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Abstract

Background: The non-invasive prenatal screening (NIPS) has been introduced into
clinical practice with a high sensitivity and specificity. Although the false-negative
results are inevitable and important, limited false-negative NIPS results have been
reported and studied previously. In this study, we aim to report and analyze false-
negative results detected in the NIPS cases with a low-risk result.

Methods: NIPS was performed using whole-genome massively parallel shotgun
sequencing for screening common trisomies, rare autosomal aneuploidies, and
subchromosome copy number variants. All the NIPS cases with a low-risk result per-
formed in our center in 2017 were followed-up using medical records and telephone
interview at 3 months after delivery. Fetal ultrasound results and available genetic
diagnostic testing results were collected for pregnancies with adverse outcomes. The
genetic diagnostic testing referred to chromosomal microarray analysis or fluores-
cent in situ hybridization on amniotic fluid cells, fetal skin tissue, neonatal peripheral
blood, or available placental biopsies.

Results: By following-up 10,975 low-risk results, we found 166 NIPS cases with
adverse pregnancy outcomes, in which eight cases had diagnostic testing. Among
them, four false-negative cases were confirmed, including one trisomy 18 caused by
placental mosaicism, one mosaic tetrasomy 12p, and 2 microdeletion/microduplica-
tion cases.

Conclusion: Our results revealed that mosaicism contributes to a major cause of
false negative in NIPS, and highlighted the importance of ultrasound in identifying
these false-negative results.
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1 | INTRODUCTION

Cell-free fetal DNA (cfDNA)-based non-invasive prenatal
screening (NIPS) has been routinely applied for evaluat-
ing the risks of fetal trisomies 21, 18, and 13 (Fiorentino
et al., 2017; Liang et al., 2018; Zhang et al., 2015). Other
chromosomal imbalances, such as sex chromosomal an-
euploidies, copy number variations (CNV), and rare auto-
somal trisomies (RAT), have also been included into the
expanded detection scope, although its regular application
in clinic is still controversial (Benn & Grati, 2018; Chitty,
Hudgins, & Norton, 2018; Schwartz, Kohan, Pasion,
Papenhausen, & Platt, 2018). However, as a screening
method, false positive and false negative of NIPS results
were inevitable (Cheung et al., 2018; Hochstenbach et al.,
2015; Mennuti, Cherry, Morrissette, & Dugoff, 2013;
Pan et al., 2013). As recommended by major guidelines,
pregnant women with a high-risk NIPS result should be
counseled and offered diagnostic testing, which minimizes
the effect of false-positive results. On the other hand, for
pregnancies with a low-risk NIPS result, invasive prenatal
diagnosis is not recommended unless abnormal findings
associated with chromosomal abnormalities are detected
during the subsequent examinations. The birth of children
with chromosomal anomalies missed by NIPS will bring
huge stress for the families, both financially and emotion-
ally. Therefore, false-negative results lead to a worse preg-
nancy consequence than false-positive results.

It is important to understand the biology behind these
false-negative cases, which will improve genetic counseling
and prenatal management in clinic. However, due to the lim-
ited number of false-negative NIPS cases been studied and
reported (Hartwig, Ambye, Sorensen, & Jorgensen, 2017),
the underlying etiology has not been clarified. In this study,
we performed a comprehensive follow-up on a cohort con-
sisting 10,975 NIPS cases with low-risk results from a single
center, which revealed four false-negative cases, including
one with trisomy 18, one with tetrasomy 12p, and two with
microdeletions/microduplications.

2 | MATERIALS AND METHODS

2.1 | Study cohort

This study was approved by the institutional review board
of the Nanjing Maternity and Child Health Care Hospital.
From January 2017 to December 2017, 11,175 NIPS cases
were performed at our center of prenatal diagnosis in Nanjing
Maternity and Child Health Care Hospital. Among them,
10,975 cases with a low-risk NIPS result were included in
this study. Informed consent was signed at pre-test coun-
seling in all the cases.

2.2 | Non-invasive prenatal screening

Five milliliters peripheral blood of pregnant women were col-
lected using EDTA anticoagulant tube and centrifuged within
8 hr to extract the plasma. CfDNA purified from the plasma
using the fetal chromosome aneuploidy test kit developed
by BGI (BGI, China). After library construction, all librar-
ies were sequenced on the BGI-500 platform (BGI, China).
Sequencing reads of 35 bases were trimmed and aligned to
a universal unique read set, incised from the human refer-
ence genome (hgl19, NCBI build 37). Quality control crite-
ria included minimum unique read number of 3.5 Mb, GC
content range of 38%-42%, and minimum fetal fraction of
3.5%. Analysis was performed for all samples on aneuploi-
dies of chromosomes 13, 18, 21, X, and Y, as well as other
genome-wide RAT and subchromosome CNV (Chen et al.,
2013; Jiang et al., 2012).

2.3 | Clinical follow-up on the low-risk
nips results

Pregnancies with low-risk NIPS results were recommended
for routine prenatal care and interviewed by telephone at
3 months after delivery according to the guideline published
by Chinese government, as reported previously (Liang et al.,
2018). Information, including pregnancy outcomes, date of
birth, sex, newborn physical examination results, and ma-
ternal physical, were recorded. Fetal ultrasound results and
available neonatal/fetal genetic diagnostic testing results
were collected for pregnancies with adverse outcomes.

2.4 |
(CMA)

Chromosomal microarray analysis

Genomic DNA were extracted using QIA amp DNA Mini
Kit (Qiagen). In our center, tissue samples, such as placental
tissues and fetal tissues, were tested using the platform of
human cyto12 SNP array, whereas other samples, such as pe-
ripheral blood samples and amniotic fluid cells, were tested
using the platform of CytoScan 750K array. For Illumina
array platform, Human cyto12 SNP array (Illumina) compris-
ing approximately 300,000 SNP probes was applied for the
whole-genome scan. Molecular karyotype analysis was per-
formed by KaryoStudio V 1.4.3.0 (Illumina). For Affymetrix
array platform, CytoScan 750K array (Affymetrix) compris-
ing approximately 550,000 copy number CNVs probes and
200,000 SNP probes were applied for the whole-genome
scan. Molecular karyotype analysis was performed by
Affymetrix Chromosome Analysis Suite (ChAS). CNVs of
two array platforms were all called at an effective minimal
resolution of 100kb involving at least 10 contiguous probes.



LIN ET AL.

2.5 | Fluorescent in situ hybridization
(FISH) analysis

FISH analysis was performed according to the manufac-
turer's protocols (VYSIS Inc.) using commercially available
subtelomeric specific probes.

3 | RESULTS
A total of 11,175 pregnancies had NIPS in our center in 2017.
The average maternal age was 34.5 years (ranging from 17 to
47 years), and the average gestation was 177 weeks (ranging
from 12*° to 26*° weeks). In all, 200 (1.79%) high-risk results
and 10,975 (98.21%) low-risk results were reported. Among
the low-risk results, 10,476 (95.45%) cases were successfully
followed-up, which revealed 10,310 cases with benign preg-
nancy outcomes, 166 cases with adverse pregnancy outcomes,
including neonatal demise, pregnancy loss, termination of preg-
nancy (TOP), and live birth with dysmorphic facial features,
associated with or without fetal ultrasound findings (Figure 1).
Eight of the 166 cases with adverse pregnancy outcomes
had diagnostic testing for the fetuses, in which four false-neg-
ative results were confirmed, including one aneuploidy
(trisomy 18), one partial aneuploidy (tetrasomy 12p), and
2 subchromosomal microdeletion/microduplication cases.
The clinical information of the four false-negative cases,

Benign pregnancy
1 outcome
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including NIPS results, ultrasound findings, and pregnancy
outcomes, are summarized in Table 1. The confirmatory ge-
netic testing for the fetuses varied among these cases. For
the case of trisomy 18, placental biopsies, as well as fetal
skin tissues, were retrieved and sent for CMA. The result on
the fetal skin tissue revealed trisomy 18. However, results on
the placenta revealed a mosaicism consisting low level of tri-
somy 18 cells (Figure 2), indicating mosaicism is the main
cause in this case. For the case of mosaic tetrasomy 12p, a
boy with dysmorphic facial features was born, including high
arched palate, low-set ears, and claw hands. Peripheral blood
sample from the neonate was collected for genetic analysis
using CMA and FISH. CMA result revealed a 34.6 Mb du-
plication involving the entire short arm of chromosome 12,
and FISH result confirmed isochromosome of 12p in 3 of 30
metaphases [ish i(12)(p10)(RP11-55113++)[3/30]] and in 8
of 50 interphases [nuc ish(RP11-55113 x 4)[8/50]](Figure 3),
considered as tetrasomy 12p mosaicism or Pallister-Killian
Syndrome (PKS). For the case with microdeletion, the preg-
nancy was terminated after the abnormal ultrasound result
was obtained, and the fetal skin tissue was sent for CMA,
which showed a 7.07 Mb deletion on the short arm of chro-
mosome 4, known as Wolf-Hirschhorn syndrome. As for the
case with microduplication, amniocentesis was performed
before termination, and the result revealed two small patho-
genic duplications (2.4 Mb and 837 kb) on the long arm of
chromosome 10 (Figure 4).

|--| Diagnostic testing |—-
1

1
| 1
1 (False negative) :
. TOP | 3 I
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| | Pregnancy loss 1 3 :
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FIGURE 1 Pregnancy outcomes of the 10,975 NIPS cases with a low-risk result. TOP, termination of pregnancy
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4 | DISCUSSION

Although NIPS has been applied into clinic with a critical con-
tribution to prenatal care, false negatives are inevitable due to
the nature of this cfDNA-based screening method. Previous
studies raised the importance of studying the false-negative
results. However, Hartwig et al. systematically searched and
reviewed 22 papers related with discordant NIPS results be-
tween 2013 and 2016, and found only 24 false-negative re-
sults for trisomies 21, 18, and 13 were reported, with 45.83%
(11/24) had unexplained causes (Hartwig et al., 2017). There
are two possible reasons for the limited false-negative cases
reported. First, the frequency of false-negative results in NIPS
is relatively low, reported as about 1 in 10,000 NIPS cases for
common trisomies (Liang et al., 2018; Zhang et al., 2015).
Second, a comprehensive follow-up on the NIPS cases, espe-
cially for the cases with a low-risk result, is time-consuming
and difficult to perform in most commercial laboratories. In
this way, the frequency of false negatives could be underesti-
mated, and false-negative results of RAT and microdeletions/
microduplications are more rarely reported. In this study, we
successfully followed-up 10,476 cases from 10,975 NIPS
cases with a low-risk result performed in our center in 2017.
Confirmatory genetic testing was performed in 8 cases among
the 166 pregnancies with adverse outcomes. Notably, half of
the eight cases had abnormal chromosome results which were
missed by NIPS, including one case of trisomy 18, one case of
tetrasomy 12p, one microdeletion case, and one microdupli-
cation case. Our results showed the importance of performing

Smoothed Log R

genetic diagnosis for low-risk results with adverse pregnancy
outcomes in NIPS.

Due to the fact that the circulating fetal cfDNA mainly
derives from the placenta, an inaccurate negative result will
be generated if there is insufficient amount of cfDNA derived
from abnormal genome in the maternal plasma caused by
mosaicism in the placenta, even if the fetal karyotype con-
tains aneuploidy or CNV. Gao et al. reported a condition of
20%-30% mosaicism of placental cells with karyotype 48,
XXX, +18 that led to a partially inaccurate NIPS result (Gao,
Stejskal, Jiang, & Wang, 2014). They believed that the 7.4%
fetal cfDNA fraction and the 30% trisomy 18 mosaicism re-
sulted in a reduced (<2.2%) effective fetal fraction for trisomy
18 detection. In our case of false-negative trisomy 18, the gen-
eral fetal fraction was about 8%, and test result from placental
DNA revealed a low-level trisomy 18 mosaicism (10%—-20%)
which resulted in a lower fetal fraction of trisomy 18 (0.8%—
1.6%). Given the cfDNA containing trisomy 18 component
was lower than 2%, the fetal aneuploidy would be missed by
most NIPS assays. Similarly, in our case of false-negative tet-
rasomy 12p, the FISH result from neonatal peripheral blood
revealed a low-level mosaicism of tetrasomy 12p (10%—20%).
Assuming the mosaicism level was similar in the placenta, the
cfDNA fraction of tetrasomy 12p was lower than 2.2%, which
was theoretically undetectable using NIPS.

Although several previous work indicated NIPS is capable
of detecting large chromosomal imbalances (Lefkowitz et al.,
2016; Wapner et al., 2015), the clinical utilization of ex-
panded NIPS is still controversial (Chitty et al., 2018; Gregg
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FIGURE 3

Diagnostic test result for the false-negative case of mosaic tetrasomy 12p. (a) CMA result revealed a 34.6 Mb duplication at

12p13.33p11.1; (b) Representing images in FISH results. The 12p telomere is labeled in green. (b1) Metaphase spread showing the additional signal
at the end of 12pter, an event seen in only 3 of 30 metaphases; (b2) Metaphase spread showing the normal signal; (b3) Interphase nuclei showing a
4-copy 12pter signal, an event seen in 8 of 50 interphase nuclei. Noting that the interphase result is consistent with tetrasomy 12p mosaicism. (b4)

Interphase nuclei showing the normal signal. CMA, chromosomal microarray analysis. FISH, fluorescent in situ hybridization
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FIGURE 4 The confirmatory CMA test results for the two false-negative cases with microdeletion/microduplication. (a) The CMA result
showed a 7.07 Mb deletion at the region of 4p16.3-p16.1. (b) The CMA result showed two duplications at the region of 10q11.22-q11.23 and

10q11.23 with size of 2.41 Mb and 837 kb. CMA, chromosomal microarray analysis
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et al., 2016), mainly due to its poor sensitivity, low positive
prospective value, incomplete outcome data, and lack of a
large patient cohort. In this study, we confirmed three cases
with fetal chromosomal abnormalities other than common
trisomies missed by NIPS, which had a higher frequency
compared to the chance of false-negative results with com-
mon trisomies. As test performance of whole-genome NIPS
technology on RAT and microdeletions/microduplications
still need improvement, our result indicated that more clinical
trials should be carried out before expended whole-genome
NIPS applied into clinical practice.

Our study highlighted the important role of ultrasound
examination in NIPS cases, the four false-negative cases in
this study all showed abnormal ultrasound findings after a
low-risk NIPS result. Reiff et al. reported that unexpected ul-
trasound findings were seen in 3.5% of patients with a nega-
tive NIPS results during 11-14 weeks (Reiff, Little, Dobson,
Wilkins-Haug, & Bromley, 2016). In another study, Beulen
et al reported on 290 patients with an abnormal fetal ultra-
sound who underwent NIPS, 11% of them had chromosomal
abnormalities not detected by NIPS (Beulen, Faas, Feenstra,
van Vugt, & Bekker, 2017). Microarray analysis revealed
clinically relevant deletions or duplications in 6.0% fetuses
with ultrasound anomalies and a normal karyotype (Wapner
et al., 2012). Together with these previous reports, our data
also demonstrated that diagnostic genetic testing using CMA
should be considered in the context of abnormal ultrasound
findings and a low-risk NIPS result, consistent with the guide-
line “The role of ultrasound in women who undergo cell-free
DNA screening,” from Society for Maternal-Fetal Medicine
(SMFM) with the assistance of Mary E. Norton, MD; Joseph
R. Biggio, MD; Jeffrey A. Kuller, MD; Sean C. Blackwell,
MD. (Society for Maternal-Fetal Medicine. Electronic ad-
dress, Norton, Biggio, Kuller, & Blackwell, 2017).

A major limitation in this study is the lack of genetic di-
agnosis for the fetuses/neonates in 95.18% (158/166) cases
with adverse pregnancy outcomes. As it was reported that
50%—-60% of pregnancy losses and about 20% abnormal ul-
trasound findings were associated with chromosomal abnor-
malities (Rai & Regan, 2006; Srebniak et al., 2017; van den
erg, van Maarle, van Wely, & Goddijn, 2012), the number of
false-negative results could be underestimated in this study.
In addition, in most cases opted for TOP, the placental tissues
were not available for any further genetic testing. Therefore,
we were not able to obtain the accurate false-negative rate as
well as the underlying causes for these false negatives. The
information is important for the improvement of NIPS tech-
nology, and more effort will be put in the pretest and posttest
counseling in the clinical practice.

In summary, we reported four false-negative results from
following-up 10,975 NIPS cases with a low-risk result. Our
results revealed that mosaicism contributes to a major cause
of false negative in NIPS, and highlighted the importance of

Open Access,

ultrasound in identifying these false-negative results. In addi-
tion, our results emphasized the importance of following-up
in NIPS, especially in cases with a low-risk results, which
would cost a large number of efforts but was beneficial to
realize the limitation for NIPS, and to improve prenatal man-
agement in clinic.
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