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Jing Wang"¥, Zhi-Wei Wang™, Qin Zhou', Bin Zhang', Ting Yin’, Bin Yu', Lei-Lei Wang’

'Department of Medical Genetics, Changzhou Maternity and Child Health Care Hospital Affiliated to Nanjing Medical University, Changzhou
213003, China; *Department of Medical Genetics, Lianyungang Maternal and Child Health Hospital Affiliated to Yangzhou University, Lianyungang
222000, China

Contributions: (I) Conception and design: B Yu, LL Wang; (IT) Administrative support: B Yu; (II) Provision of study materials or patients: B Yu, LL
Wang, ] Wang, ZW Wang, Q Zhou, B Zhang; (IV) Collection and assembly of data: ] Wang, ZW Wang, Q Zhou, B Zhang, T Yin; (V) Data analysis
and interpretation: ] Wang, ZW Wang; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

"These authors contributed equally to this work.

Correspondence to: Prof. Bin Yu. Changzhou Maternity and Child Health Care Hospital affiliated to Nanjing Medical University.

Email: ybez0519@163.com; Prof. Lei-Lei Wang. Lianyungang Maternal and Child Health Hospital affiliated to Yangzhou University.

Email: transmed@qq.com.

Background: To investigate the detectability of non-invasive prenatal testing (NIPT) after prenatal
screening to detect foetal chromosomal abnormalities in pregnant women at high risk, and the number of
foetal abnormalities could be missed by NIPT.

Methods: From January 2009 to March 2018, 3,099 pregnant women at high risk for trisomy 21 and 18
according to the results of prenatal serological screening were enrolled in this study. The women underwent
amniocentesis at 18-23 weeks, as well as karyotype testing and/or chromosomal microarray analyses (CMA).
We assessed the ability of NIPT to detect chromosomal abnormalities.

Results: In all, 177 (5.7%, 177/3,099) chromosomal abnormalities were identified. These included 129
(72.9%) abnormal numbers of chromosomes, 6 (3.4%) chromosome structural abnormalities, and 42 (23.7%)
other abnormalities, including copy number variation, inversions, and chromosome additions/deletions. Of
the 177 (70.0%) chromosomal abnormalities, 124 were detected and 53 were missed by NIPT.
Conclusions: NIPT could miss 30.0% of the chromosomal abnormalities detected by amniocentesis and
cytogenetic testing. This proportion will likely decrease in the future due to further development of NIPT.
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Introduction (cfDNA) by massively parallel sequencing (MPS). It is
currently widely used in prenatal screening for trisomy 21
(T21), trisomy 18 (T'18), and trisomy 13 (T'13), for which
it has satisfactory accuracy (detection rate 99.7%, false

positive rate 0.04% for T21; 97.9% and 0.04% for T'18; and
99.0% and 0.04% for T13, respectively) (3). NIPT enables

Prenatal screening and diagnosis (1,2) involves an initial
serological prenatal screening, after which pregnant
women at high risk undergo invasive prenatal diagnostic
procedures. The emergence of noninvasive prenatal testing

(NIPT) has transformed prenatal screening and diagnosis.
However, several problems remain to be solved before
widespread clinical application of NIPT.

NIPT detects genetic changes using cell-free DNA
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detection of not only three common foetal aneuploidies
(2,4,5) but also other genetic diseases, such as foetal
sex chromosome aneuploidy (1,6) and sub-microscopic
chromosomal abnormalities (7).
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The consensus opinion on NIPT is that serological
prenatal screening should remain the first-line screening
method, followed by invasive prenatal diagnostic
procedures. NIPT may thus have a role as a second-
line screening method. In 2015, the American College
of Obstetricians and Gynecologists (8) recommended
that NIPT be considered for prenatal screening of foetal
aneuploidy but traditional prenatal screening methods
should remain the first-line option. The International
Society for Prenatal Diagnosis (9) stated that NIPT
could be performed in women at intermediate risk after
serological prenatal screening to reduce the rate of missed
diagnoses. In 2016, the American College of Medical
Genetics and Genomics (10) updated the consensus
guidelines and recommended that noninvasive prenatal
screening (NIPS) could replace traditional serological
prenatal screening. In China, perinatal physicians tend to
use NIPT as the second-line prenatal screening method. In
clinical practice, pregnant women at high risk frequently
refuse invasive prenatal diagnostic procedures because of
fear of abortion and/or infection. Therefore, the number
of pregnant women at high risk willing to undergo
NIPT is increasing. However, NIPT was developed to
detect T21, T18, T13, and its ability to detect any of
the various other foetal chromosomal abnormalities (11)
is limited. Therefore, the effect of switching from
amniocentesis to NIPT for pregnant women at high risk
needs to be evaluated.

Standard karyotype analyses, which can detect major
chromosomal abnormities (e.g., aneuploidy, unbalanced
rearrangements, Robertsonian translocation, and
mosaicism), are typically used for prenatal diagnosis.
Recently, chromosomal microarray analysis (CMA), a
high resolution genomic technology, has been applied for
prenatal diagnosis of genetic disorders. Unlike standard
karyotype analyses, CMA can also detect sub-microscopic
imbalances or copy number variants (CNVs) (12,13).
According to our clinical experience, an increasing number
of women are willing to undergo CMA for prenatal
diagnosis, particularly in combination with abnormal
ultrasonography.

In the present study, we evaluated the rate of diagnosis
of chromosomal abnormalities by NIPT compared to
invasive prenatal diagnosis in pregnant women at high risk
for T21 and T18. We retrospectively explored the results
of cytogenetic analyses by amniocentesis in two prenatal
diagnosis centres. The results will be used to improve the
feasibility of NIPT for prenatal genetic screening.

© Annals of Translational Medicine. All rights reserved.
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Methods
Patients and design

From January 2009 to March 2018, 3,099 pregnant women
determined to be at high risk by serological prenatal
screening at Changzhou Maternity and Child Health Care
Hospital (affiliated with Nanjing Medical University) and
Lianyungang Maternal and Child Health Hospital (affiliated
with Yangzhou Medical University) were enrolled in this
study. After genetic counselling, the women underwent
prenatal diagnosis by amniocentesis. All of the women
had single pregnancies, were 22-38 years of age (mean,
26.7 years), and were at gestational weeks 15°-20"" (mean,
16" weeks). For pregnant women at high risk of T21 and
T18, we evaluated the rate of diagnosis of chromosomal
abnormalities by NIPT (Figure I).

The study design and protocol were reviewed and
approved by the Ethics Committee of the Changzhou
Maternity and Child Health Care Hospital. Written
informed content was obtained from the women prior to
screening and diagnosis.

Laboratory methodology

Prenatal serological screening

Serological screening was performed as described
previously (2). The concentrations of AFP, free PHCG,
and free E3 were determined using a time-resolved
immunofluorescence assay. The risks for neural tube defects
(NTDs), T21, and T18, taking into account maternal age,
gestational age, body weight, and diabetes, were calculated
using Lifecycle software (4.0). A high risk for T21 and T'18
was defined as >1/300 and >1/350, respectively.

Karyotyping

Cytogenetic analyses were performed as described
previously (2). After amniocentesis, two technicians
independently performed karyotyping using the
GSL-120 instrument (Leica Biosystems Richmond, Inc.)
and CytoVision Automated Cytogenetics Platform software.
At least five cell karyotypes were analysed, and 20 karyotypes
were counted. In cases of chromosome mosaicism,

60-100 karyotypes were evaluated.

Prenatal CMA testing

From January 2015, we performed prenatal CMA testing
in pregnant women who consented. Amniotic fluid
(10 mL) was collected, and genomic DNA was extracted

Ann Transl Med 2019;7(14):319 | http://dx.doi.org/10.21037/atm.2019.06.70



Annals of Translational Medicine, Vol 7, No 14 July 2019

Table 1 Prognosis of detectability by non-invasive prenatal testing

(NIPT)

NIPT (%)

Chromosome aberrations
Can detected Will missed

Autosomal aneuploidy

Trisomy 21 99.1 0.9
Trisomy 18 98.5 1.5
Trisomy 13 96.5 3.5
Other autosomal aneuploidy No data -
Sex chromosome aneuploidy
45X 94.4 5.6
47 XXY 100 0
47 XXX 100 0
47 XYY 100 0
Structural rearrangement
Balanced 0 100
Unbalanced No data -
Triploidy
Diandric triploidy 100 0
Digynic triploidy 0 100
Mosaic
Common autosomal aneuploidy 98.0* 2.0
mosaic
Other autosomal aneuploidy No data -
mosaic
Sex chromosome aneuploidy 29.0* 71.0
mosaic
Submicroscopic chromosomal 97.8% 2.2

abnormalities

*, just as the complete aneuploidies; *, only for monosomy X
mosaic; &, for a 22q11.2 deletion syndromes.

using a QIAamp DNA Blood Mini Kit (Qiagen Inc.,
Valencia, CA), amplified (250 ng), labelled, and hybridised
to a CytoScan HD array platform (Affymetrix) according
to the manufacturer’s protocol. A single nucleotide
polymorphism (SNP) array test was performed using
a CytoScan 750K microarray chip (Affymetrix). After
hybridisation, the chip was washed with buffer and scanned
using a laser scanner. The data were analysed using
Chromosome Analysis Suite ver. 3.0 (ChAs) software.
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Detection of chromosomal abnormalities by NIPT

We analysed the sensitivity of NIPT according to the
detection level of NIPT (2) and prior reports. The
detection rates (DRs) for T21, T18, and T13 were obtained
from our clinical data (2) and two meta-analyses (3,14),
and we calculated the mean detection rate (Table 1). NIPT
is capable of detecting 99.1%, 98.5%, and 96.5% of 121,
T18, and T13 abnormalities, respectively. For foetal sex
chromosomal aneuploidies (SCAs), we adopted the mean
value of two reports (3,14). NIPT is capable of detecting
94.4% of 45,X SCAs and 100% of other SCAs. We obtained
the DRs of structural rearrangement, triploidy, mosaicism,
and submicroscopic chromosomal abnormalities from prior
reports (15,16). The DR of SNP-based NIPT for 22q11.2
deletion syndrome was 97.8%.

Results

In all, 3,099 women at high risk according to serological
prenatal screening were analysed, comprising 2,857, 219,
15, and 8 at high risk for T21, T18, NTD, and both T21
and T18, respectively. After prenatal genetic counselling,
the women underwent prenatal cytogenetic testing with
amniocentesis (2,759 karyotyping, 59 karyotyping and
CMA, and 281 CMA only).

In all, 177 (5.7%) chromosomal abnormalities were
found, comprising 129 (72.9%) abnormal chromosomes
number, 6 (3.4%) abnormal chromosome structures, and 42
(23.7%) other abnormalities, including CNVs, inversion,
and chromosome addition/deletion. From 2015, we used
CMA for prenatal diagnosis. We detected a total of 27
(8.7%) CNVs in this study.

Among the 2,759 women who underwent only
karyotyping, 137 (5.0%) abnormalities were detected,
86.9% (119/137) of which were an abnormal chromosome
number (7able 2). Foetal autosomal aneuploidies (121, T18,
and T13) were the most prevalent type of abnormality,
accounting for 72.3% (99/137) of the total. Among the
59 women who underwent both karyotyping and CMA,
50 showed consistent results (3 abnormalities) and
9 showed inconsistent results (5 abnormal CMA but normal
karyotyping results and 4 normal CMA but abnormal
karyotyping results) (Zable 3). Among the 281 women who
underwent only CMA testing, 6 had pathogenic CNVs,
2 had likely pathogenic CNVs, and 19 had CNVs of
uncertain significance (7zble 4).

Of the 177 (70.0%) abnormalities identified by
cytogenetic testing, 124 could be detected by NIPT (Table 5).
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Table 2 The abnormal results of fetal cell karyotype analysis

Type Number Constituent ratio (%) Describe
Abnormal chromosome number [119 (86.9%)]
T21 78 56.9 4 cases were T21 Robertsonian translocation
T18 21 156.3
45X 6 4.4
47 XXY 3 2.2
47 XXX 4 2.9
47 XYY 3 2.2
Sex chromosome aneuploidy mosaic 3 2.2 45,X/46,XN; 45,X/47 XXX; 46, XX/47XXY
Triploid 1 0.7
Abnormal chromosome structure [6 (4.4%)]
Balanced structural rearrangement 5 3.6 46, XY,t(12;13)(q24;921); 46, XX,t(7;17); 46,XX,1(6;22)(q15;p13);
46,XY,(6;8)(q27;p12); 46,XX,(3;7;13)(p13;922;922)[8]/46,XX[91]
Unbalanced structural rearrangement 1 0.7 46,XX,der(5;13)(g35;p13)
Others [12 (8.8%)]
Chromosome add/del 5 3.6 46,XY,add(9)(p24); 46,XY,del(7)(q34qter); 46,XX,del(9);
46,XY,add(28)(p15.2); 46,XX,add(15)(p13)mat
Marker chromosome 1 0.7 47 XX,+mar
Inversion 6 4.4 46,XY,inv(28)(p18,921); 46,XY,inv(10)(q11,2923),21ps+;

46,XY,inv(Y); 46,XX,inv(9); 46,XY,inv(9); 46,XY,inv(9)(q13934)inv(9)
(932934)

Table 3 The results of fetal chromosomal microarray analysis (CMA) and cell karyotype analysis

Case High-risk Other indications

Fetal cell karyotype

Fetal CMA

Different results

Case 1 T21 1/324 Non-invasive prenatal testing (NIPT)
13-/20+

Case2 T181/54 Fetal growth restriction

Case 3 T211/52 -

Case 4 T211/209 -

Case5 T211/98 Abnormal ultrasonic

Case6 T211/62 -

Case7 T211/188 -

Case 8 T211/98 Pregnant women with epilepsy,

Pregnancy medication, NF6.6mm,
NB:5.6mm

Case 9 T211/49

Consistency abnormal results
Case 10 T21 1/208 NIPT chrX(-)Y
Case 11 T21 1/147 NIPT X-
Case 12 T21 1/219 -

46,XY

46,XY
47 XX,+mar
46,XX,add(21)(p11.2)

46,XX,inv,ins(11)(g25
p15.5p14.1)

46,XX
46,XX
46,XX

46,XY,der(14;21)
(910;910)

45X
45 X[56]/47 XXX[7]
47 XX, +21

arrlhg19] 2p25.3(314,374-850,139)x3, 536 kb

Uniparental disomy
46,XX
46,XX

1.arr[hg19] 11p15.5p14.1(230,680-28,126,719)x3;
2.arrhg19] 11g25(132,810,632-134,937,416)x1

arrlhg19] 6026(162,728,720-163,469,548)x 1
arrlhg19] Xq27.1028(140,206,096-155,233,098) 1
arrlhg19] 15q11.2q13.1(23,632,677-28,526,905)x3

47 XY,+21

45X
45,X/47 XXX
47 XX, +21

© Annals of Translational Medicine. All rights reserved.
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Case High-risk Fetal CMA
Pathogenic
Case 1-5 T21 high risk 5 cases for T21
Case 6 T18 high risk 1 case for T18

Likely pathogenic
Case 7 T21 high risk
Case 8 T21 high risk

Uncertain significance

arrlhg19] 16p13.11(15,154,356-16,282,869)x3
arrfhg19] 1g21.1921.2(144,852,791-148,662,339)x3

arrlhg19] 8924.23(136,588,711-137,515,753)x3; arrlhg19] Yq11.221(15,828,795-16,577,281)x0

Case 9 NTD high risk arr[hg19] Xp22.2(15,913,898-16,755,582)x3
Case 10 T18 high risk arr[hg19] 13g21.33(70,391,399-70,726,978)x1
Case 11 T21 high risk arr[hg19] 21g22.11(32,083,576-32,397,708)x1
Case 12 NTD high risk arrfhg19] 6p21.2(39,349,652-40,028,117)x3
Case 13 T21 high risk arr[hg19] 3p22.3(34,760,802-35,910,467)x3
Case 14 T21 high risk arr[hg19] 7p22.2(3,258,638-4,309,861)x3
Case 15 T21 high risk arr[hg19] 4p14p12(40,603,079-47,010,035)x3
Case 16 T21 high risk arr[hg19] 10p11.21(35,211,418-35,815,735)x4
Case 17 T21 high risk arrfhg19] 11914.3(89,329,342-89,776,833)x1
Case 18 T21 high risk arr[hg19] Xp22.33(629,998-1,622,813)x3
Case 19 T21 high risk

Case 20 T21 high risk arr[hg19] Yp11.2(6,153,133-9,175,516)x3
Case 21 T18 high risk arrfhg19] 16p13.11(14,929,070-16,538,596)x3
Case 22 T21 high risk arr[hg19] 18q12.3(38,679,462-39,673,209)x3
Case 23 NTD high risk arr[hg19] 3929(193,050,193-193,279,345)x1
Case 24 T21 high risk arrfhg19] 2937.3(237,394,061-238,101,795)x3
Case 25 NTD high risk arr[hg19] 3p26.1(6,285,645-7,344,160)x3
Case 26 NTD high risk arr[hg19] 17922923.1(57,211,589-57,605,301)x1
Case 27 T21 high risk arr[hg19] Xp22.31(7,615,875-8,615,571)x3

CMA, chromosome microarray analysis; NTD, neural tube defect.

Of the 129 abnormal number of chromosomes, 124 and
5(96.1% and 3.9%) were detected and missed by NIPT,

respectively.

Discussion

Invasive prenatal diagnosis is used after serological
screening in pregnant women at high risk for developing
foetuses with chromosomal abnormalities. In recent years,
NIPT has transformed prenatal screening and diagnosis

© Annals of Translational Medicine. All rights reserved.

as it has a high DR for T21, T18, T13, and some sex
chromosome diseases. However, despite its accuracy, NIPT
also has several limitations.

It has a sensitivity of >90% and a low false positive
rate for detection of T21, T18, and T13. For common
foetal aneuploidies and SCAs, it has a false positive rate of
0.09% (17) and 1% (1), respectively. The reasons for these
rates are unclear but may be related to confined placental
mosaicism, maternal mosaicism, vanished twins, maternal
tumours, and/or maternal CNVs. However, only 33% of
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Table 5 The detectability of chromosomal abnormalities by means
of non-invasive prenatal testing (NIPT) in high risk women

NIPT (%)
Type Number
Can detected Will missed
Abnormal 129 124 (96.1) 5(3.9)
chromosome
number
T21 85 84 (98.8) 1(1.2)
T18 22 22 (100.0) 0
45X 7 7 (100.0) 0
Other sex 10 10 (100.0) 0
chromosome
aneuploidy
Sex chromosome 4 1(25.0) 3(75.0)
aneuploidy
mosaic
Triploid 1 0 1(100.0)
Abnormal 6 0(0) 6 (100.0)
chromosome
structure
Balanced 5 0(0) 5(100.0)
structural
rearrangement
Unbalanced 1 0 (0) 1 (100.0)'
structural
rearrangement
Others 42 0 (0) 42 (100.0)
Chromosome 6 0(0) 6 (100.0)
add/del
Marker 2 0(0) 2 (100.0)'
chromosome
Inversion 6 0(0) 6 (100.0)’
Copy number 26 0(0) 26 (100.0)°
variation
UPD 2 0 (0) 2 (100.0)'
Total 177 124 (70.0) 53 (30.0)

', for the abnormal results which were not reported, we
considered temporarily as NIPT is undetectable; ?, in present
study, we did not find 22g11.2 deletion syndromes. So we
assumed that these copy number variants (CNVs) could not be
detected by NIPT. UPD, uniparental disomy.

false-positive results for autosomal trisomy are reportedly
related to biological or technical factors (18).
NIPT was developed to detect T21, T18, and T13,

© Annals of Translational Medicine. All rights reserved.
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the focus of prenatal screening and diagnosis. However,
advancements in technology have enabled the detection of
other foetal diseases, which is necessary to prevent birth
defects. Based on a 10-year experience of first-trimester
screening, Alamillo ez al. reported that almost 30% of
foetal chromosomal abnormalities were beyond common
trisomies (19), including trisomy 16, 47,XYY, 45,X,
triploidy, and polyploidy. In this study, T21/T18/T13
accounted for 60.5% of the foetal chromosomal
abnormalities. Therefore, if invasive prenatal diagnostic
methods were replaced by NIPT, the frequency of invasive
procedures would be reduced but 30.0% of abnormalities
would be missed; this is in accordance with a prior study (20).

Most cases of an abnormal number of chromosomes
were detected by NIPT. Similarly, Maxwell et a/. (21)
reported that NIPT detects about 85% of foetal karyotype
abnormalities in women identified as high risk in first
trimester screening. Srebniak er a/. estimated that about
2-10% of foetuses with nuchal translucency would be
missed by NIPT (22), as would a proportion of chromosome
structural rearrangements, mosaicisms, triploides, and
CNVs. This was likely due to amplification of foetal cfDNA
from maternal plasma and MPS, resulting in mixing and
partial degradation of foetal and maternal DNA. However,
NIPT is not suitable for detecting chromosome structural
abnormalities, for which amniocentesis or chorionic villus
sampling is required. Similarly, NIPT is not useful for
detecting CNV. Structural abnormalities (in particular,
imbalanced rearrangements) of chromosomes do not alter
their DNA content, and foetal mosaicism and CNV have a
negligible impact on their DNA content, rendering NIPT
largely useless. An enhanced NIPT method (NIPT-Plus)
has shown good positive predictive values for microdeletion/
microduplication syndromes (e.g., DiGeorge syndrome,
22q11.22 microduplication, Prader—-Willi syndrome,
Angelman syndrome, and Cri du Chat syndrome) (23).
Cell-based NIPT is capable of detecting a variety of foetal
chromosomal diseases, including aneuploidies, mosaicism,
and unbalanced translocation (24). In summary, NIPT
is capable of detecting T21/T18/T13 and several sex
chromosome diseases, but not structural abnormalities,
triploidy, mosaicism, microdeletions, or microduplications.
Most of these non-detectable abnormalities are non-
fatal but impact reproductive health in the long term by
increasing the risk of infertility and abortion.

The DR of NIPT (70.0%) was lower than reported
previously (25), probably due to the application of prenatal
CMA. In this study, 11.0% (340/3,099) of the women
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| If all of them accept NIPT

| High risk (n=3,099) |-

| Prenatal diagnosis |

Karyotype test CMA test Both test
(n=2,759) (n=281) (n=59)

A total of 177 chromosomal abnormal
result were found A

instead of prenatal diagnosis

1
1
1
1 — :
I | Our clinical data | | Literature reports |
| | |
1
| |
1
: | Caloulate the delectability of NIPT |
1
. |
-d--- —>| DR for different chromosomal abnormalities|

the detection |

of these abnormalities

|NIPTcandetected| | NIPT will missed |

Discuss the detectability of NIPT for
pregnant women with high risk after
prenatal screening

Figure 1 Flow chart of the present study. NIPT, non-invasive prenatal testing; CMA, chromosomal microarray analysis; DR, detection rate.

underwent CMA, and this number increased after clinical
counselling. Compared to karyotyping, CMA provides
additional clinically important information. According to
Wapner et al., it increases the DR of genetic abnormalities
by 1.7% (26) and is capable of detecting aneuploidies and
unbalanced rearrangements but not balanced translocations
and triploides (26). In addition, CMA, but not NIPT, can
identify variants of unknown clinical significance (VUS),
which induce stress and anxiety in pregnant women. Use
of NIPT to detect non-clinically significant VUS would
alleviate such stress. Thus, prenatal CMA would result in
detection of foetal abnormalities that would be missed by
NIPT. To date, NIPT has been used for prenatal detection
of DiGeorge syndrome, 22q11.2 deletion, Prader-Willi
syndrome, Angelman syndrome, and balanced translocation
(16,23,27). Further development of NIPT will increase its
clinical utility.

In conclusion, we calculated the ability of NIPT to
detect chromosomal abnormalities in pregnant women at
high risk. NIPT will miss about 30.0% of the chromosomal
abnormalities detected by invasive prenatal diagnostic
methods. However, further development of NIPT will
improve its efficacy.

© Annals of Translational Medicine. All rights reserved.
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