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Abstract

OBJECTIVE—The purpose of this study was to demonstrate that digital polymerase chain

reaction (PCR) enables rapid, allele independent molecular detection of fetal aneuploidy.

STUDY DESIGN—Twenty-four amniocentesis and 16 chorionic villus samples were used for

microfluidic digital PCR analysis. Three thousand and sixty PCR reactions were performed for

each of the target chromosomes (X, Y, 13, 18, and 21), and the number of single molecule

amplifications was compared to a reference. The difference between target and reference

chromosome counts was used to determine the ploidy of each of the target chromosomes.

RESULTS—Digital PCR accurately identified all cases of fetal trisomy (3 cases of trisomy 21, 3

cases of trisomy 18, and 2 cases of triosmy 13) in the 40 specimens analyzed. The remaining

specimens were determined to have normal ploidy for the chromosomes tested.

CONCLUSION—Microfluidic digital PCR allows detection of fetal chromosomal aneuploidy

utilizing uncultured amniocytes and chorionic villus tissue in less than 6 hours.
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The incidence of fetal aneuploidy and other chromosome abnormalities is approximately 9

per 1000 live births.1 It is difficult to estimate their true incidence among all pregnancies

due to the strong association with fetal miscarriage and stillbirth. The prevalence of

chromosomal abnormalities in clinically recognized early pregnancy loss is greater than

50%, and fetuses with aneuploidy account for 6–11% of all stillbirths and neonatal deaths.2

Aneuploidy rates increase with advancing maternal age, yet despite advances in noninvasive

prenatal screening, diagnosis of fetal chromosomal abnormalities is the most common

indication for invasive prenatal testing.2
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Conventional cytogenetics is currently the gold standard for determining fetal karyotype.

Fetal cells obtained from amniotic fluid or chorionic villi are cultured, and the karyotype is

analyzed with condensed chromosomes during metaphase stage. While conventional

cytogenetics can provide accurate information regarding chromosomal aberrations, it

requires approximately 1–2 weeks for patients to obtain results. This time delay may result

in both increased anxiety for expectant parents, and greater maternal morbidity should

pregnancy termination be desired in the setting of abnormal results. Rapid and accurate

molecular based detection of aneuploidy is thus highly desirable.

There have been several molecular diagnostic techniques developed for aneuploidy

detection,3–5 but they tend to be labor intensive and some are allele dependent, so that the

results depend on the underlying genetics of the population. We demonstrate here that

digital polymerase chain reaction (PCR) enables rapid detection of fetal aneuploidy from

uncultured amniocytes and chorionic villi. The results of the assay are obtained in 6 hours

and are not allele dependent.

In conventional real-time PCR, one threshold cycle corresponds to a 2-fold change in copy

number, making it exceedingly challenging to measure smaller changes,6 such as a 1.5-fold

increase in number of a trisomic chromosome as compared to a normal disomic

chromosome. Digital PCR is a method used to quantify the amount of nucleic acids by

counting amplification from single molecules.7,8 In brief, a PCR reaction mixture containing

a sample of DNA template is diluted and distributed into a large number of compartments

such that, on average, there is less than 1 copy of template per compartment. PCR products

are fluorescently detected. By counting the number of compartments that display fluorescent

signals at the end of the PCR reaction, one can obtain the counts of the DNA template.

Because digital PCR converts the exponential nature of PCR to linear signal, copy number

changes less than 2-fold can easily be measured with high precision. In addition, unlike

conventional real-time PCR, quantification with digital PCR is not affected by the efficiency

of amplification.

Materials and Methods

Study design

Pregnant women presenting for clinically indicated amniocentesis or chorionic villus

sampling (CVS) at the Lucile Packard Perinatal Diagnostic Center of Stanford University

were offered enrollment. Patients were recruited between January and June 2008, and

informed consent was obtained prior to each procedure. In cases of amniocentesis, 1–2 mL

from the clinical sample was submitted separately for digital PCR analysis. If maternal

blood was visually apparent, the first 2 mL of amniotic fluid were discarded. In the absence

of obvious contamination, the first 2 mL were often retained, which was the case for many

of the samples. The exact proportion for these cases was not tracked. In cases of CVS, 1–2

mg was submitted separately for digital PCR analysis. Both transabdominal and transvaginal

CVS approaches were employed, and the decision to perform one rather than the other was

based on placental location and operator preference.
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Study samples were labeled with specially assigned coded numbers and submitted for digital

PCR analysis. The rest of each specimen was submitted to the Stanford cytogenetic

laboratory for routine fetal karyotyping. Digital PCR analysis was performed with blinding

to patients’ personal information and without prior knowledge of the clinical karyotype

results. Patients did not receive the digital PCR results but were notified of their cytogenetic

karyotype results within 1 to 2 weeks as per Stanford University routine practice. The study

was approved by the Stanford Institutional Review Board (IRB).

Procedures

A total of 40 samples, consisting of 24 amniotic fluid and 16 CVS samples, were processed.

One twin pregnancy and 1 triplet pregnancy were enrolled. Amniotic fluid was centrifuged

at 14,000 rpm. Supernatant was removed and the cell pellet was resuspended in phosphate

buffered saline (PBS). Chorionic villi were suspended in PBS. Genomic DNA was extracted

from amniotic fluid and chorionic villi with QIAamp DNA Blood Mini Kit (Qiagen,

Valencia, CA) according to the manufacturer’s instructions. DNA was eluted into 100 μL

and 200 μL of buffer for amniotic fluid and chorionic villi samples, respectively.

Taqman PCR assays were designed to amplify 1 region on each of the following

chromosomes: 1, 13, 18, 21, X, Y. Chromosome 1 was chosen to be the reference

chromosome since it is not associated with any aneuploidy observed in ongoing

pregnancies.9 The assay of chromosome 1 contained a probe labeled with a HEX

fluorophore, while the assays for the target chromosomes (13, 18, 21, X, Y) each contained

a probe labeled with a FAM fluorophore. The amplicon of each assay was chosen to lie

outside of the regions with known copy number variation in healthy individuals.10 In

particular, the amplicons of chromosomes 1, 13, and 18 cover ultraconserved regions,11

which are rarely found to be associated with copy number variation in healthy individuals.10

The amplicons were all 80–90 bp in length to reduce any amplification bias. The sequences

of the primers and probes are listed in the Table, and were purchased from Integrated DNA

Technology (Coralville, IA).

The concentration of extracted genomic DNA of each sample was estimated by quantitative

real-time PCR with Taqman PCR assay designed for the locus on chromosome 1. A 5-point

10-fold dilution series of a commercially available genomic DNA sample (Promega,

Madison, WI) was used to generate the standard curve for quantification.

The 12.765 Digital Array microfluidic chip (Fluidigm, South San Francisco, CA) was

chosen as the digital PCR platform for this study. Each chip contains 12 panels, which are

compartmentalized into 765 nanoliter chambers by micromechanical valves. Based on the

estimation of DNA concentration with quantitative real-time PCR, genomic DNA samples

were diluted such that when loaded onto the microfluidic chip (Fluidigm), there was on

average 1 template copy per every 3 (or more) chambers. Nine microliters of PCR reaction

mixture containing 1× iQ Supermix (BioRad, Hercules, CA) or 1× FastStart Universal Probe

Master (Roche, Indianapolis, IN), 0.1% Tween-20, 300 nmol/L primers, and 150 nmol/L

probes of chromosome 1 and 1 of the 5 target chromosomes was loaded onto each panel of

the chip. Four panels were dedicated for each target chromosome. The reaction was

performed on the BioMark System (Fluidigm) with the following thermal cycling protocol:
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95°C for 10 minutes, 40 cycles of 95°C for 15 seconds, and 60°C for 1 minute. Fluorescent

images of the microfluidic chip were taken at the beginning and the end of the PCR. A

computer program (Matlab; Mathworks, Natick, MA) was written to subtract the initial

image from the final image in each fluorescent channel and to count the number of positive

compartments in each subtracted image.

Statistical analysis

Counts of positive compartments were converted to counts of input template molecules

based on the binomial approximation.12 This correction arises from the fact that there will

be compartments containing more than a single copy of template as the concentration of the

template increases, and the count of positive compartments is an underestimate of the true

count of input template molecules.

The difference between the target and reference chromosome corrected counts was

computed. For the case of disomy, one would expect the difference to be approximately

zero. For the case of trisomy, the difference would be positive and about half of the

reference chromosome count, and in the case of monosomy the difference would be negative

and about half of the reference chromosome count. We used Poisson statistics to construct

confidence intervals for the count differences for every reference chromosome count and

different cases of ploidy. The width of the 99.9% confidence interval of the count

differences was estimated as 3.29*√(N+N) for disomy, 3.29*√ (N+1.5N) for trisomy, and

3.29*√ (N+0.5N) for monosomy, where N is the count of the reference chromosome. We

then determined the ploidy of the target chromosome by looking at which region the data

point was located. At the conclusion of the study period, the ploidy for each chromosome of

each sample determined by digital PCR was compared to that of conventional karyotyping

results to evaluate the diagnostic accuracy of digital PCR.

Results

Sample fluorescence images of the microfluidic digital PCR chip are shown in Figure 1.

Signal from the FAM channel (target chromosomes) is shown in green and that from the

HEX channel (reference chromosome) is shown in red. Figure 1A is from a sample

identified as a female disomic for chromosome 21. The green counts from chromosome 21

and chromosome X are approximately equal to the red counts from chromosome 1. There is

no signal from chromosome Y. Figure 1B is from a sample identified as a male trisomic for

chromosome 21. The green count from chromosome 21 is approximately 1.5 times greater

than the red count from chromosome 1. The green counts from chromosome X and Y are

approximately half of the red counts.

For each sample, the difference between target and reference chromosome counts were

computed and plotted against the reference chromosome count (Figure 2). The 99.9%

confidence interval for each cases of ploidy was constructed and used as a reference to

classify the ploidy of each sample.

Digital PCR analysis accurately identified 2 cases of trisomy 13 (Figure 2, A), 3 cases of

trisomy 18 (Figure 2, B), and 3 cases of trisomy 21 (Figure 2, C) in the 40 samples analyzed.
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No cases of monosomy X, XXY, and XYY were observed in our cohort. The rest of the

samples were accurately identified as normal disomic for chromosome 13, 18, and 21,

disomic and monosomic for chromosome X in the respective cases of female and male

(Figure 2, D), and monosomic for chromosome Y for the cases of male (Figure 2, E).

Comment

Digital PCR was first used on a multi-well plate format to detect mutations and allelic

imbalances associated with cancer development13–15, and this format has recently been

applied to measure allelic imbalance in placental RNA with the goal of developing a

noninvasive diagnostic for trisomy 21.16 A microemulsion platform was developed to

increase the scale of the assay,17,18 and it is now being used as a sample preparation

technique for massively parallel sequencing.19 However, previously described methods are

cumbersome to implement and require significant labor. The emergence of microfluidics has

led to the development of a commercially available microfluidic digital PCR platform that

enables the simultaneous performance of ~9000 PCR reactions.20 It has been used to study

the gene expression of single progenitor cells,12 to relate gene function to identity in

environmental microbes,21 and to measure trisomy in human cell lines.22

We report here the use of microfluidic digital PCR for the rapid diagnosis of the most

common fetal aneuploidies in ongoing pregnancies, specifically Down syndrome (trisomy

21), Edwards syndrome (trisomy 18), and Patau syndrome (trisomy 13). Our sample cohort

set did not contain any cases of Turner syndrome (monosomy X), Klinefelter syndrome

(XXY), and XYY syndrome, but based on our data, we would expect a larger clinical study

with digital PCR to identify these cases with similar accuracy.

The ploidy of chromosome 18 for one of the samples was initially undetermined because it

lied outside the threshold for normal ploidy (Figure 2, B). Further testing with a separate

chromosome 18 specific assay correctly determined the ploidy of the sample (data not

shown). This issue will be resolved in the future with further optimization and multiplexing

of primer sets, and future clinical studies may benefit from more highly parallel chip formats

that improve sensitivity and dynamic range.

Currently, a number of rapid molecular diagnostic tests for fetal aneuploidy are available.

The most widely validated ones are fluorescent in situ hybridization (FISH),23–25

quantitative-fluorescent PCR (QF-PCR),26–33 and multiplex ligation probe amplification

(MLPA).34–38 Compared to these methods, digital PCR presents several advantages. In this

study, the total time required for sample preparation and digital PCR analysis was

approximately 6 hours (1 hour of manual sample preparation and 5 hours for instrument

results). In terms of speed, this is comparable to FISH and QF-PCR,3,4 and better than

MLPA, which requires overnight hybridization.34 Unlike QF-PCR and MLPA, digital PCR

is a single-step procedure and does not require post-PCR analysis with electrophoresis.

Since PCR products are measured fluorescently and are never removed from the

microfluidic device, there is no risk of product contamination between PCR reactions.

Furthermore, digital PCR assays are universal and are not dependent on genetic

polymorphisms; in contrast, the most common type of QF-PCR requires multiple
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polymorphic markers per chromosome to ensure informative results.3 Digital PCR is also

superior to FISH in that FISH is labor intensive and requires both trained personnel and

intact cells for analysis.3,4

In recent years, array comparative genomic hybridization (CGH) has also been introduced

for the rapid prenatal diagnosis of aneuploidy and diseases associated with copy number

variation.39–44 While array CGH is able to provide genome-wide information on copy

number variations at relatively high resolution, it requires several days for analysis and

substantial amount of genetic materials.39,44 We anticipate that digital PCR and array CGH

can be used in a complementary fashion in order to provide rapid results on the most

common genetic disorders via digital PCR, followed by more detailed but slower analysis

with CGH. It also may be the case that in the future digital PCR can be paired with other

PCR based assays to provide equivalent diagnostic power to CGH.

Many amniotic fluid and CVS samples are contaminated with maternal DNA. While the

incidence of fetal mosaicism is low (0.25% of amniocentesis specimens and 1% of chorionic

villus specimens2), it has been shown that maternal cells are present in up to 20% of

uncultured amniotic fluid samples.45 The presence of contaminating euploid DNA in a

sample from an aneuploid fetus would interfere with the accurate diagnosis of fetal

aneuploidy. With contaminating euploid DNA, the ratio of counts of the abnormal

chromosome to the reference chromosome would move to an intermediate value between

1.5 and 1.0, and the presence of trisomy DNA should be measurable by digital PCR by

sampling sufficient number of single DNA molecules. We have shown previously that

digital PCR is capable of detecting trisomy in a background of contaminating euploid

DNA.22 In our cohort, any significant maternal DNA contamination would be revealed by

bias in the X chromosome signal from male samples; we did not observe any significant bias

(Figure 2, D). One of our amniotic fluid samples has a low level mosaicism (1 out of 15

cultured colonies was karyotyped as 45X while the remaining colonies were karyotyped as

46XX) and was interpreted as disomic for chromosome X by digital PCR. Such low grade

mosaicism would not be detectable with the current depth of sampling, but should in

principle be detectable by sampling much larger number of single DNA molecules. Since

the clinical and phenotypic ramifications of such mosaicisms, especially placental

mosaicisms, are often difficult to predict, further clinical studies are necessary to determine

the useful sampling rate for detecting mosaicism.

Another limitation of digital PCR for rapid prenatal diagnosis is similar to those of FISH,

QF-PCR, and MLPA in that it is not yet able to detect structural chromosomal abnormalities

such as balanced translocations or inversions.4,5 We observed this effect in one of our CVS

samples with a Robertsonian (13: 14) translocation. Similarly, improvements in assay design

are needed to detect 69, XXX triploidy, which is detectable by FISH and QF-PCR.46,47

Although rare, these genetic defects may occur in < 1% of cases presenting for invasive

diagnostic procedures.48,49 We anticipate that further refinements of the primer and assay

design will enable the detection of these cases.

The current cost of aneuploidy detection with microfluidic digital PCR is approximately

USD400, of which the majority is the cost of the microfluidic chips. However, the cost of
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digital PCR continues to decline over time as the technology of chip fabrication advances. In

addition, the throughput and scale of microfluidic digital PCR should also improve

considerably as better fabrication techniques allow more microfluidic compartments to be

incorporated on a single chip. The robustness and simplicity of microfluidic digital PCR

make it an attractive tool for rapid prenatal diagnostics and warrants further validation in

larger clinical studies.
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FIGURE 1. Sample false-color images of microfluidic digital PCR chips
These images are produced by overlaying the subtracted images in both fluorescent

channels. FAM signal is shown in green, and HEX signal is shown in red. A red square

represents a compartment containing amplification products giving out signal in the HEX

channel (chromosome 1 locus). A green square represents a compartment containing

amplification products giving out signal in the FAM channel (chromosomes X, Y, or 21 loci,

as labeled on the sides of the images). A yellow square is an overlap of a red and a green

square. A, Normal female fetus (46 XX). The number of green squares is comparable to that

of red squares in panels targeting chromosomes 21 and X. No green squares are present in

panels targeting chromosome Y. B, Male fetus with trisomy 21 (47 XY +21). The number of

green squares is approximately half that of red squares in panels targeting chromosomes X

and Y. More than expected number of green squares is observed in panels targeting

chromosome 21. Comparison of green and red square counts reveals a ratio of

approximately 3:2.
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FIGURE 2. Digital PCR results
For each sample, the difference between target and reference chromosome counts is plotted

against the reference chromosome count. The boundaries represent 99.9% confidence

interval of each cases of ploidy. A, Chromosome 13 as the target chromosome. All but 2

samples fell within the region of disomy. Two cases of trisomy 13 were detected. B,
Chromosome 18 as the target chromosome. Three cases of trisomy 18 were detected. The

rest were determined to be normal. C, Chromosome 21 as the target chromosome. Three

cases of trisomy 21 were detected. The rest were determined to be normal. D, Chromosome

X as the target chromosome. All female samples fell within the region of disomy, while all

male samples lied within the region of monosomy. E, Chromosome Y as the target

chromosome. All male samples fell within the region of monosomy. None of the female

samples showed amplification for chromosome Y assay.
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