3). Collectively, 7 CNVs detected by
s - & = E £ NIPSCCD were absent in the amniocentesis test.

E % Based on the above results and the follow-up data, the
=) = g %E; P 3 P %_: § per'formance of the NIPSCCD method .in CNV'S .identifi-
g 22 b= = s £ 3 cation were evaluated under the following conditions: (a)
g § '% CNVs identified by both NIPSCCD and amniocytes tests
e ® s =4 o £ ; N were treated as true positive results; (b) CNVs detected by
N =) § g § g % % a amniocytes testing but not by NIPSCCD were considered as
A 2 E E E § = E é» false negative results; (¢) CNVs detected by NIPSCCD but
2 E 0 3] ) ) (;3 g 3 not by amniocytes testing were classified as false positive re-
I . - . - - S8 3 sults. Our analysis showed that for CNVs larger than 10 Mb,
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TABLE 3 Inconsistent CNVs between the NIPSCCD and amniocytes testing results
Amniocytes testing (AT) NIPSCCD results
Fetal FF by
Sample ID gender GW Location Size (Mb) Location Size (Mb) ChrY
EC13CD00028 Female 19+3 Del 12q23.1-12q23.1 0.35 Undetected NA NA
Dup Xp11.21-Xq28 97.20 Undetected NA
ECI13EX00442 Female 19 Del 5p14.1-5p14.1 2.35 Undetected NA NA
EC13AK00635 Female 19+2 Dup Xp22.31-Xp22.31 1.75 Undetected NA NA
EC13CD00073 Female 20+ 5 Dup 7p21.3-7p21.3 0.50 Undetected NA NA
EC13BD00154 Female 22+3 Del 2p14-2p14 0.25 Undetected NA NA
EC178L04039 Male 20 Dup 22q11.22-22q11.22  0.20 Undetected NA 8.89%
EC17EU00255 Female 1745 46, XX NA Del 18p11.32-18p11.21 15.05 NA
EC13BK00007 Male 18+5 46, XY NA Dup 8q22.1-8q23.1 11.10 5.54%
ECI13EL00772 Male 14+4 46, XY NA Del 15q11.2-15q13.1 7.25 8.57%
EC13HB01264 Male 16 + 1 46, XY NA Dup 8p23.1-8p22 6.15 7.89%
EC13CD00105 Male 20+ 4 46, XY NA Del 17q25.3-17q25.3 4.75 3.77%
EC13CD00086 Female 2142 46, XX NA Dup 16p13.3-16p13.2 0.85 NA
EC13JD00020 Male 21 NA NA Dup 4q32.2-4q32.3 0.75 16.02%
Note. GW, gestation weeks; FF, fetal fraction estimated with reads mapped chromosome Y; NA, not applicable.
TABLE 4 Evaluation of the NIPSCCD method in detecting CNVs
CNV size TP FP FN Sensitivity (%) PPV (%) FNR (%)
>10 Mb 11 2 1 91.67 84.62 9.33
5 Mb-10 Mb 5 2 0 100.00 71.43 NA
<5 Mb 13 3 6 68.42 81.25 31.58
Total CNVs 29 7 7 80.56 80.56 19.44

Note. TP, true positive NIPSCCD-detected CNVs that were confirmed by amniocytes testing; FP, inconsistent CNVs that were detected by NIPSCCD while not detected
by amniocytes testing were classified as false positive; FN, amniocytes testing-characterized CNVs that were not detected by the NIPSCCD method; PPV, positive pre-

dictive value; FNR, false negative rate; NA, not applicable.

the sensitivity, positive prediction value (PPV), and false
negative rate (FNR) of NIPSCCD were 91.67%, 84.62%, and
9.33%, respectively, and for CNVs ranged between 5 Mb to
10 Mb, it was 100.00%, 71.43%, and O, whereas for CNVs less
than 5 Mb in size, the sensitivity was 68.42% with the PPV
of 81.25% and FNR of 31.58%. Collectively, the NIPSCCD
generated an overall sensitivity of 80.56%, PPV of 80.56%
and FNR of 19.44% in fetal CNVs detection (Table 4).

3.3 | Evaluation of NIPSCCD for fetal
chromosomal aneuploidy detection

On top of the CN'Vs detection, we also evaluated the perfor-
mance of NIPSCCD in chromosomal aneuploidy screening.
Among the 20,003 samples, NIPSCCD test identified 124
(0.62%) positive trisomy cases, including 100 cases with tri-
somy 21, 19 cases with trisomy 18, and 5 cases with trisomy
13, in which 103 cases were confirmed by karyotyping analy-
sis, whereas 21 cases (14 cases of trisomy 21, 4 of trisomy 18,

and 3 of trisomy 13) had inconsistent results and considered
as false positives (Table 5). The sensitivity and specificity of
the NIPSCCD method in fetal aneuploidy detection were cal-
culated and the results showed that the sensitivity of trisomy
13, 18, and 21 detection was 100.00% and the specificity was
all higher than 99.9% (Table 5). These results suggested that
the NIPSCCD method had high sensitivity and specificity in
detecting fetal chromosomal aneuploidy.

4 | DISCUSSION

The widespread availability of cell-free DNA sequencing
based NIPT for fetal aneuploidies using maternal plasma
provided an accurate and effective approach to reduce the
risks and maternal anxiety that resulted from conventional
invasive diagnosis procedures such as amniocentesis and
chorionic villus sampling (CVS). There is no doubt that the
increasing scope of NIPT from the screening of chromosomal
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TABLE 5 Evaluation of NIPSCCD method in detecting fetal chromosomal aneuploidies
Trisomy Karyotyping NIPSCCD results TP FP FN TN Sensitivity (%) Specificity (%)
T21 86 100 86 14 0 19,903 100.00 99.93
T18 15 19 15 4 0 19,984 100.00 99.98
T13 2 5 2 0 19,998 100.00 99.99
Total 103 124 103 21 0 19,879 100.00 99.89

Note. TP, true positive; FP, false positive; FN, false negative; TN, true negative.

aneuploidies to CNVs would benefit the pregnant women
given that the invasive prenatal testing followed by karyo-
typing and/or chromosomal microarray analysis have been
considered as gold standard for CNV analysis (Gregg et al.,
2016; Wapner et al., 2012). Although NIPT has been largely
focused on chromosomal aneuploidies, its involvement in de-
tecting subchromosomal CNVs is theoretically feasible pro-
vided that the fetal fraction involved in the imbalance regions
is adequate. For any given CNVs, the detection efficiency is
mainly determined by fetal fraction, CNVs size, sequencing
coverage, and biological and technical variability of the CNV
regions (Zhao et al., 2015) and increasing sequencing depth
could significantly improve the sensitivity of CNVs detec-
tion (Lo et al., 2016; Yin et al., 2015). However, taken the
patients’ affordability into consideration, the deep sequenc-
ing-based methods for noninvasive testing of CNVs (Benn &
Cuckle, 2014; Peters et al., 2011; Srinivasan et al., 2013; Yu
et al., 2013) are impractical for large-scaled clinical imple-
mentation. Hence, a compromise should be adopted to enable
high performance of CNVs detection with NIPT while retain-
ing the cost-effectiveness.

In this study, we developed an analytical pipeline, named
NIPSCCD (Figure 1), to detect genome-wide CNVs using
low-pass sequencing of maternal plasma without the prior
knowledge of CNV locations and evaluated its performance
with 20,003 clinical samples. Till now, most of the studies
assessed the performance of NIPT for CNVs with samples
containing single CNV, which might be detached from the
real clinical environment. We, however, tested the efficacy of
NIPSCCD with clinical samples containing but not limited
to a single CNV, and the results suggested a robust detection
power against samples with multiple CNVs (Table 2; Figure
2). With an average read count of 4.2 M, NIPSCCD could
detect CNVs with a minimum size of 0.36 Mb (Table 2)
and generated the sensitivity of 91.67% for CNVs > 10 Mb,
100% for CNVs ranged between 10 Mb and 5 Mb, and
68.42% for CNVs <5 Mb (Table 4). The observation of
lower sensitivity in CNVs >10 Mb subgroup was attributed
to the missed 97.2-Mb CNV, which resulted in the only
false negative case and decreased the sensitivity to 91.67%.
Given the large size of this false negative CNV in NIPSCCD
test, it is less likely to be the consequence of maternal CNV
interference. Since we did not obtain the placenta for further

analysis, we proposed that the missed 97.2-Mb duplication
in NIPSCCD, which covered the whole long arm of chromo-
some X, was resulted from confined placental mosaicism.
Comparing with the calling pipeline which generated a
sensitivity of 20% in detecting CNVs less than 6 Mb (Lo
et al., 2016), NIPSCCD has showed an obvious increase in
sensitivity. Also, with a similar read count, NIPSCCD ex-
hibited noticeable improvement than the SSP-based method
proposed by Yin et al. in detecting CNVs less than 5 Mb
in size (Yin et al., 2015). Due to the better performance in
small CNVs detection, NIPSCCD generated an even higher
overall sensitivity for CNVs detection than the SSP-based
method. Moreover, in contrast to the FCAPS method (Liu
et al., 2016), NIPSCCD achieved higher performance in de-
tecting large CNVs (>10 Mb) and CNVs between 5 Mb and
10 Mb at a much lower sequencing depth.

Researches over past few years have showed the capability
of NIPT for CNVs detection (Benn & Cuckle, 2014; Lo et al.,
2016; Peters et al., 2011; Srinivasan et al., 2013; Straver et
al., 2014), but most of these methods were not incorporated
into the routine aneuploidy test except for WISECONDOR
(Straver et al., 2014). However, the WISECONDOR method
also had limited clinical value in CN'Vs detection unless the
detection resolution is significantly improved. In this study,
we demonstrated that the NIPSCCD method can be incorpo-
rated into the detection of fetal aneuploidies. With the testing
of 20,003 clinical samples, we achieved an overall 100.00%
sensitivity and 99.89% specificity for trisomy 18/13/21
screening (Table 5), suggesting that NIPSCCD has an even
slightly higher performance than previous studies (Chiu et
al., 2008; Gil, Accurti, Santacruz, Plana, & Nicolaides,
2017; Gil, Quezada, Revello, Akolekar, & Nicolaides, 2015;
Hartwig et al., 2018; Zhang, Gao, et al., 2015). Consequently,
the NIPSCCD can detect both the chromosomal aneuploidy
and subchromosomal CNVs with a single run of low-pass se-
quencing without extra sequencing cost.

There were also several limitations in the study. First,
in consistent with previous studies, CNV size remained to
be a key factor affecting the performance of NIPT subchro-
mosomal abnormalities screening in our work (Chen et al.,
2013; Liu et al., 2016; Lo et al., 2016; Yin et al., 2015). The
detection power is dramatically decreased with the reduction
of CNVs length, and six of the seven false negative CNVs
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FIGURE 2 Example of fetal CNVs detection by NIPSCCD. (a) and (d), the NIPSCCD method detected one deletion (a) and one duplication

(d) in sample EC13BKO00001 respectively. (b) and (e), the amniocytes testing results of sample EC13BK00001 confirmed the deletion and
duplication identified by NIPSCCD. (c) and (f), the schematic diagram of the deletion on chromosome 5 (c¢) and the duplication on chromosome 7

(f) in sample EC13BK00001

were less than 2.5 Mb (Table 3 & Table 4). Therefore, fur-
ther optimization of NIPSCCD would be indispensable in
the future study to decrease the false negative rate. Second,
36 women with NIPSCCD-identified CNVs with unknown
clinical significance refused to carry out invasive proce-
dure for validation in this study, which could lead to an in-
crease in CNV detection sensitivity as well as the decrease
in false positives rate. Similar effect may be observed in the
CNYV subgroup between 10 Mb and 5 Mb (Table 4). With
limited cases of CNVs identified in the subgroup between
10 Mb and 5 Mb, cases bias may have contributed to the
higher sensitivity that was observed, and further studies
with larger patient population could give a better under-
standing of the performance of NIPSCCD in CNV detec-
tion in clinical setting. Third, most of the positive CNVs
were validated by low-pass whole-genome sequencing of
amniocytes rather than chromosomal microarray analysis.
Although many studies have evidenced the capacity of low-
path whole-genome sequencing in clinical diagnose for
subchromosomal CNVs (Dong et al., 2016; Qi et al., 2018;
Wang et al., 2018), we could not rule out the potential that
confirmatory tests with microarray analysis may impact the
false positive and/or negative cases given that the former
method is sequencing depth sensitive. Moreover, lack of
independent method to calculate fetal fractions for female

fetuses in this study, together with the fact that NIPT is
incapable of differentiating the maternal CNVs from fetus
originated CNVs, the existence of false positive CNVs in
our study suggested that NIPSCCD-detected CNVs should
be further confirmed with diagnosis testing or maternal
background testing to provide comprehensive information
for the posttest genetic counseling.

In summary, our results showed that, under the real clinical
environment, the low-pass WGS-based NIPSCCD approach
had good performance in detecting fetal subchromosomal
CNVs >10Mb and improved efficacy in detecting small
CNVs. As the NIPSCCD method can be easily incorporated
into the routine screening of trisomy 21/18/13 with high sen-
sitivity and specificity, our study highlighted the prospect of
a universal and practical noninvasive prenatal testing of fetal
subchromosomal CNVs and chromosomal aneuploidies in a
single run of low-pass sequencing of maternal plasma.
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