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OBJECTIVE: We sought to evaluate a multiplexed massively parallel

shotgun sequencing assay for noninvasive trisomy 21 detection using
circulating cell-free fetal DNA.
STUDY DESIGN: Sample multiplexing and cost-optimized reagents

were evaluated as improvements to a noninvasive fetal trisomy 21 detection assay. A total of 480 plasma samples from high-risk pregnant
women were employed.

somy 21 samples were correctly classified; 1 sample was misclassified
as trisomy 21. The overall classification showed 100% sensitivity (95%
confidence interval, 89 –100%) and 99.7% specificity (95% confidence interval, 98.5–99.9%).
CONCLUSION: Extending the scope of previous reports, this study dem-

RESULTS: In all, 480 prospectively collected samples were obtained

onstrates that plasma DNA sequencing is a viable method for noninvasive detection of fetal trisomy 21 and warrants clinical validation in a
larger multicenter study.

from our third-party storage site; 13 of these were removed due to insufficient quantity or quality. Eighteen samples failed prespecified assay quality control parameters. In all, 449 samples remained: 39 tri-
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T

risomy 21 is the most common
chromosomal aneuploidy in live
born infants. The overall incidence of
trisomy 21 is approximately 1 in 800
births in the general population,1 but
this risk increases to 1 in 35 term births
for women 45 years of age.2-4 Advanced
maternal age is only one factor contributing to increased risk. When other factors, such as positive serum screening results, fetal ultrasound abnormality, or
family history are included, the odds of
being affected given a positive result of

Down syndrome can be as high as 1 in 9
using the integrated test.5 For women in
this high-risk group, an invasive diagnostic procedure is currently the only
way to confirm the diagnosis of trisomy
21, commonly by means of a fetal karyotype. Although the safety of the invasive
procedures, specifically genetic amniocentesis and chorionic villus sampling
(CVS), has improved greatly since their
introduction, there remains a well-rec-
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ognized risk of iatrogenic fetal loss. Tests
that could better identify those women
who would most benefit from confirmatory invasive diagnostic tests are of great
public health interest. Since the initial
seminal work by Merkatz et al,6 continuous efforts have focused on increasing
the specificity of primary screening
methods; eg, by including more serum
protein markers or through the addition
of ultrasound findings suggestive of fetal
aneuploidy. Consequently, screening
tests have greatly improved in their clinical sensitivity and specificity over the
last 2 decades. These developments have
also led to contemporary testing programs involving a variety of potential
screening algorithms.7 Accurate gestational dating through ultrasound is a
critical element to achieve high accuracy,
but may not be readily available to all
pregnant women.
A new approach to detect fetal aneuploidy analyzes fetal DNA itself rather
than the surrogate biochemical or ultrasound markers in current maternal serum screening protocols. In 1997, Lo et
al8 reported that circulating cell-free
(ccf) fetal (ccff) DNA is present in the
plasma of pregnant women. DNA of fetal
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origin ranges between 2% and 40% with
a mean around 10% of the total ccf DNA
across varying gestational ages.9-12 The
ccff DNA is cleared from the maternal
bloodstream within hours after birth;
thus, misdiagnosis from carryover contamination from a previous pregnancy is
unlikely.13 A noninvasive ccff method
for prenatal Rhesus D testing in Europe
has already been widely adopted.14
In comparison to Rhesus D testing, aneuploidy detection from ccf DNA is far
more challenging. In principle, aneuploidy
detection could be enabled through a variety of methods including the analysis of
single nucleotide polymorphisms,15 DNA
methylation,16,17 or fetally expressed RNA
transcripts.18,19 The most convincing data
to date for a generally applicable test, however, have been generated through massively parallel shotgun sequencing (MPSS)
of ccf DNA. Two groups have independently shown that MPSS can unambiguously identify plasma samples from
women carrying a trisomy 21 fetus20-23
compared to samples from women with
euploid fetuses. These studies were performed with small numbers of clinical
samples and, while these preliminary results are very promising, the true clinical
performance remains to be established. As
originally described in 2008, the overall
cost of a sequencing-based test was prohibitive in terms of potential deployment in
clinical practice. However, next-generation sequencing methods such as MPSS
are rapidly evolving with concomitant declines in reagent and instrument costs.
We have implemented several process
improvements in MPSS for noninvasive
aneuploidy detection using ccf DNA.
These modifications provide an affordable testing procedure with the potential
for widespread utilization. Because such
a test, first and foremost, has to be safe
and efficacious we designed a blinded
study that tested a total of 480 plasma
samples collected from pregnant woman
at high risk for fetal aneuploidy.

M ATERIALS AND M ETHODS

of 91% when all trisomy 21 cases are correctly identified. We matched trisomy 21
samples with euploid samples at a ⬃1:11
ratio, slightly higher than the more typical prevalence in a high-risk group of 1
in 15.
Patients at increased risk for fetal
Down syndrome and other chromosomal aneuploidies were asked to participate in this prospective study. Risks included a positive serum biochemical
screening test; advanced maternal age
(ⱖ35 years at the estimated date of delivery); a fetal ultrasound finding suggestive of Down syndrome; or a personal/
family history of Down syndrome.
Patient informed consent was obtained
for peripheral blood sampling and for
the inclusion of karyotype results from
an already scheduled, subsequent invasive diagnostic procedure. Fetal karyotypes or quantitative fluorescent PCR results were obtained as part of regular
clinical care on either CVS or genetic
amniocentesis samples. These data were
unknown to the investigators prior to
unblinding. The sample demographics
were representative for pregnant women
at high risk for fetal trisomy 21 (Table 1).
Samples were blinded to the investigators and prospectively collected, processed, and stored at an independent,
contracted, third-party location (Biostorage Technologies Inc [BST], Indianapolis, IN). All information was kept
within an independent, third-party database (Pharmaceutical Research Associates Inc [PRA], Raleigh, NC). A total of
480 samples were requested from PRA
and provided by BST for analysis at Sequenom Center for Molecular Medicine,
San Diego, CA. Karyotype results were
unknown to the investigators and data
analysts until after completion of all
sample testing and submission for review. The MPSS results were sent to an
independent, third-party biostatistician
who had all clinical information including confirmatory karyotypes. The data
were matched and unblinded by this
third-party biostatistician and the concordance of the results was reported.

Study design
The study was set up to include at least 40
trisomy 21 samples, a design chosen to
achieve a lower 95% confidence bound

Sample collection
For the study presented here, samples
were collected at clinical practices active
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in the treatment of patients undergoing
invasive prenatal diagnosis by CVS (first
trimester) and genetic amniocentesis
(second trimester) and, for some of the
cases, from pregnancy termination centers. Eight samples were collected for
research purposes under Food and Drug
Administration approval (FDA Establishment Identifier no. 3005208435). All
remaining samples were collected under
institutional review board (IRB) approval (Western Institutional Review
Board [WIRB] no. 20091396, WIRB no.
20080757, Compass IRB no. 00351). All
samples, demographics, and karyotype
results were completely blinded to the
laboratory investigators by the thirdparty clinical research organization
(PRA) and the BST facility. Patients were
approached during their genetic counseling sessions and, if they gave their
informed consent, the study protocol
dictated that phlebotomy was to be performed prior to their invasive procedure.
The vast majority of samples were collected after August 2009 and none were
collected before May 2009; therefore, the
oldest samples in the study were ⬃10
months old. Samples were all collected at
specifically contracted processing centers operating under study-specific protocols. None of the samples were obtained and analyzed as fresh samples; ie,
all were processed and frozen before
shipment to the central, independent
biostorage facility (http://biostorage.com/; a full description of the independent nature of this widely used biostorage company is detailed on their World
Wide Web site).
All samples were collected and processed under the same protocol: 10 mL of
maternal whole blood was drawn into an
EDTA-K2 spray-dried Vacutainer (Becton Dickinson, Franklin Lakes, NJ),
stored, and transported to the processing
laboratory on wet ice. Within 6 hours of
the blood draw, the maternal whole
blood was centrifuged (Eppendorf
5810R plus swing out rotor) chilled
(4°C) at 2500g for 10 minutes and the
plasma was collected. The plasma was
centrifuged a second time (Eppendorf
5810R plus fixed angle rotor) at 4°C at
15,000g for 10 minutes. After the second
spin, the plasma was removed from the
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pellet that formed at the bottom of the
tube and distributed into 4-mL plasma
bar-coded aliquots. In this study, only a
single 4-mL plasma aliquot from each
patient was used for DNA isolation.

MPSS aneuploidy detection
DNA was prepared from 4 mL of maternal plasma. The short lengths of ccf DNA
afford direct use in preparing the libraries of DNA fragments that were sequenced. In practice, 4 different libraries
each containing a synthetic oligonucleotide sequence as a bar code were mixed
and analyzed together (multiplexing).
The bar code revealed which library each
sequence read represented. Eight separate mixtures of 4 libraries were analyzed
in parallel. One MPSS process required
about 2 days and yielded 36 bases of sequence from each DNA fragment. Approximately 5 million 36-base fragments
were sequenced from each library. These
represented about 6% of the human genome in each sample. As is standard in
MPSS, the 36-base reads were processed
to exclude poor-quality data and then
matched to a reference human genome
to determine their chromosome origin.
The fraction of reads is proportionate to
chromosome size. Thus, typically 8.5%
of all reads are from chromosome 1,
while only about 1.2% are from chromosome 22.20,21
A fetus with trisomy 21 contributes
additional genetic material to the total
pool of ccf DNA. Consequently, in comparison to women carrying a euploid fetus, a slightly larger contribution of sequence reads mapping to chromosome
21 is observed in a plasma sample of a
woman carrying a fetus with Down syndrome. Ccf DNA in plasma from a pregnant woman with a euploid fetus shows
an average 1.35% of all aligned sequence
reads located on chromosome 21. A variety of analytical methods have been
published to detect an overabundance of
genetic material from chromosome 21 in
trisomic pregnancies.20,21,23 These use
some form of normalization to calibrate
the results against a known set of euploid
reference samples. Contributions greater
than the reference range are then indicative of additional genetic material from
chromosome 21 and in many cases can
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be interpreted as a fetal trisomy 21. In
this study, a modification of a method
used by Chiu et al20 was used for classification. Prior to the main study a set of
known euploid reference samples was
used to calculate the mean and standard
deviation (SD) of the representation of
chromosome 21 (percentage of reads obtained from chromosome 21). Then, for
every test sample, the distance, measured
in SD, from the mean in the euploid reference set was calculated. A fixed cutoff
of 2.5 SD was used to identify samples
with an overrepresentation of chromosome 21 material.

Assay design
Compared to previously published studies,20,21 3 important modifications were
made to the sequencing protocol. We
used custom purified enzymes in the library generation process to achieve a reduction in assay cost. We employed the
latest sequencing biochemistry available
for the GAIIx sequencer (Illumina Inc,
San Diego, CA) in combination with
the manufacturer’s analysis software
CASAVA version 1.6. These changes increased the number of sequence reads
from approximately 13 to 20 million per
lane. We also used indexing primers during library amplification to allow analysis of multiple samples in a single sequencing reaction (“multiplexing” vs
“monoplexing”). In this study, 4 samples
were analyzed per lane (“4-plex” or “tetraplexing”), which equates to approximately 3 to 5 million available sequence
reads per sample. The combination of
these modifications enabled 4 times
higher throughput at about 4 times
lower cost.
DNA extraction
The Qiagen ccf nucleic acid kit (Qiagen,
Hilden, Germany) was used according to
the manufacturer’s specifications. The
resulting DNA was eluted in 55 L of
buffer AVE (part of the Qiagen kit).
Quality control of extracted DNA
The quantity of the extracted DNA was
determined with an assay that uses simultaneous quantification of fetal and
total ccf DNA. This fetal quantifier assay
(FQA) was recently published10 and uses
methylation-sensitive restriction en-

zymes to eliminate the maternal contribution of genomic regions that are
methylated in fetal DNA and unmethylated in maternal DNA. The remaining
nondigested fetal DNA is coamplified in
the presence of a known amount of synthetic oligonucleotide to permit competitive polymerase chain reaction (PCR).
This synthetic oligonucleotide has an
identical sequence to the target genomic
DNA, apart from 1 nucleotide that can
be targeted by single-base extension and
quantitative matrix-assisted laser desorption/ionization time-of-flight mass
spectrometric analysis. To ensure accurate results, the assay comprises multiple
markers in 4 different categories. Three
markers are used to measure total DNA
amounts. Three markers are used to
measure chromosome Y copy numbers;
2 markers interrogate the efficiency of
the methylation-specific digestion reaction, and 5 markers are used to measure
fetal DNA amounts.
Methylation-based DNA discrimination was performed using 10 L of eluted
DNA per reaction. All reagents and apparatus were obtained from Sequenom
Inc, San Diego, CA, unless stated otherwise. Digestion of plasma DNA was performed for 30 minutes at 41°C by adding
25 L of a mixture containing 3.5X PCR
buffer, 2.22 mmol/L MgCl2, 10 U HhaI
(New England Biolabs, Ipswich, MA), 10
U HpaII (New England Biolabs), and 10
U ExoI (New England Biolabs). Exonuclease was added to eliminate singlestranded DNA that would escape digestion and overestimate the fetal fraction.
After the restriction was complete, the
enzymes were inactivated and the DNA
denatured by heating the mixture for 10
minutes at 98°C. All steps following the
restriction reaction were performed according to Nygren et al.10

Library preparation
The extracted ccf DNA was used for library preparation without further fragmentation or size selection, because ccf
DNA is already naturally fragmented,
having an average length of approximately 160 base pairs. Low binding Eppendorf tubes were used to store 55 L of
DNA eluent at 4°C following extraction
until the library preparation had started.
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FIGURE 2

Histogram of z-scores calculated using 24 reference samples
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A red vertical line is drawn at z ⫽ – 0.6 and corresponds to the median z-score for all samples; its
expected position, under the assumption that reference samples have same distribution of chromosome 21 representation as all euploid samples in this study, is at z ⫽ 0.
Ehrich. Noninvasive detection of fetal trisomy 21. Am J Obstet Gynecol 2011.

Storage times ranged from 24-72 hours.
The library preparation was carried out
according to the manufacturer’s specifications (Illumina Inc) with some modifications. Enzymes and buffers were
sourced from Enzymatics (End Repair
Mix –LC; dNTP Mix [25 mmol/L each];
Exo(-) Klenow polymerase; 10X Blue
Buffer; 100 mmol/L dATP; T4 DNA Ligase; 2X Rapid Ligation Buffer) and
New England Biolabs (Phusion MM).
Adapter oligonucleotides, indexing oligonucleotides, and PCR primers were
obtained from Illumina Inc.
Library preparation was initiated by
taking 40 L of ccf DNA for end repair,
retaining 15 L for QC by FQA. End repair was performed with a final concentration of 1X End Repair buffer, 24.5
mol/L each dNTPs, and 1 L of End
Repair enzyme mix. The end repair reaction was carried out at room tempera205.e4

5

Relationship between z-scores calculated based
on 24 external samples using mean and SD (xaxis) and using median and median absolute deviation (y-axis). The blue line indicates the empirically derived z-score cutoff of 2.5, which is
comparable to the cutoff of 3 (red line) using the
robust method.
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ture for 30 minutes and the products
were cleaned with Qiagen Qiaquick columns, eluting in 36 L of elution buffer
(EB). 3= mono-adenylation of the endrepaired sample was performed by mixing it with a final concentration of 1X
Blue Buffer, 192 mol/L dATP, and 5 U
of Exo(-) Klenow Polymerase. The reaction was incubated at 37°C for 30 minutes and cleaned up with Qiagen MinElute columns, eluting the products in
14 L of EB. Adapters were ligated to the
fragments by incubating for 10 minutes
at room temperature with 1X Rapid Ligation buffer, 48.3 nmol/L Index PE
Adapter Oligos, and 600 U T4 DNA Ligase. The ligation reaction was cleaned
up with QiaQuick columns, and the sample eluted in 23 L of EB. The adaptermodified sample was enriched by amplifying with a high-fidelity polymerase.
The entire 23 L eluent of each sample
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was mixed with 1X Phusion MM, Illumina Inc PE 1.0 and 2.0 primers, and 1 of
12 index primers for a total PCR reaction
volume of 50 L. The sample was amplified in a 0.65-mL PCR tube using a MJ
Research (Bio-Rad, Hercules, CA)
Model PTC-200 thermal cycler. The
PCR conditions were an initial denaturation at 98°C for 30 seconds, 15 cycles of
denaturation at 98°C for 10 seconds, annealing at 65°C for 30 seconds, and extension at 72°C for 30 seconds. A final
extension at 72°C for 5 minutes was followed by a 4°C hold. The PCR products
were cleaned with MinElute columns
and the libraries eluted in 17 L of EB.

Quality control of generated
sequencing library
The libraries were quantified via SYBR
Green quantitative PCR (qPCR) analysis
as outlined by Meyer et al.24 Each library
was diluted 1:108 and quantified against
a library standard using Power SYBR
Green PCR Master Mix (ABI, Foster
City, CA).
Each sample or standard was assayed
in triplicate, including triplicate nontemplate control reactions. The sample
was gently inverted or pipetted up and

Reports of Major Impact

www.AJOG.org

Data analysis
Sequence reads unique to a chromosome
were counted, up to 1 mismatch (U1
counts), and the chromosome 21-specific genomic representation was calculated based on these unique sequence
reads. The fractional genomic representation of chromosome 21 (also referred
to as the percentage of chromosome 21)
was determined by dividing the number
of sequence reads from chromosome 21

Distributions of quality control parameters
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Clustering and sequencing
Clustering and sequencing were performed according to standard Illumina
Inc protocols. Individual libraries were
normalized to a 5-nmol/L concentration
and then clustered in 4-plex format to a
final flow cell loading concentration of
1.75 pmol/L per sample or 7 pmol/L per
flow cell lane. The cBOT instrument and
v4 Single-Read cBOT reagent kit (Illumina Inc) were used. Thirty-six cycles
of single-read multiplexed sequencing
were performed on the Genome Analyzer IIx with Paired-End module using
v4 SBS reagent kits and supplemental
Multiplex Sequencing Primer kits (Illumina Inc). Image analysis and base calling were performed with RTA1.6/SCS2.6
software (Illumina Inc). Sequences were
aligned to the UCSC hg19 human reference genome (nonrepeat-masked) using
CASAVA version 1.6 (Illumina Inc).

FIGURE 3

Relative frequency

down to mix, then spun down. In the reaction 2 L of the 1:108 dilution are
added to a reaction mix containing 9 L
of Ultrapure Water, 12.5 L 2x Power
Mix, 0.5 L of each forward (GAT ACG
GCG ACC ACC GAG AT) and reverse
(CAA GCA GAA GAC GGC ATA CGA
G) primer at 10 mol/L, and 0.5 L of 1
U/L uracil-N-glycosylase. Amplification was performed on an ABI 7500 (Applied Biosystem, Foster City, CA). The
cycling protocol began with a 2-minute
uracil-N-glycosylase decontamination
step at 50°C, this was followed by HotStart activation 95°C for 10 minutes. The
program cycling was commenced and
continued through 46 cycles of 15 seconds denaturation at 95°C followed by 1
minute of annealing/extension at 60°C.
The final step was a 15-second denaturation at 95°C.
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Histograms showing distribution of quality control parameters (each histogram has optimal number of
bins, as calculated with Scott’s rule). Very high values of unique sequence counts (⬎10 million) are
mainly obtained from samples that were analyzed in monoplex.
Ehrich. Noninvasive detection of fetal trisomy 21. Am J Obstet Gynecol 2011.

by all sequence reads excluding sequence
reads from chromosomes X and Y. The
fractional genomic representation was
then standardized by subtracting the
mean of a control group and dividing by
the standard deviation (SD) of that same
control group. Using a set of known euploid samples as a control group, this
method determines the distance in SD of
the tested sample to the mean of the euploid reference group. This metric, standardized fractional genomic representation (the so-called z-scores), is the metric
used to classify samples as euploid or trisomy 21. Details of this procedure are
outlined in Chiu et al.20
Ideally, the standardization process
would be based on the true mean and
true SD as calculated from a very large
set of euploid samples. In the absence

of such a large set, a control group of 24
euploid samples from a previous experiment was used. Given both the
limited sample size and the latent differences between the 2 different experiments, this control group may produce biased estimates of the true mean
and true SD. In the design of the current study, similar to an expected clinical setting, it was anticipated that the
majority of the samples would be euploid. Therefore the distribution of the
z-scores should have a large normally
distributed component centered on 0
and with SD close to 1. Any significant
departure from this situation would be
an indicator of improper standardization. Alternatively, a robust standardization can be employed given the data
from the current experiment, by using
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TABLE 1

Demographics of 449 analyzed samples
Demographic
Maternal age, y (n ⫽ 448)

Median
37

Range
(18–47)

..............................................................................................................................................................................................................................................

Gestational age, wk (n ⫽ 448)

16

(8–36)

Maternal weight, lb (n ⫽ 425)

153

(96–314)

Variable

Percent

used to derive a more robust mean and
SD for the calculations of z-scores. Enrolling more patients will clearly benefit
the analytical procedure and over time
may make empirically derived cutoffs
unnecessary.

..............................................................................................................................................................................................................................................
..............................................................................................................................................................................................................................................

(Naffected/Ntotal)

..............................................................................................................................................................................................................................................
a

Indication for testing

.....................................................................................................................................................................................................................................

Positive serum screening

30.2

(133/441)

Advanced maternal age

68.3

(306/448)

Ultrasound abnormality

12.9

(57/441)

Positive family history

5.2

(23/441)

10.2

(45/441)

.....................................................................................................................................................................................................................................
.....................................................................................................................................................................................................................................
.....................................................................................................................................................................................................................................
.....................................................................................................................................................................................................................................

Not specified

..............................................................................................................................................................................................................................................

Procedure

.....................................................................................................................................................................................................................................

CVS

19

(84/442)

Genetic amniocentesis

81

(358/442)

.....................................................................................................................................................................................................................................
..............................................................................................................................................................................................................................................

Confirmation

.....................................................................................................................................................................................................................................

Karyotype

59.9

(269/449)

FISH

2.9

(13/449)

Both

35.6

(160/449)

1.6

(7/449)

.....................................................................................................................................................................................................................................
.....................................................................................................................................................................................................................................
.....................................................................................................................................................................................................................................

QF-PCR

..............................................................................................................................................................................................................................................

For some patients not all information was available. Number of patients used to calculate statistics is indicated for each
parameter.
CVS, chorionic villus sampling; FISH, fluorescent in situ hybridization; QF-PCR, quantitative fluorescent polymerase chain
reaction.
a

Some patients had ⬎1 indication.

Ehrich. Noninvasive detection of fetal trisomy 21. Am J Obstet Gynecol 2011.

the median and median absolute deviation for the calculation of z-scores.
Twenty-four known euploid samples from a previous study were used to
determine mean and SD of the percent
of chromosome 21 representation
needed for calculating the z-scores for
the set of 480 samples. The determination of the mean and SD of the distribution of z-scores was performed by
applying an iterative censoring approach. In each iteration we excluded
the most extreme values (outside of 3
SD) and recalculated mean and SD.
The values for mean and SD approached a stable value after 10 iterations. Using this method, we estimate
the true mean to be – 0.6 and the SD to
be 1.03. Based on these values the empirically derived z-score cutoff was set
to 2.5 (z-score cutoff ⫽ mean ⫹ 3 SD).
This distribution of the z-scores is displayed in Figure 1. The z-score cutoff
205.e6

was derived and applied to the data before unblinding.
We used the same 24 reference samples and sequenced them in monoplex
format. The resulting data were used to
calculate mean and SD for this monoplex
reference dataset. For the set of 10 samples that were run in monoplex we did
not have enough data available for an
equivalent bias estimate. Consequently,
we applied the same z-score cutoff to the
entire dataset.
The empirically derived threshold of
z ⫽ 2.5 correlates well with the cutoff
of z ⫽ 3, when z-scores are calculated
using the robust standardization procedure described earlier. In effect, we
are still applying the same rule of 3 SD
but our approach compensates for a biased control group. Figure 2 depicts
this correlation.
In future analysis, the results from
studies like the one presented here can be
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Quality control criteria
All incoming plasma samples were inspected to assure each was intact and had
sufficient volume.
Assay-specific QC criteria were derived from the results of the pilot studies.
Figure 3 depicts the distribution of values of the QC assays obtained for the entire set of 467 samples that underwent
QC. A subset of 449 samples had sufficient quality in all control assays to be
enrolled into the analysis.
The following cutoffs were used: for
samples that were analyzed in 4-plex:
● Minimum fetal fraction, as estimated
with the FQA: 3.9%.
● Minimum total DNA per sample, as
estimated with the FQA: 556 copies.
● Minimum library concentration, as
measured with a qPCR assay: 32.3
nmol.
● Minimum number of total unique,
postfilter counts (U1 counts):
3,044,976.
The following cutoffs were used for
samples that were analyzed in monoplex:
● Minimum total DNA per sample, as
estimated with the FQA: 556 copies.
● Minimum library concentration, as
measured with a qPCR assay: 32.3
nmol.
● Minimum number of total unique,
postfilter counts (U1 counts):
12,179,904.
The confidence intervals (CIs) for sensitivity and specificity were calculated
using Wilson score method incorporating continuity correction.25-27
All calculations were done using the R
environment for statistical computing.28
Raw data for the analyzed patient samples will be made available upon request.
Pilot studies and implementation
of calling rules
We carried out 3 pilot studies to assess
the general feasibility of the multiplexing, to test the processing infrastructure,
and to test the procedure for requesting
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and receiving blinded samples from a
third party. The data obtained in these
pilot studies were used to establish the
quality criteria and calling rules for the
main study reported in this article.
In the first pilot study, we analyzed
86 samples from women with euploid
fetuses and 10 from women with a trisomy 21 fetus: 84 were correctly identified as euploid and 8 were correctly
identified as trisomy 21 and 4 samples
were misclassified, including 2 false
positives and 2 false negatives. The
source documentation for all samples
was reviewed and revealed that the 2
false-negative samples were incorrectly
annotated by the third-party providing
the sample, resulting in the selection of
2 euploid samples incorrectly classified
as trisomy 21. Thus, in retrospect,
these samples were correctly identified
as euploid. The 2 false positives remained discrepant. The sample provider revised the sample selection and
receiving procedure manuals to mitigate against future transcription
errors.
Next, we tested the established internal sample processing infrastructure and
the quality control (QC) documentation. In this second pilot study, we processed 96 samples from women with euploid fetuses according to standard
operating procedures. We correctly
identified 95 samples as euploid and 1
sample was misclassified as a trisomy 21
sample.
Finally, in the third pilot study, we verified the modified protocol to request,
review, and process a set of blinded samples and to send the results to an external
biostatistician. Forty euploid samples
and 4 trisomy 21 samples were requested
from PRA and BST. The results documented that 1 sample had to be excluded
from the analysis because of a failed sequencing reaction. The remaining 43
samples were classified correctly (40 euploid and 3 trisomy 21).

R ESULTS
The study comprised 480 plasma samples from pregnant women who were a
priori at high risk for fetal trisomy 21.
Details of sample demographics are pro-

TABLE 2

Reasons for sample exclusion
Variable

Criteria

Samples excluded

Incoming inspection

Plasma volume ⬍3.5 mL

9

..............................................................................................................................................................................................................................................

Processing error

Sample dropped during DNA extraction

1

Samples mixed into each other

2

........................................................................................................................................................................
........................................................................................................................................................................

Tube broke during centrifugation

1

..................................................

Subtotal: 13

..............................................................................................................................................................................................................................................
a

Quality control

Fetal percentage

7

Total DNA

7

........................................................................................................................................................................
........................................................................................................................................................................

Library concentration

15

........................................................................................................................................................................

Unique counts

11

..................................................
a

Subtotal: 18

..............................................................................................................................................................................................................................................

Quality control was performed with 2 sets of acceptance criteria. One set was applied to all 457 samples that were sequenced
in 4-plex and second set was applied to all 10 samples that were sequenced in monoplex. Cutoff values are depicted in Figure
1. Set of 31 samples excluded from analysis contained 28 euploids and 3 trisomy 21 samples.
a

Some samples failed ⬎1 criterion.

Ehrich. Noninvasive detection of fetal trisomy 21. Am J Obstet Gynecol 2011.

vided in Table 1. The samples were processed in 5 batches of 96 each. Each batch
required approximately 10 days from
DNA extraction to the final sequencing
result. Since batches were processed in
parallel, the entire study (including data
analysis) was completed in July and August 2010.
Thirteen samples of the 480 were excluded as preanalytic failures because of
insufficient quality (see Table 2 for details and quality-not-sufficient definitions). Twenty samples of the remaining
467 failed the initial sequencing QC.
These showed sequence counts below
the predetermined cutoff (⬍3 million)
but high-quality libraries (concentration
⬎32.3 nmol). Libraries from samples
that had ⬎3.9% fetal DNA were resequenced in their original tetraplex format (n ⫽ 10), while samples with lower
fetal DNA percentages were resequenced
in monoplex (n ⫽ 10). Only the resequencing results were considered. Application of assay QC cutoffs to the entire
set of 467 samples thus excluded 18 samples (4%) from analysis. Figure 4 and Table 2 provide an overview of the QC
process. Three excluded samples were
subsequently identified as trisomy 21: 1
tube broke during centrifugation, 1
failed library and sequencing QC, and 1
failed sequencing QC after it had been
resequenced.

Of the 449 samples that passed QC and
were analyzed, 410 were euploid and 39
were trisomy 21. Of the trisomy 21 samples, all 39 were correctly identified. Of
the euploid samples, 409 of the 410 were
correctly classified while 1 was misclassified as trisomy 21 (false positive). Thus,
the overall classification showed 100%
sensitivity (95% CI, 89 –100%) and
99.7% specificity (95% CI, 98.5–99.9%).
Figure 5 shows the z-scores for euploid
and trisomy 21 samples. Additionally,
we plotted the nonnormalized fractional
representation of chromosome 21 stratified by sample type and multiplexing
level (Figure 6). By use of the appropriate
reference set for each of the mono- and
tetraplex samples, a single z-score based
classification cutoff can be applied.
To assess the value of the QC methods,
we also performed a post hoc analysis of
the classification accuracy of all 467
samples before applying our QC metrics
(excluding only the 13 samples with preanalytic failures). The accuracy was comparable to the 449 samples described
above. However, the full set of 467 had 1
trisomy 21 incorrectly called euploid
(false negative). The sensitivity in this
sample group was 97% (95% CI, 86 –
100%) and the specificity of 99.8% was
marginally higher due to the increased
sample number (95% CI, 98.5–100%).
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FIGURE 4

Flowchart representing decision matrix for sample analysis

QC, quality control; QNS, quality not sufficient.
Ehrich. Noninvasive detection of fetal trisomy 21. Am J Obstet Gynecol 2011.
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FIGURE 6

The z-scores for euploid (black)
and trisomy 21 (red) samples

Distribution of chromosome 21 fractional representation

10

0.0145
0.0140
0.0135

15

chr21 representation

0.0150

FIGURE 5

Euploid
tetraplex

Trisomy 21
monoplex

Trisomy 21
tetraplex

References
monoplex

References
tetraplex

5

Euploid
monoplex

0

Non-normalized fractional representation of chromosome 21 stratified by multiplexing level and
sample type. The data for reference sets are slightly different. In particular, the estimated variance of
the reference set for monoplex samples is lower than for tetraplex samples (both n ⫽ 24). Therefore,
after standardization to the appropriate reference set, the trisomy 21 (T21) sample with the lowest
chromosome 21 representation in monoplex can still be correctly classified.
Ehrich. Noninvasive detection of fetal trisomy 21. Am J Obstet Gynecol 2011.

Euploid
Normal

T21 21
Trisomy

Depicted are the z-scores for the set of 449 analyzed samples, including 410 euploid (black)
and 39 trisomy 21 (red ) samples. To avoid overplotting, data points are separated in horizontal
direction by some small random “jitter.” The zscore cutoff of 2.5 is shown as solid line. Because a set of 24 euploid samples from an external reference set was used to calculate the
mean and SD, the distribution of z-scores for
euploid samples centers on – 0.6 instead of 0,
and hence a cutoff of z ⫽ 2.5 is more appropriate than the usual cutoff of 3.0.
Ehrich. Noninvasive detection of fetal trisomy 21. Am J
Obstet Gynecol 2011.

C OMMENT
Noninvasive prenatal aneuploidy detection has evolved and steadily improved
over the last 20 years. Now, prenatal
screening is on the verge of another major transformation. Rapidly advancing
sequencing technologies are reaching a
point where an individual’s personal genome becomes available as a standard
source for medically relevant genetic information. We took advantage of recent
advances in MPSS, not to determine the
full genomic sequence, but rather to use
sequence-specific tags of known chromosomal location as a quantitative representation of individual chromosomes
in maternal plasma. In this test, a sufficiently disproportionate representation
of chromosome 21 is indicative of fetal

trisomy 21.20 The present blinded study
comprised 480 patient samples of which
42 samples had a fetus with trisomy 21.
Based on predefined, pretesting QC criteria, 31 samples including 3 trisomy 21
samples had insufficient quality and
were excluded from further processing.
The overall rate of successful completion
of sample analysis in this study is ⬎94%.
If confirmed in subsequent studies, this
rate would be clinically acceptable for
such a high complexity assay. Thirteen
samples were excluded because of insufficient sample volume or processing errors, both unrelated to the sequencing
assay but likely to occur in clinical practice (Table 2). A clinical laboratory will
resort to a second plasma aliquot of the
initial patient sample if the standard collection procedure uses more than one
10-mL tube of blood. Eighteen additional samples were excluded through
the application of our QC processes. For
some of these patients the second plasma
aliquot might yield useable results.
In the remaining 449 samples, the
test achieved a sensitivity of 100% and
⬎99% specificity. While these numbers
are encouraging, they must be viewed
objectively. The number of samples analyzed in this feasibility study (39 trisomy
21 samples) is still relatively limited, and
this small sample cohort may not span
the entire spectrum of cases that presents
in clinical practice. Future clinical vali-

dation studies with larger numbers of
trisomy 21 samples will reveal the true
sensitivity of this noninvasive aneuploidy test. The specificity can be assessed much more accurately from our
dataset. The lower 95% CI for the specificity is ⬎98%. Given the large number
of euploid samples tested, the specificity
is less likely to change significantly when
more euploid samples from high-risk
pregnancies are tested.
Further improvements will be necessary over the next years for this test to
find more widespread adoption as a
screening tool. The complexity of the assay has to be reduced to allow decentralized processing in less specialized clinical
laboratories. Lower failure rates and
quicker turnaround times are desirable
to meet patient expectations in prenatal
screening. Ideally, a screening test will
also include trisomy 18, as done in current practice, and potentially trisomy 13.
Finally, the clinical sensitivity and specificity achieved in the high-risk population needs to be validated in a general
population screen.
Today trisomy 21 detection by MPSS
in high-risk women is complicated but
manageable if implemented with appropriate procedures and quality metrics. This
assay holds considerable promise for prenatal aneuploidy detection in pregnant
women at high risk for a trisomy 21 fetus. If
the current results are confirmed in a larger
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multicenter trial, this method could have a
substantial impact on future clinical practice. The number of pregnant women who
are candidates to undergo invasive testing
owing to advances in prenatal fetal ultrasound scanning and serum biochemical
screening for fetal chromosome abnormalities, including Down syndrome, has
increased with the advent of modern,
more complex screening algorithms.
There remains the traditional risk group of
women who are aged ⱖ35 years at term,
and this group too has been growing over
the last 3 decades. In 1980 in the United
States, approximately 4.5% of all pregnant
women were of advanced maternal age; by
2007, that figure had increased to 14%.29
Consequently, being at high risk for a trisomy 21 pregnancy is becoming more relevant to a larger group of women. Although the merits of current screening
technologies cannot be understated, ultimately these women are faced with the decision to undergo an invasive procedure,
which to this day continues to add risk to
the pregnancy. Our data show that a noninvasive prenatal trisomy 21 test from ccff
DNA might be used in concert with other
clinical assessments, such as ultrasound,
and become an option to better identify
those women who would, or would not,
benefit from confirmatory invasive diagnostic tests.
In this study, we have taken the next
step in evaluating the use of ccf DNA sequencing and have shown that it has the
potential to be highly accurate. We have
also implemented technical improvements to overcome the previous barrier to
implementing this new technology by increasing the throughput and reducing the
cost. These technical assay improvements
are essential to enable an adoption into
clinical practice once a planned clinical validation of the test in a larger multicenter
study has been completed.
f
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