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DNA sequencing of maternal plasma reliably identifies
trisomy 18 and trisomy 13 as well as Down syndrome:
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Purpose: To determine whether maternal plasma cell-free DNA
sequencing can effectively identify trisomy 18 and 13.

Methods: Sixty-two pregnancies with trisomy 18 and 12 with tri-
somy 13 were selected from a cohort of 4,664 pregnancies along with
matched euploid controls (including 212 additional Down syndrome
and matched controls already reported), and their samples tested
using a laboratory-developed, next-generation sequencing test. Inter-
pretation of the results for chromosome 18 and 13 included adjust-
ment for CG content bias.

Results: Among the 99.1% of samples interpreted (1,971/1,988),
observed trisomy 18 and 13 detection rates were 100% (59/59) and
91.7% (11/12) at false-positive rates of 0.28% and 0.97%, respectively.
Among the 17 samples without an interpretation, three were trisomy
18. If z-score cutoffs for trisomy 18 and 13 were raised slightly, the

INTRODUCTION
The main focus of prenatal screening programs is to identify
fetuses with Down syndrome or open neural tube defects.
Identification of two less common autosomal aneuploidies—
trisomy 18 (Edwards syndrome) and trisomy 13 (Patau
syndrome)—is, however, an important secondary aim. In the
absence of prenatal diagnosis and selective termination, an esti-
mated 7,730 cases with Down syndrome, 1,330 with trisomy
18, and 600 with trisomy 13 are expected at term among the
4.25 million pregnancies in the United States each year.?
Trisomy 18 and 13, as well as Down syndrome (trisomy 21), are
more common in the first and second trimesters than at term,
owing to high rates of spontaneous loss.? Neither trisomy 18 nor
trisomy 13 is associated with long-term survival, with 5-10%
of live-born infants surviving >1 year.® Most ultrasound/

overall false-positive rates for the three aneuploidies could be as low
as 0.1% (2/1,688) at an overall detection rate of 98.9% (280/283) for
common aneuploidies. An independent academic laboratory con-
firmed performance in a subset.

Conclusion: Among high-risk pregnancies, sequencing circulating
cell-free DNA detects nearly all cases of Down syndrome, trisomy
18, and trisomy 13, at a low false-positive rate. This can potentially
reduce invasive diagnostic procedures and related fetal losses by 95%.
Evidence supports clinical testing for these aneuploidies.
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biochemical screening programs for Down syndrome currently
provide targeted interpretations for trisomy 18 and/or trisomy
13 that allow for a majority of these cases to be detected (60% or
higher), at low false-positive rates (1% or lower).*
Next-generation sequencing of circulating cell-free DNA
in maternal plasma is capable of identifying nearly all Down
syndrome pregnancies with low false-positive rates,”"* but
achieving that level of performance for identifying trisomy
18 and 13 is expected to be more difficult, owing mainly
to higher variability of their percent genomic representa-
tion in euploid pregnancies.'”>* As a result, the successful
application of such testing for all three of these autosomal
aneuploidies has not yet been described in a clinical setting,
despite a reanalysis of the initial data that demonstrated clear
improvement.'® The present study addresses this issue.
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MATERIALS AND METHODS

Ensuring the study’s integrity

Strategies and actions to ensure the study’s integrity have
been described earlier.! Briefly, an independent three-person
oversight committee was established, an independent labora-
tory provided confirmatory testing, standard operating pro-
tocols were written and implemented in Clinical Laboratory
Improvement Amendments—approved laboratory settings,
and steps were taken to ensure the isolation of enrollment sites
and outcome information from the study sponsor and testing
laboratories.

Sample collection

An international collaboration of 27 prenatal diagnostic cen-
ters collected and processed the maternal plasma samples from
4,664 women before their diagnostic testing in the late first
and early second trimester (ClinicalTrials.gov NCT00877292).
From this cohort, a nested case/control study was designed. The
results of testing 212 pregnancies with Down syndrome and
their 1,484 matched controls have been published." During
that same 9-week testing period, samples from pregnancies
with trisomy 18 and 13 and their controls were also tested.
Inclusion criteria were the same as for the earlier study of
Down syndrome. Only samples from singleton pregnancies
were included; samples with known mosaicism for trisomy
18 or 13 were excluded. Each pregnancy with trisomy 18 and
13 was matched with three controls based on the gestational
age (nearest week, same trimester), enrollment site, race, and
time in freezer (within 1 month). The present analysis also
includes results from all Down syndrome samples and their
euploid controls previously reported, with all samples being
tested and interpreted for trisomy 18 and 13, as well as for
Down syndrome.

Massively parallel shotgun sequencing

The laboratory-developed, plasma-based DNA test has been
described.”! In brief, circulating cell-free DNA fragments
were isolated from maternal plasma and the fetal fraction
determined using a published method relying on differentially
methylated markers.”'® The remaining isolate was used to gen-
erate sequencing libraries. These were normalized and multi-
plexed (four samples per lane), allowing 32 samples to be run
per flow cell. The flow cells were sequenced on the Illumina
HiSeq 2000 (San Diego, CA), and the resulting data were ana-
lyzed using Illumina software. The laboratory-developed test
for Down syndrome had been verified at the Sequenom Center
for Molecular Medicine (SCMM) in San Diego before testing
on this data set.” By contrast, the test for trisomy 18 and 13
was not formally verified at SCMM before being applied to this
data set, because of the limited availability of cases. However,
an algorithm, which included routine GC adjustment of chro-
mosome 18 and 13 counts,'>' and the setting of flow-cell
specific cutoff levels was developed and “locked down,” before
any laboratory testing. Accounting for the GC-content bias
involved multiplying the raw matched reads by a correction
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factor derived from the relationship between GC content of
each 50-kb “bin” across the genome, versus the number of
matched reads.”'® Computer interpretation relied on a robust
estimate of the standard deviations above or below the central
estimate (z-score)' for each chromosome of interest (21, 18,
and 13). z-Scores at or above 3 were considered to be indicative
of Down syndrome, trisomy 18, and trisomy 13, respectively.
When evaluating the sequencing data, potential abnormali-
ties in all three chromosomes were examined simultaneously.
The euploid pregnancies were considered to be controls for
each chromosome. All results were reviewed by the laboratory
director, who had discretion on the final interpretation and the
ability to request that a second aliquot be tested.

Statistical analyses

Three chromosome-specific detection rates and their cor-
responding false-positive rates were computed. An overall
false-positive rate was also computed, as more than one false-
positive result might occur in a single sample. Results were also
expressed as multiples of the plate-specific median (MoM) for
control pregnancies. Confidence intervals were computed using
the binomial distribution, using True Epistat (Richardson, TX).
Rates and proportions were compared using the ¢-test, analysis
of variance, 2, or Fisher’s exact test (SAS, Cary, NC). P values
were two-sided with significance defined at the 0.05 level.

Modeling the potential impact of massively parallel
shotgun sequencing testing

The model offers diagnostic testing (amniocentesis or chori-
onic villus sampling) only to those women with the highest
risks. It begins with routine prenatal screening tests com-
monly used in the United States and assesses the impact of
subsequent massively parallel shotgun sequencing (MPSS)
testing in those pregnancies with screen-positive results. We
used the vital statistics report, indicating ~4.25 US million
births in 2008 and including the distribution of maternal ages
at delivery.? As part of the College of American Pathologists
2011 FP-A Survey,"” participants were asked what type of
screening test(s) they offered and how many were performed
monthly (used with permission). In the United States, the 119
respondents reported 2.61 million women tested during 2010
(61%). This is likely to be an underestimate, given that 34
participants did not respond and that some screening labora-
tories do not participate in the survey. A reasonable estimate
is 2.8 million (two-thirds of the 4.25 million births).

Three Down syndrome screening tests were modeled:
(i) combined testing (nuchal translucency ultrasound mea-
surement and serum measurements of PAPP-A and the free
B subunit of human chorionic gonadotropin at about 11-13
weeks’ gestation); (ii) quadruple testing (serum measure-
ments of a-fetoprotein, unconjugated estriol, human chori-
onic gonadotropin, and inhibin-A at about 15-20 weeks’ ges-
tation); and (iii) integrated/sequential testing (information
from both the combined and quadruple test together). The
corresponding Down syndrome and trisomy 18 detection rates
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and false-positive rates are based on published parameters'®
and the 2008 maternal age distribution. Studies have docu-
mented that the uptake of diagnostic testing is dependent on
the reported risk, with higher uptake associated with higher
risks, 2! and the model uses data from one of these for the
diagnostic testing uptake rate after a screening test, as well
as after a positive MPSS test. The model relies on a summary
estimate of 99% detection for Down syndrome and trisomy 18
at an overall 0.5% false-positive rate for MPSS testing, along
with a 0.9% failure rate. The model outcomes include Down
syndrome and trisomy 18 detection rates, numbers of women
offered diagnostic testing, diagnostic procedures avoided,
and procedure-related losses avoided. Each screening test is
separately modeled using the US population. Trisomy 13 is
not included in the model because of its lower prevalence, as
well as imprecise or biased estimates for detection and false-
positive rates.

RESULTS

Study samples

Among the 4,664 samples collected, 62 samples with trisomy
18 and 12 with trisomy 13 were identified and included in
the nested case/control study. Among the trisomy 18 sam-
ples, one was initially selected as a euploid control for a
Down syndrome pregnancy based on the results of chori-
onic villus sampling, but later correctly reported to be tri-
somy 18 after testing the products of conception. This one
sample has no matched controls. Thus, 1,988 tests performed
in 286 trisomic pregnancies and 1,702 euploid pregnan-
cies were available for analysis. These include 212 samples
with Down syndrome and 1,483 matched euploid samples
from the earlier study, 62 with trisomy 18 along with 183
(61 x 3) matched euploid samples, and 12 with trisomy 13
along with 36 matched euploid samples. Figure 1 summa-
rizes these numbers, stratified by the trimester in which
the sample was collected. A summary of demographic and
pregnancy-related characteristics of the trisomy 18 and 13
cases, and their matched euploid pregnancies, is shown in
Table 1. Overall, 110 samples failed the initial MPSS testing,
105 of which required repeat testing using a second aliquot.
Five were successfully rerun without a second aliquot. A
final interpretation was ultimately provided for 93 of the 110
(84%). Among the 17 that failed, the most common reason
was a fetal fraction under the prespecified lower acceptable
limit of 4%. Among the 17 failures were three trisomy 18
and 14 euploid pregnancies. One additional partial failure
occurred in a sample with borderline quality parameters. The
laboratory director correctly signed out that sample as rep-
resenting Down syndrome but would not provide an inter-
pretation for chromosome 18 or 13. The final failure rate was
0.9% (17/1,988, 95% CI 0.5-1.4%). Testing was successful
in the remaining 1,971 samples, and results were formally
reviewed and signed out by the laboratory director. Overall,
usable test results and interpretations were achieved in 1,688
euploid and 283 trisomic pregnancies.
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Trisomy 18 test performance

The three trisomy 18 failures were all due to fetal fractions of
3% or lower on both aliquots. Figure 2a shows the chromo-
some 18 z-scores versus the fetal fraction for the 59 remain-
ing trisomy 18 samples, 1,688 euploid samples, as well as the
Down syndrome and trisomy 13 samples (totaling 1,971).
There was complete separation between the two groups. All
59 samples with trisomy 18 with an interpretation were asso-
ciated with z-scores of 3.88 or higher, and were signed out as
being consistent with trisomy 18. The detection rate among
the interpreted samples was 100% (59/59, 95% CI 93.9-
100%). Among the euploid samples, five had z-scores of 3.00
or higher, the highest being 3.46. One z-score from a Down
syndrome pregnancy was also elevated (z-score of 3.14, see
Supplementary Table S1 online), but was correctly inter-
preted as Down syndrome by the laboratory director. The
false-positive rate for chromosome 18 was 0.3% (5/1,688,
95% CI 0.1-0.7%).

Trisomy 13 test performance

Figure 2b shows the chromosome 13 z-scores versus the fetal
fraction for the same 1,971 samples. The one false-negative was
near the center of the euploid population (z-score of —0.19),
and the one false-positive was unusually high (z-score of
10.94). Except for these two results, there was complete separa-
tion. Among the 12 pregnancies with trisomy 13, 11 were asso-
ciated with z-scores above 7.17 and were signed out as being
consistent with trisomy 13. The single remaining trisomy 13
sample was signed out as normal (false-negative). The detec-
tion rate was 91.7% (11/12, 95% CI 61-99%). Sixteen euploid
pregnancies had z-scores above 3.0, the highest being 10.94.
One sample from a Down syndrome pregnancy was also ele-
vated (z-score of 5.77, see Supplementary Table S1 online),
but was correctly interpreted as Down syndrome by the labo-
ratory director. The false-positive rate for chromosome 13 was
0.9% (16/1,688, 95% CI 0.5-1.5%). All but one false-positive
result fell below a z-score of 6.46. Both the false-negative and
false-positive results were extensively reviewed, and no errors
were identified in processing, outcome, or testing.

Down syndrome test performance

Figure 2c shows a similar plot for chromosome 21 z-score. We
have previously shown that adjusting these results for GC con-
tent and utilizing repeat masking improves the performance of
the z-score. Therefore, the results presented in Figure 1¢c, which
reflect these improvements, will differ from the main results
presented in our earlier article.'” Two z-scores from Down
syndrome pregnancies are below 3. Based on these revised
z-scores, the Down syndrome detection rate is 99.1% (210/212,
95% CI 96.6-99.9%). Two other elevated results, one from a
euploid pregnancy and one from a trisomy 18 pregnancy, were
correctly interpreted (see Supplementary Table S1 online).
The false-positive rate for chromosome 21 is 0.1% (1/1,688,
95% CI <0.1-0.3%), using the flow-cell-specific z-scores based
on the repeat masked genome and with GC normalization.
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Figure 1 Flow chart showing the cohort of samples collected, those selected for testing, and the numbers for which testing was successful.
This report focuses on 1,988 pregnancies subject to testing. Of these, 286 were common trisomies (Down syndrome, trisomy 18, and trisomy 13), along with

1,702 matched euploid controls.

Validation by an independent academic laboratory
The UCLA laboratory received frozen prepared library mate-
rials from SCMM for a subset of 90 samples from trisomy 18,
trisomy 13, and euploid pregnancies. They performed cluster
generation, DNA sequencing, and interpretation. The labora-
tory director signed out individual results. The chromosome 21
results in the Down syndrome and euploid samples have already
been reported.® Of the 90 samples, 81 (90%) were signed out by
both sites. Among these results, 59 of 59 euploid, 18 of 18 tri-
somy 18 and four of four trisomy 13 samples were correctly clas-
sified by each laboratory (see Supplementary Figure S1 online).
Among the nine initial sample failures, six were failures at both
sites (four euploid and two trisomy 18 samples), usually due to
low fetal fractions. Two euploid samples that failed at SCMM
were successfully sequenced at UCLA and correctly classified.
One additional euploid sample failed at UCLA as a result of
laboratory error, but it was successfully classified by SCMM. A
new aliquot was requested by SCMM for each of the eight initial
failures as part of the established clinical protocol (UCLA could
not make such requests); seven of these resulted in successful
sequencing and correct interpretations (two trisomy 18 and five
euploid pregnancies). The remaining repeat aliquot also resulted
in a failure, due to the fetal fraction still being under 4%.

For an additional 20 pregnancies, 4 ml aliquots were sent to
both laboratories to separately undergo complete testing. No
failures occurred: three trisomy 18, two trisomy 13, and all 15
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euploid matched samples were sequenced and correctly classified
by both laboratories (see Supplementary Figure S2 online).

Use of MoM rather than z-score

MPSS results can also be expressed as MoM percent chromo-
some result for euploid pregnancies.'” Separate MoMs must be
generated for chromosomes 21, 18, and 13. Figure 3 compares
the z-score with MoM for correctly classifying the pregnancies
and allows for selecting potentially more appropriate cutoft lev-
els for both interpretive units. Figure 3a compares all the results
of chromosome 18, with Figure 3b focusing on the data near the
cutoft levels. If a z-score cutoff between 3.4 and 3.8 were used
(vertical gray rectangle), the trisomy 18 detection rate among
interpreted results would be 100%, with no false-positive results.
A MoM cutoft level between 1.009 and 1.101 (horizontal gray
rectangle) would also result in 100% detection, but with one
false-positive result in a euploid pregnancy and another positive
result for a Down syndrome case discussed earlier.

Figure 3c,d shows the results of chromosome 13 interpreta-
tions for the same population. If a z-score cutoft between 6.5 and
7.1 were used, only one false-positive in a euploid pregnancy
would occur, along with one false-negative trisomy 13 case. The
same performance is found for a MoM cutoff between 1.016 and
1.020. Figure 3e,f shows the results of chromosome 21 interpre-
tations. There is no cutoff level that would clearly improve the
performance over the z-score of 3 originally validated as part of
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Table 1 Demographic and pregnancy-related data for the trisomy 18 and 13 cases and their matched controls

Characteristic Trisomy 18 Trisomy 13 Euploid P value®
Number of samples 62 12 219
Maternal age in years (average, s.d.) 36.6,4.9 33.3,5.6 37.6,5.0 0.01
Maternal age 35 years or older (N, %) 46 (74) 5(42) 173(79) 0.01
Gestational age (average, range, in weeks) 14.8(10.5-21) 15.2(11.4-22) 14.7 (9.0-21) 0.83
Gestational age in 1st/2nd trimester (%) 52/48 58/42 52/48 0.91
Maternal weight (average pounds, s.d.) 153 (34) 143 (26) 151 (30) 0.64
Bleeding (%) 15 8 15 0.89
Maternal race (N, %) 0.95

Caucasian 52 (84) 11(92) 186 (84)

Black 3(5 0 9(4)

Asian 3(5) 1(8) 12 (6)

Unknown 4 (6) 0 12 (6)

Caucasian Hispanic 5(8) 1(8) 18 (8) 1.00

Ashkenazi Jewish 1(2) 0 6(3) 0.77
Main indication for enrollment (N, %) <0.001

Screen-positive by 1st trimester test 4(6) 1(8) 16 (7)

Screen-positive by 2nd trimester test 1(2) 0 12 (5)

Screen-positive by integrated test 7(11) 1(8) 22(10)

Ultrasound anomaly identified 29 (47) 7 (57) 21(10)

Advanced maternal age 6(10) 1(8) 115 (53)

Two or more indications 13(21) 2(17) 22 (10)

Family history of aneuploidy 2(3) 0 8(4)

Other or not indicated 0 0 3(1)
Diagnostic procedure (N, %) 0.58

Amniocentesis 27 (44) 5(42) 110 (50)

Chorionic villus sampling 35(56) 7 (58) 109 (50)
Diagnostic test (N, %) 0.54

Karyotype alone 36(58) 9(75) 134(61)

Karyotype and other 26 (42) 3(25) 85(39)

gfPCR or FISH alone 0 0 0
Hemolysis moderate to gross (N, %) 1(2) 1(8) 6(3) 0.46
Sample processing (avg. hours, range) 2.0(0-5) 1.8(0-4) 2.0(0-6) 0.99

FISH, fluorescence in situ hybridization; gfPCR, quantitative fluorescence polymerase chain reaction.

2Missing values were not considered in the analysis.

the laboratory-developed test. A MoM cutoft between 1.013 and
1.016 would result in only a single false-negative, with no false-
positive results.

Effect of repeat masking on trisomy 18 and 13
interpretations

At the time the samples were originally tested, repeat masking
was not available as part of the z-score calculations. As part of the
blinded post hoc analysis for Down syndrome in our previous
report, the z-scores were based on GC normalization and use of a
repeat masked reference genome post alignment, in order to more
accurately reflect the mappable genome from each chromosome.
The results of trisomy 18 and 13 presented earlier were adjusted for
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GC-content bias, but repeat masking was not done. We compared
those results with the effect of repeat masking followed by GC cor-
rection on the results of chromosome 18 and 13. For the results of
chromosome 18, the detection rate for trisomy 18 was unchanged,
but the number of euploid pregnancies with a z-score of 3 or
higher increased from 5 to 11. In addition, the complete separa-
tion between trisomy 18 and euploid measurements achievable
with the original measurements was not maintained after repeat
masking (see Supplementary Figure S3 online). For the results
of chromosome 13 interpretations for, there was little impact of
repeat masking on the detection rate of trisomy 13, false-positive
rate, or separation between measurements from the trisomy 13
and euploid pregnancies (see Supplementary Figure $4 online).
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Figure 2. z-Scores for chromosomes 18, 13, and 21. (a) Chromosome 18 z-scores for 59 pregnancies with trisomy 18 and for pregnancies without trisomy
18 versus fetal fraction. Large squares indicate a trisomy 18 pregnancy. Small circles, diamonds, and triangles indicate euploid, Down syndrome, and trisomy
13 pregnancies, respectively. One z-score above 40 was truncated to 39.9 for display. (b) Chromosome 13 z-scores for 12 pregnancies with trisomy 13 and for
pregnancies without trisomy 13 versus fetal fraction. Large triangles indicate a trisomy 13 pregnancy. Small circles, diamonds, and squares indicate euploid,
Down syndrome, and trisomy 18 pregnancies, respectively. One z-score above 40 was truncated to 39.9 for display. Note the false-negative result at a z-score
of 0 and fetal fraction of 13%. (c) Chromosome 21 interpretations z-scores for 212 Down syndrome pregnancies and for pregnancies without Down syndrome
versus fetal fraction. Large diamonds indicate a Down syndrome pregnancy. Small circles, squares, and triangles indicate euploid, trisomy 18, and trisomy 13

pregnancies, respectively.

Overall MPSS test performance for detecting trisomies

In this study, 1,971 of 1,988 samples (99.1%) received a clinical
interpretation for all three chromosomes based on a consistent
z-score cutoft of 3.0. Of the 17 samples in which it was not pos-
sible to provide an interpretation, three occurred in trisomy 18
pregnancies and 14 in euploid pregnancies. The rate of chromo-
some abnormality among the failures was 18% (95% CI 4-43%),
not significantly different from the overall rate in the study pop-
ulation of 14% ([212 + 62 + 12]/1,988, 95% CI 12-16%). Among
the 283 interpreted samples with one of the three common
autosomal trisomies, the detection rate was 98.9% (280/283,
95% CI 96.9-99.8%). Two false-negatives occurred among the
212 Down syndrome pregnancies, and the third false-negative
was among the 12 trisomy 13 pregnancies. The correspond-
ing false-positive rate was 1.4% (24/1,688, 95% CI 0.9-2.1%),
mostly due to chromosome 18 and 13. More detailed informa-
tion is available online (see Supplementary Tables S2 and S3
online). Were the z-score cutoft levels for trisomy 18 and 13 reset
to be more restrictive, within the vertical gray zones depicted in
Figure 3b,d, the overall detection rate could remain at 98.9%,
but the false-positive rate would be reduced to 0.1% (2/1,688,
95% CI <0.1-0.4%). Given the data-dependent nature of this
estimate, a more conservative estimate of 0.5% for this lower
limit of the false-positive rate is used for modeling.

MPSS as a secondary test among high-risk patients

Table 2 (additional information in Supplementary Tables S4
and S5 online) shows the impact of introducing reflexive MPSS
testing for women classified as screen-positive by the combined,
quadruple, or integrated/sequential screening test. The first row
in Table 2 shows the performance of the combined screening
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test for identifying Down syndrome and trisomy 18, followed by
diagnostic testing in the women with the highest risk. Among
the 2.8 million screened women, 5,156 pregnancies with Down
syndrome and 888 with trisomy 18 are expected at term. The
combined test identifies 4,362 cases of Down syndrome (85%)
and 772 of trisomy 18 (87%), along with 148,079 (5.3%) unaf-
fected pregnancies (5% positive for Down syndrome and 0.3%
positive for trisomy 18). Together, these 153,213 women have
a 1:29 odds of delivering an offspring with Down syndrome or
trisomy 18. An estimated 114,307 of these women accept diag-
nostic testing, with uptake based on their assigned risks. An
estimated 548 procedure-related losses are expected, assuming a
rate of 1 loss per 200 procedures.”** The next two rows show the
same analysis for quadruple and integrated testing.

The lower half of Table 2 shows the impact of MPSS testing
on all screen-positive women before diagnostic testing. Using
the combined test as an example, only 298 (0.2%) of the 108,418
women with false-positive screening results are expected to
also have a false-positive MPSS test. Among the 4,384 screen-
positive Down syndrome pregnancies, 4,340 (98.9%) will have
a positive MPSS test. Among all women with a positive test,
the odds of having a Down syndrome or trisomy 18 pregnancy
is about 7:1. In addition, the 1,386 (0.9%) with a failed test
will also be offered diagnostic testing, yielding a total of 6,792
procedures and 34 procedure-related losses. The improvement
gained by conducting the MPSS testing after a screen-positive
result, rather than directly offering diagnostic testing is sum-
marized in Table 2. The proportion of all prenatally diagnosed
Down syndrome pregnancies improves from 78% to 84% with
the use of MPSS as an intervening test; a smaller improvement
is found for trisomy 18. Such use of MPSS testing also has
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Figure 3 Interpreting chromosome 18, 13, and 21 sequencing results
as z-scores versus multiples of the median (MoM): comparing and
exploring appropriate cutoff levels. This figure shows the chromosome-
specific z-score results are on the x-axis, with the same data expressed as
multiples of the plate-specific median level on the y-axis. Results for euploid,
trisomy 18, trisomy 13, and Down syndrome pregnancies are shown as small
circles, squares, triangles, and diamonds, respectively. The aneuploidy of interest
(e.g., trisomy18 for chromosome 18 results) is shown with a larger symbol size.
The top row of (a) and (b) shows the chromosome 18 results, while (c) and
(d) and (e) and (f) show results for chromosome 13 and 21, respectively. The
figures on the right hand side show the same data but focus on the results near
the cutoff levels. The vertical dashed line shows the original cutoff levels chosen
to validate the laboratory-developed test. The gray regions show where cutoff
levels might provide better screening performance in the future.

the potential to reduce procedure-related losses in the United
States by 95% (from 551 to 34/year). The final two rows pro-
vide similar information for those same women tested via qua-
druple or integrated/sequential testing.

DISCUSSION
Together with our previous results that focused on Down
syndrome,' this study provides strong evidence that MPSS
secondary screening using maternal plasma samples from
high-risk pregnancies will simultaneously identify nearly all
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cases of trisomy 18 and 13. An interpretation of the MPSS test
for the three aneuploidies was possible for 99.1% of samples,
with an overall detection rate of 98.9% (280/283). The three
false-negatives include two Down syndrome and one trisomy
13 pregnancy. The corresponding false-positive rate was 1.4%,
but most of these could be avoided by slightly raising the
z-score cutoff levels for trisomy 18 and 13. The laboratory-
developed test for these disorders had not yet been subjected
to a separate in-house clinical validation when these samples
were tested. Thus, the z-score cutoff of 3 was chosen for this
study to be consistent with that found suitable for Down syn-
drome. Using slightly higher cutoff levels for trisomy 18 and
13, and routinely applying GC adjustment and repeat mask-
ing for chromosome 21 interpretations would be expected to
reduce the overall false-positive rate to below 0.5%. However,
repeat masking within the data processing for chromosome
18 and 13 interpretations provided mixed results. There was
little impact on chromosome 13, but repeat masking for the
result of chromosome 18 increased the false-positive rate, and
resulted in more overlap between the trisomy 18 and euploid
population.

A full clinical interpretation was not possible for 17 of
the pregnancies, even after testing a second aliquot. Among
these, the risk of aneuploidy was similar to the 15% occur-
ring in the population with successful testing. Even in rou-
tine clinical practice, the prior risk would be sufficiently high
(3-5%, Table 2) that women with failed MPSS testing would
still be offered invasive testing and chromosome analysis. Due
to this opportunity for accurate diagnosis for women with a
failed MPSS test, those samples were not included in the calcu-
lation of MPSS test performance.

Two previous studies have examined MPSS testing for tri-
somy 18 and 13. In a proof-of-concept study by Fan and col-
leagues,” 9 cases of trisomy 21, 2 cases of trisomy 18, and 1 case
of trisomy 13 were successfully identified with no false-positive
results among six euploid pregnancies. In a larger, more recent
study, MPSS testing was performed on 392 maternal plasma
samples, including samples from 37 pregnancies with trisomy
18 and 25 with trisomy 13." Using a previously standardized
z-score method developed for trisomy 21, 27 cases of trisomy
18 cases (73%) and 9 cases of trisomy 13 (36%) were identi-
fied, with false-positive rates of 2.8% and 7.6%, respectively.
After adjustments (removal of repeat masking and accounting
for GC-content bias), the detection rate for trisomy 18 and 13
improved to 91.9% at a 2.0% false-positive rate and to 100%
at a 1.1% false-positive rate, respectively. This study also used
GC-adjusted chromosome 18 and 13 results without repeat
masking and found considerably better performance than
the earlier study.”” This is most likely due to higher quality
sequence data and higher total reads per patient (DNA frag-
ments sequenced for which their chromosome of origin could
be reliably identified) in this study (average 19 million without
repeat masking) using the Illumina HiSeq 2000 platform, com-
pared with those achieved using the Illumina GAIIx platform
(average 4.6 million reads without repeat masking). Overall,
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Table 2 Screening and diagnostic testing of 2,800,000 women in the United States, with and without reflexive MPSS

testing

Screen-positive

Directly offer Dx testing (A)

Screening test

DS T18 All OAPR UA DS T18 Dx test Fetal loss
Combined 148,820 4,384 772 153,213 1:29 109,578 3,996 733 114,307 548
Quadruple 148,820 4,296 701 153,054 1:30 111,355 3,936 666 115,957 557
Int/seq 92,661 4,772 834 97,783 1:17 69,980 4,450 792 75,222 350

MPSS positive then offer Dx testing (B) Improvements from A to B

UA DS T18 OAPR Failed Dxtest FetallLoss DS detection T18 detection Fetal loss
Combined 740 4,318 764 71 1,379 7,201 36 +6% (78, 84) +3% (83, 86) -93%
Quadruple 740 4,231 694 7:1 1,377 7,042 35 +6% (76, 82) +3% (75, 78) -94%
Int/seq 461 4,702 826 12:1 880 6,869 34 +5% (86,91) +4% (89, 93) -90%

DS, Down syndrome; Dx, diagnostic (i.e., amniocentesis/chorionic villus sampling); failed, no clinical interpretation possible due to test failures on one or more quality
parameters; Int/Seq, integrated/sequential; OAPR, odds of being affected given a positive result; T18, trisomy 18; UA, unaffected.

we found the addition of repeat masking to the chromosome
18 and 13 analysis to be detrimental to test performance.

The turnaround time for MPSS testing and laboratory direc-
tor’s sign-out of individual results has already been docu-
mented to be no more than 10 days, 90% of the time."* The
clinical advantages of offering MPSS testing as the next step
after a positive screening test are substantial. Far fewer of the
false-positive high-risk women will remain in that category
after MPSS testing. As a result, the risk of losing an unaffected
pregnancy due to an unnecessary invasive diagnostic test is
expected to be substantially lower, albeit with a rare potential
for a missed aneuploidy. On the other hand, a higher propor-
tion of women who are at high risk and then receive an MPSS-
positive result might opt for invasive testing. Counseling for
couples with a positive MPSS test result would include infor-
mation that the chance of an affected pregnancy is very high,
>50% (Table 2). The end result is the prospect that a higher
proportion of women at high risk for Down syndrome, trisomy
18, and 13 pregnancies would choose prenatal diagnosis, due
to greater confidence in the screening and diagnostic process.

Currently, there is insufficient experience with MPSS testing
to consider offering it as a primary screening test in the general
population. In addition, the resources needed to offer it to two
or three million pregnant women each year are substantial.
However, introduction of MPSS testing as part of routine clini-
cal practice can occur by offering high-risk women counseling
about the benefits and risks associated with choosing MPSS
testing as a secondary screening test, versus a direct offer of
invasive diagnostic testing. Given the inherent delay, this
decision-making process needs to be studied. Alternatively, a
woman choosing serum/ultrasound based screening could pro-
vide two additional plasma samples at the outset. The plasma
samples could be processed, kept in storage, and then be reflex-
ively tested in the event that her screening result indicates high
risk. This approach would reduce delays and anxiety associ-
ated with informing these women of their high-risk status in
order to obtain the plasma samples for MPSS testing. It would
also streamline the transition from screening to diagnostic
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testing in a seamless and unobtrusive manner. The relative cost
of drawing and saving additional blood tubes (most of which
would never be needed clinically) is a potential drawback to
the reflexive testing strategy, although unused aliquots could
be used for quality control and process improvements.

The detection of Down syndrome remains the primary aim
of prenatal screening. However, first and second trimester
interpretations for trisomy 18 and first trimester interpre-
tations for trisomy 13 are already part of current prenatal
screening practice. It is, therefore, reasonable for MPSS to
have the capacity to identify these three common autosomal
aneuploidies. This report demonstrates that MPSS can identify
nearly all cases of Down syndrome, trisomy 18, and trisomy
13 among women at high risk for these disorders as early as
10 weeks’ gestation, and can be implemented effectively in a
high-risk clinical setting.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper
at http://www.nature.com/gim
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