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Assessment of Digital PCR as a Primary Reference
Measurement Procedure to Support Advances in

Precision Medicine
Alexandra S. Whale,1† Gerwyn M. Jones,1† Jernej Pavšič,2,3 Tanja Dreo,2 Nicholas Redshaw,1

Sema Akyürek,4 Müslüm Akgöz,4 Carla Divieto,5 Maria Paola Sassi,5 Hua-Jun He,6 Kenneth D. Cole,6

Young-Kyung Bae,7 Sang-Ryoul Park,7 Liesbet Deprez,8 Philippe Corbisier,8 Sonia Garrigou,9 Valérie Taly,9

Raquel Larios,10 Simon Cowen,11 Denise M. O’Sullivan,1 Claire A. Bushell,1 Heidi Goenaga-Infante,10

Carole A. Foy,1 Alison J. Woolford,1 Helen Parkes,1 Jim F. Huggett,1,12*† and Alison S. Devonshire1*†

BACKGROUND: Genetic testing of tumor tissue and circu-
lating cell-free DNA for somatic variants guides patient
treatment of many cancers. Such measurements will be
fundamental in the future support of precision medicine.
However, there are currently no primary reference mea-
surement procedures available for nucleic acid quantifi-
cation that would support translation of tests for circu-
lating tumor DNA into routine use.

METHODS: We assessed the accuracy of digital PCR (dPCR)
for copy number quantification of a frequently occurring
single-nucleotide variant in colorectal cancer (KRAS
c.35G�A, p.Gly12Asp, from hereon termed G12D) by
evaluating potential sources of uncertainty that influence
dPCR measurement.

RESULTS: Concentration values for samples of KRAS
G12D and wild-type plasmid templates varied by �1.2-
fold when measured using 5 different assays with varying
detection chemistry (hydrolysis, scorpion probes, and in-
tercalating dyes) and �1.3-fold with 4 commercial
dPCR platforms. Measurement trueness of a selected
dPCR assay and platform was validated by comparison
with an orthogonal method (inductively coupled plasma
mass spectrometry). The candidate dPCR reference mea-
surement procedure showed linear quantification over a
wide range of copies per reaction and high repeatability
and interlaboratory reproducibility (CV, 2%–8% and
5%–10%, respectively).

CONCLUSIONS: This work validates dPCR as an SI-
traceable reference measurement procedure based on
enumeration and demonstrates how it can be applied for
assignment of copy number concentration and fractional
abundance values to DNA reference materials in an aque-
ous solution. High-accuracy measurements using dPCR
will support the implementation and traceable standard-
ization of molecular diagnostic procedures needed for
advancements in precision medicine.
© 2018 American Association for Clinical Chemistry

With the advent of precision (also known as personalized
and stratified) medicine, treatment decisions for patients
with cancer are increasingly being made based on their
germ line and tumor sequence variation. Tumor geno-
typing is required to reveal nucleotide sequence variants
that will confer benefit from therapies (1 ). Two clinical
examples include screening for variants in exons 18 to 21
of the EGFR13 gene in non–small cell lung cancer and
exon 2 of the KRAS gene in colorectal cancer before treat-
ment with EGFR-targeted therapies (1 ). The application
of molecular diagnostic methods for these examples and
others in clinical oncology is challenging because of bio-
logical factors such as tumor heterogeneity and the po-
tential presence of multiple tumor sites/metastases. In
addition, technical factors such as the nature of the ge-
netic targets, clinical samples, and the diversity of tech-
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nologies in use further complicate such measurements.
Genetic targets are often single-nucleotide variants
(SNVs)14 differing by only 1 bp from the wild-type (wt)
sequence. Such small differences make specific detection
using molecular methods challenging when other vari-
ants, such as the wt, are also present. As the wt sequence
usually predominates in clinical samples because of the
presence of non–tumor-derived material, it may be de-
tected instead of the sequence of interest. Plasma samples
can contain cell-free DNA (cfDNA) concentrations as
low as approximately 1000 copies/mL plasma, and circu-
lating tumor DNA (ctDNA) represents a small (�10%)
fraction of the total (2 ). Current tissue-testing ap-
proaches typically use diverse methods including
real-time quantitative PCR, Sanger sequencing, or pyro-
sequencing (3 ). A wide range of next-generation se-
quencing platforms are also beginning to be applied to
measurements of ctDNA (4 ). These techniques may dif-
fer in performance variables such as limit of detection
(LOD). In previous external quality assessment studies,
errors in KRAS genotyping were reported in about 20%
of laboratories. A common cause of errors was inadequate
definition of method sensitivity (5 ).

In clinical chemistry testing, benchmarking of test
and laboratory performance is often provided using a
series of reference measurement procedures (also termed
higher-order reference methods) beginning with the pri-
mary reference measurement procedure (6, 7 ), which is
traceable to the “Système International” (SI). A calibra-
tion hierarchy with full metrological traceability to the SI
is described in ISO Guide 17511, along with variations
for which primary reference measurement procedures
and/or materials are unable to meet such criteria. Primary
reference measurement procedures represent the most ac-
curate approaches and are used to quantify (value assign)
primary calibrators, also termed higher-order reference
materials. These materials are then used by reference lab-
oratories and in vitro diagnostic (IVD) device manufactur-
ers to calibrate the measurement procedure they will in turn
use to quantify their working calibrators. Working calibra-
tors are then used by clinical laboratories to quantify the
analyte in patient samples. Using this calibration series, from
primary reference material and measurement procedure to
patient test result, accurate and reproducible clinical testing
is enabled internationally.

In molecular testing, such as genetic analysis in can-
cer, only a limited number of reference materials are
available (8–10), and because no reference measurement

procedures exist (11 ), the traceability of patient results is
limited. Furthermore, clinical decisions may become
dependent not only on the qualitative presence or ab-
sence of a DNA variant but also on the quantification
of a DNA variant (4 ), which will increase the technical
challenge. As technologies for measuring ctDNA be-
come more widely established, establishment of a ref-
erence measurement system will maximize the impact
on patient care by enabling traceable and accurate clin-
ical measurements.

Digital PCR (dPCR) is a technique that counts in-
dividual DNA molecules without the need for a calibra-
tor (12, 13 ) and is capable of high sensitivity in the de-
tection of low frequency variants in a wt background
(14 ). Key interlaboratory studies recently confirmed (a)
the high accuracy of dPCR for absolute quantification of
DNA copy number concentration by comparison with
analysis by flow cytometry and isotope dilution-mass
spectrometry (15 ) and (b) its reproducibility for SNV
quantification (16 ).

The reported accuracy means dPCR has the poten-
tial to be an SI-traceable primary reference measurement
procedure for DNA copy number concentration based
on counting, with count being recognized as a dimen-
sionless SI unit (17 ). To comply with ISO 17511, the
accuracy of the potential primary reference measurement
procedure must be described for the intended use. In the
context of dPCR, completeness of the reaction count (i.e.
amplification of all target molecules present) and the se-
lectivity (analytical specificity) of the assay to the target
sequence must be demonstrated. Here we evaluated a
range of factors (Fig. 1) that might affect these aspects of
analytical performance and the uncertainty of a result
including detection chemistry and platform. This was
followed by validation of the trueness of dPCR measure-
ments by comparison with an orthogonal method, in-
ductively coupled plasma mass spectrometry (ICP-MS),
which is calibrated using reference materials certified for
their phosphorus mass fraction. Finally, the performance
characteristics of a candidate dPCR method using a sin-
gle assay and platform were defined according to ISO
Guide 15193 requirements for reference measurement
procedures and the validity of measurement uncertainty
budgets compared through a comparison study involving
8 laboratories.

Materials and Methods

Unless otherwise stated, all experiments were performed
at LGC (UK). Seven additional laboratories from Slove-
nia, Turkey, Italy, US, Republic of Korea, Belgium, and
France also participated in the study. All kits and instru-
ments were used following the manufacturers’ instruc-
tions. A complete list of the experimental information is
provided in the Data Supplement that accompanies the

14 Nonstandard abbreviations: SNV, single-nucleotide variant; wt, wild-type; cfDNA,
cell-free DNA; ctDNA, circulating tumor DNA; LOD, limit of detection; IVD, in vitro
diagnostic; dPCR, digital PCR; ICP-MS, inductively coupled plasma mass spectrom-
etry; gDNA, genomic DNA; FPR, false-positive rate; FA, fractional abundance; LOQ,
limit of quantification.
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online version of this article at http://www.clinchem.org/
content/vol64/issue9, in accordance with the Minimum
Information for the Publication of Digital PCR Experi-
ments guidelines (18 ).

PRODUCTION OF LINEARIZED AND FRAGMENTED KRAS

MATERIAL

Two previously described plasmids (16 ) prepared by Eu-
rofins were used in this study: 4343 bp pUC57_hs_
KRAS_G12D and pUC57_hs_KRAS_wt containing a
portion of the human KRAS gene [KRAS c.35G�A,
p.Gly12Asp, mutation G12D (Cosmic ID, COSM521)]
or wt sequence, respectively (NCBI accession, NG_
007524.1, bases 9788 to 11411). Restriction digestion
reactions generated linear (4343 bp) and fragmented
(373 bp and 186 bp) molecules. Manufacturer’s concen-
tration estimates based on UV spectrophotometry (Bio-
photometer, Eppendorf) were used to estimate approxi-
mate ‘nominal’ copy number concentrations in dilutions of
plasmid stock solutions. Template panels containing
these molecules were prepared in carrier [25 ng/�L son-
icated salmon sperm genomic DNA (gDNA) (Ambion)]
and are described in the relevant experiments below.

dPCR ASSAY SELECTION

Five different KRAS assays (primers/probes and chemis-
tries) were compared. Three were duplex assays capable
of discriminating between G12D and wt sequences,
of which 2 used hydrolysis probes: G12D/WT assay us-

ing TaqMan™ MGB hydrolysis probes described pre-
viously (19 ) and a commercial prevalidated assay
(PrimePCR™ ddPCR™ mutation detection assay, Bio-
Rad), and a third using a Scorpion hybridization probe
designed during the study. Two intercalating dye assays,
EvaGreen 80 bp and EvaGreen 164 bp, used 2 amplicon
sizes. Linearized plasmids were diluted to concentrations
of approximately 102 and 104 copies/reaction to compare
performance of the assays with 100% G12D or wt tem-
plates, or mixes of both.

dPCR PLATFORM COMPARISON

Five dPCR platforms were compared using the open
G12D/WT assay (19 ). Two platforms partitioned the
reaction by water-in-oil droplets—the QX100™/
QX200™ Droplet Digital™ PCR System (Bio-Rad)
and RainDrop® System (RainDance™ Technologies)—
and 3 platforms partitioned the reaction into prefabri-
cated single-use consumables: the BioMark™ System for
Genetic Analysis (Fluidigm) qdPCR 37K IFCs, the
QuantStudio® 3D Digital PCR System (QS3D; Thermo
Fisher Scientific) and the Constellation® Digital PCR
system (Formulatrix®). The same template panel for the
dPCR assay comparison was prepared for the platform
comparison.

ORTHOGONAL METHOD VALIDATION (ICP-MS ANALYSIS)

For the parallel dPCR and ICP-MS analysis, a solution of
linearized KRAS G12D plasmid (about 250 ng/�L) was

Fig. 1. Approach for the development and validation of a primary dPCR reference measurement procedure.
Schematic showing how the experimental series and results of this study meet the requirements of ISO 17511 and 15193. The experimental
series is given in black text above the boxes, and orange arrows indicate which aspect of analytical performance is evaluated in each Results
section. The blue boxes detail the performance criteria that must be validated to comply with ISO 17511 and 15193. The green boxes give the
results of the analytical performance evaluation for the candidate KRAS G12D reference measurement procedure described in this study. The
horizontal dashed arrow indicates that for an SNV assay, LOD is dependent on the FPR. The CV is a measure of precision. The LOQ is the lowest
concentration measured with a CV <25%.
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analyzed by ICP-MS, and a dilution of the same solution
was analyzed using the QX200 (approximately 2.4 � 104

copies/reaction) and BioMark platforms (8.0 � 102 cop-
ies/reaction) with the G12D/WT assay (19 ). For ICP-
MS, 15 �L of linearized KRAS G12D plasmid (n � 3)
and a corresponding procedural control (for restric-
tion digestion) (n � 3) were submitted to microwave
acid digestion using the Ethos EZ microwave system
(Milestone) in parallel with a positive control with a
certified P content, reference material NIST P3139a,
and an experimental blank (negative control). Total
phosphorus quantification of the digests was per-
formed with an Agilent 8800 Triple Quadrupole
ICP-MS in tandem mass spectrometry mode using a
calibration curve generated from the P3139a reference
material. This experiment was repeated with fresh ali-
quots on a separate day.

VALIDATED RANGE

Two template dilution series were analyzed with the
G12D/WT assay (19 ): (a) 100% linearized G12D plas-
mid from about 1.5 � 105 to approximately 5 � 103

copies/reaction and (b) with G12D plasmid from about
104 to 5 copies/reaction in constant background of wt
(approximately 104 copies/reaction) using linearized and
fragmented templates. The first dilution series above was
analyzed with the QX200 and the second with the QX100
(NIB).

INTERLABORATORY ASSESSMENT

Test materials as described previously (16 ) were mea-
sured using the G12D/WT assay (19 ) by 8 laboratories
using the QX100/QX200, QS3D, or RainDrop dPCR
platforms. Participants were provided with positive
and negative control materials containing wt KRAS
plasmid with/without G12D, respectively, and ana-
lyzed 3 vials of each test material. For QX100/QX200
users, considered sources of uncertainty were variation
between units of each material, intermediate precision,
repeatability, and partition volume [for concentration
values only, using the partition volume of 0.834 nL
and uncertainty reported by Corbisier et al. (20 )] so
that all laboratories’ uncertainties reflected the same
sources of variation in technical performance and data
analysis.

DATA ANALYSIS

Exported files from dPCR experiments were imported
into MS Excel 2010, with further analysis carried out
using GraphPad Prism 6 or the R statistical program-
ming environment. Details of the data analysis and sta-
tistical methods used are described in the Information file
included with the online Data Supplement.

Results

dPCR ASSAY SELECTION

The quantitative performance of 3 KRAS SNV-
discriminating assays (duplex assays using hydrolysis or
Scorpion probes) and 2 nondiscriminating assays
(EvaGreen) was compared using the QX200 in terms of
completeness of count and analytical specificity (Fig. 1).
To evaluate completeness of count, the concentration of
100% KRAS mutant or wt templates was measured by
their intended assay or probe to ensure that assay speci-
ficity was not a confounding factor. A negative bias in the
count of DNA molecules corresponded to a DNA tem-
plate being present but failing to amplify and be detected
[termed molecular dropout (18, 21 )] and was indicated
when relative underquantification of a DNA target was
observed compared with other assays. To ensure that
template fragment size was not a confounding factor in
this evaluation, a simpler DNA template of linearized
plasmid DNA with defined fragment size was chosen
rather than more complex gDNA (21 ). For the SNV-
discriminating assays, analytical specificity as a potential
source of positive bias was evaluated with mixed tem-
plates, and the false-positive rate (FPR) was measured for
non-target template (Fig. 2). The template panel con-
sisted of DNA concentrations relevant to low levels ob-
served in ctDNA (approximately 102 copies/reaction)
(Fig. 2A) or higher abundances more akin to a tissue
biopsy or applicable to a reference material (approxi-
mately 104 copies/reaction) (Fig. 2B).

Quantification of the 100% G12D samples demon-
strated good agreement between the 5 assays with a
�1.2-fold difference between the highest and lowest
mean values in the approximately 102 copy sample (Fig.
2A) and approximately 104 copy sample (Fig. 2B); wt
template quantification gave similar results (see Fig. 1 in
the online Data Supplement). For all G12D and wt-only
samples, the EvaGreen assay with the longer 164-bp am-
plicon produced 8% to 13% lower concentration values
than the 80-bp amplicon assay, supporting increased mo-
lecular dropout associated with the longer amplicon.

Quantification of G12D in mixed mutant and wt
KRAS samples using open and commercial hydrolysis
probe assays demonstrated �1.05-fold difference in the
estimated concentration independent of the concentra-
tion of wt template. The Scorpion assay measurements of
approximately 102 copies of G12D in the presence of
about 104 wt copies were 1.5-fold higher than the hydro-
lysis probe assays (P � 0.001) (Fig. 2A); this effect was
not observed for the converse mixed sample of approxi-
mately 102 wt copies in a background of about 104 G12D
copies (see Fig. 1A in the online Data Supplement).
However, a negative trend was observed for the Scorpion
assay with input quantities of approximately 104 G12D
copies/reaction, with mean concentration values 1.1- to
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1.2-fold lower than the hydrolysis probes (Fig. 2B here
and Fig. 1B in the online Data Supplement), suggesting
possible molecular dropout in template amplification.

For the 3 discriminating assays, the FPR of the
G12D and wt assays was evaluated using 104 copies/
reaction of 100% wt template or G12D template, respec-
tively (Fig. 2C). The G12D FPR was estimated as frac-
tional abundance (FA) of 0.03% for the 2 hydrolysis
probe assays, indicating good specificity for quantifica-
tion of G12D in a background of wt template; however,
the Scorpion assay had a substantially higher FPR
(0.54%), confirming poor analytical specificity as the
cause of the unacceptable positive bias described above
(Fig. 2A). A wt FPR of approximately 0.1% was calcu-
lated for all 3 discriminating assays (Fig. 2C); however,
this FPR is less critical clinically, as it represents the un-
likely scenario of close to 100% of the KRAS molecules
being mutant and would have no impact on treatment
decisions.

For all combinations of dPCR assay and template
concentration, repeatability and intermediate precision,
expressed as the percentage CV, were evaluated for
G12D and wt templates (see Table 1 in the online Data
Supplement). Except for the failed Scorpion assay, preci-
sion of all assays expressed as % CV was �14% and �7%
(both repeatability and intermediate precision) for the
approximately 102 and 104 copy input quantities, respec-
tively. The open G12D/WT hydrolysis probe assay dem-
onstrated repeatability CV values of 8% and 2% for 102

and 104 copy input quantities, together with correspond-
ing intermediate precision of 11% and 3%. In view of the
best precision, optimal amplification profile (no evidence
for molecular dropout), and analytical specificity (low

FPR), this assay was chosen for further evaluation as a
candidate reference measurement procedure.

dPCR PLATFORM COMPARISON

The magnitude of variation in measured KRAS concen-
tration when using different dPCR platforms was inves-
tigated to identify possible biases affecting the trueness
of the measured result. The same template panel applied
to the assay cross-comparison was used with 5 commer-
cially available dPCR platforms.

A 1.2- to 1.3-fold difference in mean concentration
of G12D and wt in all samples was observed across 4
platforms, with the exception of the Constellation plat-
form, for which a positive bias was observed (up to 1.5-
fold higher than minimum results) (Fig. 3, A and B, here
and Fig. 2 in the online Data Supplement). Assay speci-
ficity measured as FPR was similar in the other 4 plat-
forms (Fig. 3C) to that characterized with the QX200
(Fig. 2C).

Evaluation of platform precision (see Table 2 in the
online Data Supplement) showed that all platforms dis-
played intermediate precision and repeatability of �10%
CV for G12D quantification of approximately 104 copy
number samples; the best intermediate precision of 3%
was observed for QX200. This was also the case for quan-
tification of KRAS wt samples containing 104 copies, ex-
cept for the Constellation. For reactions containing ap-
proximately 102 copies of G12D and wt template, only
platforms with �1000 partitions (QX200, QS3D, and
RainDrop) demonstrated intermediate precision and re-
peatability CV of �20%. These quantities were compa-
rable with those found in plasma (22 ), showing that in-

Fig. 2. dPCR assay selection and evaluation of molecular dropout and analytical specificity.
Quantification of samples containing KRAS G12D molecules measured at 2 nominal concentrations 2-logs apart at (A) approximately 102 and
(B) approximately 104 copies per reaction using 5 dPCR assays (each shown as different symbol and color data points). KRAS G12D molecules
were measured with and without a background of 104 wt molecules. (C), FPR for G12D and wt assays. Sample composition is shown on the x
axis. Data points show the mean value of each of the 3 experiments, each of which was performed with triplicate reactions.
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struments with �1000 partitions would be the most
suitable platforms for quantification of cfDNA.

ORTHOGONAL METHOD VALIDATION OF DPCR WITH ICP-MS

To validate the trueness of the concentration values mea-
sured using the candidate G12D/WT assay, dPCR mea-
surements were compared with an orthogonal method
(ICP-MS) that determined the amount of phosphate in
the plasmid and could be used to highlight any systematic
errors in dPCR. Measurements of replicate aliquots of
the same solution of linearized KRAS G12D plasmid
were performed with dPCR and ICP-MS; samples were
measured with dilutions appropriate to the working
range of the 2 techniques. dPCR measurements using 2
platforms (QX200, BioMark) were calculated as copy
number concentrations and converted to mass concen-
tration values (ng/�L) to enable comparison with the

results using ICP-MS (Table 1). The concentrations
measured by both dPCR platforms and ICP-MS were in
agreement based on their expanded measurement uncer-
tainties, with magnitude of differences in mean values
similar to that observed in the cross-platform comparison
(1.2-fold) (Fig. 3).

VALIDATED RANGE OF THE CANDIDATE REFERENCE

MEASUREMENT PROCEDURE

Having investigated the potential sources of bias by vary-
ing assay and instrument and interrogated trueness
through comparison with an orthogonal method, the val-
idated range of the candidate reference measurement
procedure (G12D/WT assay) was defined using a single
instrument (QX200) on which linearity, limit of quanti-
fication (LOQ), and LOD were characterized, in line
with the requirements of ISO Guide 15193.

Fig. 3. Digital PCR platform comparison.
Quantification of samples containing KRAS G12D molecules at (A) approximately 102 or (B) approximately 104 concentration using 5 dPCR
platforms. These are the same samples as those described in Fig. 2. KRAS G12D molecules ere measured with and without a background of wt
approximately 104 molecules. FPR for G12D and wt assays (C). Sample composition is shown on the x axis. Data points show the mean value
of each of the 3 experiments. Replicate reactions within an experiment were n = 3 (QX200, BioMark, and Constellation); n = 1 (QS3D and
RainDrop).

Table 1. Quantification of KRAS G12D plasmid quantification by dPCR and ICP-MS.a

Method of
quantification Platform

Copy number
concentration,

copies/μL

Mass
concentration,

ng/μL

Mass concentration
expanded uncertainty,

ng/μL
Lower–upper
range, ng/μL

Fold
difference
vs QX200

dPCR QX200 4.43E + 10 197 24 173–221

dPCR BioMark 5.22E + 10 233 41 192–274 1.18

ICP-MS Triple quad 8800 NA 238 18 220–256 1.21

a Copy number concentration of the same plasmid solution measured by ICP-MS was quantified by dPCR following gravimetric dilution as described in the Materials and Methods
section. For conversion of copy number concentration to mass concentration, a conversion factor of 2.24 × 108 copies/ng was applied. Expanded measurement uncertainties (coverage
factor k = 2.0) rounded outward to 2 significant figures and mass concentrations given to the nearest nanogram per microliter. Calculations of expanded uncertainties are described
in the Information file of the online Data Supplement. NA, not applicable.
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Linear range was tested by varying the mean copy
number per dPCR partition referred to as lambda (�)
(18 ). The precision of dPCR is known to vary according
to � because of its reliance on Poisson statistics to account
for partitions with multiple occupancy (23 ). In addition,
it has been hypothesized that non-uniformity in partition
volume within a reaction could lead to underquantifica-
tion of copy number concentration with loss of linearity
toward the upper end of the linear range (24, 25 ). There-
fore, in the first of 2 experiments, we tested linearity
using a dilution series of 100% G12D template from �
approximately 6.3 to 0.2 (Fig. 4A). Good linearity
(slope � 0.9922; R2 � 0.9989) was observed across all
the dilution series, indicating that partition volume vari-
ance was minimal and not a significant source of bias.

In the second experiment, we characterized perfor-
mance characteristics approaching the lower limit of the
method. In addition to the linearized plasmid (4343 bp),
2 equimolar restriction digestions of the same plasmid
stock were prepared yielding KRAS G12D-containing
fragment sizes of 373 bp or 186 bp. The fragments,
which are more representative of sizes found in cfDNA

(26 ), were prepared in a background of wt DNA to sim-
ulate a clinical extract. A linear relationship between in-
put and dPCR count was evident between approximately
104 and 102 copies/reaction (Fig. 4B), and dPCR mea-
surements of all 3 templates showed no significant differ-
ences in quantity (P � 0.33) or linearity (see Fig. 3 in the
online Data Supplement). Reactions containing a mean
of �130 copies (to 2 significant figures) fulfilled the cri-
terion for an LOQ with a CV of �25% (Fig. 4B here and
Fig. 3 in the online Data Supplement). The theoretical
LOQ based on Poisson error alone was calculated to be
16 copies/reaction (27 ) (Fig. 4B); therefore, refinement
of the LOQ within this range could be achieved with
further template dilutions. Samples with approximately 5
and 10 G12D copies/reaction had observed CVs �35%
(see Table 3 in the online Data Supplement) and were
not significantly different from each other (P � 0.053),
consistent with these concentrations being below the
LOQ.

The LOD of the candidate approach was calculated
by statistical modeling of the distribution of false-positive
droplets in the blank (100% wt) sample and counts in a

Fig. 4. Validated range of candidate reference measurement procedure.
Evaluation of linearity of samples containing KRAS G12D molecules over the (A) extended � range (0.2 < � < 6.3) and (B) low � range (� <
0.4) in a background of 104 wt molecules per reaction. All data points generated using the G12D/WT open hydrolysis probe assay with (A) the
QX200 instrument (LGC) and (B) QX100 (NIB). Linear correlations are shown as a solid line with the associated 95% uncertainty (dotted lines).
For (A), data points are shown with a � scale and show the mean value of each of the 3 experiments performed with triplicate reactions. The
linear equation and R2 are shown. Good linearity demonstrates across the range indicates that partition volume variance was minimal. For (B),
individual data points representing the copies per reaction from 2 experiments for which triplicate reactions were made (n = 6), partition
occupancy was <10%, and the equivalent � values are given when relevant. Dashed horizontal line indicates the observed LOQ; dotted
horizontal line indicates the theoretical LOQ (tLOQ) (Poisson error only).
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theoretical true-positive distribution, as described previ-
ously for SNV detection assays (28, 29 ). For the linear-
ized and fragmented 100% wt controls, the maximum
G12D FPR (FA of 0.033%) was used to calculate the
limit of blank (0.078%), for which the probability of a
false-positive result (�-error) was set as 5% (see Table 4 in
the online Data Supplement). A second true-positive dis-
tribution was modeled for which the probability of a
false-negative result at the limit of blank was 5% (�-
error), and the LOD calculated as an FA of 0.123%
(equivalent to 5 G12D copies in a reaction containing
approximately 4 � 103 wt copies) (see Table 4 in the
online Data Supplement).

ASSESSMENT OF THE CANDIDATE REFERENCE

MEASUREMENT PROCEDURE BY INTERLABORATORY

COMPARISON

The performance of dPCR and its associated measure-
ment uncertainty was further tested under reproducibil-
ity conditions (30 ) with 8 different laboratories partici-
pating. Variation of between 1.1- and 1.3-fold in G12D
and wt concentrations, as well as G12D FA, was demon-
strated for all 8 laboratories and 3 platforms (Fig. 5 here
and Table 5 of the online Data Supplement).

Six of the participating laboratories analyzed the
samples with the QX100/QX200, enabling further per-
formance criteria for the candidate reference measure-
ment procedure to be analyzed (see Table 6 of the online
Data Supplement). Reproducibility was calculated with
interlaboratory CVs varying between 5% and 10%. Me-
dian intralaboratory expanded measurement uncertain-
ties were between 2% and 10%, apart from laboratory 2,
which reported uncertainties of between 13% and 25%.
Inspection of the associated 2D scatter plots indicated
that this larger uncertainty may be attributable to less
clearly demarcated positive and negative droplet clusters
(see Information file and Fig. M5 of the online Data
Supplement). This could make threshold setting and
classification of positive and negative partitions variable
between replicates.

Further statistical analysis revealed that individual
laboratories’ reported measurement uncertainties did not
fully explain the observed interlaboratory variation in re-
ported concentration or FA values (P � 0.01), with the
exception of G12D concentration for sample C, which
showed consistency between laboratories (see Tables 7
and 8 in the online Data Supplement). Technical reasons
for the outlying lower G12D concentration (sample D)
and FA (both samples) values reported by laboratory 1
could be the setting of a high FAM� (mutant probe)
threshold. This could result in misclassification of double
positive droplets (see Information file in the online Data
Supplement), which typically have reduced fluorescence
when measuring SNV mixtures (31 ), and which has been
previously described as a source of bias (16 ). The lower

wt and G12D concentrations reported by laboratory 6
for sample D may be attributable to deviations from the
protocol, including the use of a lower annealing temper-
ature, which may have caused molecular dropout.

Consensus values and uncertainties were calculated
from the 6 QX100/QX200 laboratories’ results (see Ta-
ble 6 in the online Data Supplement). Comparison of the
interlaboratory consensus values with our earlier inter-
laboratory study (16 ), which used the alternative hydro-
lysis probe assay (as per assay comparison; Fig. 2) further
demonstrated the robustness of dPCR measurements of
SNVs, with the median values reported by Whale et al.
(16 ) being within �1.05-fold of the consensus values
and all results being within the upper and lower limits of
the measurement uncertainty range.

Discussion

dPCR enables quantification of DNA copy number con-
centration without the need for external calibration.
When the method performs with sufficient accuracy, this
offers the possibility of it being used as a primary refer-
ence measurement procedure for SI-traceable quantifica-
tion of primary reference materials through molecular
enumeration (dimensionless SI unit) (17 ). In clinical
chemistry testing, reference (calibrator) materials are of-
ten used to standardize results between both clinical lab-
oratories and IVD manufacturers. This standardization
supports decision-making in the application of clinical
thresholds, when routinely used, and in the development
of newer approaches.

In current clinical genetic testing, analyses of tumor
gDNA are normally qualitative. However, establishment
of the LOD, which is a quantitative metric, remains im-
portant because it defines the analytical sensitivity of
techniques for samples of mixed tumor and normal tissue
(3 ). A shift in clinical reporting from qualitative geno-
type to the relative abundance of a sequence is also be-
coming increasingly apparent. For example, the CE-IVD
Cobas® EGFR Mutation Test (version 2) (Roche Molec-
ular Systems) for plasma EGFR mutation testing in lung
cancer includes a semi-quantitative index indicating per-
cent mutation in plasma cfDNA (32 ). The capability of
next-generation platforms (that include both dPCR and
sequencing-based technologies) for quantification also
offers the potential to monitor therapeutic response (4 ).
As such approaches are increasingly used by clinical test-
ing laboratories, the regulatory frameworks that support
existing testing will need to apply increasingly complex
criteria (33, 34 ). Yet such measurements offer consider-
able challenges when considering reproducibility and
standardization between laboratories. Reference materi-
als are an established means by which traceable measure-
ments can be made in viral load testing and for treating
patients with chronic myeloid leukemia (35, 36 ). Fur-
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Fig. 5. Interlaboratory assessment of candidate reference measurement procedure.
Interlaboratory results for the (A) KRAS wt concentration, (B) G12D concentration, and (C) % G12D FA. The anonymized laboratory number is given on
the x axis. Values (midpoints) and expanded measurement uncertainties (error bars) are colored based on dPCR platform: QX100/QX200 (red,
laboratories 1– 6), QS3D (blue, laboratory 7), and RainDrop (black, laboratory 8). For the QX100/QX200 platform, 3 experiments were performed with
triplicate measurements of 3 units of each sample (n = 27). For the QS3D, 3 experiments were performed with single measurements of 3 units of each
sample (n = 9). For the RainDrop, single measurements were performed on 3 units of each sample (n = 3) only. To enable comparability, the copies
per reaction from the QS3D and RainDrop platform were normalized to align with QX100/QX200 results.
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thermore, WHO recently approved the International
Reference Panel for genomic KRAS codons 12 and 13
mutations reflecting the need to support this challenge
(37 ). However, to date, although there are increasing
examples of the use of reference materials to support mo-
lecular measurements, reference measurement proce-
dures have not been described.

dPCR offers the possibility to complement these ef-
forts by acting as a primary reference measurement pro-
cedure traceable to a count of the number DNA mole-
cules per given unit volume. dPCR has been used for
value assignment of plasmid reference materials for mon-
itoring of therapeutic response in chronic myeloid leuke-
mia (9 ). Here we build on this report and other studies
that have demonstrated high reproducibility of dPCR for
quantification of genome copies (27, 38 ) and develop a
dPCR method following criteria as outlined in ISO
Guides 17511 and 15193. These documents specify the
content and presentation of reference measurement pro-
cedures, namely, measurement trueness, precision and
sources of uncertainty, and validation by orthogonal
analysis and interlaboratory comparison.

The key properties of an assay are its selectivity (an-
alytical specificity) and completeness of amplification,
ensuring trueness in the molecular count, which is the
fundamental output of a dPCR experiment. We have
shown that different assays, using a variety of reporter
chemistries, can give highly reproducible copy number
concentration values. Here we demonstrated that �1.2-
fold difference can be observed between 5 different as-
says. However, our findings using the Scorpion probes
demonstrate that this concurrence between assays cannot
be assumed, and validation of all new primers/probes and
chemistries is required for dPCR if it is to be considered
as a gold standard for SNV quantification. Choice of
dPCR instrument influences measurement trueness
through impact of reagents on assay performance (27 )
and variable partition volume. We demonstrate that
there are differences in SNV quantification with most
commercially available dPCR platforms of �1.3-fold in
magnitude. A number of other studies have also indicated
that platform-specific variation of similar magnitude can
occur and that accurate definition of instrument parti-
tion volume is paramount for accurate quantification
(12, 20, 27, 39, 40 ). The QX100/QX200 droplet sys-
tem has been extensively analyzed in terms of partition
volume, adding confidence to the QX200-derived con-
centration values (20, 39–42). The 3 platforms that
showed the greatest consistency within a single laboratory
(QX200, RainDrop, and QS3D) also demonstrated
good comparability between different laboratories. This
provides indirect evidence that the respective partition
volumes were sufficiently accurate and did not provide a
major source of bias in these dPCR measurements.

Furthermore, dPCR results using 2 platforms were
in agreement with the result from a calibrated chemical
approach, ICP-MS (43 ). As no other recognized SI-
traceable method exists for directly measuring DNA mol-
ecules, we validated trueness with an orthogonal tech-
nique as in previous studies (15, 44 ). It is important to
note that the quantity intended to be measured (mea-
surand) differs between dPCR, which measures the am-
plifiable, accessible target molecules (45 ), compared with
ICP-MS, which measures the phosphorus component of
the DNA molecule. By using simple plasmid DNA of
defined fragment length, our experimental system en-
ables results for the 2 measurands to be as comparable as
possible, giving confidence to evaluation of trueness and
providing evidence for the suitability of the candidate
dPCR method as a primary reference measurement pro-
cedure for KRAS copy number concentration.

The candidate reference measurement procedure
(Fig. 1) using the selected openly available assay (19 ) and
dPCR platform with the best characterized partition vol-
ume (QX100/QX200) was further validated in terms of
its performance characteristics. The method performed
robustly with a range of template sizes and demonstrated
precision both within and between laboratory, which is
also appropriate for the intended clinical applications of
the reference measurement procedure. Our testing of lin-
earity demonstrates how the proportionality of observed
dPCR measurement output can be assessed by slope and
R2 using dilution series spanning a wide dynamic range.
The dynamic range of the QX200 of 4 orders of magni-
tude highlights how dPCR can be applied to sample types
of variable concentration and underscores the impor-
tance of validating a dPCR method over a specified range
of copies per reaction (determining �), as this parameter
also influences dPCR precision (18 ). We report an LOD
of �0.13% G12D, which fulfills the primary objective of
developing a quantitative method (16 ) and similar to
that described for clinical tests for ctDNA (46 ).

Our interlaboratory study indicates consistency of
reported values between the majority of laboratories;
however, in some cases, measurement uncertainties did
not capture interlaboratory variation in values, highlight-
ing the benefits of reference material value assignment by
multiple laboratories (9 ). The approximately 1.2-fold
difference in the range of values reported in the interlabo-
ratory study and the between-mean values measured by
the candidate dPCR reference measurement procedure
and ICP-MS support that single laboratory expanded
measurement uncertainties of significantly �20% may
not capture all sources of uncertainty reflecting the cur-
rent state of the art for copy number quantification and
indicate continued scope for improvement and parallel
validation with orthogonal approaches (15 ).

These findings also have implications for using
dPCR as a primary reference measurement procedure for
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the wider quantification of nucleic acid molecules. We
demonstrate accurate reproducible quantification of
mixtures of 2 single base variants of KRAS. As such mix-
tures are technically challenging to measure (31 ), the
findings of this study can also be extended to less complex
analytes, such as plasmids composed of a single sequence
as described in previous reports (9, 15, 47 ). Although
our findings support using dPCR for SI-traceable quan-
tification of low molecular weight DNA of discrete frag-
ment length in an aqueous solution, further work is re-
quired to assess the potential use of dPCR as a reference
measurement procedure for quantification of larger
gDNA. It is paramount to define the measurand in terms
of amplicon and characterize the fragment size profile of
the reference material or sample, as the complex nature
of the template (21 ) or presence of fragments smaller
than the amplicon may influence the measurement re-
sult. Development of dPCR for calibration of RNA so-
lutions, as well as for quantification of DNA or RNA in
matrix matched calibrators or real clinical samples, re-
quires further work to describe the additional sources of
uncertainty [e.g., reverse transcription (48 ) and extrac-
tion (27 )].

Conclusion

This study demonstrates that dPCR can act as a primary
reference measurement procedure to provide SI-traceable
values with performance in terms of accuracy and mea-
surement uncertainty commensurate with current clini-
cal measurements being made within the field of preci-
sion medicine. This enables the establishment of a
calibration hierarchy in accordance with ISO 17511
whereby copy number concentration and FA values can
be assigned to reference materials and IVD calibrators,
fulfilling the requirement for their traceability in the new
EU IVD Regulation (49 ). As well as assisting in regula-
tory approval of diagnostic tests, validated reference mea-

surement procedures for DNA quantification using
dPCR can support current cancer genotyping testing
through external quality assessment and the translation
of quantitative assays for ctDNA into routine clinical
practice.
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