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Purpose: To assess the clinical performance of an expanded
noninvasive prenatal screening (NIPS) test (“NIPS-Plus”) for
detection of both aneuploidy and genome-wide microdeletion/
microduplication syndromes (MMS).

Methods: A total of 94,085 women with a singleton pregnancy
were prospectively enrolled in the study. The cell-free plasma DNA
was directly sequenced without intermediate amplification and fetal
abnormalities identified using an improved copy-number variation
(CNV) calling algorithm.

Results: A total of 1128 pregnancies (1.2%) were scored positive
for clinically significant fetal chromosome abnormalities. This
comprised 965 aneuploidies (1.026%) and 163 (0.174%) MMS.
From follow-up tests, the positive predictive values (PPVs) for T21,
T18, T13, rare trisomies, and sex chromosome aneuploidies were
calculated as 95%, 82%, 46%, 29%, and 47%, respectively. For
known MMS (n = 32), PPVs were 93% (DiGeorge), 68% (22q11.22

INTRODUCTION

In the human, chromosome abnormalities such as aneu-
ploidies and segmental imbalances are common and
originate from either meiotic nondisjunction errors or
mitotic replication errors often in the preimplantation
embryo stage.' Typically, they result in either embryo
growth arrest, implantation failure, or early miscarriage
during the first trimester.” However, 1-1.7% of fetuses that
remain developmentally competent are affected with
chromosome abnormalities,” and if undetected by prenatal
diagnosis, can persist through the second and third
trimester and manifest as chromosome disease syndromes
at birth. Approximately 15% of the major congenital
abnormalities diagnosed before the age of 1 year are caused
by chromosomal abnormalities and, of these, 25% result in
perinatal deaths.

Karyotyping and microarrays have been the de facto
diagnostic methodologies used for confirmatory chromosome

microduplication), 75% (Prader-Willi/Angleman), and 50% (Cri du
Chat). For the remaining genome-wide MMS (n = 88), combined
PPVs were 32% (CNVs =10 Mb) and 19% (CNVs <10 Mb).

Conclusion: NIPS-Plus yielded high PPVs for common aneuploi-
dies and DiGeorge syndrome, and moderate PPV for other MMS.
Our results present compelling evidence that NIPS-Plus can be used
as a first-tier pregnancy screening method to improve detection
rates of clinically significant fetal chromosome abnormalities.
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testing of prenatal samples obtained by invasive amniocent-
esis or chorionic villus sampling (CVS)™* after indications of
increased risk of potentially abnormal fetus development
following first trimester screening (FTS) (biochemical and
ultrasound screening).* The discovery of fetal DNA in the
cell-free plasma of pregnant women and the development of
next-generation sequencing (NGS) based methods enabling
detection of fetal chromosome abnormalities have revolutio-
nized reproductive medicine.” With the widening adoption of
noninvasive prenatal screening (NIPS) in the last 7 years,
many women with pregnancies classified as either high- or
low-risk through traditional screening methods are electing
for NIPS with its greater sensitivity and much higher
specificity than maternal serum screening for detection of
the more common fetal trisomies®” as well as the sex
chromosomal aneuploidy (SCA) 45,X0.*° This change in
patient choice has led to a reduction in invasive testing
requests by up to 40% (ref. '°).
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Fig. 1 First-tier screening pipeline for detection of chromosome disease syndromes. cfDNA cell-free DNA, CNV copy-number variation, GC Guanine
and Cytosine content, GD gene database, HMM hidden Markov model, NGS next-generation sequencing, NIPS nonivasive prenatal screening, PCA principal

component analysis, PCR polymerase chain reaction, QC quality control.

More recently, further development and expansion of NIPS
has focused on additional analysis for microdeletion/micro-
duplication syndromes (MMS) caused by segmental chromo-
some imbalances.'" Although MMS are relatively rare,
collectively they represent a significant group of chromosome
diseases,'” accounting for 1-2% of all newborn congenital
abnormalities and often resulting in a severe burden for
families and society. Deletions of the chromosome 22q11.21
region are associated with DiGeorge syndrome (DGS) and are
the most frequently detected MMS, occurring in 1 in
3000-6000 newborns.'” Several clinical research NIPS studies
successfully demonstrated proof of concept for cell-free
detection of MMS using either deeper sequencing or higher-
density single-nucleotide polymorphism (SNP) targeting
methodologies.'*™'°

Known biological factors such as low fetal DNA fraction and
confined placental mosaicism (CPM),'” which can confound
any NIPS results, make reliable and accurate detection of MMS
challenging.*'"'® In reported clinical validation studies,
expanded NIPS tests tended to display variable performance
for detection of specific MMS, with only low to moderate
positive  predictive values (PPVs) reported for DGS,
Prader-Willi/Angleman syndrome (PWS), cri du chat
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(CDC), and 1p36 microdeletion (1p36 del) syndrome.'”~*’
Recent guidelines from the American College of Medical
Genetics and Genomics (ACMG),** following active debate in
the field,”*® resulted in a general consensus that the
introduction of expanded NIPS is not appropriate until
improved performance is demonstrated in a clinical setting
involving a large patient cohort.

To address this issue, we designed and developed an
advanced  pipeline called NIPS-Plus that utilizes
deeper sequencing than traditional NIPS, with combinatorial
data analysis algorithms to additionally call genome-wide
copy-number variations (CNVs) associated with MMS. Here,
we prospectively analyze 94,085 singleton pregnancies using
NIPS-Plus and report on its performance for simultaneous
detection of both common aneuploidies and MMS.

MATERIALS AND METHODS
Study oversight
The clinical research study (Fig. 1) was approved by the Ethics
Committee of State Key Laboratory of Medical Genetics
(number 2013102301). Pregnant women were not offered free
prenatal testing as a condition of entering the study and thus
there was no undue influence for participation. Enrollment
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procedures for this study fully complied with all individual
hospital and national ethics guidelines. Women were enrolled
following existing procedures previously established for NIPS
at prenatal diagnosis centers accredited and authorized by the
Provincial Health Administration and entered an informed
consent process specifically designed for NIPS-Plus including
notice of sample type, test method, screening-covered
diseases, and limitations and risks. Other conventions such
as details of the insurance program provided and a statement
of study compliance with hospital guidelines, state laws, and
national ethics guidelines, were also included on the consent
form. In addition, every woman was provided with the
laboratory requisitions and pretest counseling information on
the sensitivity, specificity, PPV, and negative predictive value
(NPV) of the NIPS-Plus assay for trisomies, SCAs, and CNVs,
which was previously derived from a pilot validity and clinical
utility study conducted at the State Key Laboratory of Medical
Genetics.

Qualified professionals at each accredited prenatal center
ensured that all the contents of the informed consent form
were read and understood before signing. In regard to
insurance, all women were registered at ChinaLife under a
specific NIPS-Plus insurance scheme covering the standard
and expanded test range. The final prospective enrolled study
cohort comprised 94,085 Chinese women with singleton
pregnancies who were analyzed by NIPS-Plus for clinically
significant fetal aneuploidies and MMS.

Patient demographics

The 94,085 patients, recruited to the study between November
2015 and December 2017, were from the general population
of reproductive women who had naturally conceived a
singleton pregnancy. There were 38,023 (40.41%) high-risk
pregnancies where maternal age was =35 years (median of 37
years, range 35-53 years), 56,058 (59.58%) low-risk pregnan-
cies where maternal age was <35 years (median of 29 years,
range 15-34 years) who opted for the test, and 4 (0.004%)
pregnancies with an undisclosed maternal age. Blood samples
were generally collected early in the second trimester with a
median gestational age (GA) of 177> weeks (range
11-39 weeks), excluding 31 cases with an unknown GA and
23 cases with GA less than 11 weeks, which is current
standard practice in China. The ENET algorithm®” was used
to calculate fetal fraction (FF) for all pregnancies. The redraw
rate, based on either low FF (<3% threshold) of the first
plasma sample or poor quality blood samples due to
hemolysis, was 0.22% and 0.31%, respectively. The median
fetal DNA fraction of the final set of tested samples passing
quality control (QC) was 10.8% (3.0-47.6%).

Assay optimization for NIPS-Plus

We optimized the molecular techniques applied in this study
(Fig. 1), by modifying key steps in our original NIPS
pipeline.®*® In brief, 10 ml blood samples were collected in
Streck tubes (Streck, USA) and cell-free DNA (cfDNA)
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purified from the plasma fraction using the fetal chromosome
aneuploidy (T21/T18/T13) test kit developed by Berry
Genomics (Beijing, China). Approximately 10 ng of cfDNA
was then used without further amplification to construct
cfDNA libraries. After quantification, libraries were tag
sequenced on the NextSeq CN500 platform (Illumina) to
generate approximately 20 M 45-bp reads (37-bp + 8-bp
index), which were trimmed to generate 36-bp genomic
sequence reads (fastq file format). Raw reads (15-30 M) were
mapped to hgl9 reference genome using the RUPA algorithm
developed by Berry Genomics and then the uniquely mapped
reads (10-19 M) were analyzed. Reads were allocated to
continuous nonoverlapping 100-kb bins and further filtered
to remove bins with abnormal GC content (<30% or >70%)
and low coverage.

For accurate CNV calling from NGS data, data variability
from region to region and from sample to sample is the
predominant source of noise. Increasing the signal-to-noise
ratio was therefore the overarching objective in our
algorithmic development. Using algorithm advances for
detecting CNVs from NGS data,”® we developed a principal
component analysis (PCA) based method to address the
signal-to-noise ratio issue. Based on a large training data set
(N=2000) obtained from actual NIPS sequencing data with
the assumption that all samples were negative for any MMS in
fetal genomes, we removed the first ten principal components
on each chromosome. We then developed a hidden Markov
model (HMM) to detect the CNVs.

Pregnancy management

Pregnant women underwent a routine fetal ultrasound scan at
18 weeks gestation. All suspected NIPS-Plus positive preg-
nancies were offered free amniocentesis and confirmatory
prenatal diagnosis under the NIPS-Plus insurance scheme.
Whole chromosome aneuploidies were confirmed by karyo-
typing and segmental imbalances associated with MMS were
confirmed by molecular karyotyping using either SNP arrays
or CNV-Seq. The pathogenicities of CNVs detected by NIPS-
Plus were evaluated following the ACMG guidelines.”* Only
pathogenic or likely pathogenic CNVs were reported to the
clinician. Any false negative NIPS-Plus results subsequently
identified by either prenatal ultrasound or clinical examina-
tion of a newborn had chromosome testing to confirm the
presence of any unidentified MMS. All women who carried a
fetus suspected of having a confirmed pathogenic or likely
pathogenic fetal chromosome anomaly were scheduled for a
genetic counseling session to discuss pregnancy management
options.

RESULTS
Fetuses identified with probable chromosomal
abnormalities
The final study cohort comprised 94,085 prospective Chinese
women with a singleton pregnancy analyzed by NIPS-Plus
(Fig. 1) for clinically significant fetal aneuploidies and MMS.
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Table 1 Performance parameters of NIPS-Plus for detection of chromosome disease syndromes in 94,085 pregnancies

Fetal aneuploidies TP FP/FPR PPV Sensitivity (95% Cl) TN FN/FNR NPV Specificity (95% ClI)
Common trisomies 463 63/0.07% 88.0% 98.93% 93,554 5/1.07% 99.995% 99.933%
(84.87-90.61%) (99.987-99.998%)
T21 344 20/0.02% 94.5% 99.14% 93,718 3/0.86% 99.997% 99.979%
(91.50-96.53%) (99.990-99.999%)
T18 101 22/0.02% 82.1% 98.06% 93,960 2/1.94% 99.998% 99.977%
(73.95-88.22%) (99.991-99.999%)
T13 18 21/0.02% 46.2% 100% 94,046 0/0% 100% 99.978%
(30.43-62.62%) (99.995-100%)
Rare trisomies 14 35/0.04% 28.6% 100% 94,036 0/0% 100% 99.963%
(17.03-43.47%) (99.995-100%)
SCAs 182 208/0.22% 46.7% 100% 93,695 0/0% 100% 99.778%
(41.65-51.75%) (99.995-100%)
47 XXX 50 31/0.03% 61.7% 100% 94,004 0/0% 100% 99.97%
(50.22-72.11%) (99.995-100%)
47 XXY 63 13/0.01% 82.9% 100% 94,009 0/0% 100% 99.986%
(72.16-90.23%) (99.995-100%)
45X 49 141/0.15% 25.8% 100% 93,895 0/0% 100% 99.850%
(19.85-32.72%) (99.995-100%)
47 XYY 18 6/0.01% 75.0% 100% 94,061 0/0% 100% 99.994%
(52.95-89.40%) (99.995-100%)
46,XY (delX) 2 17/0.02% 10.5% 100% 94,066 0/0% 100% 99.982%
(1.84-34.54%) (99.995-100%)
MMS 49 71/0.08% 40.8% 90.74% 93,960 5/9.26% 99.995% 99.924%
(32.07-50.20%) (99.987-99.998%)
DGS 13 1/0.001% 92.9% 86.67% 94,069 2/13.33% 99.998% 99.999%
(64.17-99.63%) (99.991-99.999%)
22q dup syndrome 4 2/0.002% 66.7% 100% 94,079 0/0% 100% 99.998%
(24.11-94.00%) (99.995-100%)
CDC 3 3/0.003% 50.0% 75.00% 94,079 1/25.00% 99.999% 99.997%
(13.95-86.05%) (99.993-99.999%)
PWS 3 1/0.001% 75.0% 75.00% 94,080 1/25.00% 99.999% 99.999%
(21.94-98.68%) (99.993-99.999%)
1p36 del syndrome 0 2/0.002% 0% 0% 94,082 1/100% 99.999% 99.998%
(0-80.21%) (99.993-99.999%)
>10 Mb 23 49/0.05% 31.9% 100% 94,013 0/0% 100% 99.948%
(21.72-44.11%) (99.995-100%)
<10 Mb 3 13/0.01% 18.8% 100% 94,069 0/0% 100% 99.986%

(4.97-46.31%)

(99.995-100%)

CDC cri du chat syndrome, CI confidence interval, CNV copy-number variation, del deletion, DGS DiGeorge syndrome, dup duplication, FN false negative, FNR false
negative rate, FP false positive, FPR false positive rate, MMS microdeletion/microduplication syndromes, NPV negative predictive value, PPV positive predictive value, PWS

Prader—Willi syndrome, SCA sex chromosome aneuploidy, 773 trisomy 13, T718 trisomy 18, T27 trisomy 21, TN true negative, TP true positive.

A total of 1128 fetuses (1.2%) were suspected to have
pathogenic or likely pathogenic chromosome anomalies
(Table 1). Of these, 965 fetuses (85%) were positive for whole
chromosome aneuploidies and all were followed up by
amniocentesis and karyotyping. The remaining 163 fetuses
(15%) were scored positive for a MMS involving segmental
imbalances (CNVs). Of these 120 (74%) were followed up by
either CNV-Seq or chromosomal microarray (CMA) on their
respective amniocentesis samples (Supplementary Table 1)
and were used as the study data set to evaluate the
performance of NIPS-Plus for MMS detection.
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Fetuses with suspected trisomies and SCAs

Of the 965 NIPS-Plus positive results, there were 526 fetuses at
high risk for T21, T18, or T13 (Table 1). T21 (n = 364) was the
most common, followed by T18 (n=123) and T13 (n = 39).
Of these, there were 20 pregnancies incorrectly scored as high
risk (FPs) for T21, 22 for T18, and 21 for T13, yielding positive
predictive values (PPVs) of 95%, 82%, and 46%, respectively.
Three cases classified as low risk of T21 and two cases of low
risk for T18 were identified by follow-up diagnoses, giving
negative predictive values (NPV) of 99.997% and 99.998%
respectively. All cases of T13 were correctly identified.

2001



ARTICLE

In addition, 37 fetuses were also scored as positive for
less common autosomal aneuploidies including trisomies T1
(n=1), T2 (n=3), T3 (n=1), T5 (n=1), T7 (n=13), T8
(n=1), T10 (n=1), as well as monosomies M13 (n=4),
M18 (n=6), and M21 (n=6). Further, 12 fetuses were
scored as positive for multiple rare autosomal trisomies
(Table 1). Of these 49 cases, 35 were later shown as incorrectly
classified following confirmatory testing, yielding a combined
PPV for other rare autosomal aneuploidies of 29%.

There were 390 fetuses that scored positive for a sex
chromosome aneuploidy (SCA), including 190 (48.7%) with
suspected Turner syndrome (45,X), 76 (19.5%) with Kline-
felter syndrome (47,XXY), 81 (20.8%) with triple X syndrome
(47, XXX), 24 (6.2%) with Jacob syndrome (47,XYY), and 19
(4.8%) with 46,XY (X del) (Table 1). Within this group, 141 of
190 were incorrectly identified as 45,X; 13 of 76 as 47,XXY; 31
of 81 as 47,XXX; 6 of 24 as 47,XYY; and 17 of 19 for 46,XY (X
del), yielding individual PPVs of 26%, 83%, 62%, 75%, and
11%, respectively.

Fetuses with suspected MMS

For the 120 pathogenic or likely pathogenic fetal CNVs that
were followed up in validation studies (Table 1), there were
32 cases of MMS associated with classical chromosome
diseases. This comprised 14 cases at high risk of DGS, 6 cases
of 22q microduplication syndrome, 4 cases of PWS, 6 cases
of CDC, and 2 cases of 1p36 del syndrome (Fig. 2, selected
examples). Of the 14 cases of suspected DGS, there were 13
true positives (TPs) and 1 FP yielding a PPV of 93%. In
addition, at the same loci, there were six cases of 22ql11.2
microduplications comprising four TPs and two FPs (PPV
67%). For the four suspected PWS cases, there were three
TPs and one FP (PPV 75%) and for the six suspected CDC
cases, there were three TPs and three FPs (PPV 50%). Lastly,
the two cases indicated as 1p36 deletions both proved to be
FPs. The remaining 88 of 120 fetal CNVs comprised
genome-wide segmental CNVs that were classified as
nonsyndromic MMS because no specific syndromes could
be identified in any current databases as associated with
these changes. Of these, there were 23 TPs and 49 FPs for
CNVs =210 Mb (PPV 32%) and 3 TPs and 13 FPs for CNVs
<10 Mb (PPV 19%). These latter results, while nonsyndro-
mic, are presented for the sake of completeness and as
evidence of general utility of the analysis method in finding
CNVs throughout the genome.

In nine pregnancies, both a fetal and maternal CNV of
equivalent size were codetected (Supplementary Table 2).
These included five cases of 22q microduplication, one case
each of DGS and CDC, and two cases of nonsyndromic
CNVs. Using confirmatory chromosome testing, all maternal
CNVs were confirmed whereas only six of the nine
fetal CNVs were correctly classified, giving an overall PPV
of 67% for correctly calling both a maternal and fetal CNV.
Further, in seven pregnancies only maternal CNVs were
detected, including a case of DGS and six cases of other
nonsyndromic CNVs (Supplementary Table 3). Follow-up
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testing confirmed all seven maternal CNVs, giving a PPV of
100% for calling only maternal CNVs.

Clinical outcomes of confirmed positive fetuses

All women with true positive NIPS-Plus results were offered
genetic counseling to discuss pregnancy management. All
women with confirmed T18 and TI3 fetuses elected
termination of pregnancy (TOP). While the large majority
of women diagnosed with either a T21 fetus (66.9%) or a SCA
fetus (40.7%) also elected TOP, there was a relatively
significant proportion who chose to continue their pregnan-
cies. Elective TOP rates were much higher with pregnancies
diagnosed with known MMS, including DGS (92%), PWS
(100%), and CDC (100%) (Supplementary Table 1). In
contrast, elective TOP rates were much lower for women
carrying a fetus with 22q microduplication syndrome (33.3%).

There were ten pregnancies with a pathogenic chromosome
anomaly missed by NIPS-Plus (NPV 99.99%) (Table 2). Of
the false negative (FN) cases, 3 of 347 cases involved T21
(sensitivity of 99%) and 2 of 103 cases involved T18
(sensitivity of 98%). For the MMS, 2 of 15 cases involved
DGS (sensitivity of 87%), 1 of 4 cases involved PWS
(sensitivity of 75%), 1 of 4 cases involved CDC (sensitivity
of 75%), and 1 of 1 cases involved 1p36 deletion syndrome
(sensitivity of 0%) (Table 1). In 5 of 10 (50%) of these FN
cases, prenatal ultrasound detected the fetal abnormalities and
pregnancies were terminated upon confirmation by fetal
chromosome analysis. The remaining 5 FN cases were not
identified by ultrasound, but were identified at birth and
subsequently confirmed by postnatal fetal chromosome
analysis. In a 3-6 month follow-up period after birth, no
other FN SCAs have been reported and follow-up is
continuing.

Potential causes of the ten FNs were further investigated
(Table 2). In 9 of 10 pregnancies (exception FN-4 for T18),
low fetal DNA fraction was an unlikely cause because FF
values were moderate (8—16%). The FN-10 case for CDC was
further examined by analysis of the available placental tissue
retrieved at TOP. From a single placental biopsy sample, no
evidence of a 5p deletion (Fig. 2) was identifiable, suggesting
possible placental/fetal mosaicism as a cause of the false
negative CDC result.

DISCUSSION
While NIPS has been well accepted by clinicians and patients
for detection of common fetal trisomies and SCAs, debate still
exists as to the added clinical value of testing for rarer
chromosome disease syndromes.”>*® Opponents argue that
the relatively low PPVs and the uncertainty of the
pathogenicity of many MMS creates difficulty with genetic
counseling for high-risk results, increases unnecessary
invasive procedures, and transfers undue stress to the couple.
On the other hand, proponents argue that the aim of any
prenatal diagnosis is to prevent the birth of children with
serious chromosome disease syndromes, and even at low to
moderate PPVs, NIPS has sufficient sensitivity to identify a
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Fig. 2 Confirmatory analysis of microdeletion/microduplication syndromes (MMS) detected by NIPS-Plus. Comparative chromosome plots from
NIPS-Plus (left) and CNV-Seq (right) analyses. Selected examples of true positive, false positive, and false negative results for 22q11.2 deletions are shown.
Copy-number variations (CNVs) are highlighted by red boxes. cfDNA cell-free DNA.

significant proportion of fetuses with rare chromosome
disease syndromes that escape detection by routine ultra-
sound scanning. In regard to current NIPS guidelines, the
ACMG advocates its use for common aneuploidies, combined
with an invasive procedure for all positive findings.**

GENETICS in MEDICINE | Volume 21 | Number 9 | September 2019

However, screening for pathogenic or likely pathogenic
genome-wide CNVs is currently not recommended by the
ACMBG. If this level of information is required for manage-
ment of the pregnancy, then diagnostic testing using CVS or
amniocentesis for fetal cell sampling followed by CMA is the

2003



ARTICLE

Table 2 Review of false negative NIPS-Plus results

Sample MMS NIPS- FF Prenatal/postnatal findings
number Plus Z-
score

FN-1 T21 0.23 13.3% T21: Not detected by
ultrasound, diagnosed at birth

FN-2 T21 0.97 9.8%  T21: Not detected by
ultrasound, diagnosed at birth

FN-3 T21 0.54 23.1% T21: Not detected by

ultrasound, diagnosed at birth

FN-4 T18 0.41 4.8% T18: Detected by ultrasound,
TOP

FN-5 T18 1.38 15% T18: Detected by ultrasound,
TOP

FN-6 DGS -1.20 11% DGS: Detected by ultrasound,
confirmed by SNP array, TOP

FN-7 DGS —1.63 9.5% DGS: Detected by ultrasound,
confirmed by SNP array, TOP

FN-8 1p36 1.97 12% 1p36 del: Not detected by

del ultrasound, diagnosed at birth

FN-9 PWS  —-2.78 17% PWS: Not detected by
ultrasound, diagnosed at birth
FN-10? CDC —2.04 16% PWS: Detected by ultrasound,

confirmed by SNP array, TOP

CDC cri du chat syndrome, DGS DiGeorge syndrome, FF fetal fraction, MMS
microdeletion/microduplication syndromes, PWS Prader-Willi syndrome, SNP
single-nucleotide polymorphism, 7718 trisomy 18, T21 trisomy 21, TOP termination
of pregnancy.

?Placental biopsy from TOP analyzed by CNV-Seq for mosaicism.

ACMG-recommended process. Recently, more relaxed guide-
lines have been suggested whereby screening for MMS can be
performed routinely for younger women where microdele-
tions are more frequent than aneuploidies.”

Based on its performance in this study of over 94,000
pregnancies, NIPS-Plus displays the hallmarks of a first-tier
screening method suitable for the detection of pathogenic
aneuploidies, recurrent MMS, and potentially even genome-
wide MMS. NIPS-Plus exhibited high sensitivity and specificity
for detection of clinically significant microdeletions and
duplications while retaining very high sensitivity and specificity
for detection of common aneuploidies. The overall PPVs for
T21 (95%) and T18 (82%) were high whereas the PPV for T13
(46%) and SCAs (47%) were considered moderate. These PPV's
for common aneuploidies are very similar to those reported
previously in other clinical follow-up studies.”’ The PPVs for
rare trisomies were lower at 28% and similar to those reported
in a recent study.”” While the causes of all false positive
aneuploidies were not investigated further, a possible explana-
tion identified from case studies is confined placental
mosaicism (CPM) where observations of the incidence of
CPM in typical CVS samples are around 1-2% (ref. 7,

The PPV for DGS in this study was very high (93%). This
PPV is significantly higher than what has currently been
achieved by other methodologies, with reported PPV ranging
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from a relatively low 16-21% in three studies'***"** to as high

as 71% in one study.” In one of these patient cohorts'® where
the SNP data was retrospectively reanalyzed with
deeper sequencing’ the PPV for detection of DGS increased
from 15.7% to 44.2%. The overall PPV for detection of other
types of more rare MMS was quite variable. For PWS, CDC,
and 1p36 del syndrome, the PPVs were 75%, 40%, and 0%,
respectively. Similar low PPVs have also been reported for
both CDC and 1p36 del syndrome in other studies.”
Intriguingly, in all three false positive calls of CDC reported
here, there was a clear and consistent 5pter copy-number loss
of the critical deletion interval. Given that a FP case of DGS
has previously been associated with low-level CPM,™* we
speculate that this may also be a contributing factor in one or
more of the 3 FP CDC cases. In regard to other nonsyndromic
CNVs detected, the combined PPVs for CNVs >10 Mb (32%)
and CNVs <10 Mb (19%) were low but reasonable, indicating
possible sufficient sensitivity and specificity of the test for
potential screening of genome-wide fetal CNVs.

Overall, the combined frequency of FN for common
trisomies and MMS was 0.01%. This included five pregnancies
that were detected by ultrasound and five pregnancies
detected only at birth. Thus, the simple inclusion of
ultrasound would therefore drop the frequency of FNs to
0.005%. In all cases, we were able to show that the basis of the
FNs was unlikely to be low fetal DNA fraction (below 3%,
which is the lower limit of the test sensitivity) and thus was
more likely to have some biological basis not yet considered.
One EN case of CDC was further investigated at the placental
level, and the finding of no evidence of the 5pter deletion in a
placental biopsy specimen identified why the fetal abnorm-
ality was essentially undetectable in maternal cfDNA. Based
on several isolated FN case NIPS 1'eports,35’36 where low to
moderate levels of placental mosaicism were demonstrated, it
was hypothesized that mosaicism possibly decreased the
effective fetal DNA profile of the abnormality below the limits
of detection. Given the lack of availability of placental studies
for the other nine FNs in this report, while technical failure of
the test cannot be excluded, we speculate that low-level
mosaicism may also be a possible explanation in our study.
Mosaicism and its impact on the derived fetal profiles will
likely remain a biologically based limitation for any indirect
methods of fetal assessment such as NIPS. At the time of
follow-up, 3-12 months, there were no further FN SCAs
reported. To determine true estimates of the FN rate for
SCAs, longer follow-up into the early teenage years may be
necessary for sex chromosome diseases or mosaic variants to
fully manifest and be clinically recognized.

Currently, the state of care for women with a fetal
abnormality suspected by either a high-risk maternal serum
screen result, soft markers, or ultrasound structural abnorm-
ality is invasive prenatal testing." Based on the high
performance of our expanded screen for detecting a wide
range of clinically significant chromosome diseases including
MMS, we propose that NIPS-Plus is a candidate for a first-tier
screening method for all pregnancies including where a

Volume 21 | Number 9 | September 2019 | GENETICS in MEDICINE



LIANG et a/

significant risk of occurrence of a chromosome imbalance
related to maternal age is absent.’ However, due to
unacceptably high false positive rates associated with detec-
tion of SCAs and MMS, although lower in this study, the
introduction of an expanded first-tier cfDNA screen will
result in an increase in unnecessary invasive procedures.
Nonetheless, we opt to support the use of NIPS-Plus when the
live birth frequency of a SCA or a CNV associated condition
reaches or exceeds that of currently screened conditions, even
though increasing invasive procedures. As the ACMG states,™
the use of NIPS to include SCA and CNV screening is
becoming more commonplace because there are no other
screening options available to identify these conditions.
Expanded first-tier screening will also offer the possibility of
detecting a subset of chromosome disease syndromes that
show no visible abnormalities on fetal ultrasound”” including
syndromes associated with mental disability, developmental
delay, autistic disorders, as well as most SCAs.>® Therefore,
with sustained application of NIPS-Plus for first-tier screening
of all pregnant women, it may be possible to also have a
significant impact on reducing the incidence of newborns
with these syndromes.

Given the extreme shortage of trained genetic counselors
internationally, there is no doubt that implementation of
NIPS-Plus as a first-tier screen into the medical system will be
challenging and require reallocation of current resources.
Currently, all approaches to prenatal screening and manage-
ment of patients are associated with an element of diagnostic
testing and genetic counseling. For example, traditional FTS
currently consumes a huge amount of these resources for
what is typically a 95% false positive risk categorization. Thus
with increasing use of NIPS-Plus over FTS, NIPS-Plus has the
potential to free up more of the available diagnostic testing
and counseling resources to appropriately focus on high-risk
results. Notwithstanding, if NIPS-Plus was to eventually
replace FTS, there would still be an urgent need for more
specialized training of current genetic counselors to deal with
a whole new range of chromosome disease syndromes
detectable by NIPS-Plus in the prenatal period.

In conclusion, this is the first study reported that involved a
large prospective group of pregnant women of both mixed
general and high-risk classification. As such, the data have
potential significance in demonstrating the usefulness of
cfDNA profiling not only for common whole chromosome
aneuploidies where age is a significant factor but also for CNV
changes of clinical significance where age is not considered a
significant risk determinant. NIPS-Plus exhibited high
performance for detection of trisomies, SCAs, and the most
common 22ql11.2 microdeletion associated with DiGeorge
syndrome, and moderate to low performance for detection of
other, genome-wide, segmental imbalances associated with
other MMS and some nonsyndromic CNVs. With further
clinical experience from the general population of reproduc-
tive women, we propose that our NIPS-Plus method,
combined with ultrasound as an independent screening
system, may eventually have clinical application as the new
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standard of care for routine screening of pregnancies for fetal
pathogenic CNVs associated with chromosome disease
syndromes.
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