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Noninvasive prenatal testing using a novel analysis
pipeline to screen for all autosomal fetal aneuploidies
improves pregnancy management

Baran Bayindir1,2,4, Luc Dehaspe1,4, Nathalie Brison1,4, Paul Brady1,4, Simon Ardui1, Molka Kammoun1,
Lars Van der Veken3, Klaske Lichtenbelt3, Kris Van den Bogaert1, Jeroen Van Houdt1, Hilde Peeters1,
Hilde Van Esch1, Thomy de Ravel1, Eric Legius1, Koen Devriendt1 and Joris R Vermeesch*,1

Noninvasive prenatal testing by massive parallel sequencing of maternal plasma DNA has rapidly been adopted as a mainstream

method for detection of fetal trisomy 21, 18 and 13. Despite the relative high accuracy of current NIPT testing, a substantial

number of false-positive and false-negative test results remain. Here, we present an analysis pipeline, which addresses some of

the technical as well as the biologically derived causes of error. Most importantly, it differentiates high z-scores due to fetal

trisomies from those due to local maternal CNVs causing false positives. This pipeline was retrospectively validated for trisomy

18 and 21 detection on 296 samples demonstrating a sensitivity and specificity of 100%, and applied prospectively to 1350

pregnant women in the clinical diagnostic setting with a result reported in 99.9% of cases. In addition, values indicative for

trisomy were observed two times for chromosome 7 and once each for chromosomes 15 and 16, and once for a segmental

trisomy 18. Two of the trisomies were confirmed to be mosaic, one of which contained a uniparental disomy cell line.

As placental trisomies pose a risk for low-grade fetal mosaicism as well as uniparental disomy, genome-wide noninvasive

aneuploidy detection is improving prenatal management.
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INTRODUCTION

The presence of circulating cell-free fetal DNA in the maternal plasma
of the pregnant woman,1 in combination with recent advances in
massively parallel sequencing (MPS) technologies, has made non-
invasive prenatal testing (NIPT) of fetal aneuploidy a reality. NIPT
reduces the need for invasive sampling and the associated risk of
procedure-related pregnancy loss. In 2008, it was demonstrated that
noninvasive fetal aneuploidy detection by MPS was feasible.2,3 Multi-
ple clinical validation studies using either targeted or whole-genome
sequencing demonstrated the high sensitivity and specificity of
NIPT.4–15 Although most validation studies were predominantly
evaluating the clinical validity in pregnancies at increased risk of the
most common aneuploidies, it was recently shown that screening all
pregnant women has positive predictive values of 45.5% and 40% for
detection of trisomies 21 and 18, respectively.16

MPS for aneuploidy detection applies counting statistics to millions
of sequencing reads to identify subtle changes in the small percentage
of fetal DNA present in the total cell-free DNA isolated from maternal
plasma.17,18 An increase or decrease in the number of normalized
sequencing reads, typically converted to a ‘z-score’,18 a ‘normalized
chromosome value’,13 genome-wide normalized score19 or by ‘within-
sample copy number aberration detector’20 is indicative of aneuploidy
for the respective chromosome. Despite the high accuracy of current
NIPT testing, a baseline false-positive and false-negative rate remains.
Those incorrect results may have both biological and technical causes:

(1) maternal CNVs, maternal mosaicism,21 maternal cancers or
haematological malignancies,22 and confined placental mosaicism
(CPM)23–34 may cause variability of the sequence read count statistics,
which could mask or mimic true aneuploidy-related variation, and
may, in turn, result in false-positive or false-negative results; (2) the
degradation and/or apoptosis of maternal cells following maternal
blood sampling would increase the maternal fraction in the plasma
and as a consequence reduce the fetal fraction. A low fetal fraction
could cause false-negative results and maternal cell degradation may
result in low-quality experiments, which can cause false-positive or
false-negative results. Here, we present a comprehensive analysis
pipeline, which avoids false-positives or false-negatives due to mater-
nal CNVs and improves the robustness of the analysis.

METHODS

Sample preparation and sequencing
A retrospective validation study was performed with approval of the local
ethical committee and informed consent of the pregnant woman. Peripheral
blood samples from pregnant women between the gestational ages (g.a.) of
9–24 weeks were collected in either EDTA or Streck tubes. For the following
diagnostic NIPT analysis, all maternal blood samples were collected in Streck
tubes between 9 and 35 weeks g.a. Women were referred for different reasons,
except abnormal US, which is an indication for an invasive test. The plasma was
separated on the same day as blood sampling by the standard dual centrifuga-
tion method. Briefly, blood samples were centrifuged at 1500 g for 10min,
without brake. Plasma was transferred to either 3x1.5ml tubes or to 5ml tubes,

1Centre for Human Genetics, University Hospital Leuven, KU Leuven, Leuven, Belgium; 2Department of Molecular Medicine, University of Pavia, Pavia, Italy; 3Department of
Medical Genetics, University Medical Center Utrecht, AB Utrecht, The Netherlands

*Correspondence: Professor JR Vermeesch, Centre for Human Genetics, University Hospital Leuven, KU Leuven, Herestraat 49, bus-602, Leuven 3000, Belgium.
Tel: +32 16 345941; Fax: +32 16 346060; E-mail: joris.vermeesch@uzleuven.be

4These authors contributed equally to this work.

Received 17 June 2014; revised 18 November 2014; accepted 26 November 2014; published online 14 January 2015

European Journal of Human Genetics (2015) 23, 1286–1293
& 2015 Macmillan Publishers Limited All rights reserved 1018-4813/15

www.nature.com/ejhg

http://dx.doi.org/10.1038/ejhg.2014.282
mailto:joris.vermeesch@uzleuven.be
http://www.nature.com/ejhg


which were subject to a second centrifugation at 13 000 g and transferred to sterile
tubes for storage at −20 °C before cell-free DNA extraction. Cell-free DNA was
extracted using the QIAamp Circulating Nucleic Acid Kit (Qiagen Benelux B.V.,
Venlo, Netherlands) according to the manufacturer’s recommendations. The final
elution volume used was 60 μl. Libraries were prepared using TruSeq ChipSeq
Library Preparation Kit (Illumina, San Diego, CA, USA) according to the
manufacturer's recommendations with the following modifications: (1) reagent
volumes were reduced by half, (2) the gel-free method was used and (3) the final
PCR enrichment step used 15 cycles. Every library was analysed on
a Fragment Analyser (Advanced Analytical Technologies Inc., Heidelberg,
Germany) before sequencing to assess the size distribution as well as the quality
of the library. Samples containing high-molecular-weight fragments were classified
as not eligible for sequencing. Samples were indexed during library preparation
and between 20 and 24 samples were pooled for multiplex sequencing across both
lanes of an Illumina HiSeq2500 flow cell. Sequencing was performed on the
HiSeq 2500 (Illumina) in fast mode producing 50 bp single-end reads.
The data set containing raw sequencing. BAM files obtained fromMPS of the

validation data set of 296 NIPT samples is available to academic users upon
request to the Data Access Committee of KU Leuven via the corresponding
author (JRV).

Array CGH, SNP array and FISH
Array CGH (aCGH) analysis was performed as described previously35 using
either the 4x 180 K CytoSure Syndrome Plus Leuven Design microarray or the
8x 60 K CytoSure ISCA v2 microarray (AMADID 252721 and 020040,
respectively; Oxford Gene Technology (OGT), Oxford, UK). Visualizations of
results and data analysis were performed using the CytoSure Interpret Software
(OGT) and with Cartagenia BENCH software (Cartagenia NV, Leuven,
Belgium).
SNP array copy number profiling and analysis of regions of homozygosity

were performed according to standard procedures using the Infinium
CytoSNP-850k BeadChip (Illumina). Subsequently, visualizations of SNP array
results and data analysis were performed using Nexus 7.5 software (BioDiscov-
ery, Los Angeles, CA, USA). Results were classified with Cartagenia BENCH
software.
Fluorescent in situ hybridization (FISH) was performed following standard

procedures.

Data analysis
The 50 bp sequence reads were aligned to the reference genome using the
Burrows–Wheeler aligner,36 deduplicated with Picard tools (http://picard.
sourceforge.net/) and realigned and recalibrated with GATK.37 To reduce
between sample variability, reads were removed that (1) match (suboptimally)
at multiple locations, (2) contain mismatches or gaps in the alignment or (3)
start in blacklisted regions taken from an in-house curated list of common
polymorphic CNVs, collapsed repeats,38 DAC blacklisted regions generated for
the ENCODE project39 and the undefined portion of the reference genome
(ie, the N’s).
The aligned and filtered reads were counted as described,40 except that

normalization was performed with respect to the autosomes only and the
calculation was extended beyond chromosomes 13 and 18. We partitioned all
autosomes into 50-kb bins, corrected the sequence counts with LOESS
regression according to the bin GC content and divided the result by the total
sum of autosomal sequence counts to obtain per-bin GC-corrected genomic
representations (GR). These were finally aggregated per autosome, and per
5Mb windows consisting of 100 subsequent 50 kb bins, where the 5Mb
windows are sliding by 50 kb.
A reference set of 100 samples (50 males (46,XY), 50 females (46,XX)

pregnancies) was used to determine GR values expected in normal samples
both at the chromosome and the 5Mb bin level. From the mean and standard
deviation of GR in this reference set, z-scores for autosomes and 5Mb bins
were calculated for all samples. We defined three extra parameters on top of
the traditional chromosome-wide z-score. First, the zz-score is calculated as the
standard score of the z-score of a given autosome in comparison with the
z-scores of remaining autosomes. Second, the BM (bin median) is calculated
from the median of z-scores measured per 5Mb bin in the autosome of

interest. Third, the OM (other median) is the median of the absolute value of
the 5Mb z-scores over the remaining bins.
Trisomy (or monosomy) is then associated with autosomes where: (1) the

chromosome-level z-score is high (low), that is, the chromosome has attracted
more (less) reads than expected; (2) the zz-score is high (low), that is, the
remaining autosomes look normal such that the chromosome of interest stands
out; (3) BM is high (low), that is, the increased (decreased) number of reads
cannot be attributed to a local event; and (4) OM is low, that is, at the 5Mb bin
level the remaining autosomes also do not show signs of aneuploidy.
Cutoffs for these four parameters were derived from the commonly reported

z-score≥ 3 setting, fixed before starting the validation study described below,
and combined into the following decision rule:

� normal if (−2.5oz-scoreo2.5) and (−2.5ozz-scoreo2.5) and
(−1oBMo1),

� trisomy if (z-score≥ 3) and (zz-score≥ 3) and (BM≥ 1.5) and (OMo1),
� monosomy if (z-score≤− 3) and (zz-score≤− 3) and (BM≤− 1.5) and
(OMo1),

� no trisomy if not monosomy and (z-scoreo2.5) and (zz-scoreo2.5) and
(BMo1), and moreover (z-score≤− 2.5) or (zz-score≤− 2.5) or
(BM≤− 1),

� no monosomy if not trisomy and (z-score4− 2.5) and (zz-score4− 2.5) and
(BM4− 1), and moreover (z-score≥ 2.5) or (zz-score≥ 2.5) or
(BM≥ 1) and

� undetermined in all other cases.

The decision rule incorporates inconclusive zones (no trisomy, no monos-
omy, undetermined) where confidence is considered too low to distinguish
accurately between euploid and aneuploidy, as well as to flag cases where
individual parameters are discordant or borderline.
To determine possible reasons for discordant or inconclusive parameters

(eg, localized events such as segmental aneuploidy or maternal/fetal CNVs,
maternal malignancies or technical noise (see Results and discussion for
examples), the visual representation can aid to determine the cause. In those
cases where z-score, zz-score or BM fall into an inconclusive range, and there is
no support for localized events, no definitive call can be made and a repeat
sample is requested (for chromosomes 13, 18 and 21), although the other
chromosomes of interest can be reported as normal (eg, normal 21, normal 18,
inconclusive for 13). For all other autosomes, aneuploidies are only reported
where all parameters are in the abnormal range, and repeat samples are not
requested where z, zz and/or BM are inconclusive.
The automated genotype classification achieved with the above rule is

systematically applied to all autosomes and reported in combination with a plot
of the 5Mb bin z-scores across the chromosome.
A final sample level quality score (QS) was determined by calculating the

standard deviation of all the autosome z-scores following removal of the highest
and the lowest scoring chromosomes. Samples with QS exceeding 2 were
considered to be poor quality and repeat sampling was requested, and QS
between 1.5 and 2 were of intermediate quality.
The sex was determined by verifying the presence of Y-chromosome-specific

reads. Because of similarities between X and Y chromosomes, a number of
reads in female pregnancies is systematically mapping to the Y chromosome.
Twenty 50 kb bins unique to the Y chromosome were identified. Samples with
≧ 3 Y-specific bins containing 41 read were classified as male pregnancies. In
cases where only a single Y-specific bin was found with only a single read, the
sample was classified as a female pregnancy. In all other cases, the sex was left
undetermined.
The fetal fraction was determined for all the male pregnancies by measuring

the difference at the 50 kb bin level in the median number of reads mapping to
the autosomes and the median number of reads on the X chromosome, divided
by the median number of reads per bin on the autosomes multiplied by two.41

RESULTS

Optimized data analysis pipeline
The traditional approach to identify aneuploidies is to calculate a
z-score that quantifies the deviation of the number of sequence reads
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at the chromosome level from the number expected in normal, that is,
euploid, samples.17,18 We have defined two new parameters, resulting
in higher accuracy for aneuploidy detection by zooming out and in
from the chromosome level (Figure 1 and Supplementary Figure 1a).
(1) Zooming out to the genome level, we use the z-scores of the
remaining, supposedly euploid, chromosomes to calculate a sample-
specific mean and standard deviation of z-scores for ‘euploid’
chromosomes. With these values, we calculate a meta z-score (zz-
score) that quantifies the deviation of the chromosome z-score from
the z-score of ‘euploid’ chromosomes within the same sample. (2)
Zooming in to overlapping 5Mb subchromosomal bins, we break
down the chromosome-level z-score by recalculating it per bin. The
median z-score across these bins (BM) discriminates between (a)
aneuploidies, where consistently high or low z-scores across all 5 Mb
bins are reflected in higher or lower BM values, and (b) events that
span less than half of the chromosome and leave the BM largely
unaffected. Notably, (small) maternal CNVs are present at a high
percentage and can skew the scores significantly. Visualization of the
events in (b), achieved by plotting the per-bin z-scores across the
chromosome, further assist in the clinical interpretation of cases where
a high chromosome-level z-score is corrected by a low BM value. Such
cases are flagged as inconclusive by the above decision rule.
The introduction of those statistical measures allows us to address

the major causes of errors. First, maternal CNVs would skew the z
statistics leading to false-positive and false-negative aneuploidy calls, as
demonstrated for four different NIPT results shown in Figure 2.
Actually, with z-scores alone, seven false-positive calls for trisomy 13
(4 cases), 18 (2 cases) and 21 (1 case) would be made in 1646 samples
(4 in the diagnostic and 3 in the validation data set) (see Figure 3).
The low BM in these four examples, one on chromosome 22,

resulting in a negative z-score, two on chromosome 13 and one on
chromosome 21, resulting in z-scores 43, is indicative for the
presence of a maternal CNV. Indeed, subsequent array analysis of
the maternal white blood cell DNA confirmed that these local deviant
z-scores were of maternal origin. Second, technical artefacts, maternal

mosaicism, maternal cancers or haematological malignancies, as well
as placental disorders, may cause variability of the sequence read count
statistics, which could mask or mimic true aneuploidy-related varia-
tion, and may, in turn, result in false-positive or false-negative results.
Such genome-wide variation would result in low BM but high OM.
An example is shown in Supplementary Figure 1b. The presence of
high genome-wide variation also leads to a high QS, requiring a repeat
sample. When the same genome-wide variation is observed upon
resampling, a biological cause of this variation can be suspected.
To estimate the influence of number of reads on the accuracy of the

test, we performed an in silico analysis. An NIPT sequencing data set of
a normal pregnancy (46,XX) was mixed with a data set from a
trisomic male fetus (47,XY,+21), and was repeated using a second
trisomy 21 male case. Sequencing reads were mixed in silico at the
FASTQ level, mixing, respectively, 2, 3, 4, 5, 6, 7, 8 and 9 million
randomly selected reads (Supplementary Figure 2) and targeting
calculated fetal fractions from 2% to 8%, with 0.1% increments.
The results of this in silico experiment demonstrate that false negatives
for chromosome 21 were absent with a fetal fraction above 3.3% and
47 million analysed sequencing reads. On this basis, 7 million
analysed reads were selected as the minimum required read number.
This equates to a minimum of ~ 10 million raw reads based on our
analysis pipeline.

Validation
A retrospective validation study was performed to test the accuracy of
the developed analysis pipeline. The study cohort consisted of 296
pregnant women who were initially referred for invasive prenatal
testing. Chorionic villus sampling or amniocentesis followed by
conventional karyotyping, FISH or genomic microarray analysis
(aCGH) revealed 17 cases positive for trisomy 21, 9 for trisomy 18
and 2 for trisomy 13. In addition to these aneuploidies, one mosaic
fetal trisomy 18, 16 and 13 as well as one placental mosaic trisomy 13
were diagnosed.

Figure 1 An example report of a trisomy 21 sample. Details are shown for chromosomes 13, 18 and 21, and for each chromosomes z, zz and BM scores are
indicated. When aneuploidy is present, the OM is shown for comparison with BM score. Dot plots of z- vs zz-score (Y and X axis, respectively) are shown with
undetermined zones marked (2.5–3) with grey lines. Z-scores of 5Mb sliding windows are plotted across the chromosome to visualize the aberrations, dotted
lines represent ±1.5 z-scores and the areas above and below these cutoff values are coloured in green and red, respectively. Violin plots of BM and OM with
their respective median shown with a single dot represent the distribution of all the bin-level z-scores.
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A total of 310 NIPT experiments were performed as eight samples
were repeated, and three samples were repeated in triplicate, to assess
the reproducibility and repeatability of the analysis pipeline. Repeat
samples gave comparable results regarding (i) general sample quality
(QS), (ii) aneuploidy detection (parameters z-score, zz-score, OM and
BM) and graphical plot of 5Mb bin z-scores across all chromosomes
(Supplementary Figure 3). An example patient report is shown in
Supplementary Figure 4.
Out of 296 samples, a single sample was excluded after library

preparation owing to the presence of maternal peripheral blood DNA
contamination (most likely due to blood sampling in EDTA tube and

a delay in plasma separation). The remaining 295 samples were
sequenced and analysed using the pipeline described above, and the
parameters (QS, z-score, zz-score, OM and BM) assessed for every
chromosome. Four samples did not meet the QS criteria (QS42) and
were excluded from further analysis, whereas four samples were of
intermediate quality (1.5oQSo2). Of the 287 samples that passed
these quality criteria, 24 samples had inconclusive parameter value(s)
for chromosome 13, 18 and/or 21. However, when considering the
respective z-, zz-, OM and BM scores in combination with a visual
analysis of the chromosomal z-scores across 5Mb bin plots, a correct
result could be determined in 16 of those 24 cases. In 8 cases,

Figure 2 Four examples of maternal CNVs that alter counting statistics causing potential false-positive results. For every sample, the NIPT (top) result and
the aCGH (bottom) result is shown: (a) 2.55Mb deletion on chromosome 22q11.21 (chr21.hg19: g.18894820–21440515del); (b) 1.38Mb duplication on
chromosome 13q33.1–q33.2 (chr13.hg19: g.104397732–1057779818dup); (c) 1.73Mb duplication on chromosome 13q31.3 (chr13.hg19: g.90201888–
91936194dup); (d) 1.03Mb duplication on chromosome 21q11.2–q21.1 (chr21.hg19: g.15485038–16515907dup). While duplications and deletions
affect both z- and zz-score, the BM remains in a normal range. The sliding plots help visualize the localization of the aberration as well as the effect.

Figure 3 Z-score vs zz-score (left), and BM vs zz-score (right) for chromosomes 21 and 18 results from all validation study samples. This highlights how the
combined analysis reduces potential false-positive and false-negative cases. Triangles and boxes represent trisomies 18 and 21, respectively. Full diamond
shape is the mosaic trisomy 18 case, whereas the hollow diamond shapes represent the undetermined trisomy 18 cases. Hollow circles represent the normal
population, and full circles represent the cases classified as undetermined by the automated pipeline. The shaded lines on the X and Y axis mark the
inconclusive zones between the cutoff values of 2.5–3 for both z- and zz-score, and 1–1.5 for the BM.
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including 2 trisomy 18 cases, a repeat sample would be requested.
Consequently, 279 samples were correctly classified (including all 17
trisomy 21 cases and 7 of the 9 trisomy 18 cases).
In addition to correct classification of 17 full trisomy 21 cases and 7

full trisomy 18 cases, the NIPT analysis pipeline identified two fetal
trisomy 13 cases, one fetal mosaic trisomy 18 and one placental mosaic
trisomy 13 case. However, it failed to detect the sample with trisomy
16 and one fetal mosaic trisomy 13. Furthermore, fetal sex was
correctly identified in all pregnancies.
Taken together, this NIPT analysis pipeline is robust, reproducible

and repeatable for sex determination and the detection of trisomy 21
and trisomy 18.

Diagnostic results
The validated analysis pipeline was applied prospectively to 1350
diagnostic samples from women with a gestational age between 9 and
35 weeks. A total of 60% of women were referred because of an
increased risk for trisomy 21; 24% of women had an increased trisomy
risk as assessed by the combined test; 33% had an increased risk of
trisomy because of maternal age (36 years and older); and 3% because
of prior familial history of trisomy 21. Forty percent (40%) of patients
were classified as low risk and referred because of maternal anxiety.
Repeat sampling was requested in 23 because of high standard

deviation of the NIPT results (QS41.5). For two no second maternal
blood sample was received. In 14 out of 21 repeated samples, the
standard deviation was below 1.5 (QSo1.5). A normal result could be
issued in all but two of these 21 repeated samples. Additionally, nine
samples showed an undetermined result for either chromosome 21

(n= 5) or chromosome 18 (n= 4), and for six of those a repeat sample
was obtained, which gave a normal result. Upon second sampling, the
fetal fraction (in males) was on average 1% higher compared with first
sampling. Hence, a result could be issued in 97.6% (1318/1350) at first
sampling and 99.9% (1343/1345) following repeat sampling.
Of those 1350 patients, 11 were positive for trisomy 21 and 4 for

trisomy 18 (Figures 4a and b). All trisomy 21 and trisomy 18 cases
were confirmed by either FISH or aCGH following invasive prenatal
testing. One sample positive for trisomy 18 by NIPT proved to be
mosaic as 77% of the chorionic villus cells showed three FISH signals
with a centromere 18 probe. aCGH analysis performed on DNA
extracted from amniotic fluid cells was normal, demonstrating that the
presence of the trisomic line was (mainly) confined to the placenta. In
addition to the traditional trisomies 21 and 18, the genome-wide
analysis revealed two cases of trisomy 7, one case of trisomy 15 and
one case of trisomy 16 (Figures 4c–e). The trisomy 15 was mosaic in
about 20% of fetal cells as shown by SNP array analysis on DNA
isolated from uncultured amniotic fluid cells. A subsequent MLPA test
targeted to the 15q11–q13 locus showed a maternal heterodisomy in
the Prader– Willi/Angelman critical region. The trisomy 16 was
confirmed to be mosaic (7% of cells) by FISH using the centromere
16 probe on amniotic fluid cells. One predicted trisomy 7 could not be
confirmed by FISH following amniocentesis, this being suggestive for
CPM. The second positive trisomy 7 result could not be further
investigated as the patient did not wish to undergo invasive testing.
One patient was referred for invasive sampling owing to fetal

ultrasound abnormalities. NIPT was performed concomitantly with
array CGH analysis, both of which detected a partial trisomy 18, which

Figure 4 Dot plot of zz-scores (Y axis) vs BM (X axis) for all diagnostic study samples for chromosomes 21, 18, 7, 15 and 16. Blue circles represent the
normal samples and black circles represent the cases classified as undetermined from automated pipeline. The red boxes represent the cases classified as
trisomy for the respective chromosome.
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is 29Mb in size (Figure 5). This indicates the importance of the novel
parameters we introduce of zz and BM, in combination with the
genome-wide chromosome plots.

DISCUSSION

NIPT is reducing the need for invasive prenatal genetic diagnosis.
Nevertheless, when applied to all pregnant women, the positive
predictive value for trisomy 21 detection is currently at best about
50%.16 Hence, one in every two women with a positive NIPT has a
normal diploid fetus. The analysis pipeline presented has the potential
to reduce this false-positive rate and hence the number of unnecessary
invasive tests.
We analysed the z-scores genome wide in 5Mb intervals, which

provides a genome-wide visualization of all potential fetal abnormal-
ities. Similar, although slightly different in approach, genome-wide
scanning of binned z-scores has been applied before, to demonstrate
the feasibility to noninvasively detect fetal subchromosomal imbal-
ances by deep sequencing,42,43 as well as by ‘shallow-depth’
sequencing.44 Whereas those studies have focused on the ability to
detect noninvasively ever smaller fetal copy number variants with the
aim to reduce the need for invasive sampling and chromosomal
microarray analysis, we have focused on using this additional
information to improve the quality of the aneuploidy detection. When
applying only chromosomal z-score test statistics, aberrant test results
may result from either the presence of maternal CNVs or by low
quality of the DNA samples. First, the presence of maternal CNVs can
skew z-scores such that they become indicative for fetal trisomy or
monosomy. By visualizing the bin median, a maternal CNV markedly
influencing the z-score can readily be identified. It is tempting to
speculate that the high false-positive rate for trisomy 13 in large-scale
NIPT studies results from the higher incidence of rare but benign
CNVs in the population. A second potential source of error is
genome-wide variation. If there is large genome-wide variation in
the z-scores, the chromosome-specific z-score is less reliable. Genome-
wide variation due to degradation of maternal lymphocytes may result
in deviant test statistics (data not shown). Other biological determi-
nants in the maternal plasma, such as free-floating tumour DNA,
might also lead to erroneous z-scores. By introducing the zz-score, this
genome-wide variation is accounted for, which in turn improves the
accuracy of aneuploidy detection. We obtained a 100% sensitivity
and specificity for trisomy 21 and 18 detection (95% CI: trisomy
21 – sensitivity 80.33–100% and specificity 98.59–100%; trisomy
18 – sensitivity 58.93–100% and specificity 98.64–100%), which is
in line with other studies. For 97.6% of the diagnostic samples, an
NIPT result was obtained immediately and for 99.9% when including
a second sampling. The second sampling resulted in lower standard
deviations in all but one case. It seems plausible that improved quality

is resulting from increased fetal fractions at later gestational age.
Interestingly, in 7 out of 13 repeat samples, which were due to high
QS, despite lower standard deviation, similar z-score variation profiles
were observed across all chromosomes when compared with the
original sample. This suggests a biological rather than a technical cause
for the repeatedly observed variation.
Over the past 3 years, NIPT has been extensively validated for the

detection of the most frequent viable aneuploidies, trisomy 13, 18 and
21. However, the presence of other chromosomal aneuploidies has, in
general, been neglected in those validation studies, and they are not
reported by commercial NIPT providers. The ability to detect
noninvasively other fetal aneuploidies has already been
demonstrated.5,29 In this study, trisomies other than 13, 18 and 21
were identified by NIPT in 4/1350 samples or 0.3% of all pregnancies.
Trisomies were identified for chromosomes 7, 15 and 16. In three, an
amniocentesis was performed followed by aCGH or SNP array, and
MLPA or FISH analysis of the amniotic fluid cells. In two, the
presumed chromosomal trisomies were shown to be low-grade mosaic
disomic/trisomic in the amniotic fluid. As full trisomies would not be
viable, it may not be surprising that the fetuses are mosaic. Never-
theless, it is striking that such low-grade fetal mosaicism can readily be
identified by noninvasive testing. It therefore seems likely that the
majority of trophoblast cells would be trisomic and that the low-grade
mosaicism would be confined to the fetus. One trisomy 7 could not be
confirmed upon invasive testing. Further follow-up analysis of
placental material at birth may assist in confirming this hypothesis.
CPM is estimated to occur in 1–2% of pregnancies.26,27 Discordant
results between fetal karyotyping and NIPT by maternal plasma
sequencing has been demonstrated in a case of uniparental disomy
21 due to trisomic rescue.32 Hence, although our analysis pipeline may
increase the accuracy of NIPT, the main cause for discrepancy between
the noninvasive and the invasive test, however, is likely the high
incidence of placental mosaicism. As a consequence, careful follow-up
by either invasive testing or ultrasound examination will remain
essential in the clinical management of those aneuploidies.
The detection of additional trisomies other than the common

autosomal trisomies 13, 18 and 21 has important clinical implications.
First, all those fetuses are at high risk for uniparental disomies,
resulting from the loss of one chromosome following a trisomic
conception. Uniparental disomies of chromosomes 7 and 15 are
known to cause developmental disorders, respectively, Silver Russel
syndrome and Prader–Willi or Angelman syndrome. In our series, we
demonstrate that trisomy 15 identified by NIPT revealed the presence
of a uniparental disomy in the fetus. Uniparental isodisomies for other
chromosomes are at increased risk of developing recessive disorders.
Hence, UPD testing following an invasive sampling is advisable in the
follow-up of those mosaic trisomies. Second, for all those

Figure 5 Results of the partial trisomy 18 case. NIPT result for chromosome 18 (top). aCGH result for chromosome 18 (bottom) and FISH result (right) of
amniotic fluid cells.
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chromosomal trisomies, low-grade mosaicism can be viable and have
been detected in patients with birth defects.
Genome-wide aneuploidy analysis enables not only the detection of

whole chromosomal aneuploidies but also allows the detection of
segmental chromosomal imbalances. A number of case reports,
as well as retrospective and prospective validation studies
of novel algorithms, have recently been reported on the ability
to detect segmental imbalances and even submicroscopic
CNVs.5,13,20,29,43–48 Lau et al29,47 reported on the use of the
FCAPS pipeline detecting a fetal duplication of 18p, which is
14 Mb in size. Here, we show the detection of a segmental trisomy
18, which is 29 Mb in size, demonstrating the power of this
genome-wide profiling approach.
The clinical interpretation in the context of the respective pregnancy

and the associated US anomalies (if any) remains important. Owing to
CPM (and other factors, both technical and biological), chromosomal
anomalies may be identified from the analysis of cell-free DNA, which
do not represent the true fetal genotype. Extending the screen to all
chromosomal aneuploidies pertain a risk of overdiagnosis with a higher
number of false positives leading to unnecessary invasive testing. This
risk is especially increased because a proper validation study to
determine the false-positive and false-negative rate for those other
aneuploidies is virtually impossible. In the absence of US anomalies
most, if not all, aneuploidies other than trisomy 21 represent
mosaicism and an invasive genetic test is not a good reference as it
does not necessarily sample the same cells as those giving rise to the
cell-free fetal DNA in the maternal plasma. However, as two out of
three potential trisomies with a follow-up invasive genetic analysis were
confirmed true positives by the presence of a trisomy in a fraction of
the amniotic fluid cells, this would suggest a high sensitivity, which
warrants follow-up invasive testing. The detection of other trisomies in
0.3% of all pregnancies, a figure which is within the range of
miscarriages known to result from other trisomies, suggests a high
specificity as well. It remains, however, questionable as to whether an
invasive test should be recommended for these patients. It has been
suggested that the investigation of trisomy 13 detected upon NIPT, for
example, in low-risk patients and in the absence of US anomalies may
do more harm than good.49 A similar note of caution can be made for
all other (segmental) aneuploidies.
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