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Noninvasive prenatal screening for fetal trisomies
21, 18, 13 and the common sex chromosome
aneuploidies from maternal blood using
massively parallel genomic sequencing of DNA
Richard P. Porreco, MD; Thomas J. Garite, MD; Kimberly Maurel, MSN, CNS; Barbara Marusiak, MS, CRM;
for the Obstetrix Collaborative Research Network; Mathias Ehrich, MD; Dirk van den Boom, PhD;
Cosmin Deciu, MS; Allan Bombard, MD

OBJECTIVE: The objective of this study was to validate the clinical all 3 false-positive results were for trisomy 21. The positive predictive

performance of massively parallel genomic sequencing of cell-free
deoxyribonucleic acid contained in specimens from pregnant women
at high risk for fetal aneuploidy to test fetuses for trisomies 21, 18, and
13; fetal sex; and the common sex chromosome aneuploidies (45, X;
47, XXX; 47, XXY; 47, XYY).

STUDY DESIGN: This was a prospective multicenter observational
study of pregnant women at high risk for fetal aneuploidy who had
made the decision to pursue invasive testing for prenatal diagnosis.
Massively parallel single-read multiplexed sequencing of cell-free
deoxyribonucleic acid was performed in maternal blood for aneu-
ploidy detection. Data analysis was completed using sequence reads
unique to the chromosomes of interest.

RESULTS: A total of 3430 patients were analyzed for demographic
characteristics and medical history. There were 137 fetuses with tri-
somy 21, 39 with trisomy 18, and 16 with trisomy 13 for a prevalence
rate of the common autosomal trisomies of 5.8%. There were no false-
negative results for trisomy 21, 3 for trisomy 18, and 2 for trisomy 13;
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values for trisomies 18 and 13 were 100% and 97.9% for trisomy 21.
A total of 8.6% of the pregnancies were 21 weeks or beyond; there
were no aneuploid fetuses in this group. All 15 of the common sex
chromosome aneuploidies in this population were identified, although
there were 11 false-positive results for 45,X. Taken together, the
positive predictive value for the sex chromosome aneuploidies was
48.4% and the negative predictive value was 100%.

CONCLUSION: Our prospective study demonstrates that noninvasive
prenatal analysis of cell-free deoxyribonucleic acid from maternal
plasma is an accurate advanced screening test with extremely high
sensitivity and specificity for trisomy 21 (>99%) but with less
sensitivity for trisomies 18 and 13. Despite high sensitivity, there
was modest positive predictive value for the small number of
common sex chromosome aneuploidies because of their very low
prevalence rate.

Key words: cell-free deoxyribonucleic acid, massively parallel
genomic sequencing, noninvasive prenatal screening
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etrieving diagnostic information
R about the fetus through noninva-
sive technology has been an elusive goal
for clinicians interested in prenatal diag-
nosis. Although fetal cell traffic in the
maternal circulation has been known
since the 1950s, success at retrieving such
cells including the nucleated fetal eryth-
rocyte has met with limited success.1

The discovery of cell-free fetal deoxy-
ribonucleic acid in the maternal plasma
in 1997 opened up a new frontier in the
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quest for a noninvasive prenatal screening
strategy.2 In the last decade, a number
of investigators have reported successful
diagnoses of fetal sex,3 Rhesus D status,4

monogenic disorders,5,6 and fetal an-
euploidy using a variety of laboratory
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FIGURE 1
Flow diagram showing the process by which patient samples were included for analysis of the common
autosomal trisomies (21, 18, 13)
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techniques to retrieve and analyze nucleic
acid sequences found in the maternal
circulation.7-9 Currently the DNA
sequencing-based approach fulfills the
promise of reliably bringing noninvasive
screening to the patient.10

The objective of this study was to
evaluate the contemporary use of nonin-
vasive screening as it is currently offered to
patients at high risk for fetal aneuploidy.
We collected blood samples from women
who were pursuing prenatal diagnosis
365.e2 American Journal of Obstetrics & Gynecol
by chorionic villus sampling (CVS) or
amniocentesis (AC). These samples were
used to validate the clinical performance
of massively parallel genomic sequencing
(MPS) of cell-free deoxyribonucleic acid
(cfDNA) contained in the specimens for
the testing of fetuses for trisomies 21, 18,
or 13. All samples meeting laboratory
analytical criteria also were analyzed for
fetal sex and the common sex chromo-
some aneuploidies (45, X; 47, XXX; 47,
XXY; 47, XYY).
ogy OCTOBER 2014
MATERIALS AND METHODS

Clinical methodology
This is a prospective multicenter obser-
vational study of the application of a
laboratory developed test. Women at 31
clinical sites judged by their attending
physicians to be at high risk for fetal
aneuploidy, who met the inclusion cri-
teria of the study protocol and who had
made the decision to pursue CVS or AC
were offered enrollment into the study.
Blood samples (20-30 mL drawn into
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FIGURE 2
Flow diagram showing the process by which patient samples were included for analysis of the common sex
chromosome aneuplodies

*NA (not applicable) are those samples wherein copy number of the Y chromosome 
cannot be determined due to low quan�ty of fetal DNA or where copy number varia�on 
of the X chromosome is confounded by maternal component and cannot be determined. 
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2 or 3 ethylenediaminetetraacetic acid
purple/lavenderetop tubes) were drawn
before the procedure in all instances.

The study participant was considered
enrolled and assigned a bar-coded par-
ticipant identification number after the
informed consent was signed but before
the sample was collected. The samples
were immediately placed on wet ice and
transferred to a standard refrigerator at
the collection site where they were
stored at a temperature between 0�C and
8�C. Within 6 hours all samples were
transferred in a chill pack (at approxi-
mately 4�C) to a locally contracted
laboratory for further processing to
plasma. Samples were maintained at a
central storage facility at e70�C or
colder until transferred to the study
sponsor for testing by MPS.
The results of the samples analyzed by

the study sponsor were stored separately
from the original karyotype results and
both secured in password-protected da-
tabases. Karyotypes from the AC or CVS
specimens were completed at indepen-
dent commercial laboratories and the
results reported to the patients and their
providers.
Inclusion criteria were singleton

pregnancy in a patient 18 years of age
or older who had provided written
OCTOBER 2014 Ameri
informed consent and who had made
the decision to pursue invasive prenatal
diagnosis by CVS or AC. The participant
was further judged to be at increased
risk for fetal aneuploidy for 1 or more
of the following conditions: maternal
age 35 years or older at the estimated
date of delivery, screen positive on first-
or second-trimester serum biochemical
screening tests, the presence of a fetal
abnormality on ultrasound, or a per-
sonal or family history of a chromo-
somal abnormality.

Exclusion criteria were the inability to
give written informed consent, multiple
gestation, or fetal demise of an additional
can Journal of Obstetrics & Gynecology 365.e3
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TABLE 1
Baseline characteristics and medical history

Characteristic
AC
(n [ 2590)

CVS
(n [ 840)

Total
(n [ 3430)

Maternal age (y), n (%)

Mean (SD) 34.7 (5.8) 36.4 (4.9) 35.1 (5.6)

Median 36.0 38.0 36.0

Minimum, maxmum 18.0, 50.0 19.0, 47.0 18.0, 50.0

Maternal age category (y), n (%)

<35 982 (37.9) 249 (29.6) 1231 (35.9)

�35 1608 (62.1) 591 (70.4) 2199 (64.1)

Maternal weight (lbs), n (%)

Mean (SD) 158.2 (37.7) 153.0 (33.3) 156.9 (36.7)

Median 150.0 147.0 149.0

Minimum, maxmum 95.0, 404.0 90.0, 366.0 90.0, 404.0

Maternal height (in), n (%)

Mean (SD) 64.5 (2.8) 65.0 (2.7) 64.7 (2.8)

Median 64.0 65.0 64.0

Minimum, maxmum 55.0, 74.0 58.0, 73.0 55.0, 74.0

Maternal body mass index (kg/m2), n (%)

Mean (SD) 26.7 (5.9) 25.4 (5.2) 26.4 (5.8)

Median 25.3 24.2 25.0

Minimum, maxmum 15.1, 63.3 16.5, 64.8 15.1, 64.8

Maternal race category, n (%)

American Indian or Alaska Native 25 (1.0) 2 (0.2) 27 (0.8)

Ashkenazi Jewish 4 (0.2) 0 (0.0) 4 (0.1)

Asian 544 (21.0) 98 (11.7) 642 (18.7)

Black/African American 133 (5.1) 23 (2.7) 156 (4.5)

Hispanic or Latino 280 (10.8) 60 (7.1) 340 (9.9)

Multiple 130 (5.0) 45 (5.4) 175 (5.1)

Native Hawaiian or other Pacific Islander 22 (0.8) 3 (0.4) 25 (0.7)

Not reported 0 (0.0) 1 (0.1) 1 (0.0)

White 1452 (56.1) 608 (72.4) 2060 (60.1)

Parity, n (%)

0 841 (32.5) 287 (34.2) 1128 (32.9)

1 1061 (41.0) 330 (39.3) 1391 (40.6)

2 440 (17.0) 153 (18.2) 593 (17.3)

3 162 (6.3) 45 (5.4) 207 (6.0)

>3 85 (3.3) 25 (3.0) 110 (3.2)

Gestational age, n (%)

Mean (SD) 17.8 (2.8) 12.0 (1.1) 16.3 (3.5)

Median 17.0 12.0 16.0

Minimum, maxmum 9.0, 37.0 9.0, 24.0 9.0, 37.0

(continued)
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embryo during the current pregnancy
at 8 weeks or farther in gestation.
Gestational age was determined by a
reliable menstrual history unless it dif-
fered from composite ultrasound mea-
surement dating by more than 7 days, in
which case the latter would be used to
assign a gestational age.

Maternal demographic data and kar-
yotype resultswere entered into password-
protected databases and maintained by
the Obstetrix Medical Group. All data-
bases including study sponsor MPS test
results, maternal demographic data, and
karyotype results were stored separately
until test performance was assessed by
an independent biostatistician.

An oversight committee composed of
3 knowledgeable individuals uninvolved
in any aspect of the study reviewed study
subject enrollment and the prevalence
rate of trisomy 21 at predetermined in-
tervals to recommend the final sample
size with the goal of identifying sufficient
numbers of trisomy 21 fetuses (approxi-
mately 80-160); otherwise, the oversight
committee was blinded to all study
participant test results. A case prevalence
rate of up to 4% was anticipated at the
outset based on historical data at some of
the participating sites. It was estimated
that this would translate to a sample size
of approximately 4000 patients.

This study was approved by the West-
ern Institutional Review Board (WIRB
protocol 20090261) or local institutional
review boards. It was deemed a minimal-
risk protocol because simple venipunc-
ture is considered to be noninvasive, and
the volume of blood drawn was 30 mL or
less (CFR Part 812.3[k]).11 This studywas
registered with clinicaltrials.gov (identi-
fier NCT00847990).

Laboratory methodology
All samples were collected and processed
under the same protocol. A 10 mL
aliquot of maternal whole blood was
drawn into an ethylenediaminetetraacetic
acid-K2 spray-dried Vacutainer (Becton
Dickinson, Franklin Lakes, NJ), stored,
and transported to the processing labo-
ratory on wet ice. Within 6 hours of
the blood draw, the maternal whole
blood was centrifuged (Eppendorf 5810R
plus swing-out rotor; Eppendorf AG,

http://clinicaltrials.gov
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TABLE 1
Baseline characteristics and medical history (continued)

Characteristic
AC
(n [ 2590)

CVS
(n [ 840)

Total
(n [ 3430)

Gestational age category (wks), n (%)

<12 0 (0.0) 284 (33.8) 284 (8.3)

�12 2589 (100.0) 557 (66.2) 3146 (91.7)

Maternal bleeding during this
pregnancy, n (%)

No 2265 (87.5) 721 (85.8) 2986 (87.1)

Yes 325 (12.5) 119 (14.2) 444 (12.9)

Diabetes, n (%)

GDM 54 (2.1) 14 (1.7) 68 (2.0)

Type 1, type 2 43 (1.6) 5 (0.6) 17 (0.5)

None 2491 821 3312

No information 2 0 2

Indications for invasive procedure, n (%)

Abnormal NT 32 (1.2) 72 (8.6) 104 (3.0)

Abnormal triple/quad 447 (17.3) 45 (5.4) 492 (14.3)

Abnormal U/S 248 (9.6) 41 (4.9) 289 (8.4)

AMA 1044 (40.3) 373 (44.4) 1417 (41.3)

Elective 56 (2.2) 19 (2.3) 75 (2.2)

Multiple indications 691 (26.7) 238 (28.3) 929 (27.1)

Not reported 0 (0.0) 1 (0.1) 1 (0.0)

Previous Hx of Down syndrome 10 (0.4) 6 (0.7) 16 (0.5)

Previous Hx of other chromosomes 35 (1.4) 37 (4.4) 72 (2.1)

Previous or family Hx of heredity 7 (0.3) 3 (0.4) 10 (0.3)

Sequential screening 10 (0.4) 1 (0.1) 11 (0.3)

Other 10 (0.4) 4 (0.5) 14 (0.4)

Data are in raw numbers with percentages shown in parentheses.

AC, amniocentesis; AMA, advanced maternal age; CVS, chorionic villus sampling; GDM, gestation diabetes mellitus; Hx,
history; NT, nuchal translucency; U/S, ultrasound.
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Hamburg, Germany) chilled (4�C) at
2500 � g for 10 minutes and the plasma
was collected. The plasma was centri-
fuged a second time (Eppendorf 5810R
plus fixed-angle rotor) at 4�C at 15,000�
g for 10 minutes. After the second spin,
the plasma was removed from the pellet
and distributed into 4 mL plasma bar-
coded aliquots and immediately stored
frozen at e70�C until the DNA
extraction.12

The MPS for aneuploidy detection
was completed following a previously
published method.13,14 The fetal fraction
of the cfDNA was determined using a
method relying on differentially methyl-
ated markers.15 DNA extraction and
library preparation also followed a pre-
viously published method,13 and clus-
tering and sequencing were performed
using the HiSeq 2000 sequencers (Illu-
mina Inc, San Diego, CA). Thirty-six
cycles of single-read multiplexed se-
quencing (libraries pertaining to 12
samples including controls in each lane of
a flow cell) were performed and image
analysis and base calling were performed
with the manufacturer-provided software
(Illumina Inc). Sequences were aligned to
the UCSC hg19 human reference genome
using Bowtie version 2.

Data analysis was completed using
sequence reads unique to the chromo-
somes of interest (21, 18, 13, X, Y) and
then standardizing the fractional rep-
resentation of each chromosome by
comparison with a known euploid
control group (z-scores).13 The stan-
dardization of chromosome represen-
tation was carried out by using the
median chromosome representation as
computed over the samples from a
given flow cell and using a previously
established estimate of variability of
this representation.

This calculation does not rely on a
group of control euploid samples; this is
carried out for each flow cell and ac-
counts, implicitly, for flow cell to flow
cell variability (this is the same approach
taken in clinical practice). Z-scores at or
above 3 were considered indicative of
trisomy 21 (z-scores of at or above 3.95
were considered indicative of trisomies
18 and 13). The normalization procedure
for the sex chromosome aneuploidies
(SCA) as well as the classification algo-
rithm was completed in accordance with
a previously published report.16

All samples were required to meet
quality control criteria. These included a
minimum fetal fraction of 4.0% and a
maximum fetal fraction of 50%; mini-
mum fetal DNA per sample of 26 copies;
minimum library concentration of 7.5
nmol; minimum number of autosomal-
aligned reads of 9 million. Sequencing
results that exhibited strong guanine-
cytosine (GC) bias (as estimated from
the shape of the counts per 50 kb bin vs
OCTOBER 2014 Ameri
GC content of each 50 kb bin) were
rejected and the affected samples were
reprocessed.

Discordant results resolution
A discordant result resolution plan was
developed before the initiation of the
sample testing by MPS. This process
included investigation for transcription/
clerical errors in the case report forms.
Twenty-three database entry errors were
identified and corrected by the principal
investigator. These included 17 errors
in fetal sex, 3 errors in complex
can Journal of Obstetrics & Gynecology 365.e5
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FIGURE 3
Histogram showing the stratification of patient samples by gestational
age
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karyotypes, and 3 errors in aneuploidy
from terminations of pregnancy. All had
formal karyotype reports available to
assure correct entries. Also included was
a review of sample collection procedures,
an analysis of secondary aliquots, ma-
ternal DNA assessment (in buffy coat),
TABLE 2
Comparison with invasive procedure

Variable
AC
(n [

Having T21

Test positive for T21 100

Test negative for T21 0

Not having T21

Test positive for T21 0

Test negative for 99

Sensitivity 100

Specificity 99

Positive predictive value 96

Negative predictive value 100

Data are in percentages with raw numbers shown in parenthese

AC, amniocentesis; CVS, chorionic villus sampling; T21, trisomy

Porreco. Noninvasive prenatal screening. Am J Obstet Gyne
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and clinical patient follow-up after the
birth.
A set of 52 single-nucleotide poly-

morphismswas used to identify potential
chain of custody events outside the
collection sites or the analytical labora-
tory, which would be considered part
s for trisomy 21 complex karyotypes ex

2518)
CVS
(n [ 804)

.0 (81/81) 100.0 (56/56)

.0 (0/81) 0.0 (0/56)

.1 (3/2437) 0.0 (0/748)

.9 (2434/2437) 100.0 (748/748)

.0 (95.55e100.00) 100.0 (93.62e10

.9 (99.64e99.97) 100.0 (99.51e10

.4 (89.92e99.26) 100.0 (93.62e10

.0 (99.85e100.00) 100.0 (99.51e10

s. Statistical analysis shows 95% confidence intervals in parenthese

21.

col 2014.
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of the standard workflow. Affected sam-
ples outside this standard workflow
were removed from the analysis. There
were 3 affected samples whose analyses
demonstrated that sample identification
was incorrect and they qualified for
removal from the analysis. Two samples
had a genetic mismatch between the
buffy coat and the sequencing library; the
third sample had a sequencing library
matching a library from a different pa-
tient. Karyotypes and sequencing results
were concordant once the correct patient
samples were identified, but because the
chain of custody was compromised, they
were excluded from further analysis.
Statistical analysis
The statistics were calculated treating the
invasive procedure results as the gold
standard. The exact 95% Clopper-Pear-
son17 confidence limits are shown
alongside the binomial outcomes, which
include sensitivity and specificity as well
as positive and negative predictive values.
Asymptotic 95% confidence limits, com-
puted under a log transform, were also
calculated. All statistics were generated
using the frequency procedure, SAS/
STAT software, version 9.3 of the SAS
system (SAS Institute, Cary, NC). All
cluded
Total
(n [ 3322)

100.0 (137/137)

0.0 (0/137)

0.1 (3/3185)

99.9 (3182/3185)

0.00) 100.0 (97.34e100.00)

0.00) 99.9 (99.72e99.98)

0.00) 97.9 (93.87e99.56)

0.00) 100.0 (99.88e100.00)

s.
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TABLE 3
Comparison with invasive procedures for trisomy 18 complex karyotypes excluded

Variable
AC
(n [ 2518)

CVS
(n [ 804)

Total
(n [ 3322)

Having T18

Test positive for T18 92.0 (23/25) 92.9 (13/14) 92.3 (36/39)

Test negative for T18 8.0 (2/25) 7.1 (1/14) 7.7 (3/39)

Not having T18

Test positive for T18 0.0 (0/2493) 0.0 (0/790) 0.0 (0/3283)

Test negative for T18 100.0 (2493/2493) 100.0 (790/790) 100.0 (3283/3283)

Sensitivity 92.0 (73.97e99.02) 92.9 (66.13e99.82) 92.3 (79.13e98.38)

Specificity 100.0 (99.85e100.00) 100.0 (99.53e100.00) 100.0 (99.89e100.00)

Positive predictive value 100.0 (85.18e100.00) 100.0 (75.29e100.00) 100.0 (90.26e100.00)

Negative predictive value 99.9 (99.71e99.99) 99.9 (99.30e100.00) 99.9 (99.73e99.98)

Data are in percentages with raw numbers shown in parentheses. Statistical analysis shows 95% confidence intervals in parentheses.

AC, amniocentesis; CVS, chorionic villus sampling; T18, trisomy 18.
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statistical analyses were done by an in-
dependent statistician.

RESULTS

Figures 1 and 2 summarize the history
of the enrolled patients. Enrollment
began in September 2009 and was
completed in April 2011. A total of 3430
patients were analyzed for demographic
TABLE 4
Comparison with invasive procedure

Variable
AC
(n [

Having T13

Test positive for T13 77

Test negative for T13 22

Not having T13

Test positive for T13 0

Test negative for T13 100

Sensitivity 77

Specificity 100

Positive predictive value 100

Negative predictive value 99

Data are in percentages with raw numbers shown in parenthese

AC, amniocentesis; CVS, chorionic villus sampling; T13, trisomy

Porreco. Noninvasive prenatal screening. Am J Obstet Gyne
characteristics and medical history. Af-
ter laboratory exclusions for quality
control deviations, 3376 patients were
available for autosomal trisomy com-
parisons. A further 56 samples were
excluded as planned from the final an-
alyses because their karyotypes were
judged complex. Complex karyotypes
were defined prior to the independent
s for trisomy 13 complex karyotypes ex

2518)
CVS
(n [ 804)

.8 (7/9) 100.0 (7/7)

.2 (2/9) 0.0 (0/7)

.0 (0/2509) 0.0 (0/797)

.0 (2509/2509) 100.0 (797/797)

.8 (39.99e97.19) 100.0 (59.04e10

.0 (99.85e100.00) 100.0 (99.54e10

.0 (59.04e100.00) 100.0 (59.04e10

.9 (99.71e99.99) 100.0 (99.54e10

s. Statistical analysis shows 95% confidence intervals in parenthese

13.

col 2014.
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analysis and included all mosaic karyo-
types, triploidies, and any unbalanced
rearrangements with missing or dupli-
cated genetic material (to be reported in
a subsequent publication).

All samples were analyzed after
enrollment was completed and before
the independent statistical analysis. All
final results also reflect exclusions of
cluded
Total
(n [ 3322)

87.5 (14/16)

12.5 (2/16)

0.0 (0/3306)

100.0 (3306/3306)

0.00) 87.5 (61.65e98.45)

0.00) 100.0 (99.89e100.00)

0.00) 100.0 (76.84e100.00)

0.00) 99.9 (99.78e99.99)

s.

can Journal of Obstetrics & Gynecology 365.e7

http://ajog.org


TABLE 5
Summary of autosomal trisomy sequencing results

Variable

Sequencing

Euploid T21 T18 T13 Total

Karyotype

Euploid 3127 3 0 0 3130

T18 3 0 36 0 39

T21 0 137 0 0 137

T13 2 0 0 14 16

Total 3132 140 36 14 3322

Sensitivity Specificity PPV NPV

T21 100.0% 99.9% 97.9% 100.0%

T18 92.3% 100.0% 100.0% 99.9%

T13 87.5% 100.0% 100.0% 99.9%

NPV, negative predictive value; PPV, positive predictive value; T13, trisomy 13; T18, trisomy 18; T21, trisomy 21.

Porreco. Noninvasive prenatal screening. Am J Obstet Gynecol 2014.
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patients after planned discordancy ana-
lyses were completed. Table 1 reviews the
demographic characteristics and medi-
cal histories of the 3430 patients. We
note that 64% of the patients were 35
years of age or older and 60%were white.
The patients were generally of low parity,
with only 9% para 3 or greater. Forty-
one percent of the patients requested
TABLE 6
Comparison with invasive procedure

Variable

Male by invasive procedure

Male by laboratory assay

Female by laboratory assay

Female by invasive procedure

Male by laboratory assay

Female by laboratory assay

Sensitivity

Specificity

Positive predictive value

Negative predictive value

Data are in percentages with raw numbers shown in parenthese

AC, amniocentesis; CVS, chorionic villus sampling.

a Total reflects 54 excluded complex karyotypes (2 duplications
criteria were based on fetal DNA fraction, library concentration

Porreco. Noninvasive prenatal screening. Am J Obstet Gyne
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their invasive procedure for advanced
maternal age alone and another 27% had
multiple indications.
Overall, 75% of patients received an

AC as the invasive procedure and 25%
a CVS. Figure 3 depicts the bimodal
gestational age distribution of the sam-
ples. A total of 8.6% of the patients were
21 weeks’ gestational age or beyond;
for fetal sex complex karyotypes exclu
AC
(n [ 2520)

CVS
(n [ 803)

99.8 (1221/1223) 99.8 (413/41

0.2 (2/1223) 0.2 (1/414)

0.2 (3/1297) 0.3 (1/388)

99.8 (1294/1297) 99.7 (387/38

99.8 (99.41e99.98) 99.8 (98.66e

99.8 (99.33e99.95) 99.7 (98.58e

99.8 (99.29e99.95) 99.8 (98.66e

99.8 (99.44e99.98) 99.7 (98.58e

s. Statistical analysis shows 95% confidence intervals in parenthese

with laboratory quality exclusions) and 53 prior laboratory exclusions
, total counts, and amplification bias.

col 2014.

ogy OCTOBER 2014
there were no aneuploid fetuses in this
subset.

Tables 2-4 summarize the compari-
sons of the noninvasive sequencing
analysis with the actual karyotypes for
the autosomal trisomies, stratified by
type of invasive procedure received.
Complex karyotypes were excluded in
these tables as well as in Tables 5-7.
Overall, there were 137 fetuses with tri-
somy 21, 39 with trisomy 18, and 16 with
trisomy 13 for a prevalence rate of the
common autosomal trisomies of 5.8%
(4.1% for trisomy 21).

The sensitivity for trisomy 21 was
100% (97.34, 100.00). There were 3
false-positive tests (0.1%) for trisomy 21,
conferring greater than 99% (99.72,
99.98) specificity and a positive predic-
tive value of 97.9%. There were 3 false-
negative tests for trisomy 18 and 2
false-negative tests for trisomy 13; there
were no false-positive tests for trisomies
18 or 13 (positive predictive value,
100%). The high negative predictive
values for the autosomal trisomies reflect
in part the low prevalence rate of the
affected fetuses. Table 5 is a summary of
the autosomal trisomy MPS results.

Only 1.6% of autosomal trisomy an-
alyses received no MPS report because
ded
Total
(n [ 3323)a

4) 99.8 (1634/1637)

0.2 (3/1637)

0.2 (4/1685)

8) 99.8 (1681/1685)

99.99) 99.8 (99.47e99.96)

99.99) 99.8 (99.39e99.94)

99.99) 99.8 (99.38e99.93)

99.99) 99.8 (99.48e99.96)

s.

for insufficient quality criteria for laboratory analysis. Quality
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TABLE 7
Comparison with invasive procedures for sex aneuploidy complex karyotypes excluded

Variable
X
(n [ 3278)a

XXX
(n [ 3278)a

XXY
(n [ 3201)b

XYY
(n [ 3201)b

Having sex aneuploidy

Test positive for aneuploidy 100.0 (9/9) 100.0 (4/4) 100.0 (1/1) 100.0 (1/1)

Test negative for aneuploidy 0.0 (0/9) 0.0 (0/4) 0.0 (0/1) 0.0 (0/1)

Not having sex aneuploidy

Test positive for aneuploidy 0.3 (11/3269) 0.1 (3/3274) 0.1 (2/3200) 0.0 (0/3200)

Test negative for aneuploidy 99.7 (3258/3269) 99.9 (3271/3274) 99.9 (3198/3200) 100.0 (3200/3200)

Sensitivity 100.0 (66.37e100.00) 100.0 (39.76e100.00) 100.0 (2.50e100.00) 100.0 (2.50e100.00)

Specificity 99.7 (99.40e99.83) 99.9 (99.73e99.98) 99.9 (99.77e99.99) 100.0 (99.88e100.00)

Positive predictive value 45.0 (23.06e68.47) 57.1 (18.41e90.10) 33.3 (0.84e90.57) 100.0 (2.50e100.00)

Negative predictive value 100.0 (99.89e100.00) 100.0 (99.89e100.00) 100.0 (99.88e100.00) 100.0 (99.88e100.00)

Data are in percentages with raw numbers shown in parentheses. Statistical analysis shows 95% confidence intervals in parentheses.

a,b Totals reflect excluded complex karyotypes (a50 females and b47 males) as well as prior laboratory exclusions for both the female and male samples (102 female and 182 male) because of
sequencing aberrations on the X chromosome and the requirement of a higher fetal fraction for Y chromosome sequences resulting in a no-call determination15 (Figure 2).
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of failure to meet laboratory guidelines.
Figure 4 shows the expected relationship
between fetal fraction and the Z-scores
for chromosome 21.

Fetal sex prediction by the presence or
absence of the Y chromosome sequences
also showed sensitivity and specificity
performance greater than 99% (Table 6).
The SCAs are few in absolute number in
this prospective data set (Table 7). Sensi-
tivity was 100.0% (78.20, 100.00) (15 of
15) for all of the SCAs taken together.
There were 11 false-positive results for
45, X (0.3%), suggesting that ultrasound
findings may provide the proper context
in interpreting sequencing data for fe-
tuses affected with 45, X. There were 2
false-positive results for 47, XXY, 3 false-
positive results for 47, XXX, and none
for 47, XYY. The positive predictive value
of the SCA taken together was 48.4%
(30.15, 66.94) and the negative predictive
value was 100% (99.88, 100.00).

Once again, the very high negative
predictive values of the test for each of
the common SCA reflects the very low
prevalence rate of these abnormal kar-
yotypes even among high-risk patients.
Taken together (both female and male),
laboratory quality guidelines precluded
anMPS result in 8.3% of analyses for the
SCA.
COMMENT

Our study provides the largest pro-
spectively collected sample number con-
currently processed and analyzed by
this sequencing technology to date. It
demonstrates that noninvasive prenatal
analysis of cfDNA frommaternal plasma
is an accurate advanced screening test
with extremely high sensitivity and
specificity for trisomy 21 (>99%) but
with somewhat less sensitivity (although
high specificity) for trisomies 18 and 13.
Moreover, this study is derived from a
clinically based group of patients who
elected invasive testing because they were
either screen positive by contemporary
screening standards or were simply of an
advanced maternal age at delivery (the
original screening test for fetal aneu-
ploidy) and wanted information from
the outset.
MPS was reported independently

by 2 groups in 2008 and demonstrated
that this technique was capable of iden-
tifying aneuploidy in the fetus from
cfDNA8,9 with very high accuracy. A
number of follow-up studies using cfDNA
sequencing have appeared recently, each
adding some unique analytical or meth-
odological nuance to improve the op-
erational throughput of this complex
laboratory procedure. Notably, Ehrich
OCTOBER 2014 Ameri
et al12 reported tetra-plexing in 2011 and
still achieved 100% negative predictive
value and a single false-positive for tri-
somy 21 among 449 samples, which
passed their quality control metrics.

The prevalence rate of trisomy 21
in this case-control study was 8.7%,
somewhat higher than one would
expect, even in a population of pregnant
women at high risk for fetal aneuploidy.
Later in 2011, Palomaki et al 18 published
a large clinical validation study of tri-
somy 21 fetuses with excellent test
performance, although there were 2
false-negative samples, even after the GC
correction analysis was applied. The
same investigators early the following
year showed similar test performance
characteristics for trisomies 18 and 13.19

By study design, in their nested case-
control validation study, the prevalence
rate of trisomy 21 was 12.5%.

The prevalence rate of trisomy 21 in
our study was 4.1%, in keeping with
general clinical expectations in such pa-
tients. It is a major strength of this report.
The performance of noninvasive prenatal
screening in our setting mirrored that of
smaller previous studies, especially noting
that the false-negative rate remained very
low (zero for trisomy 21) and negative
predictive values quite high at greater
can Journal of Obstetrics & Gynecology 365.e9
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FIGURE 4
Graph of Z-scores (plotted on y-axis) vs fetal fraction (plotted on x-axis)
for chromosome 21
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than 99%, an extremely valuable finding.
The small number of false-positive results
to achieve this result (�0.1%) will be of
little clinical consequence because all
positive results should be confirmed by
invasive testing because the test is not
currently considered to be diagnostic.
Moreover, in this risk cohort, all patients
were already candidates for invasive
diagnostic testing. No patient, therefore,
would be in the position of having to
consider an invasive test on the basis of
noninvasive screening test results who
was not already a traditional candidate for
such procedures.

We also report positive predictive
values for the various aneuploidies in
these patients. Recent editorial opinions
regarding the deficits in currently pub-
lished data in this important area high-
light the requirement for a large
prospective study with proper attention
365.e10 American Journal of Obstetrics & Gynec
to the comprehensive reporting of the
findings.20,21 We believe that the current
report meets that requirement.
Discrepant or discordant results are

onerous and merit some reflection. One
of the false-positive test results for tri-
somy 21 occurred in a pregnancy wherein
an early fetal demise of a twin was
recognized. It is tempting to speculate
that involuting placental tissue was the
source of the excess chromosome 21
sequences, which were confirmed in a
parallel uniplex sequencing analysis by
the laboratory.22

The false-negative samples are more
difficult to understand and raise the
possibility of human error in the chain of
custody process between the contracted
laboratories to which the specimens
were originally sent, the biostorage fa-
cility and the analytical laboratory. Two
false-negative specimens (1 trisomy 18
ology OCTOBER 2014
and 1 trisomy 13)may have fallen subject
to such an error in sample integrity
because their extended uniplex
sequencing22 strongly suggested that
euploid samples were actually analyzed.
Of the 4 second-trimester false-negative
test results for these 2 trisomies, all had
ultrasound abnormalities that in most
settings may have made them a priori
candidates for invasive testing. There
was no prospective study plan to adjust
sample inclusion based on this type of
retrospective analysis.

Because the karyotypes are the gold
standard in this study, these patient
samples are reported as false-positive
(trisomy 21) and false-negative (tri-
somy 18 and trisomy 13) results in their
respective tables.

Bianchi et al23 in 2012 showed similar
aneuploidy detection results using a
different analytic technique but using
massively parallel sequencing. They also
reported test performance for 45, X. We
showed excellent test performance in
predicting sex in these fetuses, although
the small number of sex chromosome
aneuploidies detected in our population
of high-risk patients precluded definitive
conclusions. We showed high sensitivity
(100%) but variable results in terms of
positive predictive value. This was espe-
cially true for 45, X, in which maternal
mosaicism may be a contributor to
discordant noninvasive MPS results.24

Maternal chromosomal complement
was not investigated in this study because
it was not part of the informed consent
procedure. The finding of false-positive
noninvasive MPS results for monosomy
X will require additional investigation to
understand the contributing factors to
this discordant observation. Other pub-
lications have appeared more recently
using variations on the sequencing tech-
nique but limiting the regions sequenced
for detection of trisomies 21 and 18.25-27

All 3 common autosomal aneuploidies
as well as X and Y have been identified
using selective sequencing of polymor-
phic loci.28

The American College of Obstetrics
and Gynecology and the Society of
Maternal-Fetal Medicine issued a com-
bined committee opinion in December
2012 summarizing the available
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technology at the time and its possible
utility in clinical practice.29

Surrogate marker screening among
patients at high risk for fetal aneuploidy
will have increasingly limited value for
aneuploidy detection, although enlarged
nuchal translucency in the first trimester
may reflect additional embryopathy and
requires further scrutiny later in ges-
tation. Moreover, several biochemical
markers obtained in the first and second
trimester and used primarily for aneu-
ploidy screening have been associated
with perinatal complications later in
pregnancy.30,31 It is not known whether
their continued use for that purpose
alone has sufficient merit to support their
place in the routine laboratory evaluation
of pregnancy in contemporary practice.

This will be an especially important
question once data are available regarding
test performance of cfDNA screening
among low-risk patients. The fetal frac-
tion of cfDNA stratified by gestational age
also may serve the purpose of alerting the
clinician to an increased risk of perinatal
complications.32,33 Finally, current non-
invasive prenatal screening tests do not
assess the risk for open ventral wall or
neural tube defects. Maternal serum
alpha-fetoprotein testing and/or targeted
ultrasound examinations will continue to
play a role for all patients requesting
comprehensive genetic screening to meet
the current standards of care.

Noninvasive prenatal screening for the
occurrence of the common autosomal
trisomies and the sex chromosome an-
euploidies is the first major accomplish-
ment of this sequencing technology. An
increasing number of monogenic dis-
eases will undoubtedly be reported in the
coming years.

Subchromosomal abnormalities as
small as 300 kb already have been detec-
ted by massively parallel sequencing.34

Future investigation will incorporate
noninvasive testing by deep sequencing,
improved bioinformatics, or some alter-
native strategy for the detection of
deletions and duplications at the sub-
chromosomal level and apply this next-
generation technology to large clinical
populations.35,36 Indeed, a proof of
concept has suggested that the complete
fetal genome can be sequenced from
cfDNA in the maternal plasma, raising
new ethical implications of information
so readily obtained.37 -
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