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Abstract
Objective: To develop a microarray-based method for noninvasive prenatal testing (NIPT) and compare it with nextgeneration sequencing. Methods: Maternal plasma from
878 pregnant women, including 187 trisomy cases (18 trisomy 13, 37 trisomy 18, 132 trisomy 21), was evaluated for
trisomy risk. Targeted chromosomes were analyzed using
Digital Analysis of Selected Regions (DANSRTM) assays.
DANSR products were subsequently divided between two
DNA quantification methods: microarrays and next-generation sequencing. For both microarray and sequencing
methodologies, the Fetal-Fraction Optimized Risk of Trisomy Evaluation (FORTETM) algorithm was used to determine
trisomy risk, assay variability across samples, and compute
fetal fraction variability within samples. Results: NIPT using
microarrays provided faster and more accurate cell-free DNA
(cfDNA) measurements than sequencing. The assay variability, a measure of variance of chromosomal cfDNA counts,
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was lower for microarrays than for sequencing, 0.051 versus
0.099 (p < 0.0001). Analysis time using microarrays was faster, 7.5 versus 56 h for sequencing. Additionally, fetal fraction
precision was improved 1.6-fold by assaying more polymorphic sites with microarrays (p < 0.0001). Microarrays correctly classified all trisomy and nontrisomy cases. Conclusions:
NIPT using microarrays delivers more accurate cfDNA analysis than next-generation sequencing and can be performed
in less time.
© 2014 S. Karger AG, Basel

Introduction

Noninvasive prenatal testing (NIPT) using cell-free
DNA (cfDNA) obtained from maternal plasma has been
shown to improve the accuracy of fetal aneuploidy risk
assessment over conventional serum marker screening
[1, 2]. The false-positive rate for trisomy 21 using the
HarmonyTM Prenatal Test is lower than 0.1%, while first
trimester combined screening has a 5% false-positive
rate [3].
The DANSRTM targeted approach was developed to reduce the amount of sequencing required for NIPT [4].
DANSR efficiently generates relevant data by focusing asDr. Kara Juneau, PhD
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Methods
Subjects
A total of 878 maternal venous blood samples were analyzed
under an Institutional Review Board-approved protocol. Samples
had the following trisomy classifications: 691 were disomic, 18
were trisomy 13, 37 were trisomy 18, and 132 were trisomy 21.
Maternal blood samples were collected between 10 and 34 weeks’
gestation from singleton pregnancies in women at least 18 years
old (table 1). The trisomy classification had previously been determined for all samples tested; 486 samples were originally tested
using the Harmony Prenatal Test from Ariosa Diagnostics Inc.
(San Jose, Calif., USA), and 392 samples were obtained from patients who underwent invasive genetic testing or postnatal newborn examination followed by detailed genetic analysis, when trisomy was suspected.

Table 1. Demographic characteristics of the analysis population

Sample type

Cases

Maternal
age, years

Gestational
age, weeks

Euploid
Trisomy 13
Trisomy 18
Trisomy 21
Total

691
18
37
132
878

31.6 (5.8)
34.8 (7.7)
37.5 (7.9)
35.2 (5.9)
32.5 (6.1)

14.2 (3.7)
17.4 (4.7)
18.7 (6.2)
16.8 (4.2)
14.8 (4.2)

Data for maternal age and gestational weeks are reported as
averages followed by the standard deviations in parentheses.

tion. In this study, the total number of polymorphic assays was
increased to 576, whereas 192 polymorphic assays were used in
previous studies [4]. The DANSR product from each sample was
divided; one portion was sequenced and the remaining portion
was hybridized to a custom-manufactured DNA microarray.
DANSR Assay Products Were Quantified Using Microarrays
and Sequencing
Custom DNA microarrays from Affymetrix Inc. (Santa Clara,
Calif., USA) with >100,000, 6-μm features were manufactured to
specifically quantify products of the DANSR assays. Microarrays
were imaged on an Affymetrix GeneTitan® Multi-Channel Instrument. Each patient sample was assayed on a single custom
microarray. Microarrays were manufactured and processed in interconnected sets of 384. Next-generation sequencing data were
produced on an Illumina HiSeq® 2500 (San Diego, Calif., USA).
Clusters were generated on an Illumina Cluster Station using
TruSeqTM Cluster Generation reagents. Assay space is limited for
sequencing: when more assays are quantified, the number of sequence counts per assay declines. Because more assays were included in this study than in previous studies [4], sample multiplexing was reduced to ensure that sufficient sequencing counts were
obtained for each assay. On average, 1,104 sequencing counts per
assay were obtained for this analysis, which is typical for Harmony
Prenatal Test sequencing.

Sample Preparation
Sample preparation and analysis are summarized in figure 1.
Blood was collected in Cell-Free DNA BCT® tubes from Streck
Inc. (Omaha, Nebr., USA). Plasma samples were stored at –20 ° C.
As described previously [4, 12, 13], cfDNA was purified from each
plasma sample, and DANSR products were made from 864 assays
on each of chromosomes 13, 18, and 21. Greater analysis space was
afforded by microarrays, which allowed the development of additional polymorphic assays to more accurately quantify fetal frac-

Data Analysis
A previously published algorithm, Fetal-Fraction Optimized
Risk of Trisomy Evaluation (FORTETM), was used to calculate risk
scores [4, 14]. Samples with risk scores 1% or greater were classified as high risk and those with risk scores below 1% were classified
as low risk. Nonpolymorphic DANSR assays on chromosomes 13,
18, and 21 were used to determine chromosome proportions and
assign trisomy risks. Polymorphic DANSR assays were used to ascertain fetal fraction. Assay variability was defined as the coefficient of variation (CV) of sequence counts (sequencing) or intensities (microarrays) for a nonpolymorphic assay across samples. Fetal fraction variability was defined as the relative standard error of
the measured fetal fraction. Lower assay and lower fetal fraction
variability is preferred. All statistical analyses were performed using R version 3.03. The Wilcoxon paired test was used to compare
CV and fetal fraction variability.
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say resources on chromosomes of clinical relevance.
Chromosomes 13, 18, and 21 together comprise only
about 8% of the human genome [5]. Targeting hundreds
of DANSR assays to each of these chromosomes provides
deep cfDNA analysis at a lower cost. In contrast, random
whole-genome sequencing of plasma cfDNA generates
data indiscriminately from regions of the genome with
little clinical utility for aneuploidy screening.
Currently, all commercially available NIPT utilizes
next-generation sequencing. However, microarrays also
provide efficient genetic analysis, and it is increasingly
common for array CGH to be used to analyze amniotic
samples [6] and preimplantation embryos [7–9]. Microarray analysis allows millions of genomic locations to be
studied simultaneously, with a single patient sample being
evaluated on each array [6]. The difficulty is that while array CGH commonly tests pure samples of fetal DNA, from
amniotic fluid and chorionic villus sampling, cfDNA typically contains only 11% fetal DNA [10, 11]. By combining the targeted DNA analysis afforded by DANSR with
the greater analysis space provided by arrays, we initiated
the development of a robust microarray-based NIPT.
In this study, two DNA quantitation methods, nextgeneration DNA sequencing and DNA microarrays, were
compared for their ability to accurately quantify DANSR
products for NIPT.
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Results

Correlation between Microarray-Based Risk Scores
and Trisomy Risk Classification
In this study, 878 plasma samples were assayed for trisomy risk using both microarrays and sequencing. The
average maternal age of all samples was 32.5 years old
with a standard deviation of 6.1 years. The average gestational age was 14.8 weeks with a standard deviation of 4.2
weeks. Additional data, specific for each trisomy and euploid class, are provided in table 1.
All of the samples had been previously classified for
trisomy risk status (18 cases classified as trisomy 13, 37 as
trisomy 18, 132 as trisomy 21, and 691 as euploid). There
was complete concordance between microarray trisomy
risk classification and previously determined trisomy risk
classification (fig. 2). These data demonstrate that trisomy
risk scores were accurately obtained from microarrays.
Microarray Data Decrease the Assay Variability by
Approximately 2-Fold
Assay variability, as measured by the variance of chromosomal cfDNA counts, was lower for microarrays than
sequencing. The median assay variability for microarray
detection showed a nearly 2-fold improvement over nextgeneration sequencing (0.051 vs. 0.099; p < 0.0001; fig. 3).
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in the DANSR assay. Selected and amplified DANSR products
were divided and quantified using either microarray or sequencing
methodologies. All DANSR detection data were analyzed using the
FORTE algorithm.

Microarrays Provide Lower Fetal Fraction Variability
A core component of the Harmony Prenatal Test is the
FORTE algorithm, which leverages fetal fraction measurements to generate accurate trisomy risk scores. In this
study, where the DANSR products were split between sequencing and microarrays, the FORTE-calculated fetal
fractions were highly reproducible (R2 > 0.99). Because the
space available on the arrays for quantifying assays was not
limiting, more polymorphic assays were included here than
in previous sequence-based studies (576 vs. 192) [4]. Including more polymorphic assays in the array-based NIPT
provided more precise fetal fraction estimates; the median
relative standard error for microarrays was 0.013 compared to 0.021 for previous sequencing studies (p < 0.0001).
Data Acquisition Time Decreased Using Microarrays
The analysis of DANSR products is shortened by 2
days using microarrays. Microarray hybridization and
imaging required 7.5 h. In contrast, cluster generation
and sequencing for next-generation sequencing required
56 h (fig. 1). The microarray imager used in this study
(GeneTitan Multi-Channel Instrument) imaged >75 microarrays per machine hour. In contrast, even when samples were multiplexed in groups of 96 samples per lane,
the throughput was only 15 samples per machine hour on
the HiSeq 2500 sequencing system.
Juneau/Bogard/Huang/Mohseni/Wang/
Ryvkin/Kingsley/Struble/Oliphant/Zahn

Downloaded by:
74.203.206.186 - 4/27/2016 9:38:46 PM

Fig. 1. Study design. DANSR products, produced from cfDNA,
were divided between two DNA quantitation methodologies prior
to FORTE risk assessment. Whole blood was centrifuged to separate plasma from cells. cfDNA was purified from plasma and used
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Fig. 2. Microarray analysis correctly classified all trisomy (X) and nontrisomy (⚫)
cases. Data for trisomy 13 (T13), trisomy 18
(T18), and trisomy 21 (T21) are plotted adjacent to each other. Microarray-based risk
scores are plotted on the y-axis. Fetal fraction is plotted on the x-axis of each plot.
Samples with risk scores ≥1% (cutoff; red
line, color refers to the online version only)
were classified as high risk and those <1%
were classified as low risk.
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Decreased Variability and Increased Assay Space
The data in this study show that two key sources of
data variability are significantly improved for microarrays compared to next-generation sequencing: (1) the
variation of nonpolymorphic assays across samples (assay variability) and (2) variation of the measured fetal
fraction using polymorphic assays (fetal fraction variability). Lower assay variability was shown to be an advantage of using microarray analysis, while lower fetal
fraction variability was achieved by including more
polymorphic assays in the DANSR process. Each source
of variability plays a role in accurately assessing aneuploidy; lowering assay variability will allow aneuploidy
changes to be measured in samples having a smaller fetal fraction, and lowering fetal fraction variation will
provide more precise fetal fraction measurements. Clinically, these improvements could decrease the gestational age at which NIPT is conducted, as well as improve the report rates for samples with a lower fetal fraction due to higher maternal weight or early gestational
age [11].

Fig. 3. Distribution of assay variability across samples for microarrays and sequencing. The bars of the histogram show the number
of DANSR assays that share a specific range of assay variability.
Where the two populations of data overlap, the bars are light gray.
The microarray-quantified DANSR products have significantly
lower assay variability. Lower assay variability is better.
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Improved Turnaround Time with Microarrays
Although next-generation sequencing technologies
show great potential for research applications, they currently involve complex and costly hardware, reagent assemblages, and software systems. In contrast, DNA microarray systems are mature technologies that are widely
used in high-throughput clinical laboratories. Microarray
imaging is a rapid process, and the turnaround time for
sample quantitation is reduced to less than a minute per
sample. Faster data acquisition allows for greater sample
throughput, which provides lower capital costs when microarray analysis is used.
Both microarray and sequencing technologies continue to improve. Some sequencing systems have accelerated
sequencing modes that could decrease the time differential observed between microarrays and sequencing. However, in these modes, as the speed of sequencing increases,
the capacity decreases and the cost per sample rises. In
comparison, both time and money are saved by quantifying DNA using microarrays.
Microarray Analysis Does Not Require Sample
Multiplexing
Sequence-based analysis leverages sample multiplexing in order to achieve economically efficient use of available sequence capacity. However, if the concentration of
each sample is not normalized, a single sample can con-

sume a disproportionate number of sequence reads in a
flow cell, reducing the reads available for determining trisomy risk in the remaining samples. Sample normalization requires laborious custom dilutions of input DNA.
Yet even when efforts are made to equalize sample input,
as was reported in a recent study, a 4-fold variation in the
median reads per sample was observed for a 12-plex reaction [15]. Microarray-based NIPT approaches require no
sample multiplexing. Instead, each sample is hybridized
individually to a single microarray. Processing throughput is enhanced by physically connecting 384 microarrays onto a single multi-microarray plate for convenient
high-throughput handling. Because each sample is processed individually and sample normalization is not required, time is saved and cost is reduced.
In summary, we have shown that NIPT using DNA
microarrays improves accuracy over next-generation sequencing. Microarray analysis is a promising approach
that provides both higher accuracy and faster turnaround
time.
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