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Whole genome sequencing (WGS)-based noninvasive prenatal test (NIPT) is the first method applied in the clinical setting
out of various NIPT techniques. Several companies, such as Sequenom, BGI, and lllumina offer WGS-based NIPT, each
with different technical and bioinformatic approaches. Sequenom, BGI, and Illumina utilize z-, t-, and L-scores, as well as

normalized chromosome values, respectively, for trisomy detection. Their outstanding performance has been demonstrated
in clinical studies of more than 100,000 pregnancies. The sensitivity and specificity for detection of trisomies 13, 18, and 21
were above 98%, as reported by all three companies. Unlike other techniques, WGS-based NIPT can detect other trisomies
as well as clinically significant segmental duplications/deletions within a chromosome, which could expand the scope of
NIPT. Incorrect results could be due to low fetal fraction, fetoplacental mosaicism, confined placental mosaicism or maternal
copy number variation (CNV). Among those, maternal CNV is a significant contributor of false positive results and therefore
genome wide scanning plays an important role in preventing the occurrence of false positives. In this article, the bioinformatic

techniques and clinical performance of three major companies are comprehensively reviewed.
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Introduction

Whole genome sequencing (WGS)-based noninvasive
prenatal test (NIPT) is the first clinically introduced method
among various NIPT techniques. WGS-based NIPT is now
offered by several companies such as Sequenom (San Diego, CA,
USA), BGI (Shenzhen, China), lllumina (Redwood City, CA, USA),
and Berry Genomics (Beijing, China). The MaterniT21®Plus test
developed by Sequenom provides information about trisomies
13,16, 18, 21, and 22 as well as certain sex chromosome
aneuploidies and some microdeletions [1]. The VisibiliT™ test, a
lower cost NIPT provided by Sequenom, focuses detection on
only trisomies 18 and 21 for average risk pregnancies [2]. The

NIFTY™ test by BGI detects trisomies 13, 18, and 21 as well as
some sex chromosome aneuploidies and selected microdeletions
[3]. Verinata Health, a subsidiary of lllumina offers the Verifi®
test for detection of trisomies 13, 18, 21, and the presence of
monosomy X. The expanded version of this test also detects
other aneuploidies and microdeletions [4]. Compared to other
NIPT techniques such as the targeted sequencing method (either
chromosome selective or single nucleotide polymorphism
based) and those that use differences in methylation patterns
between maternal and fetal DNA, WGS-based NIPT has an
advantage in scanning genome wide abnormalities. Therefore,
WGS-based NIPT companies are putting significant effort into
improving the accuracy of tests that detect clinically relevant
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deletions and duplications.

The clinical performance of these tests has been reported
by many validation studies and all demonstrate high levels of
sensitivity and specificity [5-9]. BGI has evaluated over 400,000
NIFTY samples derived from all over the world and published
these findings from the largest clinical study which includes
146,958 pregnancies [5]. Sequenom also reported that they
performed over 250,000 commercial tests to date [1] as well
as tested the clinical performance of over 100,000 samples [7].
Despite the excellent clinical performance reported by NIPT
companies, incorrect results continue to be obtained. Therefore,
these companies aim to improve the technical and bioinformatic
methods used in order to minimize false negative and positive
results despite the biological limitations on testing cell free
DNA, not fetal DNA itself. In this article, the current clinical
services and technical methods used by three major WGS-based
NIPT companies (Sequenom, BGI, and lllumina) are presented.
Additionally,a comparative analysis of each company's technical
and clinical performance is outlined (Table 1).

Clinical Services and Technical Methods Used in
WGS-based NIPT

1. Sequenom: MaterniT21®Plus

Sequenom currently requires 20 mL of whole blood, and an
average 5-day turnaround time from receipt of sample in the
laboratory [1]. The test report includes identification of trisomies
13, 18, and 21 as well as fetal gender. Fetal sex chromosomal
abnormalities, rare fetal trisomies like 16 and 22, and selected
microdeletions including 22q (DiGoerge syndrome), 15q
(Prader-Willi/Angelman syndrome), 11q (Jacobsen syndrome),
8q (Langer-Giedion syndrome), 5p (cri du chat syndrome), 4p
(Wolf-Hirschhorn syndrome), and 1p36 deletion syndromes are
reported when detected. The Materni21Plus™ test can be used
as early as 10 weeks' gestation and can be applied to multiple
pregnancies. Circulating cell-free DNA was extracted using the
QlAamp circulating nucleic acid kit (Qiagen, Valencia, CA, USA),
and the fetal fraction was quantified by the fetal quantifier
assay which uses methylation-based DNA discrimination
with matrix assisted laser desorption ionization time of flight
mass spectrometry (MALDI-TOF MS) [10]. Indexed sequencing

Table 1. Comparison of the technical and clinical performances between commercial noninvasive prenatal test

Sequenom BGI Verinata Health
Test name [1,3,4] MaterniT21 NIFTY Verifi
Test contents [1,3,4] T21,T18, T13, T16, T22, SCA, T21,T18, T13, SCA, 5p, 1p36,  T21, T18, T13, SCA, optional tests
22q, 5p, 15q, 1p36, 4p, 8q, 11q 2033.1 for microdeletion and other
chromosomal aneuploidies
Test for multiple gestation [1,3,4] Yes Yes Yes
Earliest gestational age [1,3,4] (week) 10 10 10
Market entry [1,3,4] October 2011 August 2011 March 2012
Bioinformatic assessment of trisomies  T21 z-score>3 t-score>2.5, NCV>4
[6,12,13,18,19] T18 and 13 L-score>1
z-score>3.95
Pregnancies of the largest study 100,000 112,669 34,306
[5,7,9]
Sensitivity [5,7,9] (%) T21 (99.6) T21(99.2) T21(99.1)
T18 (99.0) T18 (98.2) T18(98.3)
T13(98.9) T13 (100.0) T13(98.9)
Specificity [5,7,9] (%) T21(99.9) T21(99.9) T21(99.9)
T18(99.9) T18 (99.9) T18 (99.9)
T13(99.9) T13(99.9) T13(99.8)
False negatives [5,7,9] T21 (6) T21 (6) T21 (5)
(number of cases) T18 (5) T18 (3) T18 (3)
T13 (2) T13(0) T13 (1)
Test failure rate [5,7,9] (%) 13 0.098 0.1

T21, trisomy 21; T18, trisomy 18; T13, trisomy 13; T16, trisomy 16; T22, trisomy 22; SCA, sex chromosome aneuploidy.

z-score, normalized value of percent sequence counts mapped to target chromosome adjusted by those results of euploid samples; #-score, normalized
values of sequencing coverage adjusted by those results of euploid samples by GC correlation #-test; L-score, logarithmic likelihood ratio of £-scores for
binary hypothesis (£-score for first hypothesis/f-score for second hypothesis; first hypothesis: HO=euploid, H1=trisomy; second hypothesis: HO=trisomy,
H1=euploid). NCV, normalized chromosomal value of sequenced reads adjusted by those results of internal chromosome controls (the sum of chr 2 to 6 for
analyzing trisomy 13 and chrY, chr 6 for analyzing chr X, chr 8 for analyzing trisomy 18, and chr 9 for analyzing trisomy 21).
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libraries are multiplexed and sequenced for 36 cycles on the
HiSeq 2000 (lllumina, San Diego, CA, USA) [7]. Following
sequencing, sequence reads that were uniquely mapped to
specific chromosomes were counted and divided by all sequence
reads excluding sequence reads from chromosome X and Y [11].
The percentage of specific chromosomes was then converted
to z-score by subtracting the mean of the control group and
dividing by the standard deviation of the same control group.
The control group was a set of known euploid reference
samples. z-score at or above 3 at chromosome 21 is considered
to be indicative of Down syndrome and z-scores at or above
3.95 are considered indicative of trisomies 13 and 18 [12,13].
For detection of sex chromosomal aneuploidies, Sequenom
developed an algorithm that first classifies female and male
pregnancies, then the ratios of normalized chromosome X and
Y read counts in the specific genomic regions versus the total
autosomal read counts are determined. z-scores below -3.5 or
above 3.5 at chromosome X are indicative of Turner syndrome
or XXX, respectively [14]. Samples with fetal fraction of <4%
or >500% were rejected, and post-sequencing quality control
criteria required a minimum of 9 million autosomal aligned
reads [14]. Recently, SeqFF, a novel method for estimating fetal
fraction in the plasma of pregnant women using sequence read
counts was introduced [15].

2. BGI: NIFTY™

BGI uses 5 mL of whole blood sample, which is comparably
a small amount of blood, for analysis as early as 10 weeks'
gestation [5]. Results are available within 10 working days
and NIFTY™ detects trisomies 13, 18, and 21 as well as sex
chromosomal aneuploidies and deletions (cri du chat syndrome,
1p36, 2g33.1) [2]. Thirty-six cycles of single end sequencing was
performed using Hiseq 2000. BGI insists that the coefficient of
variation for the standard z-score approach is larger than that
of other approaches, especially for chromosomes 13 and 18.
Therefore, they introduced a GC correlation and developed a
binary hypothesis strategy to achieve a higher sensitivity and
specificity [16]. A GC correlation t-test and logarithmic likelihood
ratio (L-score) between two ¢-tests, based on null/alternative
hypotheses, was used to detect fetal trisomies 13, 18, and 21
[5]. If the ¢-score was <2.5 and the L-score <1, the sample was
reported as negative, and if the t-score was >2.5, the sample
was reported as positive with additional L-score information
(L-score <1 [warning zone] and L-score >1 [high risk zone]) [6].
For detection of sex chromosomal aneuploidies, BGl initially
performed fetal gender identification using an experimental

threshold and logistic regression. A ¢-test was then conducted if
the fetus is female [16]. For a male fetus, a t-score was calculated
to detect XXY and XYY, then fetal fractions were estimated by
chromosome X and Y, respectively. For an XXY sample, the fetal
fraction estimated by chromosome X was nearly zero and for
XYY sample, the R-value (ratio of the fetal fraction estimated by
chromosome Y to that estimated by chromosome X) was nearly
two [16]. Fetal fraction was estimated, based on parent-specific
homozygous single nucleotide polymorphism for discrepant
results [17]. The minimum requirement for the fetal fraction was
>3.5% and post-sequencing quality control criteria required
a minimal amount of unique sequencing reads of 2 million
after alignment, which corresponded to about 5 million raw
sequencing reads [5].

3. lllumina: Verifi®

[llumina requires 7-10 mL of whole blood with an average
turnaround time of 5.1 business days after receipt of the sample
[18]. The basic Verifi® test screens for trisomies 13, 18, and 21
as well as the sex chromosome test option for monosomy X.
Optional tests for microdeletions and other aneuploidies are also
available. Plasma DNA is extracted using the QlAamp DNA Blood
Mini Kit (Qiagen) and sequencing libraries are prepared using
the Illumina TruSeq kit v2.5. Sequencing is performed on an
lllumina HiSeq 2000 instrument and single-end reads of 36 base
pairs are obtained [8]. The Verifi® test introduces the normalized
chromosome value (NCV) algorithm to minimize the variations
in and between sequencing runs. Unique reads are mapped
and counted for calculation of the NCV in which denominators
are cumulative counts on predetermined sets of optimal
chromosomes that minimize the variation by calculating all
possible permutations of denominators for all autosomes and
sex chromosomes [19]. If the NCV of specific chromosomes
is more than 4, the sample is regarded as aneuploid for that
chromosome. For detection of sex chromosome aneuploidies,
normalized chromosome values for both X and Y is analyzed.
If the sample is classified as female and euploid, the presence
of fetal DNA is tested using the AmpfISTR Minifiler kit (Life
technologies, Carlsbad, CA, USA) to find the minor peaks that
represent fetal DNA. In the case of no minor peaks, a 15 single
nucleotide polymorphisms panel is used [8].

Clinical Performance of WGS-based NIPT

1. Sequenom: MaterniT21®Plus
Sequenom evaluated the clinical experience during 100,000
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tests and estimated clinical performance based on the clinical
feedback of the confirmed discordant results [7]. The average
maternal and gestational ages were 35.1 years and 15 weeks 3
days, respectively. The estimated sensitivity and specificity were
99.6% and 99.9% for trisomy 21, 99% and 99.9% for trisomy
18, and 98.9% and 99.9% for trisomy 13. For 3,530 multiple
gestations, the sensitivity and specificity were >99.9% and
99.9% for trisomy 21, respectively, 95.20% and >99.9% for
trisomy 18, respectively, and >99.9% and 99.9% for trisomy 13,
respectively. There were 24 false positives (5 for trisomy 21, 5 for
trisomy 18 and 14 for trisomy 13) and 13 false negatives (6 for
trisomy 21, 5 for trisomy 18, and 2 for trisomy 13). According to
the data shown above, the positive predictive value of trisomies
21,18, and 13 could be estimated as 99.7% (1,510/1,515), 98.9%
(450/455) and 93.8% (210/224), respectively. The overall quality
not sufficient rate due to insufficient fetal fraction (less than
4.0% fetal fraction or less than 100 copies of cell free fetal DNA)
and other not-reportable etiologies rate were 0.9% and 1.0%,
respectively, which was reduced to 0.54% and 0.19%, respectively
after re-sampling. For subchromosomal abnormality detection,
Sequenom performed an analytical validation study using
genomic DNA mixtures. A clinical validation study, in which the
microdeletions/microduplications (MDs) ranged from 3 to 40
Mb, correctly identified 17 of 18 cases with MDs and 156 of 157
unaffected pregnancies [20].

2. BGI: NIFTY™

BGI reported that they tested over 400,000 NIFTY samples
collected worldwide [3], and published the largest clinical data
involving 146,958 pregnancies in China [5]. The mean maternal
age was 30.9 years and the mean gestational age at NIPT was
18.7 weeks. Cytogenetic or phenotypic confirmation of NIPT
results was available in 1,066 NIPT positive cases and 111,603
NIPT negative cases. Calculation of NIPT sensitivity, specificity,
and positive predictive values was based on this subgroup of
the population (n=112,669) with available outcome data. The
sensitivity and specificity were 99.17% and 99.95% for trisomy
21, respectively, 98.24% and 99.95% for trisomy 18, respectively,
and 100% and 99.96% for trisomy 13, respectively. The false
positive rate and positive predictive value were 0.05% and
92.19% (720/781) for trisomy 21, 0.05% and 76.61% (167/218)
for trisomy 18 and 0.14% and 32.84% (22/67) for trisomy 13.
There were 9 false negative cases including 6 cases for trisomy
21 and 3 for trisomy 18. The theoretical positive predictive
values were 65.04-94.49%, 47.44-85.51% and 57.60-90.05%
for trisomies 21, 18,and 13, respectively.

When they analyzed the 72,382 high risk and 40,287 low
risk pregnancies, there was no significant difference in the
overall test performance between these two groups other than
a decreased PPV in the low-risk group (94.12% vs. 81.36%). A
total of 157 false positives and nine false negative results were
investigated, and 41 cases were revealed to have biological
reasons including 27 cases of maternal copy number variation
(CNV), 12 cases of mosaicism, and two cases of confined
placental mosaicism. Low fetal fraction (<3.5%) was not found
in discrepant samples, which could be caused by the relatively
late mean gestational age (18.7 weeks) compared to other
studies [5,7,9]. Among 404 twin pregnancies that had clinical
outcome, the sensitivity and specificity for trisomy 21 were
100% and 99.5%, respectively. Re-sampling was required in
2.18% of samples due to quality control failure, assay failure,
or low fetal fraction; and final test failure rate was 0.098%
[5]. BGl developed a FCAPS (fetal copy number analysis
through maternal plasma sequencing) method to detect
fetal chromosomal deletions/duplications of >10 Mb by low
coverage WGS (about 0.08-fold). This method was tested in 1,311
maternal plasma with known karyotyping results of the fetus
including three cases of >10 Mb deletion/duplication. All three
cases were detected with only one false positive case using the
FCAPS method [21].

3. lllumina Verifi®

[lflumina evaluated test performance using a 34,306 clinical
cohort [9]. The mean maternal age was 35.4 years and the mean
gestational age at NIPT was 14.2 weeks. The sensitivity and
specificity were 99.14% and 99.949%, respectively for trisomy 21,
98.31% and 99.90%, respectively for trisomy 18, and 98.89%
and 99.79%, respectively for trisomy 13. Positive predictive
values were 96.9% (596/615) for trisomy 21, 86.3% (208/241) for
trisomy 18, and 79.8% (71/89) for trisomy 13 in this study group.
There were 9 false negative cases including 5 for trisomy 21, 3 for
trisomy 18, and 1 for trisomy 13. For monosomy X, the sensitivity
and specificity were 95% (19/20) and 99% (483/488), respectively
[22]. The technical failure rate was reported as 0.1% [9].

Conclusion

The outstanding clinical performance of WGS-based NIPT
has been proven by several large clinical studies. We expect
the false positive rate could be reduced through genome wide
analysis, which can detect false positives due to maternal CNV.
Compared to WGS-based NIPT, targeted sequencing-based NIPT
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has the advantage of requiring less sequencing, which reduces
costs. Particularly, single nucleotide polymorphism-based NIPT
allow additional detection of triploidy, uniparental disomy

and consanguinity, and separate evaluation of dizygotic twins.
Combining different approaches could achieve optimal NIPT that
isaccurate and cheap. In the near future, decreasing sequencing
costs could increase the worldwide adoption of NIPT and expand
the scope of NIPT for detecting other chromosomal imbalances.
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