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A potential benefit of digital PCR is a reduction in result variability across assays and platforms. Three sets of PCR reagents were
tested on two digital PCR systems (Bio-Rad and RainDance), using three different sets of PCR reagents for quantitation of cyto-
megalovirus (CMV). Both commercial quantitative viral standards and 16 patient samples (n � 16) were tested. Quantitative
accuracy (compared to nominal values) and variability were determined based on viral standard testing results. Quantitative
correlation and variability were assessed with pairwise comparisons across all reagent-platform combinations for clinical
plasma sample results. The three reagent sets, when used to assay quantitative standards on the Bio-Rad system, all showed a
high degree of accuracy, low variability, and close agreement with one another. When used on the RainDance system, one of the
three reagent sets appeared to have a much better correlation to nominal values than did the other two. Quantitative results for
patient samples showed good correlation in most pairwise comparisons, with some showing poorer correlations when testing
samples with low viral loads. Digital PCR is a robust method for measuring CMV viral load. Some degree of result variation may
be seen, depending on platform and reagents used; this variation appears to be greater in samples with low viral load values.

Viral load testing has become a routine part of clinical care,
particularly for immunocompromised patients (1–3). Such

tests are used to diagnose disease, trigger preemptive therapy, and
determine treatment responsiveness and endpoints. While load
testing is central to viral diagnosis and treatment, many challenges
remain in producing uniform results. Numerous studies have
demonstrated a high degree of variability among tests for various
hematogenous viruses (4–6), which is likely exacerbated by the
fact that few commercial tests are approved (in the United States)
for in vitro diagnostic use. Both result variability and accuracy
have been shown to depend on several factors (7). Some of these
owe their impact to the widespread use of real-time PCR as the
primary means of viral load determination, typically normalized
to quantitative calibrators. In turn, variability in calibrators or in
behavior of calibrators (for example, commutability) has been
seen as a key factor in the production of disparate results (8, 9).
The dependence on rate of amplification also means that any fac-
tor affecting amplification efficiency may affect accuracy, agree-
ment, and variability.

Digital PCR (dPCR) has been seen as a potential remedy to
these challenges. Based on the principles of limiting dilution or
partition, together with endpoint PCR, digital methods remove
dependence on rate-based quantitation (10–12). They are there-
fore potentially less sensitive to the presence of PCR inhibitors or
other sources of variation in assay efficiency (13–15), and they no
longer require the use of a calibration curve to produce quantita-
tive data. As such, it might be expected that accuracy and interas-
say agreement will improve over those seen with real-time meth-
ods. While some authors have shown that particularly with reverse
transcription-based amplification (RNA targets), results may still
vary between methods (16), less has been published specifically
looking at this question with regard to DNA virus assays. Simi-
larly, while the number of dPCR platforms has begun to increase,
interplatform measures of concordance are also lacking. Here, we
examine the impact of reagent and platform on dPCR measures of

cytomegalovirus (CMV) load in commercially produced quanti-
tative viral standards and in human clinical plasma samples.

MATERIALS AND METHODS
Experimental design. Four concentrations of AcroMetrix CMVtc panel
and 16 human cytomegalovirus (CMV)-positive specimens were tested in
four replicates on two droplet digital PCR (ddPCR) systems using each of
three CMV analyte-specific reagents (ASRs). A single operator performed
all testing. Quantitative agreement was assessed among ASRs in the same
digital PCR system and for each ASR between the digital PCR systems.

CMV standard and human plasma specimens. A five-member
AcroMetrix CMVtc panel was purchased from Applied Biosystems, con-
taining human cytomegalovirus (CMV) (strain AD169) in normal human
EDTA plasma at concentrations of 2.48, 3.48, 4.48, 5.48, and 6.48 log10

international units (IU)/ml. A total of 16 deidentified human plasma
specimens were previously detected as positive for human CMV, using an
ASR assay based on MultiCode CMV reagents (Luminex Corporation,
Toronto, Canada), at levels ranging from 2.70 to 6.54 log10 copies/ml and
had been stored at �80°C for about 3 years prior to use in this study. As
the samples were all deidentified, without links to identifiers or other
protected health information (PHI), they did not qualify as human sub-
jects and institutional review board (IRB) approval was not required.

DNA extraction of the four panel members (2.48, 3.48, 4.48, and 5.48
log10 IU/ml) and human plasma specimens was performed on the Qiagen
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EZ1 advanced XL using the Qiagen EZ1 DSP virus kit (Qiagen, Inc.,
Valencia, CA). Internal controls specific to each assay were added to the
samples prior to the extraction. Four aliquots of 200 �l from each panel
member and plasma specimen were processed, and DNA was eluted in 90
�l. Extracts were pooled, aliquoted, and stored at �20°C until molecular
analysis.

ddPCR. Two droplet digital PCR (ddPCR) systems were used: the
QX200 droplet digital PCR system with an automated droplet generator
(Bio-Rad, Pleasanton, CA) and the RainDrop digital PCR system (Rain-
Dance Technologies, Billerica, MA). The latter consists of two parts, the
RainDrop Source (droplet generator) and Sense instrument (reader/
counter). Both systems were used with RealStar (RS) CMV ASR (altona
Diagnostics) reagents (hydrolysis probes), CMV set one real-time primer/
probe ASR (Abbott Laboratories, Des Plaines, IL) (single-stranded, linear
probes), and CMV primer pair ASR (Focus Diagnostics, Inc., Cypress,
CA) (Scorpion primers). As noted below in the individual assay method-
ology descriptions (and in Discussion), the different assays were each run
in different reaction volumes. This was a necessary consequence of the
manufacturers providing reagents packaged for different volumes of use.
In particular, Focus reagents are sold based on the presumption of a lower

reaction volume, and increasing that volume to match that of other man-
ufacturers would have been cost-prohibitive. All standards were tested in
a single run for each reagent on Bio-Rad dPCR, while they were tested in
multiple independent runs on RainDance dPCR. This was of necessity,
based on the low number of samples (8) which can be processed on a
single run of the RainDance instrument.

Bio-Rad system. (i) altona CMV reagents. The ddPCR mixture con-
sisted of 5 �l of 4� dPCR Supermix for Probe (Bio-Rad), 0.5 �l each of
RS-ASR CMV-Prm and RS-ASR CMV-Prb (altona), 0.5 �l of RS-internal
control (IC) primer/probe mix (altona), 0.5 �l of RS-IC DNA template
(altona), 3 units of restriction enzyme HindIII (New England BioLabs,
Inc., Ipswich MA), and 10 �l of nucleic acid solution in a final volume of
20 �l. The use of restriction endonuclease has been recommended by the
manufacturer (Droplet Digital PCR Applications Guide, bulletin 6407
[Bio-Rad]) to improve template accessibility for droplet generation.
HindIII was demonstrated to be a noncutter in all amplicons of three
ASRs used in this study (data not shown).

(ii) Abbott reagents. The ddPCR mixture consisted of 5 �l of 4�
dPCR Supermix for Probe (Bio-Rad), 0.2 �l each of CMV set one forward
primer, reverse primer, and probe (Abbott), 0.2 �l of each of internal

TABLE 1 Descriptive statistics for standards

Assay

Nominal
concn, log10

copies/ml

Bio-Rad RainDance

No. of positive
replicates/total

Viral load, log10

copies/ml
No. of positive
replicates/total

Viral load, log10

copies/ml

Mean SD Mean SD

altona 2.48 2/4 2.45 0 4/4 3.5 0.15
3.48 4/4 3.39 0.14 4/4 3.58 0.16
4.48 4/4 4.39 0.02 4/4 4.36 0.09
5.48 4/4 5.29 0.01 4/4 5.08 0.07

Abbott 2.48 2/4 2.38 0.34 3/4 2.94 0.82
3.48 4/4 3.48 0.03 4/4 3.3 0.2
4.48 4/4 4.4 0.03 4/4 4.24 0.04
5.48 4/4 5.34 0.01 4/4 5.11 0.03

Focus 2.48 3/4 2.34 0.19 4/4 3.59 0.3
3.48 4/4 3.33 0.18 4/4 3.87 0.1
4.48 4/4 4.35 0.04 4/4 4.3 0.07
5.48 4/4 5.33 0.02 4/4 5.19 0.02

FIG 1 Regression analysis of measured values of ddPCR against nominal values.
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control (IC) forward primer, IC reverse primer, and IC probe, (Abbott), 2
�l of IC DNA template DNA (Abbott), 3 units of restriction enzyme
HindIII (New England BioLabs, Inc., Ipswich MA), and 10 �l of nucleic
acid solution in a final volume of 20 �l.

(iii) Focus reagents. The ddPCR mixture consisted of 5 �l of 4�
dPCR Supermix for Probe (Bio-Rad), 0.4 �l of CMV primer pair (Focus),
0.2 �l of 25� CMV TM IC (Focus), 0.5 �l of Simplexa CMV molecular
control DNA template DNA (Focus), 3 units of restriction enzyme
HindIII (New England BioLabs, Inc., Ipswich MA), and 10 �l of nucleic
acid solution in a final volume of 20 �l.

Each reaction mix was used to produce droplets on the automated
droplet generator (Bio-Rad). A 96-well PCR plate (Eppendorf, Germany)
containing the droplets was amplified on a T100 thermal cycler (Bio-Rad)
for 40 cycles. The thermal protocol for altona and Abbott CMV reagents
began with a denaturation at 95°C for 10 min, followed by 40 cycles of
94°C for 30 s and 58°C for 60 s and 1 cycle of 98°C for 10 min (omitted for
Focus reagents, as this step would eliminate binding of the Scorpion prim-
ers, upon which that assay depends) and ending at 12°C. The plate was
read on the QX200 droplet reader (Bio-Rad) at a rate of 32 wells per hour.
dPCR data were analyzed with QuantaSoft software version 1.7.4 (Bio-
Rad), and results were expressed as copies per �l of PCR mixture.

RainDrop digital PCR system. (i) altona reagents. The ddPCR mix-
ture consisted of 20 �l of 2� Universal master mix (Life Technologies,
Inc.), 1 �l each of RS-ASR CMV-Prm and RS-ASR CMV-Prb (altona), 1
�l of RS-internal control (IC) primer/probe mix (altona), 1 �l of RS-IC
DNA template (Focus), 5 units of restriction enzyme HindIII (New Eng-
land BioLabs, Inc., Ipswich MA), and 10 �l of nucleic acid solution in a
final volume of 40 �l.

(ii) Abbott reagents. The ddPCR mixture consisted of 15 �l of 2�
Universal master mix (Life Technologies), 0.25 �l each of CMV set one
forward primer, reverse primer, and probe (Abbott), 0.25 �l of each of
internal control (IC) forward primer, IC reverse primer, and IC probe,
(Abbott), 2 �l of IC DNA template DNA (Abbott), 5 units of restriction
enzyme HindIII (New England BioLabs, Inc., Ipswich MA), and 10 �l of
nucleic acid solution in a final volume of 30 �l.

(iii) Focus reagents. The ddPCR mixture consisted of 12.5 �l of 2�
Universal master mix (Life Technologies), 0.5 �l of CMV primer pair
(Focus), 0.25 �l of 25� CMV TM IC (Focus), 0.5 �l of Simplexa CMV
molecular control DNA template DNA (Focus), 5 units of restriction
enzyme HindIII (New England BioLabs, Inc., Ipswich MA), and 10 �l of
nucleic acid solution in a final volume of 25 �l.

Each reaction mixture was transferred to one of the 8 wells on a Source
Chip (RainDance Technologies). The loaded Source Chip and an 8- by
0.2-ml tube strip were inserted into the RainDance Source instrument for
droplet generation. After processing, droplets in the tube strip were am-
plified on a C1000 thermal cycler (Bio-Rad): 1 cycle at 95°C for 10 min,
followed by 40 cycles of 95°C for 30 s and 58°C for 60 s and 1 cycle of 98°C
for 10 min (omitted for Focus reagent) and ending at 12°C. After ampli-
fication, the 8-tube strip and a Sense Chip (RainDance Technologies)
were inserted into the Sense instrument. This instrument identifies and
counts droplets at a rate of 8 samples (50 �l) per 5 h. Run data were
analyzed with RainDrop Analyst software and the result generated in cop-
ies per PCR.

Statistical analysis. Nominal concentration and nonzero digital PCR
measurements were log10 transformed. The limit of detection (LOD) was
defined as the lowest concentration at which all tested replicates were

TABLE 2 Regression analysis of measured values in ddPCR against nominal values

Instrument Assay n Intercept (95% CIa) Slope (95% CI) r2

Bio-Rad altona 12 0.11 (�0.18, 0.40) 0.95 (0.88, 1.01) 0.99
Abbott 12 0.25 (0.17, 0.33) 0.93 (0.91, 0.95) �0.99
Focus 12 �0.14 (�0.51, 0.22) 1.00 (0.92, 1.08) 0.99

RainDance altona 12 1.00 (0.61, 1.39) 0.75 (0.66, 0.83) 0.97
Abbott 12 0.16 (�0.25, 0.56) 0.91 (0.82, 1.00) 0.98
Focus 12 1.49 (1.00, 1.99) 0.66 (0.55, 0.77) 0.95

a CI, confidence interval.

TABLE 3 Results for standards

Nominal concn,
log10 copies/ml Assay

Bio-Rad RainDance

P value
(platform)a

No. positive
(n � 4 replicates)

Mean (SD) viral load,
log10 copies/ml

No. positive
(n � 4 replicates)

Mean (SD) viral load,
log10 copies/ml

3.48 Abbott 4 3.48 (0.03) 4 3.30 (0.20) �.001
altona 4 3.39 (0.14) 4 3.58 (0.16) 0.655
Focus 4 3.33 (0.18) 4 3.87 (0.10) 0.366
P value (reagents)b 0.092 0.069

4.48 Abbott 4 4.40 (0.03) 4 4.24 (0.04) 0.548
altona 4 4.39 (0.02) 4 4.36 (0.09) 0.104
Focus 4 4.35 (0.04) 4 4.30 (0.07) 0.278
P value (reagents) 0.526 0.402

5.48 Abbott 4 5.34 (0.01) 4 5.11 (0.03) 0.137
altona 4 5.29 (0.01) 4 5.08 (0.07) 0.071
Focus 4 5.33 (0.02) 4 5.19 (0.02) 0.895
P value (reagents) 0.218 0.223

a P value from Levene’s test comparing the variability between Bio-Rad and RainDance for each reagent at each nominal concentration.
b P value from Levene’s test comparing the variability of three reagents in each platform at each nominal concentration.
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positive. A simple linear regression model was used to examine the quan-
titative correlations of digital PCR measurements at or above the LOD
against nominal concentrations.

Clinical samples were tested in one run in quadruplicate, and the mean
log10-transformed measurement was computed for each instrument and
assay. Linear regressions and Bland-Altman plots were applied to assess
the quantitative agreement among assays in the same instrument as well as
between instruments with the same assay. Levene’s test (17) was used to
compare variability across different assays or concentrations; a small P
value from Levene’s test indicates that there is significant evidence that the
compared groups have unequal variability.

Statistical analyses were performed using SAS (SAS Institute, Cary,
NC), Windows version 9.3. No adjustment for multiple comparisons was
undertaken; a P value of 0.05 or less was considered statistically signifi-
cant.

RESULTS

Descriptive statistics for the standards are shown in Table 1. Each
assay had the same LOD when using Bio-Rad (3.48 log10 copies/
ml). When RainDance was used, the LOD was 2.48 log10 copies/ml
for altona and Focus and 3.48 log10 copies/ml for Abbott.

All three assays with the use of Bio-Rad showed excellent lin-
earity above the LOD. The estimated intercepts and slopes were
close to 0 (�0.14 to 0.25) and 1 (0.93 to 1.00), respectively (Fig. 1;
Table 2). The r2 values were very close to 1 (�0.99). Abbott based
on RainDance had more markedly reduced linearity (intercept,
0.16; slope, 0.91; r2, 0.98). Linearity and correlation were further
reduced for altona and Focus in RainDance (Table 2 and Fig. 1).
Variability was similar for the two platforms, although RainDance

FIG 2 Pairwise linear regressions for clinical samples.
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showed higher variability than Bio-Rad using Abbott at a low
nominal concentration (standard deviation [SD], 0.20 versus
0.03; P � 0.001) (Table 3). SD values were not significantly differ-
ent among the three reagents when results were compared across
each platform, irrespective of the concentration of standard used
(Table 3).

Figures 2 and 3 show pairwise linear regression and Bland-
Altman (difference) plots, comparing results from all three assays
in both instruments when clinical samples were tested. All three

assays with Bio-Rad showed close agreement with each other (Fig.
2A to C and 3A to C). When RainDance was used, quantitative
results from altona also agreed well with those from Focus (Fig. 2E
and 3E), but the agreement of altona and Focus with Abbott was
reduced (Fig. 2D and F and 3D and F). Further, clinical sample
results were not significantly different between Bio-Rad and Rain-
Dance when Abbott was used (Fig. 2H and 3H). Using altona (Fig.
2G and 3G) or Focus (Fig. 2I and 3I), however, measured results
from RainDance were greater than those from Bio-Rad at low viral

FIG 3 Quantitative differences between assays. Values are log10 copies/ml with differences between assays on the y axis and the average on the x axis. The mean
difference between assays is represented by the solid line, and �2 SDs is represented by the dotted lines.
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load concentrations. Quantitative agreement improved in all pair-
wise comparisons with higher viral loads (above approximately 4
log10 copies/ml). Patient sample results showed differences in
variability between the two instruments. RainDance was more
likely than Bio-Rad to have high SD values. SD values were not
much different among reagents using Bio-Rad, but when using
RainDance, altona tended to have higher SD values than Abbott or
Focus (see Table S1 in the supplemental material).

DISCUSSION

The increasing use of digital PCR for viral load quantitation, to-
gether with increasing availability of different reagents and plat-
forms, raises the question of comparative performance. The lack
of reliance on quantitative standards suggests that the use of this
methodology should improve concordance among methods,
while reducing result variability. Indeed, the level of agreement
seen in this study appears to be increased over that seen in studies
with real-time methods. Nonetheless, the data here also show that
results vary between reagents and platforms studied; accuracy and
agreement cannot be assumed with the use of dPCR methods,
even when quantifying DNA targets.

These findings support previous work demonstrating various
potential sources of inaccuracy and result variation using digital
methods (16, 18, 19). Differing results have been attributed to
varying reverse transcriptase efficiency, molecular “dropout”
(20), nonspecific amplification, partition volume, and pipetting
variation, among other potential causes. We have previously
shown variability, particularly in samples with low viral loads,
which approaches or exceeds that of real-time PCR (21). Simi-
larly, much of the variability seen in the present study was present
at lower target concentrations. Others, however, have supported
the advantages of dPCR in reducing susceptibility to PCR inhibi-
tors (13–15). Here and elsewhere, when using a common plat-
form, results have been similar or identical irrespective of the re-
agents used. As seen here, it might prove that susceptibility to
changes in reagents are platform and target concentration depen-
dent.

These potential caveats to dPCR reliability can only be sug-
gested by the present study, which was inherently limited by the
dynamic range of available quantitative standards and patient
samples. While the RainDance system appeared to show some-
what more result variability and reduced linearity for some of the
studied reagents, this platform might have advantages for samples
with higher viral loads (not represented here), due to the much
larger number of partitions it utilizes (107) compared to the Bio-
Rad system (2 � 104). Comparability of the tests may also have
been confounded by the fact that different assays were run in
different reaction volumes. This was a necessary consequence of
the manufacturers providing reagents packaged for differing vol-
umes of use (based on component volumes). To assemble altona
reagents, a minimum volume of 40 �l is required, while Focus
requires at least 25 �l. As Focus reagents are sold based on the
presumption of a lower reaction volume, increasing that volume
to match that of other manufacturers would be cost-prohibitive.
Furthermore, cost constraints and limitations in throughput and
sample availability prevented testing a higher number of runs or
replicates per sample; this may have enabled improved evaluation
of result variability.

The results demonstrate a high degree of concordance among
results achieved using different reagents and platforms, particu-

larly at higher target concentrations. While the use of dPCR as a
reference standard or for routine clinical testing continues to re-
quire thorough validation for any given assay and instrument,
data continue to support its value for viral load determination. As
instrumentation and reagents continue to improve and become
better characterized, this methodology may prove advantageous
in settings where real-time PCR provides insufficient reliability.
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