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The recent development of the 1st WHO International Standard for human cytomegalovirus (CMV) and the introduction of
commercially produced secondary standards have raised hopes of improved agreement among laboratories performing quanti-
tative PCR for CMV. However, data to evaluate the trueness and uniformity of secondary standards and the consistency of re-
sults achieved when these materials are run on various assays are lacking. Three concentrations of each of the three commer-
cially prepared secondary CMV standards were tested in quadruplicate by three real-time and two digital PCR methods. The
mean results were compared in a pairwise fashion with nominal values provided by each manufacturer. The agreement of results
among all methods for each sample and for like concentrations of each standard was also assessed. The relationship between the
nominal values of standards and the measured values varied, depending upon the assay used and the manufacturer of the stan-
dards, with the degree of bias ranging from +0.6 to —1.0 log,, IU/ml. The mean digital PCR result differed significantly among
the secondary standards, as did the results of the real-time PCRs, particularly when plotted against nominal log, , IU values.
Commercially available quantitative secondary CMV standards produce variable results when tested by different real-time and
digital PCR assays, with various magnitudes of bias compared to nominal values. These findings suggest that the use of such ma-
terials may not achieve the intended uniformity among laboratories measuring CMYV viral load, as envisioned by adaptation of

the WHO standard.

Routine viral load measurements have become the standard of
care for many patients, particularly those with severely com-
promised immune systems (1-5). However, despite their wide-
spread clinical use, current testing strategies still have many limi-
tations. Except for HIV and hepatitis B and C viruses, there has
been little standardization of the testing process. Most methods
are based on real-time PCR and have a high degree of result vari-
ability, particularly when testing among institutions is compared
(6-9). The reasons for this variability are myriad. Real-time PCR is
a dynamic process, with quantification based on normalization of
the time to signal generation to a calibration curve that is in turn
based on the use of calibration material with “known” values.
Variations in any part of this complex procedure might theoreti-
cally affect result accuracy or precision. In fact, several factors have
been shown to play a role (10); however, the most emphasis in the
literature has been placed on the lack of universally accepted cal-
ibrators (11, 12). The lack of available international quantitative
standards for many of the commonly tested viral analytes has led
to the use of a wide variety of materials, intuitively reducing the
agreement of results when common samples have been tested by
different centers. It has been widely hoped that the development
of such international reference material would help improve this
situation. The agreement of quantitative values is important in
ensuring the portability of patient results among institutions, as
well as in data interpretation in the literature and in development
of common breakpoints for therapeutic decision making.
Quantitative standards have recently been made available by
the World Health Organization (WHO) for both cytomegalovirus
(CMV) and Epstein-Barr virus (EBV) (13, 14). These are both
biologic standards, with consensus international unit (IU) values
assigned by international interlaboratory studies conducted for
each standard. In the case of CMV, the Merlin strain of human
CMYV was grown in cell culture and provided in lyophilized vials to
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32 laboratories running 53 assays. The mean reported values from
all 53 assays were used to set the potency of the standard at 6.7
log,, IU/ml. A limited quantity of primary reference material was
made available for purchase in October 2010, with subsequent
generation of commercial secondary standards by various manu-
facturers; these may be purchased in larger volumes by end users.
Alternatively, the manufacturers of FDA-cleared or CE-marked
assays may directly normalize their results to the primary (WHO)
material. One might guess that the introduction of such materials
will generally result in a reduction in assay variability and a con-
vergence of test results irrespective of the other elements of the
assay design or use. However, the use of secondary standards,
while necessary, introduces another potential source of variability.
One must then ask if all such material uniformly contains the
reported nominal concentrations of CMV and if the material from
any given manufacturer behaves similarly, irrespective of the assay
with which it is tested.

Although the CMV standard has been available for more than
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3 years, few data that demonstrate the relative operating charac-
teristics of secondary standards have as yet been generated. Here
we tested the secondary standards from three manufacturers using
two digital PCR systems and three real-time PCR methods. Digital
PCR is a recently introduced method using limiting partition of
endpoint PCRs to generate absolute quantification of the target
(15-18). Now regarded as a reference standard by some (19), this
methodology allows viral load testing without the use of calibra-
tion curves. A comparison of the results attained by testing sec-
ondary standards with both real-time and digital assays should
help determine the uniformity of the viral concentrations among
the commercial secondary standards and the consistency of the
results among different methodologies.

MATERIALS AND METHODS

Experimental design. Three concentrations of each of the three com-
mercially available secondary CMV standards, normalized by their
respective manufacturers to WHO international units (IU) were tested
in four replicates by two droplet digital PCR systems and by three
real-time PCR assays. The quantitative results for each method were
compared both to each other in a pairwise manner and to nominal
values provided by each manufacturer. The results of the real-time
methods were also compared to those of the digital methods, with the
latter serving as a reference standard.

CMV standards. Commercially available secondary, whole viral CMV
standards that were normalized to the 1st WHO International Standard
(IU) for CMV were purchased from AcroMetrix (CMVtc panel; Acro-
Metrix Inc., Benicia, CA), ZeptoMetrix (NATtrol cytomegalovirus linear-
ity panel; ZeptoMetrix Corporation, Buffalo, NY), and SeraCare Life Sci-
ences (CMV DNA AccuSpan linearity panel; SeraCare Life Sciences, Inc.,
Milford, MA) and used in the study. Serial 10-fold dilutions of each sec-
ondary standard were performed in an AcroMetrix EDTA plasma dilution
matrix, resulting in final concentrations of 300 to 30,000 IU/ml (Acro-
Metrix standards) and 500 to 50,000 IU/ml (both ZeptoMetrix and Sera-
Care standards). Both AcroMetrix and SeraCare used the Cobas AmpliP-
rep/Cobas TagMan CMYV test (Roche Molecular Diagnostics, Pleasanton,
CA) as their reference method for determining nominal values in their
respective secondary standard, while ZeptoMetrix used an in-house PCR
assay normalized to quantified CMV, commercially produced by Ad-
vanced Biotechnologies, Inc. (Columbia, MD).

Internal controls specific to each assay were added, and DNA from 200
plof the CMV standard was extracted and then eluted into 60 pl using the
Qiagen EZ1 DSP virus kit on the Qiagen EZ1 advanced XL system (Qia-
gen, Inc.). Eight aliquots of 200 ul from each concentration were pro-
cessed, and extracts were pooled, aliquoted, and stored at —20°C until
molecular analysis. For the Abbott RealTime assay, 800 .l of CMV stan-
dard and template internal control was extracted using the 72000 plat-
form (Abbott Molecular Inc., Des Plaines, IL).

ddPCR. The QX100 Droplet Digital PCR (ddPCR) system (Bio-Rad,
Pleasanton, CA) was used with RealStar (RS) CMV analyte- specific re-
agents (ASR) (Altona Diagnostics). The ddPCR reaction mixture con-
sisted of 10 pl of a 2X ddPCR master mix (Bio-Rad), 0.7 pl each of
RS-ASR CMV-Prm and RS-ASR CMV-Prb (Altona), and 5 pl of nucleic
acid solution in a final volume of 20 wl. The entire reaction mixture was
used to produce the droplets on the droplet generator (Bio-Rad). After
processing, the droplets were transferred to a 96-well PCR plate (Eppen-
dorf, Germany) and amplified on a T100 thermal cycler (Bio-Rad) begin-
ning 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, ending at 12°C. The plate was read on
the droplet reader (Bio-Rad) at a rate of 32 wells per hour. ddPCR data
were analyzed with QuantaSoft analysis software (Bio-Rad), and the re-
sults were generated in copies/pl of PCR.

The RainDrop digital PCR system (RainDance Technologies, Billerica,
MA) consists of two parts, the RainDrop source (droplet generator) and
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sense (reader/counter) instruments. The ddPCR reaction mixture con-
sisted of 30 pl of RealStar general purpose reagent (RS-GPR) (Altona),
1.67 pl each of RS-ASR CMV-Prm and RS-ASR CMV-Prb (Altona), and
10 pl of nucleic acid solution in a final volume of 50 pl. The entire reaction
mixture was transferred to one of the 8 wells on a source chip (RainDance
Technologies). The loaded source chip and an 8-tube strip (0.2 ml) were
inserted into the RainDance source instrument for droplet generation.
After processing, droplets in the tube strip were amplified on a Gene-
Touch thermal cycler (Bior Technology, Hangzhou, China): 1 cycle at
95°C for 10 min, followed by 45 cycles of 95°C for 15 s and 58°C for 60 s,
and 1 cycle of 98°C for 10 min, ending at 15°C. After amplification, the
8-tube strip and a sense chip (RainDance Technologies) were inserted
into the sense instrument. The latter instrument identifies and counts
droplets at a rate of 8 samples per 5 h. The run data were analyzed with
RainDrop Analyst software, and the results were generated in copies/PCR.

Quantitative real-time PCR. (i) Altona RealStar CMV. DNA extrac-
tion for the samples was performed on the Qiagen EZ1 advanced XL
system as described above. The amplification reaction mixture consisted
of 18 wl of a master mix of RS-GPR (Altona), 1 pl each of RS-ASR CMV-
Prm and RS-ASR CMV-Prb (Altona Diagnostics), and 10 pl of nucleic
acid solution in a final volume of 30 pl. The amplification was carried out
on an ABI Prism 7500 SDS instrument (Applied Biosystems) under the
thermal profile of 1 cycle of 95°C for 10 min, followed by 40 cycles of 94°C
for 15 s and 58°C for 60 s, and ending at 1 cycle of 58°C for 10 min. A set
of four-member quantification standards ranging from 1 X 10to 1 X 10*
IU/pl that were calibrated against the 1st WHO International Standard
for human cytomegalovirus for nucleic acid amplification techniques was
purchased from Altona Diagnostics and used to generate a calibration
curve for the assay.

(ii) Qiagen artus CMV. DNA extraction for the samples was per-
formed on the Qiagen EZ1 advanced XL system as described above. The
controls (two positive controls [low and high] and a negative control)
(AcroMetrix Inc.) were also subjected to DNA extraction and included in
each PCR run. Following DNA extraction, the artus CMV real-time PCR
was performed using a Qiagen artus CMV kit (Qiagen, Inc., Valencia, CA)
on the Abbott m2000rt instrument with the Qiagen recommended PCR
setup and cycling conditions (artus CMV RG PCR kit handbook, January
2011 version; Qiagen). Four external quantitation standards supplied by
Qiagen (CMV RG QS 1 to 4) were used to generate a calibration curve in
order to estimate the CMV DNA concentrations in samples. These stan-
dards were provided by the manufacturer with nominal concentrations
given only in copies/ml; IU/ml data were not available. Therefore, all
results from the Qiagen assay are given in copies/ml.

(iii) Abbott real-time CMV. Quantitation of CMV in plasma was car-
ried out on the #2000 platform (Abbott Molecular Inc., Des Plaines, IL)
that includes the m2000sp instrument for automated extraction of DNA
and the m2000rt instrument for real-time PCR. DNA extraction was per-
formed from 800 pl of plasma using the Abbott mSample preparation
system DNA kit on the m2000sp instrument and eluted in a volume of 70
pl. Aninternal control was added to the lysis buffer prior to the extraction.
The automated PCR setup was performed on the m2000sp instrument,
and the PCR plate was loaded on the #72000rt instrument for quantitation
of CMV DNA. Two positive controls (low and high) and a negative con-
trol (AcroMetrix Inc.) were included in each run. The AcroMetrix CMVtc
panel run in duplicate was used to establish the calibration curve and
calculate the CMV DNA concentrations in samples.

Statistical analysis. Continuous variables were summarized by their
means and standard deviations. Bias was estimated by the difference
between the measured and nominal values. Analysis of covariance
(ANCOVA) was first applied to examine whether the two digital assays
(Bio-Rad and RainDance) yielded similar measures when each CMV stan-
dard was used. If the measures were found similar, an average of digital
PCR values would be taken to represent the digital measure, which would
be adopted in subsequent analyses. ANCOVA was also conducted to
check whether each digital assay had similar measured values across the
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TABLE 1 Mean results achieved with each quantitative PCR method
using the highest concentration of standard from each manufacturer?

TABLE 3 Mean results achieved with each quantitative PCR method
using the lowest concentration of standard from each manufacturer”

Mean (SD) (log,, IU/ml) for:

Mean (SD) (log,, IU/ml) for:

Standard Bio-Rad  RainDance Altona Abbott Qiagen Standard Bio-Rad  RainDance” Altona Abbott Qiagen
AcroMetrix  3.93 (0.07) 3.84 (0.07) 4.65 (0.08) 4.27 (0.06) 4.14 (0.02)  AcroMetrix 1.96 (0.02)° 1.88 (0.35)° 2.43 (0.40) 2.44 (0.29) 2.26 (0.04)
SeraCare 4.92 (0.01) 5.07 (0.41) 5.40 (0.06) 4.55(0.14) 4.99 (0.07) SeraCare 3.01 (0.20) 2.87 (0.37) 3.50(0.17) 2.56 (0.16) 2.94 (0.14)

ZeptoMetrix 3.66 (0.06) 3.63 (0.22) 3.95(0.12) 3.81(0.11) 3.71 (0.002)

ZeptoMetrix 2.09 (0.20)° 1.74 (0.37)° 1.72(0.31) 1.65(0.24)°

“ The highest concentrations were 4.48 log,, IU/ml for AcroMetrix and 4.70 log,, TU/
ml for ZeptoMetrix and SeraCare. Qiagen was compared against 4.71 log,, copies/ml
for AcroMetrix, 4.00 log, , copies/ml for ZeptoMetrix, and 4.70 log,, copies/ml for
SeraCare.

three CMV standards. Linear regressions were applied to examine the
quantitative correlations of digital or real-time PCR measures against
nominal values, as well as real-time PCR measures against average digital
PCR values. Comparisons were also made by hypothesis tests against the
line of identity based on linear regressions to check whether measures
were close to nominal values and average digital PCR values. All statistical
analyses were performed using SAS (SAS Institute, Cary, NC) with Win-
dows (version 9.3).

RESULTS

Three concentrations of each of the three commercially prepared
secondary CMV IU standards (AcroMetrix, ZeptoMetrix, and
SeraCare) were tested in quadruplicate by three real-time and two
digital PCR methods. The mean results for each concentration of
each standard, stratified by method, are presented as the means of
log,,-transformed concentrations in Tables 1 to 3. Tables S1 to S3
in the supplemental material demonstrate the difference (bias)
between mean measured results and the nominal values provided
by each manufacturer for each concentration of standard. The
overall bias is shown in Fig. 1. This represents the mean bias for
each assay, and each quantitative standard (compared to nominal
values), showing more than a log unit spread in some cases. Note
that in many cases, the lowest concentration of the standard was
either not detected or detected in some replicates.

Compared against each other, the two ddPCR methods (Bio-
Rad and RainDance) showed no significant difference in their
quantitative relationships with nominal values for material from
any of the three manufacturers using ANCOVA. This is also con-
firmed by Fig. 2 with plots of digital PCR results against nominal
values, showing a similar pattern for Bio-Rad and RainDance. In
both graphs, there is a clear difference in the amount of target
present at a given nominal value among the secondary standard
materials from each of the three manufacturers (P < 0.001 for
Bio-Rad; P < 0.001 for RainDance).

TABLE 2 Mean results achieved with each quantitative PCR method
using the second highest concentration of standard from each
manufacturer?

Mean (SD) (log,, IU/ml) for:

Standard Bio-Rad ~ RainDance Altona Abbott Qiagen
AcroMetrix  3.13 (0.16) 2.95(0.10) 3.63 (0.13) 3.39 (0.12) 3.08 (0.03)
SeraCare 3.96 (0.06) 3.77 (0.08) 4.13 (0.13) 3.78 (0.09) 3.89 (0.04)

ZeptoMetrix 2.65 (0.15) 2.52 (0.24) 3.10(0.04) 2.77 (0.17) 2.63 (0.10)

“ The second highest concentrations were 3.48 log,, IU/ml for AcroMetrix and 3.70
log,, TU/ml for ZeptoMetrix and SeraCare. Qiagen was compared against 3.71 log,,
copies/ml for AcroMetrix, 3.00 log,, copies/ml for ZeptoMetrix, and 3.70 log,, copies/
ml SeraCare.
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“ The lowest concentrations were 2.48 log,, IU/ml for AcroMetrix and 2.70 log,, IU/ml
for ZeptoMetrix and SeraCare. Qiagen was compared against 2.71 log,, copies/ml for
AcroMetrix, 2.00 log,, copies/ml for ZeptoMetrix, and 2.70 log,, copies/ml SeraCare.

Y No replicates were detected for ZeptoMetrix from RainDance.

“n = <4 replicates detected and used.

The differences in detected viral loads among like concentra-
tions of secondary standards persisted when these materials were
tested by real-time methods. The degree and significance of quan-
titative differences varied markedly based on the assay/standard
combination and on whether real-time results were compared to
nominal or digital values. The apparent difference between real-
time results appeared to diminish when digital values were used
(rather than nominal values provided by each manufacturer in
IU). This is shown by a convergence of regression y intercepts (Fig.
3 and 4; see also Fig. S1 and Tables S4 and S5 in the supplemental
material). If data are stratified by standard rather than by assay
(see Fig. S1 and S2 and Tables S4 and S5 in the supplemental
material), the convergence appears somewhat less marked, but
generally the intercepts of regression lines still diverge from each
other.

DISCUSSION

Results here demonstrate the challenges in producing and imple-
menting a common quantitative standard for CMV, particularly
when one is faced with the myriad assays in current use. It has been
hoped that the development of the 1st WHO International Stan-
dard for CMV might mitigate the variability among assay results
previously demonstrated in the testing of common patient sam-
ples or proficiency testing materials. The application of this stan-
dard in a manner most likely to bring about consensus requires
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FIG 1 Overall bias between mean measured results and the nominal values
provided by each manufacturer.
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FIG 2 Regression analysis of measured values of ddPCR compared against
nominal values provided by each manufacturer.

that the commercial secondary standards are in quantitative
agreement with one another and with the primary WHO material.
It also requires that such secondary standards behave similarly
among different assays (similarly to the demonstration of com-
mutability in the testing of patient samples) (20, 21). The data here
suggest that these parameters have not been met. The use of digital
PCR as a reference method demonstrated the lack of quantitative
agreement among the three different secondary standards, while
real-time methods showed disparate results for the same material
tested with different assays.

Digital PCR offers numerous advantages when used as a quan-
titative reference standard. By design, it is a more absolute method
of quantification, obviating the need for calibration curves and
demonstrating reduced susceptibility to common sources of vari-
ability, such as amplification inhibition, seen in real-time meth-
ods. The use of two digital methods, as done here, added further
robustness to the analysis. Both methods showed close quantita-
tive agreement, despite marked disagreement among real-time
assays, with the mean values achieved from both systems used for
comparative purposes. Although proposed as a primary means of
viral load testing, digital PCR may play a critical role in the evalu-
ation of quantitative calibrators to be used for real-time methods.
This might be in the comparison of different manufacturers’ ma-
terials or in the lot-to-lot assessment of either primary or second-
ary standards. Here, the digital PCR values differed among all
three secondary standards, despite the fact that the nominal values

Comparison of CMV Secondary Standards

for two of those three standards were initially assigned using the
same methodology. None of the manufacturers used digital meth-
ods in the assignment of nominal values. We have observed in our
study that agreement across real-time assays seemingly converges
compared against digital values. Although the explanation is un-
clear, this finding may support the role of digital PCR in serving as
a valuable reference measure when the performance of secondary
standards is characterized. The lack of uniformity in how nominal
values are assigned may hinder agreement between standards and
ultimately reduce agreement when clinical samples are tested.
However, this may not represent the entire explanation for such
disagreement.

While this study suggests disparity of content and performance
among currently available quantitative CMV standards, it does
not directly demonstrate the impact of such differences on testing
of clinical patient samples. The use of common secondary stan-
dards in some cases has been shown to increase agreement among
laboratories using various quantitative assays (6, 14, 20). How-
ever, noncommutable standards may actually decrease interlabo-
ratory/interassay agreement (22). It is clear that in some cases,
some secondary standards showed similar results across different
assays, and some showed improved agreement compared with the
digital results rather than with the nominal values of secondary
standards. This may suggest that the materials behave differently
with the experimental real-time methods than with the methods
originally used for nominal value assignment, which may in turn
suggest that when tested with clinical samples they may lack suf-
ficient commutability or they may need to be normalized to IU
with an assay-specific correction factor. Future studies may help
clarify the impact of recalibration on the final quantitative results.
The evaluation here of the AcroMetrix standards (particularly
when one is looking at bias against nominal values using the Ab-
bott method) was somewhat limited by the fact that the Abbott
real-time assay was calibrated with the same material. This was an
unavoidable limitation, but mitigated to some extent by the fact
that results of all real-time methods were also compared against
those of ddPCR.

It has been demonstrated that use of common quantitative
calibrators can improve agreement among viral load tests (6, 13).
That other factors may also contribute to such variability does not
reduce the need for addressing this issue. The availability of an
international quantitative CMV standard represents the best hope
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FIG 3 Regression analysis of real-time PCR measures compared against nominal values stratified by assay.
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FIG 4 Regression analysis of real-time PCR measures compared against the average ddPCR measure stratified by assay.

to date of bringing uniformity to high-impact clinical testing, used
for some of our most acutely ill patients. The disparity of compo-
sition and performance found here among commercial secondary
CMYV standards suggests reasons that we may still be falling short
of our goals and but also helps point the way to achieving those
goals in the future. The increasing use of reference methodology
such as digital PCR, together with assay-specific evaluation of
quantitative standards, including both commutability and con-
version to IU should lead to improved agreement, portability, and
comparability of viral load results, essential for improved patient
care and advances in the determination of clinically relevant
quantitative thresholds for therapy.
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