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Abstract
Introduction: Non-Invasive Prenatal Testing (NIPT) for fetal aneuploidies using cell-free DNA (cfDNA) has been
widely adopted in clinical practice due to its improved accuracy. A number of NIPT tests have been developed and
validated. The purpose of this study is to evaluate the performance of the Veracity NIPT test for sex chromosome
aneuploidy (SCA) detection in singleton pregnancies, autosomal aneuploidy detection in twin pregnancies and
evaluation of Veracity clinical performance under routine NIPT conditions in a diverse cohort.
Methods: Blinded retrospective study in singleton pregnancies (n = 305); blinded retrospective and prospective
study in twin pregnancies (n = 306) and prospective evaluation of clinical performance in singleton and twin
pregnancies (n = 10564).
Results: Validation study results for the detection of SCAs in singleton pregnancies exhibited 100% sensitivity and
specificity and correctly classified 7 (45,X), 4 (47,XXY), 2 (47,XXX) and 1 (47,XYY) cases. Validation study results for
autosomal aneuploidy detection in twin pregnancies exhibited 100% sensitivity and specificity and correctly
classified 3 trisomy 21, 1 trisomy 18 and 1 trisomy 13 samples. Clinical performance evaluation of Veracity was
performed in 10564 pregnancies with median gestational age of 13 weeks, median maternal age 35 years and
median gestational weight of 64 kg. Based on confirmation feedback the PPV for trisomies 21, 18 and 13 was
estimated at 100% (95% CI, 92–100%), 100% (95% CI, 69–100%) and 71% (95% CI, 29–96%), respectively. Estimated
PPV for Monosomy X was 57% (95%CI, 18–90%), while the NPV for SCA detection was estimated at 100% (95% CI,
99.94–100%).
Conclusion: Veracity NIPT test is based on a very powerful, highly accurate methodology that can be safely applied
in the clinical setting.
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Introduction
Non-Invasive Prenatal Testing (NIPT) for fetal aneuploidies using cell-free DNA (cfDNA) has been widely
adopted in clinical practice due to its improved accuracy,
compared to traditional screening approaches using
measurements of nuchal translucency and biochemical
analytes. Consequently, international bodies including
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the American Congress of Obstetricians and Gynaecologists (ACOG) and the American College of Medical
Genetics and Genomics (ACMG) endorse NIPT as a
routine screening option [1, 2].
A number of NIPT tests based on targeted and whole
genome-based technologies, mainly employing NextGeneration Sequencing (NGS), have been developed and
validated [3–6]. These technologies rely on the ability to
detect increases in cfDNA arising from the presence of
an extra fetal chromosome. The proportion of cell-free
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fetal DNA (cffDNA) in maternal circulation (fetal fraction (ff )) is a key determinant of assay performance.
More recently, NIPT has expanded to include the detection of sex chromosome abnormalities (SCAs), and
has the potential to offer significant added value to parents and physicians in the form of early detection, outcome preparation and timely treatment. NIPT is also of
clinical importance in multiple gestations which pose
considerably more difficult management issues, especially in relation to the risks of invasive procedures.
Thus, recent studies have focused on the implementation of cfDNA analysis in this pregnancy group. The dizygotic twin group poses additional challenges, because
each fetus contributes different amounts of cfDNA in
the maternal circulation [7, 8]. Therefore, it is imperative
to develop and implement high fidelity NIPT tests which
allow accurate fetal fraction quantification and as such
can be offered to a wide range of pregnancies.
This study summarizes the Veracity test validation results for the detection of sex chromosome aneuploidies
(SCAs) in singleton pregnancies (n = 305), the detection
of trisomies 13, 18, 21 in twin pregnancies (n = 306) and
the evaluation of clinical performance for trisomies 13,
18, 21 and X,Y under routine testing conditions in a diverse test cohort (n = 10564). Collectively, this report
conveys a complete clinical picture of the Veracity NIPT
test performance and assesses the implementation and
clinical impact on a broader scale.

Results
For the detection of sex chromosome aneuploidies
(SCAs), the clinical performance of Veracity was
assessed in a blinded retrospective validation study of a
total of 305 plasma samples. The final analysis included
samples that fulfilled the fetal fraction threshold of 4%
(n = 300). In total we detected, 286 normal, 7 Turner
(45,X), 4 Klinefelter (47,XXY), 2 Triple X (47,XXX) and
1 47,XYY cases. All cases underwent confirmation by
amniocentesis. In the male conceptuses, the test correctly detected 4 /4 47,XXY cases and 1/1 47,XYY case,
exhibiting 100% sensitivity and specificity. In the female
conceptuses the test correctly detected 7/7 45,X cases
and 2/2 47,XXX cases, exhibiting 100% sensitivity and
specificity (Table 1).
Table 1 Blind validation study results for SCA detection
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In twin pregnancies, the clinical performance of Veracity was assessed in a blinded validation study (retrospective and prospective) designed to detect fetal
trisomies 13, 18 and 21, in a cohort of 306 pregnancies
of at least 10 weeks of gestation. Six samples exhibited
an insufficient fetal fraction. Trisomy 21 was detected in
3/3 cases, trisomy 18 in 1/1 case and trisomy 13 was detected in 1/1 case (Table 2).
Furthermore, the overall clinical performance of Veracity for the detection of trisomies 13, 18, 21 and SCAs
during routine NIPT testing conditions was assessed in
a cohort of 10564 mixed-risk samples accessioned by
our laboratories until February 2018. The median gestational age in this testing cohort was 13 weeks (IQR4)
(Fig. 1a). The distribution of gestational age at the time
of sampling indicates that most tested samples were in
the first trimester (9–12 weeks) and the beginning of
the second trimester (Fig. 1a). The median maternal
age was 35 years (IQR7) (Additional file 3: Table S1,
Fig. 1b). In the testing population 46.8% of samples
were under the age of 35. The median gestational
weight was 64 kg (IQR 17) (Additional file 3: Table S1,
Additional file 1: Figure S1). The median fetal fraction of
reported samples was 9.6% (IQR 5.1) (Additional file 2:
Figure S2). In this cohort twin pregnancy samples represented 3% of all referrals.
Out of the 10564 samples, 59.7% were tested for
aneuploidies of X and Y, as well as trisomies 13, 18, 21
(Additional file 3: Table S2). The median turn-around
time (TAT) for reporting was 5 business days (Additional
file 3: Table S2). Insufficient fetal fraction, below a prespecified threshold of 4%, was reported in 3.7% of the
samples. In the singleton cohort the re-draw rate was
3.5%. A repeat sample was received for 71.5% of the low-ff
samples and a result was generated for 97.5% of these
(Additional file 3: Table S2). The percentage of samples
that failed to receive a result after resampling was estimated at 0.07%.
The sample cohort of reported results was 10446. In
this cohort, the overall frequency for reported aneuploidies was 1.59% for trisomies 13, 18,21 collectively
(Table 3), while the frequency of reported sex chromosome aneuploidies was 0.58% (Table 3). To assess accuracy, follow-up was requested from referring centres

Karyotype

Number of Samples

Correct call

Table 2 Blind validation study results in twin pregnancies for
trisomy detection

Normal

286

286 (95% CI, 98.7–100%)

Karyotype

Number of Samples

Correct call

Turner (45,X)

7

7

Normal

295

295 (95% CI, 98.8–100%)

Klinefelter (47,XXY)

4

4

Trisomy 21

3

3

Triple X (47,XXX)

2

2

Trisomy 18

1

1

47,XYY

1

1

Trisomy 13

1

1
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Fig. 1 Gestational Age (a) and Maternal Age (b) Distribution at NIPT sampling

92–100%), 100% (95% CI, 69–100%) and 71% (95% CI,
29–96%) respectively (Table 3). Follow-up results for sex
chromosome aneuploidies was limited. Estimated PPV for
Monosomy X was estimated at 57% (95% CI, 18–90%)
while the NPV for SCA detection was estimated at 100%
(95% CI, 99.94–100%) (Table 3).

(based on confirmatory testing using amniocentesis for
abnormal samples and live birth examination for normal
samples). Follow-up confirmation results were available
for 44 samples of trisomy 21, 10 trisomy 18, 7 trisomy
13. Based on the confirmation feedback the PPV for
trisomies 21, 18, 13 was estimated at 100% (95% CI,
Table 3 Veracity clinical Performance
NIPT result for aneuploidies (T21, T18, T13)

Number

Follow-up

Correct

Specificity

NPV

Normal

10280

10280

10280

99.98% (95% CI, 99.93–99.998%)

100% (95% CI, 99.96–100%)

NIPT result for aneuploidies (T21, T18, T13)

Number

Follow-up

Correct

Sensitivity

PPV

Trisomy 21

126

44

44

100% (95% CI, 92–100%)

100% (95% CI, 92–100%)

Trisomy 18

24

10

10

100% (95% CI, 69–100%)

100% (95% CI, 69–100%)

Trisomy 13

16

7

5

100% (95% CI, 48–100%)

71% (95% CI, 29–96%)

NIPT result for SCAs

Number

Follow-up

Correct

Specificity

NPV

Normal

6200

6200

6200

99.95% (95% CI, 99.86–99.99%)

100% (95% CI, 99.94–100%)

NIPT result for SCAs

Number

Follow-up

Correct

Sensitivity

PPV

Monosomy Χ

16

7

4

100% (95% CI, 40–100%)

57% (95% CI, 18–90%)

Trisomy X

6

2

2

–

–

47, ΧΧΥ

10

4

4

–

–

47, ΧΥΥ

3

0

–

–

–

48, ΧXYY

1

1

1

–

–
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Discussion
A major objective in the field of prenatal testing is the
reduction of the number of unnecessary invasive procedures and this is mainly achieved with the use of NIPT.
Veracity is a targeted NIPT test that enables targeted
analysis of regions of clear clinical relevance in combination with a highly accurate fetal fraction estimation algorithm [5]. In addition to common autosomal
trisomies, Veracity can perform NIPT for sex chromosome aneuploidies which include Turner (45,X), Klinefelter (47,XXY), Triple X (47,XXX) and 47,XYY and
48,XXYY constitutions. Although individually each
condition is relatively rare, cumulatively SCAs occur
in approximately 0.3% of all live births [9]. In this
validation study which included 300 reported samples,
the assay exhibited 100% sensitivity and specificity
and correctly classified 7 Turner (45,X), 4 Klinefelter
(47,XXY), 2 Triple X (47,XXX) and 1 47,XYY cases.
The data from this cohort of SCAs demonstrates robust testing performance in SCAs and similar to
autosomal aneuploidies [5].
The test’s performance was also assessed for common
autosomal aneuploidy detection in twin pregnancies,
employing a cohort of 306 twin pregnancies. In this
study which included 300 reported samples, the assay
exhibited 100% sensitivity and specificity and correctly
classified all abnormal samples.
Furthermore, the data from the large, multi-center
prospective study illustrate the clinical performance of
Veracity under routine NIPT conditions, in a large pregnancy cohort in a diverse, mixed-risk population, including singleton and twin pregnancies, as well as
pregnancies achieved with in-vitro fertilization (IVF),
vanished twin and oocyte donation and demonstrated
high sensitivity and specificity. Collectively, data from
this work is consistent with previous validation results
[5] and show Veracity to be a powerful, highly accurate,
cost effective, automated high performance NIPT assay,
that can be applied in a wide range of pregnancies in the
clinical setting.
The targeted assay described here is inherently characterized by high depth of sequencing, which allows highly
accurate fetal fraction quantification and aneuploidy detection. In the clinical setting accurate fetal fraction
quantification is of paramount importance for accurate
classification [10, 11]. Accurate fetal fraction estimation
is also crucial in twin pregnancy testing. In this study,
we applied an algorithm for fetal fraction estimation in
dichorionic twins, which measures the lower fetal fraction of the two fetuses, rather than the total fetal fraction. This approach was specifically designed to alleviate
potential limitations of other methods which necessitate
strong assumptions regarding the cfDNA contributions
of the two fetuses that may not apply to all clinical
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samples. As such, we ensure that the lowest possible
fetal fraction of each sample is considered for classification purposes, thus minimizing the possibility of incorrect classification that could arise from low proportions
of fetal DNA by one of the two fetuses.
In contrast to many previous studies, the cohort of
samples in the prospective study of 10564 samples was
diverse and included twin pregnancies as well as IVF
and egg donor pregnancies. The study included pregnant
women of all risk levels with 46.8% under the age of 35.
This age distribution indicates the broader applicability
of NIPT in the general population.
Approximately 3.7% of samples in the clinical performance study presented a fetal fraction below 4%. We
observed that a high proportion of such samples was obtained from participants with higher body weight. The
median weight of samples with fetal fraction below the
threshold was 78 kg whereas for samples with fetal fraction above threshold was 64 kg (p value < 0.00001). This
finding is in accordance with previously published data
[12, 13]. Although the correlation of BMI with fetal fraction would lead to a more informative conclusion, the
height information was not available for all samples in
this dataset. Our data indicate that repeat cfDNA testing
is effective in providing reliable results after initial failure
due to low ff. Veracity repeat cfDNA testing was more
effective than previously published meta-analysis studies
using alternative methodologies [14]. In this context it is
important that the assay estimates ff accurately and that
practitioners develop practice guidelines to consider the
fetal fraction, maternal weight, gestational age and other
clinical pregnancy indications in recommending repeat
testing. Furthermore, the Veracity analysis pipeline
allows for a clear separation between the risk scores of
trisomic and disomic samples allowing a binary classification scheme which prevents unclassified, inconclusive
or ‘boarderline’ results reported using other methodologies [15].
The overall performance of Veracity in the sample cohort of this prospective study, indicated 100% (95% CI,
94–100%) sensitivity for all common trisomies. Overall,
demonstrated sensitivities indicate a more robust performance of Veracity compared to other methodologies,
as published in multiple meta-analysis studies [15, 16] .
This could be attributed to the underlying technology
platform that ensures extremely high accuracy by enabling robust fetal fraction estimation and by avoiding
copy number variants, or other complex genomic architectural elements which can cause false positive (FP) or
false negative (FN) results [17].
In the present prospective study, we determined the
PPV for trisomy 13 and monosomy X to be 71 and 57%
respectively. The lower PPV for trisomy 13 and monosomy X is expected and is concordant with results from
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previously reported studies from large scale cytogenetic
analysis [18, 19]. There are known biological reasons
that are responsible for discrepant NIPT results. Most
false positive results for trisomy 13 and monosomy X
are a consequence of confined placental mosaicism
(CPM). As previously reported, CPM has a higher incidence in monosomy X and trisomy 13 [18, 19], which
likely explain the lower observed PPV for trisomy 13
and monosomy X. Other reasons for such discrepancies
may include an undetected vanishing twin, maternal
chromosome abnormality (mosaic or otherwise) and maternal metastatic disease. In the present prospective
study, follow-up information of normal samples was
based only on live birth examination. This poses a limitation, as the calculated NPV value could be lower due
to the presence of undetected SCA constitutions.

Conclusion
The application of NIPT has revolutionized prenatal
screening of common aneuploidies and other conditions
of clinical relevance. This study provides further proof of
the high accuracy of NIPT compared to conventional
screening methods. The role of first trimester nuchal
translucency measurement and conventional biochemical testing needs to be reassessed in the context of the
use of cfDNA testing which is a powerful tool in prenatal care. Furthermore, we hereby show that Veracity, a
new NIPT test based on a novel technology which was
developed to overcome many of the limitations of other
NIPT tests, exhibits high accuracy both in validation
studies and routine testing conditions. The test’s high
read depth and ability to efficiently capture cell- free
DNA fragments delivers state-of the-art performance in
fetal aneuploidy detection, fetal fraction estimation and
cost effectiveness.
With the advent and broad implementation of these
powerful NIPT technologies, challenges related to pretest counseling issues, objective assessment of performance, the interpretation of results and counseling-related
issues do arise and need to be addressed. Conclusively,
NIPT is a powerful tool that provides clinicians and prospective parents with important information and empowers them to make informed decisions regarding
pregnancy management.
Methods
Blinded retrospective and prospective studies.
Subjects

All samples collected retrospectively were obtained anonymously from pregnant women of at least 18 years of
age from the 10th week of gestation from multiple referring centres. Protocols used for sample collection were
approved by the National Bioethics Committees and
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informed consent was obtained from all participants. All
samples collected prospectively were collected after the
9th week of gestation and sent to our laboratories. Appropriate informed consent was obtained from all subjects included in this study.
A total of 305 singleton pregnancy samples were included in the blinded retrospective validation study for
SCAs detection. All samples were confirmed by invasive
testing. Five samples exhibited insufficient fetal fraction
and were excluded from analysis. The sex chromosome
abnormality cases enrolled in this study included 45,X,
47,XXY, 47,XXX, and 47,XYY cases.
A total of 306 twin pregnancy samples were included
in the blinded validation study for aneuploidy detection
of trisomy 13, 18, 21. This cohort included abnormal
cases for these trisomies. A subset of 100 samples was
collected in a blinded retrospective manner. All samples
were confirmed by invasive testing. A subset of 206 twin
samples was collected prospectively. In this cohort, confirmation feedback was available for abnormal samples.
Six samples out of the 306 exhibited insufficient fetal
fraction and were excluded from analysis.
Sample collection and preparation

A mean of 8 ml of peripheral blood was collected from
each subject into EDTA-containing tubes or cell-free
DNA BCT tubes (Streck Inc.; Omaha, NE). A mean of 4
ml of plasma was isolated using a double centrifugation
protocol by centrifugation at 1600 g for 10 min, followed
by 16000 g for 10 min. Isolated plasma samples were
stored at − 80 °C until subsequent analysis. Samples were
coded to all operators and the analysts who processed
the samples. Circulating cell-free DNA (cfDNA) was extracted from 4 ml of plasma using the Qiasymphony
DSP Virus or Qiasymphony Circulating DNA Kit (Qiagen, Valencia, CA). Samples were processed for library
preparation and were enriched using a target capture
protocol as previously described using custom target
capture sequences (TACS) of approximately 250 bp designed to capture selected loci on chromosome 21,
chromosome 18 and chromosome 13, chromosome X
and chromosome Y [5]. Captured sequences were eluted
and amplified using outer-bound adaptors. Enriched
products were pooled and sequenced on the Illumina,
Nextseq 500 sequencing platform.
Data analysis

Median and interquartile range (IQR) was used as descriptive statistics. The IQR is considered as a measure
of statistical dispersion, being equal to the difference between the third (upper) quartile and the first (lower)
quartile, with the term quartile being used to describe
the division of our data set into four equal portions
(quartiles). The IQR value provides useful information
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on the spread of those data points that (i) lie around the
median and (ii) account for the 50% of the total number
of data points. The larger the IQR value the larger is the
spread.
Custom target capture sequences (TACS) were designed to capture selected loci on chromosomes 21, 18,
13, X and Y with approximately 500 TACS per chromosome. Classification of fetal aneuploidy was performed
as previously described with modifications [5]. In brief,
multiple aneuploidy detection engines and different statistical approaches were used to determine the sample’s
risk for aneuploidy. The fetal fraction of each sample
was also estimated using methods that are previously described in [5]. In dichorionic twins, the algorithm estimated the fetal fraction of the fetus with the smallest
contribution of fetal material towards the total fetal content, by taking into account the marginal contribution of
each fetus to the total fetal fraction. A metropolisHastings algorithm was implemented to get samples
from the marginal posterior probability distributions.
Results were compiled electronically and were
reviewed by a subject matter expert who assigned the
final classification.
Veracity analytical performance evaluation

All data included in this prospective study were generated in our CLIA certified and CAP accredited laboratory until February 2018. Testing was performed in
whole blood samples that were collected in cell-free
DNA BCT tubes (Streck Inc.; Omaha, NE) after the 9th
week of gestation and sent to our laboratories by 176
different referring centres from 21 countries. Appropriate informed consent was obtained from all subjects included in this study. Plasma was isolated as described
above. Upon reception and sample processing, samples
were evaluated for initial laboratory quality metrics.
Samples were rejected if the tubes were broken, blood
volume was too low, insufficiently labelled or if the sample was clotted, grossly hemolysed or arrived in the laboratory more than 8 days after collection. A redraw was
requested for samples that failed to meet initial laboratory quality control criteria. Samples that failed quality
control criteria were re-drawn and analysed. A re-draw
sample was also requested for samples that failed to
meet a sufficient fetal fraction threshold (n = 390). Consultation was provided by our laboratory personnel for
the collection of a subsequent sample. All results were
reviewed by the laboratory director prior to the final
reporting of results to the referring physician. Confirmation feedback and follow-up outcome was either requested by a laboratory director or provided voluntarily
by the referring centres including details for the confirmation method. The confidence intervals were computed using the Clopper and Pearson method and reflect
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the additional uncertainty from exclusion of no-follow
up cases. The assumption is that the expected value of
the true proportions (sensitivity, specificity and PPV) do
not change between the total number of positive calls
and the subset for which we have follow-up.

Additional file
Additional file 1: Figure S1. Maternal Weight Distribution at NIPT
sampling. (TIFF 156 kb)
Additional file 2: Figure S2. Distribution of fetal fraction estimates.
(TIFF 60 kb)
Additional file 3: Table S1. Patient Demographics. Table S2. Test
Performance. (DOCX 14 kb)
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