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PURPOSE: Copy-number variant (CNV) assessment is recommended for patients undergoing prenatal diagnostic testing.
Noninvasive screening tests have not been extensively validated for CNV detection. The objective of this study was to compare
the ability of genome-wide noninvasive prenatal screening (NIPS) to chromosomal microarray to detect clinically significant
findings.
METHODS: We prospectively enrolled 198 subjects at the time of consent for diagnostic prenatal testing. Genome-wide NIPS
results were compared with diagnostic testing results to assess NIPS test performance (n= 160, 38 subjects without microarray
results excluded). Cohen’s kappa statistic was used to assess test agreement.
RESULTS: Genome-wide NIPS did not detect clinically significant chromosomal abnormalities at the same rate as diagnostic testing,
κ= 0.75 (95% confidence interval [CI], 0.62–0.87). When excluding CNVs <7 Mb and findings outside the limits of genome-wide
NIPS, test agreement improved, κ= 0.88 (0.79–0.97) driven by agreement for common aneuploidies (κ= 1.0). However, among
patients with an abnormal fetal survey, agreement was only fair, κ= 0.38 (0.08–0.67).
CONCLUSION: While NIPS is an excellent screening test for common aneuploidies, genome-wide NIPS misses clinically significant
findings detected on routine diagnostic testing. False positive and false negative cases highlight the importance of pretest
counseling regarding NIPS limitations, especially in the setting of fetal anomalies.
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INTRODUCTION
Prenatal genetic testing has witnessed unprecedented advances
over the last decade, including the introduction of noninvasive
prenatal screening (NIPS) and chromosomal microarray. Given its
excellent clinical performance, NIPS rapidly replaced traditional
serum screening methods for detection of trisomy 13, 18, 211 and
is now endorsed by the American College of Obstetricians and
Gynecologists (ACOG) and the Society for Maternal Fetal Medicine
(SMFM) for aneuploidy screening in both high- and low-risk
pregnancies.2

Although NIPS can accurately screen for common aneuploidies,
pregnancies in average-risk women are more commonly affected
by pathogenic copy-number variants (CNVs) than whole-
chromosome abnormalities.3 Pathogenic CNVs affect 1–3% of all
structurally normal pregnancies and are not detected by standard
genetic screening in early pregnancy.4,5 Therefore, ACOG recom-
mends that chromosomal microarray be routinely offered to
patients undergoing prenatal diagnostic testing due to its
increased diagnostic yield,6 particularly in pregnancies with fetal
structural abnormalities.4

Given the importance of CNV detection, genome-wide NIPS was
introduced in 2015 as a new screening test designed to detect
CNVs >7 Mb and CNVs within seven microdeletion regions
associated with common microdeletion syndromes.7 Initial
validation studies of expanded NIPS have demonstrated mixed
results, with some suggesting poor positive predictive value (PPV)
for microdeletion syndromes and others suggesting higher

PPVs.8–11 Test performance is influenced by a number of factors,
including prevalence of each disorder, maternal CNVs, placental
mosaicism, fetal fraction, sequencing depth (i.e., the number of
unique reads that include a given nucleotide in the reconstructed
sequence), and CNV size, among other factors. Although there has
been considerable excitement and implementation of these new
expanded noninvasive screening tests, prospective clinical valida-
tion data are lacking.12

Coinciding with the launch of genome-wide NIPS, one
validation study was published reporting a sensitivity of 97.7%
and specificity of 99.9% for detection of whole-chromosome and
subchromosomal abnormalities other than trisomies 13, 18, 21,
and the sex chromosome aneuploidies, by genome-wide NIPS
(n= 42 cases, specific chromosomal anomalies not all specified).13

Although promising, this study has limited clinical application, as it
lacked confirmation of screening results by diagnostic chromoso-
mal microarray and follow-up of presumed negative cases. Studies
on other genome-wide NIPS platforms have raised concern about
balancing the marginal detection rate of fetal chromosomal
aberrations against the rate of false positive results.14

In this study, we sought to conduct an independent clinical
validation study of genome-wide NIPS and estimate the propor-
tion of patients in which expanded NIPS would yield results
concordant with clinical chromosomal microarray. For patients
with imperfect agreement between NIPS and diagnostic testing,
we aimed to identify cases where the discrepancy had clinically
meaningful consequences.
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MATERIALS AND METHODS
Study design and subjects
We conducted an institutional review board (IRB)–approved prospective
cohort study of patients with singleton pregnancies undergoing diagnostic
genetic testing (amniocentesis, chorionic villus sampling, percutaneous
umbilical cord sampling [PUBS], or cord blood testing) with a chromosomal
microarray in the Center for Fetal Medicine and Reproductive Genetics at
Brigham and Women’s Hospital (Boston, MA) and in the antenatal
diagnostic centers at Massachusetts General Hospital (Boston, MA) and
Newton-Wellesley Hospital (Newton, MA) over 24 months (2017–19). We
excluded patients with prior diagnostic testing, as well as those with
diagnostic testing whose cytogenetic results could not later be confirmed
and those with normal karyotypes who declined chromosomal microarray.
Following clinical consent for diagnostic testing, study participants were

approached and consented by study investigators (genetic counselors and
obstetricians). Prior to diagnostic testing, maternal blood was drawn and
sent for evaluation with the genome-wide cell-free fetal DNA test, MaterniT
Genome® (Sequenom), on a research basis. Sequenom entered a
collaborative agreement with the principal investigators in which
Sequenom agreed to run and interpret their genome-wide test per their
standard protocol at no cost. Staff at Sequenom did not have access to the
results of the clinical chromosomal microarray. Patients received prenatal
clinical diagnostic testing results similar to any patient not enrolled in the
study and did not receive results from the NIPS test.
Diagnostic testing (karyotype or chromosomal microarray) was per-

formed by independent CLIA-certified molecular cytogenetic laboratories
per standard protocol. All laboratories in this study used the Affymetrix
Cytoscan HD assay, a high density, whole-genome microarray with
2,696,550 probes. The array consists of 1,953,246 nonpolymorphic regions
and 743,304 single-nucleotide polymorphisms, with an average genome-
wide spacing of 1.1 kb. Laboratory staff were unaware of patients’
involvement in this clinical study. At the time of study enrollment,
subjects were also consented for genetic testing on postdelivery placental
samples if noninvasive and clinical diagnostic testing results were
discordant and otherwise unexplained. These results were for research
purposes only and were not returned to enrolled subjects.

Assessment of agreement between tests
Results of clinical diagnostic testing were compared to those obtained by
genome-wide NIPS by study investigators, including MFM geneticists and
genetic counselors familiar with interpretation of microarray analyses. The
primary outcome was overall agreement between the two tests as
measured by a kappa statistic (κ) with 95% confidence intervals (CI).
The κ statistic is an index of agreement, with 1.0 indicating perfect

agreement and 0 indicating agreement equivalent to chance. Interpreta-
tions of kappa statistic ranges include 0.01–0.20 as none to slight,
0.21–0.40 as fair, 0.41–0.60 as moderate, 0.61–0.80 as substantial, and
0.81–1.0 as near perfect. We defined “agreement” as identification of any
deletion or duplication overlapping with that discovered on diagnostic
testing. For example, a positive call of a 16.8-Mb duplication by genome-
wide NIPS that overlapped with a 17.5-Mb duplication identified on
diagnostic testing would be considered in agreement.
We calculated the minimum sample size necessary to detect 90%

agreement between genome-wide NIPS and chromosomal microarray
testing, represented by κ= 0.95. Given that our institutional rate of
clinically significant findings on diagnostic testing is 15% and assuming a
two-sided alpha of 0.05 and power of 80%, at least 55 study participants
were needed to evaluate agreement between the two tests.

Simulated estimates of risk modification
To understand NIPS clinical utility, we then calculated the baseline pretest
risk, as well as the post-test residual risk, of having a clinically significant
finding on chromosomal microarray in patients with positive and negative
NIPS results in three clinically relevant cohorts: all patients referred for
diagnostic testing, patients referred for testing who were not found to
have a common aneuploidy or sex chromosome aneuploidy, and patients
referred for diagnostic testing with an abnormal ultrasound. The cohort of
patients in whom we excluded common aneuploidies and sex chromo-
some aneuploidies was designed to simulate the added benefit of
genome-wide screening over that of NIPS for 13, 18, 21, X, and Y only.

Data collection
Participant data, including demographic information, genetic screening,
and pregnancy information including sonographic findings and indication
for diagnostic testing, were collected by chart abstraction.

RESULTS
Study population
In this prospective study, 198 participants had maternal blood
collected for genome-wide NIPS at the time of consent for either a
diagnostic procedure or cord blood collection with subsequent
karyotype and/or chromosomal microarray testing. Of the 198
enrolled participants, 14 were excluded due to lack of confirma-
tory diagnostic testing, which was planned at delivery and not
performed due to circumstances including patient preference,
clinical scenario, or change in indication. An additional 24 subjects
were excluded who had a normal karyotype and declined
chromosomal microarray. The demographic characteristics of the
remaining 160 participants are shown in Table 1. The average age
of study participants was 34.5 (+/-5.2) years and participants were
recruited at Brigham and Women’s (78.8%), Massachusetts
General (13.8%), and Newton-Wellesley (7.5%) Hospitals. Preg-
nancy and prenatal testing characteristics of the cohort are
depicted in Table 2; notably 54.8% of participants had an
abnormal fetal survey with at least one structural anomaly
(excluding soft markers). At the time of diagnostic testing,
consenting providers documented one or more indications for
testing. Fetal anomaly suspected on ultrasound was the most
common documented indication for diagnostic testing in our
cohort (43.1% of participants). Other common indications for
diagnostic testing were increased nuchal translucency (18.1%) and
abnormal aneuploidy screen (14.4%). Enrollment occurred at the
time of diagnostic testing after consent for amniocentesis (46.3%),
chorionic villus sampling (42.5%), cord blood collection (10.6%), or
PUBS (0.6%).

Table 1. Participant demographic characteristics (N= 160).

Demographic Mean (SD) or N (%), range

Maternal age (years) 34.5 (5.2), 19.9–48.5

Gravidity 2.88 (1.45), 1–7

Parity 0.79 (0.94), 0–4

Recruitment hospital

Brigham and Women’s Hospital 126 (78.8%)

Massachusetts General Hospital 22 (13.8%)

Newton-Wellesley Hospital 12 (7.5%)

Self-reported race

White 123 (77.8%)

Black 7 (4.4%)

Hispanic 26 (17.6%)

Asian 8 (5.1%)

Mixed 3 (1.9%)

Other 17 (10.8%)

Insurance status

Private 125 (81.7%)

Public 28 (18.3%)
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Assessment of agreement between tests
Performance of genome-wide NIPS was assessed by comparing
NIPS results with the results of clinical diagnostic testing. Detailed
findings are highlighted in Table 3 with discordant results detailed
in Supplemental Table 1. Common aneuploidies were detected by

genome-wide NIPS in 21 cases, with accurate identification of
100% of cases of trisomies 21, 18, and 13 in our cohort. There were
no false positives or false negatives among these common
aneuploidies.
For the sex chromosome abnormalities (SCA), 3 of 5 (60%)

identified by genome-wide NIPS were consistent with diagnostic
testing results, including two cases of Klinefelter syndrome (XXY)
and one case of monosomy X. For the other two abnormal NIPS
sex chromosome results, there was one false positive case of
monosomy X (interpreted as possible mosaic monosomy X) and
one case where sex chromosome analysis by genome-wide NIPS
was inconclusive (but was normal on microarray). False negatives
included one case with normal genome-wide NIPS but monosomy
X on diagnostic testing.
In terms of genome-wide abnormalities beyond the detection

capabilities of the genome-wide NIPS platform utilized, two cases
of triploidy and one case with multiple areas of homozygosity
were identified by diagnostic testing and were not ascertained by
genome-wide NIPS.
For CNVs, ten cases with CNVs were detected by genome-wide

NIPS. One microdeletion syndrome, 5p minus (cri-du-chat)
syndrome, with targeted coverage on genome-wide NIPS was
correctly identified. No other targeted microdeletion syndromes
were detected in this cohort. The remainder of the copy-number
results were split into those >7 Mb and those <7 Mb, as this is the
targeted threshold of detection by the genome-wide NIPS testing
platform (Sequenom®). Among the large CNVs, two false positive
calls (10 Mb and 24 Mb in size) were reported by genome-wide
NIPS and were not confirmed on diagnostic testing. The 10-Mb
deletion on genome-wide NIPS was on 10q in a pregnancy
undergoing diagnostic testing due to a fetal right-sided aortic
arch. Microarray on amniotic fluid in this pregnancy demonstrated
an isolated 110-kb deletion on 2q, classified as a variant of
uncertain significance (VUS). As part of the study, a microarray was
performed on the placenta following delivery given the discordant
results and there was no evidence of the 10-Mb loss on 10q
reported by genome-wide NIPS. In the second false positive case
of a CNV >7Mb, a 24-Mb gain on 18q was identified by genome-
wide NIPS in a fetus with tetralogy of Fallot and was not confirmed
by diagnostic microarray performed on a cord blood sample after
birth. In this case, diagnostic microarray on cord blood revealed a
22.5-Mb pathogenic deletion on 18q and no other significant
findings. Follow-up placental microarray revealed the same 18q
22.2-Mb deletion in addition to a 15.9-Mb duplication on 18q
(overlapping with the 24-Mb gain detected on genome-wide
NIPS). Karyotype was not performed due to sample limitations and
follow-up parental testing was clinically recommended, but
remains unavailable. A false negative genome-wide NIPS result
occurred in one case where a large (7.7 Mb) pathogenic CNV was
detected on diagnostic testing, but was not reported on genome-
wide NIPS.
Although the targeted threshold for CNV detection by genome-

wide NIPS is >7 Mb, there were three cases in which NIPS reported
smaller CNVs (ranging in size from 2 to 5 Mb) that were not
confirmed on diagnostic testing. In each of these cases, a
microarray was performed as part of this study on placental
tissue following delivery and did not show evidence of the
deletions or duplications reported by genome-wide NIPS. In
contrast, by diagnostic microarray, two smaller clinically significant
CNVs (104 kb and 813 kb) were identified, but were not detected
by genome-wide NIPS and were below the resolution of the test.
Cohen’s kappa statistic was used to assess the agreement

between genome-wide NIPS and diagnostic testing. This analysis
demonstrated that expanded noninvasive genome-wide screen-
ing does not detect the same rate of clinically significant
chromosomal abnormalities when compared with chromosomal
microarray, with a kappa statistic of κ= 0.75 (95% CI, 0.62–0.87), as
illustrated in Fig. 1. This measure of agreement reflects 29

Table 2. Maternal pregnancy and prenatal testing characteristics
(N= 160).

Mean (SD) or N (%), range

Gestational age at sample collection
(weeks)

18.2 (8.1), 10.9–40.6

Fetal fraction (%) 10.4 (4.9), 2.0–27.0

Normal fetal anatomic survey (N= 126)

No 69 (54.8%)

Yes 57 (45.2%)

Type of diagnostic testing

Amniocentesis 74 (46.3%)

Chorionic villus sampling 68 (42.5%)

Cord blood 17 (10.5%)

Percutaneous umbilical blood
sampling (PUBS)

1 (0.6%)

Documented indication for diagnostic testinga

Fetal anomaly suspected on ultrasound 69 (43.1%)

Parents known to be carriers of genetic
disorder

19 (11.9%)

Increased nuchal translucency 29 (18.1%)

Positive aneuploidy screen 23 (14.4%)

Advanced maternal age 17 (10.6%)

Otherb 11 (6.9%)

Previous pregnancy with a chromosomal
disorder

9 (5.6%)

Family history of inherited disorder 9 (5.6%)

Diagnostic testing orderedc

Chromosomal microarray 131 (81.9%)

Karyotype 64 (40.0%)

Otherd 21 (13.1%)

Single-gene or gene panel 16 (10.0%)

Pregnancy outcome

Live birth 99 (61.9%)

Termination 42 (26.3%)

Unknown 9 (5.6%)

Miscarriage 6 (3.8%)

Stillbirth 4 (2.5%)

aProviders consenting for diagnostic testing documented one or more
indications for diagnostic testing; they were not mutually exclusive.
Thus, the sum of all categories is greater than 100%.
bOther indications for diagnostic testing included isoimmunization (3),
concern for chorioamnionitis (3), concern for CMV infection (3), known
maternal Robertsonian 13,14 translocation (1), and fetal sex discordance
between preimplantation genetic testing for aneuploidies (PGT-A) and
noninvasive prenatal screening (NIPS). PGT-A is a technology that tests a
few cells of a developing embryo for aneuploidy prior to transfer during
in vitro fertilization.
cTypes of diagnostic testing ordered were not mutually exclusive. Thus,
the sum of all categories is greater than 100%.
dOther testing ordered included: 7-dehydrocholesterol, TORCH titers,
blood typing, uniparental disomy (UPD) studies, FMR1 testing, spinal
muscular atrophy (SMA) testing, and methylation testing.

S. Guseh et al.

1343

Genetics in Medicine (2021) 23:1341 – 1348



concordant positive results, 108 concordant negative results, 7
false positives, and 7 false negatives. Excluding cases of triploidy,
areas of homozygosity, and CNVs <7Mb (all abnormalities not
expected to be detected by this genome-wide NIPS platform), the
agreement between noninvasive genome-wide screening and
chromosomal microarray was improved with κ= 0.88 (95% CI,
0.79–0.97). In this subanalysis, there were only four false positives
and two false negatives. This improvement was driven by the
accurate detection of all 21 cases of common aneuploidies in
our cohort, translating to a kappa statistic of κ= 1.0 for this subset
of cases.
To address the agreement between tests beyond that of the

common aneuploidies, we also calculated a kappa statistic
excluding the common aneuploidies and sex chromosome
aneuploidies, which would be evaluated on common NIPS
platforms. The agreement between genome-wide NIPS and
chromosomal microarray beyond trisomies 13, 18, 21, and the
sex chromosome aneuploidies was more limited with κ= 0.43
(95% CI, 0.15–0.71) indicating moderate agreement.
An additional 13 CNVs <7 Mb classified as VUS were detected by

chromosomal microarray (see Supplemental Table 2). When
including these 13 CNVs in our calculation, the agreement
between noninvasive genome-wide screening and chromosomal
microarray inclusive of all CNVs was also more limited with κ=
0.56 (95% CI, 0.42–0.71) indicating moderate agreement. This was
driven by 27 discordant cases including 7 false positives and 20
false negatives.
Among cases in which diagnostic testing was pursued in the

setting of an abnormal fetal survey, noninvasive genome-wide
screening demonstrated the most limitations compared with
diagnostic testing in detecting clinically significant chromosomal
abnormalities with κ= 0.38 (95% CI, 0.08–0.67) indicating only fair
agreement. This agreement reflects 5 concordant positives, 4 false
positives, 7 false negatives, and 48 concordant negative results.

Simulated estimates of risk modification
To translate the Cohen’s kappa statistics into more tangible
counseling advice, we simulated the effect of a positive or
negative genome-wide NIPS result on the risk of detection of a
chromosomal abnormality on diagnostic testing. In our cohort, the
baseline post hoc risk of a clinically significant chromosomal

abnormality in all participants presenting for diagnostic testing
and enrolled in the study was 23.8%. Among those participants
with a positive genome-wide NIPS result, the risk of a fetal
chromosomal abnormality was 80.6%. Therefore, a positive
genome-wide NIPS result increased the risk of a clinically
significant finding on diagnostic testing by more than threefold,
from 23.8% to 80.6%, as shown in Fig. 2a. In contrast, a negative
genome-wide NIPS result reduced the risk of a significant
chromosomal abnormality from the baseline risk of 23.8% to 6.1%.
Next, we examined the group of patients who did not have a

common aneuploidy or sex chromosome aneuploidy diagnosed
by NIPS in Fig. 2b. This subset of our cohort had an 8.7% baseline
risk of having a clinically significant finding on chromosomal
microarray. In those with a positive genome-wide NIPS result, this
risk increased to 50%. Those with a negative genome-wide NIPS
result had a residual risk of 5.2%.
Finally, we simulated the effect of genome-wide NIPS results in

the population of pregnant subjects whose documented indica-
tion for diagnostic testing was an abnormal anatomic fetal survey.
In this subpopulation, the baseline risk of a clinically significant
chromosomal abnormality was 18.8% and a positive genome-wide
NIPS finding increased that risk to 55.6%, as shown in Fig. 2c.
Those with an abnormal ultrasound and a negative genome-wide
NIPS had their risk of a clinically significant finding reduced
minimally from 18.8% to 12.7%.

Evaluation of nonreportable results
Among the 160 subjects in our study, 9 (5.6%) had genome-wide
NIPS results that were not evaluable, as detailed in Supplemental
Table 3. Six of those were reported as quantity not sufficient (QNS)
in the setting of a fetal fraction <4%. Two of these six cases were
found to have triploidy on diagnostic testing at 15 and 18 weeks
gestational age. The other four cases that were reported as QNS
ranged in gestational age from 12 to 21 weeks and had normal
microarrays following diagnostic testing. The remaining three
nonreportable genome-wide NIPS tests failed quality control in
the setting of excessive noise and were drawn at the gestational
ages of 12, 16, and 30 weeks; two had small VUS diagnosed on
microarray and one had a normal microarray.

Table 3. Genome-wide NIPS and microarray detection of clinically significant findings.

Abnormality NIPS+
diagnostic test+

NIPS+
diagnostic test−

NIPS−
diagnostic test−

NIPS−
diagnostic test+

Trisomy 21 17 0 134 0

Trisomy 18 2 0 149 0

Trisomy 13 2 0 149 0

SCA 3 2 145 1

Triploidy 0 0 149 2

AOH 0 0 150 1

CNVs

Select microdeletionsa 1 0 150 0

>7Mb, pathogenic 4 2 147 1

<7Mb, pathogenic 0 3 146 2

Total 29 7 108 7

AOH area of homozygosity, CNVs copy-number variants, NIPS noninvasive prenatal screening, SCA sex chromosome aneuploidy.
aThe select microdeletions include 5p (cri-du-chat syndrome), 1p36 deletion syndrome, 15q (Prader–Willi syndrome), 15q (Angelman syndrome), 11q
(Jacobsen syndrome), 8q (Langer–Giedion syndrome), and 4p (Wolf–Hirschhorn syndrome).
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DISCUSSION
Chromosomal microarray is recognized as the standard of care for
patients undergoing diagnostic testing during pregnancy.5,6

Genome-wide testing with a chromosomal microarray has the
ability to detect clinically significant CNVs that occur independent
of maternal age and may be present in the setting of a normal
fetal anatomic survey. Currently, many patients who present for
genetic counseling looking for genome-wide information due to
fetal structural anomalies or other indications opt for noninvasive
testing using cell-free fetal DNA, despite recommendations to
proceed directly to a diagnostic test (e.g., chorionic villus sampling
or amniocentesis).15 Patients may decline diagnostic testing due
to their perception of risk associated with diagnostic testing and
the availability and attractiveness of the genome-wide noninva-
sive cell-free DNA test. Concerningly, some patients with negative
noninvasive testing results may incorrectly conclude that a normal
result means that there is not a genetic disorder affecting the
fetus.16 Despite its frequent use in clinical care, to date, no clinical
validation of genome-wide NIPS has been performed. Our project
was designed to begin to address this gap.
As expected, we found that genome-wide NIPS does not detect

the same rate of clinically significant findings as diagnostic testing
using chromosomal microarray. This finding has important
implications for patient care, with the utility of these results
highlighted in hypothetical decision trees in Fig. 2a–c. In Fig. 2a, a
patient in our cohort having diagnostic testing with a positive
genome-wide NIPS finding would have their risk of a clinically
significant finding in the fetus increased from 23.8% to 80.6%.
Although this might help some patients make a decision about
diagnostic testing, it is certainly not a replacement for diagnostic
testing and might delay the definitive diagnosis, potentially
limiting reproductive options. On the other hand, a patient with a

negative genome-wide NIPS would have their risk of a clinically
significant finding reduced from 23.8% to 6.1%, which provides
incomplete reassurance and is above many patient and provider
thresholds for proceeding with diagnostic testing. Notably, the risk
modification represented in these decision trees is driven by high
specificity of NIPS for common aneuploidies.
To evaluate for other chromosomal abnormalities beyond those

detected in the most commonly used NIPS, we next excluded the
common aneuploidies and sex chromosome aneuploidies from
our decision tree analysis (Fig. 2b). After excluding these
conditions, a positive genome-wide NIPS would increase the risk
of a clinically significant finding in our cohort from 8.7% to 50%
and a negative result would decrease the risk of a clinically
significant finding from 8.7% to 5.2%. In other words, a positive
genome-wide NIPS result has a 50% chance of being a true
positive and a negative result does not significantly change the
risk stratification. Given this, patients desiring definitive informa-
tion about the risk of a chromosomal abnormality in pregnancy
should be strongly encouraged to pursue diagnostic testing.
We next generated a decision tree in the population of study

subjects having diagnostic testing due to an abnormal fetal
anatomic survey, as this represents a large proportion of patients
who have genome-wide NIPS sent clinically.6 As depicted in
Fig. 2c, a patient with an abnormal ultrasound and a positive
genome-wide NIPS finding would have their risk of a clinically
significant finding increased from 18.8% to 55.6%. Those with an
abnormal ultrasound and a negative genome-wide NIPS would
have their risk of a clinically significant finding reduced from
18.8% to 12.7%. Although not all patients may agree, each of
these risk adjustments is unlikely to meaningfully impact clinical
care, either in the pursuit of diagnostic testing, decision making, or
delivery planning. These data strongly support societal

NIPS vs. all clinically significant findings

NIPS vs. clinically significant findings
(excluding triploidy, homozygosity, and CNV < 7 Mb)

NIPS vs. clinically significant findings (including VUS)

NIPS vs. all clinically significant findings in a
population with an abnormal fetal ultrasound

0.0 0.1 0.2 0.3 0.4

K statistic for agreement between noninvasive and invasive testing

Higher values associated with greater agreement
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Fig. 1 Degree of agreement between genome-wide noninvasive prenatal screening (NIPS) and diagnostic testing. Forest plot of the kappa
statistics with 95% confidence intervals (CI) calculated in our cohort. The first data point illustrates the ability of genome-wide NIPS to detect
all clinically significant findings identified on chromosomal microarray, κ= 0.75 (95% CI, 0.62–0.87). The second data point illustrates the same
comparison, but excludes copy-number variants (CNVs) <7 Mb and other findings not detectable by genome-wide NIPS. In this scenario, the
agreement between genome-wide NIPS and diagnostic testing improves, κ= 0.88 (95% CI, 0.79–0.97). If variants of uncertain significance
(VUS) are included as clinically significant findings, the agreement between genome-wide NIPS and diagnostic testing is moderate illustrated
in the third data point, κ= 0.56 (95% CI, 0.42–0.71). Finally, the red data point illustrates only fair agreement between genome-wide NIPS and
the clinically significant findings identified through diagnostic testing among patients with an abnormal fetal ultrasound, κ= 0.38 (95% CI,
0.08–0.67).
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recommendations for diagnostic testing with evaluation by
chromosomal microarray in the setting of fetal anomalies.17

It is worth noting that these hypothetical models include results
on diagnostic testing that are not designed to be captured by
genome-wide NIPS, including triploidy, areas of homozygosity,
and CNVs <7 Mb. These were included in one of the calculations of
agreement as our primary aim was to compare genome-wide NIPS
to standard diagnostic testing, which now includes chromosomal
microarray.5,18,19 Furthermore, prenatal counseling resources are
limited in many settings and, thus, patients may be unaware of
the differences in the detection capabilities of genome-wide
noninvasive testing compared with prenatal diagnostic testing. To
aid in patient counseling, the question of overall concordance of

these testing modalities is, therefore, intended to answer the
question of agreement between noninvasive and diagnostic
testing.
Not surprisingly, after limiting the evaluation of agreement to

findings specifically designed to be detected by genome-wide
NIPS, the kappa statistic increased to 0.88, which in some
interpretations is defined as “almost perfect.” In other words,
genome-wide NIPS shows “almost perfect” agreement with
findings that would be detected by karyotype, not chromosomal
microarray. As common trisomies and sex chromosome aneu-
ploidies were 82.8% of the cytogenetic abnormalities correctly
identified in these cases, expanded genome-wide NIPS performed
well. However, when considering only the added value of

Population referred for
diagnostic testing

a

b

c

Genome-wide NIPS
positive result

Confirmatory
diagnostic testing

Little reassurance

Population referred for
diagnostic testing with an

abnormal ultrasound

Population referred for
diagnostic testing excluding

common aneuploidies and SCA

Confirmatory
diagnostic testing

Confirmatory
diagnostic testing

Measured
reassurance

Minimal change in
residual risk

Genome-wide NIPS
negative result

Genome-wide NIPS
positive result

Genome-wide NIPS
negative result

Genome-wide NIPS
positive result

Genome-wide NIPS
negative result

(baseline risk 23.8%)

(baseline risk 8.7%)

(baseline risk 18.8%)

(residual risk 80.6%)

(residual risk 6.1%)

(residual risk 50.0%)

(residual risk 5.2%)

(residual risk 55.6%)

(residual risk 12.7%)

Fig. 2 Simulated risk modification with genome-wide noninvasive prenatal screening (NIPS). Flow diagram, moving left to right, depicts
the change in baseline risk for a patient referred to our institution. (a) Entire cohort, in which 23.8% of patients enrolled had a clinically
significant chromosomal abnormality. A hypothetical patient referred to us with a positive genome-wide NIPS would have their residual risk
increased from 23.8% to 80.6%, which may serve to support confirmatory diagnostic testing for patients of a given risk preference profile. In
contrast, a negative genome-wide NIPS serves to reduce residual risk from 23.8% to 6.1%, which for patients of a given risk profile may serve
as a measure of reassurance. (b) Subset of patients who did not have a common aneuploidy or sex chromosome aneuploidy diagnosed by
NIPS. In this group, 50% of patients with a positive genome-wide NIPS result were found to have a clinically relevant finding on chromosomal
microarray. Those with a negative genome-wide NIPS result had their risk of a clinically significant finding on microarray reduced from 8.7% to
5.2%. (c) Subset of subjects with an abnormal fetal ultrasound. Note that the baseline risk of 18.8% is lower than in the first simulation likely
because aneuploidy is screened out in the first trimester. A hypothetical patient referred with an abnormal fetal ultrasound who was found to
have a positive genome-wide NIPS test would have their risk of a clinically significant chromosomal abnormality increased from 18.8% to
55.6%, which may serve to support confirmatory diagnostic testing for patients of a given risk preference profile. In contrast, a negative
genome-wide NIPS in this population serves to reduce residual risk only marginally from 18.8% to 12.7%.
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including select microdeletions and CNVs >7 Mb present in
genome-wide NIPS but not standard NIPS platforms, there were
three false positive or negative calls and only five true positive
results, which is problematic. This result suggests that, with
enough pretest counseling on the limitations of genome-wide
NIPS including conditions that this noninvasive test will not
detect, there may be a role for this screening in patients who are
interested in limited additional information, but are not willing to
assume the risks (albeit small) associated with diagnostic testing.
However, counseling should always include discussion of the
benefits of diagnostic testing with chromosomal microarray
compared with currently available screening technologies.
Other results not included in our evaluations of agreement

include the 13 VUS detected on chromosomal microarray.
Although some percentage of these may later be classified as
pathogenic and, therefore, be additional clinically significant
results that were “missed,” many will also later be classified as
benign and are therefore unlikely to alter clinical management of
the pregnancy or neonatal care. Such VUS might also contribute
to parental anxiety during pregnancy and, thus, the exclusion of
these from the results of noninvasive testing is one potential
benefit for patients.
Finally, similar to other commercial companies offering

noninvasive screening, 9 of 160 (5.6%) subjects in our study had
a nonreportable result. Similar to other reports, this subset was
found to have a significant rate of aneuploidy, with 2 of 9 (22.2%)
cases diagnosed with triploidy on diagnostic testing.20 With this
confirmed increased risk of aneuploidy among nonreportable
cases, patients with these results should be encouraged to pursue
diagnostic testing if information about aneuploidy during
pregnancy is desired.
In interpreting this study, we must keep in mind a number of

limitations. We have limited ability to determine concordance for
specific CNVs given the relatively small sample size and the rarity
of each individual finding. Our cohort also includes only those
patients who consented to diagnostic testing and, therefore,
represents a population at increased risk for genetic abnormalities.
This cohort also may not be completely generalizable to a
population of patients who decline diagnostic testing, toward
whom genome-wide NIPS is primarily marketed. Despite these
limitations, this study has several strengths. This is the first study
of genome-wide NIPS with independent clinical validation by
chromosomal microarray, the gold standard test for CNVs
detection. Additionally, this study involved multicenter recruit-
ment and a prospective design with patients pursuing diagnostic
testing for a range of indications. Unlike previously published
studies, the negative cases in this cohort were validated with a
microarray.
In summary, the results of this prospective cohort study

highlight the absolute importance of prenatal genetic counseling.
In particular, for patients with a fetal anatomic abnormality,
diagnostic testing with chromosomal microarray and availability of
fetal DNA for targeted genetic testing or exome sequencing
should continue to be strongly encouraged if the patient desires a
prenatal genetic diagnosis.14 Patients’ motivations are of utmost
importance when proceeding with prenatal screening or testing
and can help guide testing choice, whether it be noninvasive or
diagnostic. Understanding these motivations will help inform the
most high-yield testing for each specific patient depending on the
clinical scenario. Additionally, the results of this study emphasize
the need for ongoing technology and test development to
address discordance between NIPS and clinical diagnostic testing
and improve noninvasive genetic testing modalities.
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