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BACKGROUND: Droplet digital PCR (ddPCR) is an emerg-
ing technology for quantitative cell-free DNA oncology
applications. However, assay performance criteria must
be established in a standardized manner to harness this
potential. We reasoned that standard protocols used in
clinical chemistry assay validation should be able to fill
this need.

METHODS: We validated KRAS, EGFR, and BRAF quan-
titative ddPCR assays based on the Clinical Laboratory
Improvement Act regulations for laboratory-developed
tests in clinical chemistry and the matching Clinical and
Laboratory Standards Institute guidelines. This included
evaluation of limit of the blank (LOB), limit of detection
(LOD), limit of quantification (LOQ), intraassay and
interassay imprecision, analytical range, dilution linear-
ity, accuracy (including comparison with orthogonal
platforms), reference range study, interference, and sta-
bility studies.

RESULTS: For the ddPCR assays, the LOB was 4 mutant
copies, LODs were 12 to 22 copies, and LOQs were 35 to
64 copies. The upper limit of the dynamic range was
30000 copies, and dilutions were linear down to the
LOQs with good accuracy of spike recovery of Horizon
reference material. Method comparisons with next-
generation sequencing and an alternative ddPCR plat-
form showed complete qualitative agreement and quan-
titative concordance, with slopes of 0.73 to 0.97 and R2s
of 0.83 to 0.99. No substantial interferences were discov-
ered. Wild-type copy numbers in plasma ranged from
462 to 6169/mL in healthy individuals.

CONCLUSIONS: Standard clinical chemistry assay valida-
tion protocols can be applied to quantitative ddPCR

assays. This should facilitate comparison of the perfor-
mance of different assays and allow establishment of
minimal significant change thresholds in monitoring
applications.
© 2018 American Association for Clinical Chemistry

The use of diagnostic real-time quantitative PCR
(qPCR)6 continues to increase. However, although
qPCR’s dynamic range is excellent, limit of detection,
imprecision, dependence on highly optimized PCR con-
ditions, poor tolerance to interferences, calibration, and
comparability between different qPCR assays continue to
be problematic (1–4).

Digital techniques, such as chamber digital PCR,
droplet digital PCR (ddPCR), and some of the next-
generation DNA sequencing (NGS) techniques, address
these issues (1, 5–10), combining low imprecision with
excellent detection sensitivity and greater tolerance of
suboptimal PCR conditions and interferences. Because
digital quantification is based on counting how often a
sequence occurs and fitting the results to a statistical dis-
tribution (11–14), accuracy, imprecision, and dynamic
range are predictable (14–16). External calibration is not
required, solving the calibration problems that contrib-
ute to suboptimal standardization across qPCR assays
(3, 17, 18 ). This has greatly facilitated the development
of quantitative nucleic acid assays that rival standard
chemistry and protein assays in their performance char-
acteristic, a timely development because cell-free DNA
(cfDNA) testing is being increasingly evaluated for
prognostic and monitoring applications in oncology
(8, 10, 19–21). It is crucial that the performance char-
acteristics of these quantitative cfDNA applications are
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known in detail to ensure that clinical decision-making is
based on changes in biology rather than assay detection
capabilities or variability.

Unfortunately, although there is a published guide-
line for publications of digital nucleic acid quantification
studies (22 ) and some exemplary studies of the factors
influencing digital PCR performance in purified materi-
als (14, 16 ), there are no guidelines for analytical and
clinical validation of such assays in the clinical laboratory.

We reasoned it should be possible to apply the same
standards of analytical validation that are routinely used
in clinical chemistry while maintaining standards from
molecular pathology guidelines. If successful, this should
facilitate standardizing development and validation of
cfDNA assays.

We tested this hypothesis by validating ddPCR as-
says for the quantification of mutations in the KRAS7,
BRAF, and EGFR genes in human plasma based on CLIA
regulations for laboratory-developed ligand and chemis-
try assays, using the Clinical and Laboratory Standards
Institute (CLSI) guidelines (23–27).

Materials and Methods

HUMAN SAMPLES

Peripheral blood from 60 healthy donors (30 females, 30
males; age, 26.1–67.6 years; median, 44.5 years), with-
out known or suspected cancer, was collected into 10-mL
Streck tubes. The samples were centrifuged at 4 °C
(2000g) for 10 min, followed by additional centrifuga-
tion of the separated plasma at 4 °C (2500g) for 10 min
to create platelet-poor plasma.

We retrieved DNA from formalin-fixed, paraffin-
embedded (FFPE) specimens, previously tested for mu-
tations in KRAS (n � 87; 34 mutation-positive for
codons 12/13, 18 mutation-positive and 10 mutation-
negative for codon 61, 20 mutation-positive and 5
mutation-negative for codon 146), EGFR (n � 38; 23
mutation-positive and 15 mutation-negative for T790M
mutations), and BRAF V600E and V600K (n � 34;
29 mutation-positive for V600E or V600K and 5
mutation-negative).

We obtained cfDNA samples from 46 patients with
advanced melanoma (tissue BRAF V600E/K mutation
status: 20 positive, 26 negative) and 10 patients with
metastatic colorectal cancer (tissue KRAS G12/13 muta-
tion status: 6 positive, 4 negative). Finally, we obtained
high-concentration (42–184 ng/�L) germline DNA
from 10 anonymized healthy individuals.

The healthy volunteers were recruited under a De-
partment of Laboratory Medicine and Pathology Institu-
tional Review Board (IRB) for the Quality Unit Healthy
Donor Program. The archival FFPE tumor specimens
were used based on a separate IRB for minimal risk
studies of deidentified specimens. Finally, the circulating
cfDNA specimens and corresponding tumor tissues were
collected under a third IRB for clinical cfDNA studies.

OTHER SOURCES OF DNA

We obtained 6 cell lines [SW-948, H747, H1975,
A375 (CRL-1619), IGR-1 300219, and HD103-036;
ATCC] that contained the following mutations: EGFR
c.2369C�T (p.T790M), KRAS c.35G�T (p.G12V),
KRAS c.436G�A (p.A146T), KRAS c.182A�G
(p.Q61R), BRAF c.1799T�A (p.V600E), and BRAF
c.1798_1799delGTinsAA (V600K), as well as 15 Hori-
zon Discovery purified heterozygote reference DNA ma-
terials, covering all mutations in this validation (except
KRAS Q61K and Q61R), and also including BRAF
V600M and V600R (see Table 1 in the Data Supplement
that accompanies the online version of this article at
http://www.clinchem.org/content/vol64/issue12).

VALIDATION MATERIALS

Individual platelet-poor healthy donor plasma samples
were used for reference interval studies. Pooled aliquots
of healthy donor plasma were used to generate most of
the validation samples. We spiked these pools with a mix
of nucleosomal DNA, derived from the materials listed
above (see Table 1 in the online Data Supplement). For
linearity and accuracy of spike recovery experiments, we
used plasma spiked with fragmented genomic DNA from
mutation-carrying cell lines, Horizon Discovery refer-
ence DNA, FFPE DNA from patient tumor material,
and patient plasma-cfDNA.

The 10 healthy donor high-concentration DNA
samples were used for some of the analytical interference
experiments. We fragmented these samples to the pre-
dominate size of circulating cfDNA (approximately 150
bp) (28 ) using a Covaris 220 system.

DNA EXTRACTION

cfDNA was extracted from 4 mL of platelet-poor plasma
with the Qiagen Circulating Nucleic Acid kit as per its
protocol. Nucleosomal DNA from cell lines was captured
and purified with the EZ Nucleosomal DNA Prep kit
(Zymo research, D5220) as per its protocol. FFPE-
derived DNA was isolated using the QIAamp DSP DNA
FFPE Tissue kit (Qiagen 60404) as per its protocol.

TARGETED MUTATIONS AND ddPCR

The following ddPCR assays were purchased from
Bio-Rad:

7 Human Genes: KRAS, KRAS proto-oncogene, GTPase; BRAF, B-Raf proto-oncogene,
serine/threonine kinase; EGFR, epidermal growth factor receptor.
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1. KRAS Screening assay (KRAS G12/13) for detecting
G12A (c.35G�C), G12C (c.34G�T), G12D
(c.35G�A), G12R (c.34G�C), G12S (c.34C�A),
G12V (c.35G�T), and G13D (c.38G�A)

2. KRAS Q61 Screening assay for detecting Q61K
(c.181C�A), Q61L (c.182A�T), Q61R (c.182A�G),
and Q61H (c.183A�T, c.183A�C)

3. KRAS A146T (c.436G�A) mutation assay
4. KRAS wild-type (WT) assay
5. EGFR T790M (c.2369C�T) mutation assay
6. EGFR WT assay
7. BRAF V600E (c.1799A�T) and V600K (c.1798_

1799delGTinsAA) mutation assay
8. BRAF V 600 WT assay

An overview of the ddPCR assay work flow is shown
in Fig. 1 of the online Data Supplement.

We prepared reaction mixtures of 22 �L in PCR
96-well plates (see Table 2 in the online Data Supple-
ment). The DNA concentrations differed depending on
the experiment (1 to approximately 200 ng/20 �L reac-
tion). The final concentrations of primers and probes
were 900 and 250 nmol/L, respectively. The plates were
sealed with foil, centrifuged at 1000g for 1 min, and
placed on an automated droplet generator (AutoDG,
Bio-Rad), followed by PCR amplification on a Veriti
Thermal Cycler (Applied Biosystems): 95 °C for 10 min,
then 40 cycles for denaturation at 94 °C for 30 s and
annealing/extension at 55 °C for 1 min, and a final en-
zyme deactivation at 98 °C for 10 min. The completed
reactions were stored at 4 °C until analysis on a QX200
droplet reader (Bio-Rad).

All experiments included WT only and no template
controls.

DETERMINATION OF ASSAY PERFORMANCE

CHARACTERISTICS

Stability of DNA extracts from platelet-poor plasma. We
analyzed extracted DNA from the cell-line spiked pooled
plasma samples at day 0 and at days 1, 7, 14, and 21 after
storage at �80°C for WT and mutant (MT) copy num-
bers of KRAS c.182A�T, KRAS c.38G�A, KRAS
c.436G�A, BRAF c.1799T�A, BRAF c.1798_
1799delGTinsAA, and EGFR c.2369C�T (280–520
WT copies/mL plasma) Every sample was retested after at
least 1 additional freeze–thaw cycle.

Limit of blank, limit of detection, and limit of quantification.
Limit of blank (LOB), limit of detection (LOD), and limit
of quantification (LOQ) were defined based on CLSI guide-
lines adapted to the ddPCR approach. In all LOB, LOD,
LOQ, and imprecision experiments, the samples contained
WT copies.

The LOB was set as the highest MT copy number con-
centration that might be found when replicates of a blank (�

devoid of MT copies) are tested: LOB � Meancopy number blank

� 1.645 � SDcopy number blank. The LOD was set as the
lowest copy number concentration that could be distin-
guished from the LOB with �95% certainty: LOD �
LOB � 1.645 � SDlow mutant copy number sample. The LOQ
was set as the lowest copy number concentration that
satisfied predefined interassay imprecision goals. There
are no definitive LOQ recommendations for quantitative
molecular assays, but there are European Genetically
Modified Organisms regulations that specify a CV of
�25% for the LOQ of qPCR assays (29 ). We decided to
use this LOQ cutoff. Of note, testing at the LOD or
LOQ might need to be repeated if the initially chosen
sample concentrations are too high or too low.

We based our LOB, LOD, and LOQ cutoffs on 20
interassay replicates each. For each assay, the LOQ was
determined based on the interassay imprecision profile
plot.

Imprecision studies. We determined intraassay and inter-
assay imprecision for each assay using the pooled normal
donor plasma samples spiked with 6 different concentra-
tions (including the samples used to determine LOD and
LOQ) of MT DNA. One pooled plasma sample was not
MT-spiked and was used to establish the LOB. Each
control sample was tested in 20 replicates for intraassay
imprecision, and 20 replicates were run in duplicate over
10 different runs for interassay imprecision.

Determination of dynamic range and assay linearity.
Although the theoretical dynamic range of the
Bio-Rad ddPCR is 0 to 105 copies (20000 acceptable
droplets) (11 ), mostly 11000 to 15000 acceptable drop-
lets are obtained, narrowing the top range to approxi-
mately 30000 to 60000 copies. Based on the maximum
copy numbers in the various validation materials, we se-
rially diluted copies per milliliter ranging from approxi-
mately 4000 to approximately 49000 in at least 6 steps
(see the online Data Supplement file).

Accuracy studies. Horizon Discovery reference material
was serially diluted in up to 7 steps from approximately
30000 to approximately 10 copies. The measured copy
numbers were compared with expected copy numbers.

Duplicates of MT-spiked pooled plasma samples
were serially diluted in 5 steps with normal donor plasma
from �3000 copies down to approximately 10 copies
and tested in the respective assays. The measured copy
numbers were compared with expected copy numbers.

Next, we compared ddPCR qualitatively (positive/
negative) in a blinded study of FFPE tumor-derived
DNA, with results obtained previously for the same sam-
ples using the therascreen® KRAS RGQ Mutation test
(KRAS G12A, G12D, G12R, G12C, G12S, G12V,
G13D), Qiagen’s EGFR RGQ PCR kit (EGFR T790M,
L861Q, S768I, L858R, G719X, exon 20 insertions), or
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an in-house PCR-based NGS assay (50-gene solid tumor
hotspot NGS panel).

For the NGS assay, we also conducted a quantitative
comparison with ddPCR for samples that were positive
for mutations covered by both methods (n � 61; KRAS
Q61, 17; KRAS A146T, 20; BRAF V600E/K, 24).

In another blinded study, we compared the qualita-
tive (positive/negative) and quantitative (quantitative
for positive samples only; 9 cfDNA positive for BRAF
V600E/K mutations and 6 cfDNA positive for KRAS
G12/13 mutations) performance of the Bio-Rad ddPCR
assays with another ddPCR platform (Raindance) using
the cfDNA samples from the patients with melanoma
and colorectal cancer.

Analytical specificity. We used the Covaris-fragmented
germline DNA samples from healthy donors at different
concentrations and ratios of WT DNA and MT DNA to
determine whether high concentrations of WT DNA af-
fect assay fidelity or cause dose-dependent assay interfer-
ence of WT copies. Finally, cross-reactivity between
different mutant assays was evaluated by running each
respective assay with the primers/probes for the other
assays.

Reference interval study. The individual plasma samples of
the 60 healthy volunteers were used to establish reference
intervals for WT and MT cfDNA copy numbers in
cancer-free individuals. Ranges of WT copy numbers in
patients with cancer were compiled based on results
obtained in 650 clinical tests once the assays were
implemented.

DATA ANALYSIS

The QX200 automated droplet reader counts every ac-
ceptable droplet (spherical, 1-nL volume) and measures
fluorescence emissions from each droplet using 2 chan-
nels (FAM and HEX) (11 ). Droplets of different color
and intensity are displayed on 2-dimensional plots, al-
lowing counting of negative, MT-positive, WT-positive,
and MT/WT-double positive droplets (see Fig. 2 in the
online Data Supplement). Poisson statistics then deter-
mine the concentrations of MT and WT copies in the
sample. An external calculation was performed to convert
target copies per 20-�L well into copies/mL plasma:

Copies per mL plasma �
Copies per 20 �L well

8 �L DNA input

�
55 �L DNA elution volume

4 mL plasma volume

Imprecision profiles were generated with the impre-
cision profile function of the Excel add-in Analyse-it
(Method Validation Edition, Analyse-it Software) using
the 3-parameter alternative variance model:

�2 � �0 � �1 � UJ, where �0, �1, and J are the
parameters and Us are the copy numbers across the tested
imprecision range. This regression model, optimized
with different parameter values for each assay’s data, gave
the best fit.

Quantitative comparisons (linearity, stability, and
some of the analytical specificity and accuracy studies)
were evaluated using ANOVA or linear regression. Qual-
itative agreement was evaluated by � statistics.

For the NGS and Raindance comparisons with the
Bio-Rad ddPCR method, fractional abundance of MT vs
WT copies was calculated and used for the quantitative
comparisons. The healthy donor reference WT central
95% copy number intervals and WT copy number
ranges for patients with cancer were calculated with
Analyse-it using the (N � 1)p quantile approach after
data log-transformation.

Results

STABILITY OF PLATELET-POOR PLASMA

Plasma samples frozen for up to 21 days at �80 °C
showed no significant changes in copy numbers of the
examined targets with P values of 0.055 to 0.99 (see
Table 3 and Fig. 3 in the online Data Supplement), and
there was no degradation after a freeze–thaw cycle.

LOB, LOD, AND LOQ

LOB, LOD, and LOQ pools and the other imprecision
pools contained 1808 to 3984 WT copies. There were no
detectable MT copies in any of the LOB pools, giving an
LOB �1 copies/mL. However, a single EGFR T790M
positive droplet (4 copies/mL) was found in 1 reference
range individual, and another single positive droplet for
KRAS G12/13 was found in a second participant. Based
on this, we set the LOB at �4 copies/mL for all assays.

For the KRAS G12/13 and KRAS Q61 screening
assays, the KRAS A146T assay, the EGFR T790M assay,
and the BRAF V600E/K assay, the LODs were 12 to 22
copies/mL plasma. The LOQs for the various assays were
between 35 and 64 copies/mL plasma (Fig. 1; see also
Table 4 in the online Data Supplement).

IMPRECISION STUDIES

The CVs at the LOD were 28% to 59%. Between the
LOD and the LOQ, the intraassay and interassay impre-
cisions were 21% to 51% and 34% to 44%, respectively.
Above the LOQ, the corresponding values were 11% to
17% and 12% to 20%, depending on the mutation target
and its concentration (Fig. 1; see also Table 4 in the
online Data Supplement).

DILUTION LINEARITY/ASSAY DYNAMIC RANGE

The slopes of expected to measured concentrations
ranged from 0.9836 to 1.1079, intercepts from �145.48
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to �40.662, and R2s from 0.9986 to 0.9999 for WT and
the MTs (Fig. 2; see also Table 5 in the online Data
Supplement).

ACCURACY STUDIES

The serial dilutions of Horizon reference material
showed that all recoveries for the multiplexed, as well as
for the individual, KRAS MTs were 81% to 120% for
concentrations 	LOQ. Accuracy was reasonably main-
tained down to approximately 20 copies (63%–129%;
see Table 5 in the online Data Supplement). Pooled cell
line reference material spiked into normal donor plasma
showed recoveries between 75% and 125% of expected at
concentrations 	LOQ with serial dilution.

One FFPE sample failed ddPCR amplification; an-
other FFPE sample was excluded because it did not con-
tain WT copies. For all other FFPE-derived samples,
there was 100% categorical agreement (�: 1) between the
Bio-Rad ddPCR assay and the previously performed clin-
ical testing.

For those FFPE samples that had been tested previ-
ously by NGS and were MT-positive, the linear fits with

the ddPCR results were y � 0.8407x � 5.5642, R2 �
0.8332 (KRAS Q61 assay), y � 0.8723x � 2.9879, R2 �
0.8782 (KRAS A146T), and y � 0.9771x � 1.9695,
R2 � 0.9807 (BRAF V600E/K). When a single outlier
was removed, the fit improved to y � 1.0689x �
0.9057, R2 � 0.9829 for KRAS Q61 assay and y �
0.9727x � 0.5447, R2 � 0.9903 for the KRAS A146T
assay (Fig. 3).

The Bio-Rad QX200 and Raindance ddPCR assays
were 100% concordant in detecting mutations in the
cfDNA samples. In the samples from patients with mel-
anoma, both assays found BRAF V600E/K mutations in
the same 9 of 20 cfDNA tissue biopsy-positive samples,
and no mutations in the 26 tissue biopsy-negative sam-
ples. The corresponding numbers for KRAS mutations
in the 10 cfDNA samples from the patients with colo-
rectal cancer were 6 of 6 tissue biopsy-positive samples
and 0 of 4 tissue biopsy-negative samples. The linear
fits between the methods were y � 0.7365x � 0.5588,
R2 � 0.9679 and y � 1.0702x � 1.8285, R2 � 0.9958
(Fig. 4).

Fig. 1. Interassay imprecision profiles for KRAS G12/13, KRAS Q61, KRAS A146T, EGFR T790M, BRAF V600E, and BRAF V600K.
The imprecision profiles were fitted to the data points with the following formulas:
KRAS G12/13: �2 = 1.52140 + 0.31961 × U1.59025, KRAS Q61: �2 = 14.89992 + 0.28334 × U1.60026, KRAS A146T: �2 = 3.86815 +
0.34604 × U1.58446, EGFR T790M: �2 = 43.10149 + 0.15461 × U1.61914, BRAF V600E: �2 = 20.59259 + 0.14971 × U1.66386, BRAF V600K:
�2 = 18.26410 + 0.46810 × U1.44241.
The LOQ was set at the copies/mL that corresponded to a CV of 25% (intersecting dotted lines on the plots).
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Fig. 2. Evaluation of linear dynamic range and dilution linearity.
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ANALYTICAL SPECIFICITY

None of the assays showed any unintended cross-
reactivity with mutant targets for which it was not de-
signed (see Table 6 in the online Data Supplement). The
BRAF V600E/K assay displayed slight overlap with BRAF
V600M and BRAF V600R mutant targets, but the clus-
ters were still separated from the BRAF V600K and the
BRAF V600E clusters (see Fig. 4 in the online Data Sup-
plement). None of the 10 high-concentration WT DNA

samples showed any mutations in the tested targets (see
Table 5 in the online Data Supplement).

Varying ratios of WT vs MT DNA had no signifi-
cant impact (P values, 0.09–0.70) on the measured
number of mutant copies, even at the highest WT to MT
ratios of about 50 to 100:1 for KRAS A146T and BRAF
V600K, and about 600 to 1200:1 for KRAS G12/G13,
KRAS Q61, EGFR T790M, and BRAF V600E (Fig. 5).
However, in a few instances, a small number of double

Fig. 3. Quantitative method comparison between a 50-gene NGS panel and Bio-Rad ddPCR for DNA samples derived from FFPE
tumor material, which were positive for mutations in KRAS Q61 (n = 17), KRAS A146T (n = 20), or BRAF V600E (n = 24) by NGS.
The smaller insert graphs for KRAS Q61 and KRAS A146T display the same data and corresponding linear fit equations and R2 values after
removal of a single outlier.
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positive droplets (WT�/MT�) were observed (see Ta-
ble 7 in the online Data Supplement).

REFERENCE INTERVAL STUDY

Except for a single positive droplet for 1 individual in
the KRAS G12/13 assay and for a second participant in
the EGFR T790M assay, no MT copies were detected
in the 60 healthy individuals. Based on this, the reference
interval was set at �4 copies (equivalent to a single pos-
itive droplet) for mutant copies. The central 95% refer-
ence intervals for WT copy numbers across the 5 assays
were 462 to 6169 copies/mL plasma (see Fig. 5 in the
online Data Supplement). The WT copy numbers ob-
served in 650 clinical specimens from patients with can-
cer were 764 to 46414 copies/mL plasma (see Fig. 5 in
the online Data Supplement).

Discussion

The past 5 to 6 years have seen many digital PCR publi-
cations for quantification of various nuclear acid targets
in blood and other body fluids (30, 31 ). For the most
part, these publications have focused on detection sensi-
tivity, qualitative agreement with orthogonal methods,
and clinical outcomes. By contrast, imprecision, LOB,
LOD, LOQ, dynamic range, specificity, accuracy, and
quantitative method comparisons have been incorpo-
rated only occasionally and incompletely.

Our data indicate that a more comprehensive vali-
dation for cfDNA quantitative ddPCR assays can be per-
formed using a CLSI-oriented validation matrix, very
similar to what we follow routinely in clinical chemistry
laboratories. ddPCR assays can be viewed as analogous to
other nonmolecular quantitative assays, with the only
difference being that DNA is the target analyte.

Although our study did not evaluate reproducibility
across multiple instruments and locations over an ex-
tended period (32 )—we primarily assessed intraassay
and interassay imprecision across a limited number of
reagent lots on a single instrument and performed a com-
parison with a fundamentally similar Raindance instru-
ment—our approach to ddPCR assay validation is an
important first step to ensure reproducible and predict-
able analytical and clinical performance. This is a prereq-
uisite for routine use in cfDNA prognostic and monitor-
ing applications, for which reproducible and accurate
quantification is crucial. In particular, interassay impre-
cision data at multiple analyte concentrations should al-
low establishment of minimal significant changes in
cfDNA concentrations for the targeted nucleic acids. In
serial testing, the concept of minimal significant changes
allows distinguishing changes because of assay variability
from those related to changes in the patient’s tumor load,
i.e., true biological changes (33 ).

Another benefit of this type of validation is that per-
formance details become more apparent compared with

Fig. 4. Quantitative method comparison between a 2 different ddPCR platforms, Raindance and Bio-Rad, for cfDNA samples from
46 melanoma and 10 colorectal cancer patients.
All samples that were positive for BRAF V600E/K (n = 9) or KRAS G12/13 (n = 6) by Bio-Rad or Raindance ddPCR were included (there was
100% categorical agreement between the 2 methods).
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more limited validations. For example, inspection of our
interassay imprecision profiles revealed greater low-end
variability (and higher LOQs) for the multitarget screen-
ing assays (KRAS 12/13, KRAS Q61) compared with the
dual- and single-target assays (BRAF V600E/K, KRAS
A146T, EGFR T790M) (Fig. 1; see also Table 4 in the
online Data Supplement). These observations are consis-
tent with the mathematical underpinnings of digital
PCR; the degree of imprecision, detection limit, and width
of dynamic range are inversely proportional to the total
number of individual reaction compartments and the pro-
portion of those containing a target. The lowest imprecision
is achieved at maximum acceptable droplet count and tar-
gets populating just about one-half of all droplets (16).

The observations for the Bio-Rad ddPCR assays can
be generalized to some other digital quantitative assays
based on the very good fractional allele abundance agree-
ment between the similar Bio-Rad and Raindance plat-
forms and with the orthogonal NGS platform. This is
not surprising because all 3 assays are based on random

partitioning of DNA molecules, with fundamentally the
same statistical principles applying to quantification and
prediction of analytical performance (11–13). We can
speculate that the lesser agreement with the NGS method
might be because of a combination of its lesser read-
coverage depth and the initial PCR amplification before
clonal expansion during NGS. An NGS assay, which
includes a high cycle count PCR before library prepara-
tion, might not show as good a quantitative agreement
with digital PCR. However, in our case, the agreement be-
tween ddPCR and NGS was still equal or better than what
is commonly observed in chemistry applications when dif-
ferent immunoassays (or different mass spectrometry assays)
are challenged with the same samples (34).

Analog qPCR assays can achieve similar perfor-
mance for imprecision and dynamic range (35, 36 ), but
the effort required is far greater than for digital PCR. The
exponential nature of analog PCR magnifies the impact
of small experimental errors (37 ), and PCR efficiency or
PCR inhibitors have a large effect on assay performance

Fig. 5. Analytical specificity as a function of the ratio of WT to MT copies in a sample.
Increasing concentrations of WT DNA (dark gray bars) were added to a fixed concentration of duplicate MT DNA samples (light gray
bars), and the MT copy concentrations were measured by ddPCR. Note the logarithmic y axis. The mean copies/mL plasma are listed
above each bar.
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(1, 4, 38, 39 ). Finally, the calibration curves needed for
qPCR are a major source of assay variability and are dif-
ficult to maintain (2, 4 ), even when international stan-
dard preparations are available (3 ). Digital PCR largely
solves these issues. An external calibration curve is unnec-
essary (11, 13 ), and the impact of PCR efficiency or in-
hibitors is greatly diminished (1 ); as long as any amplifi-
cation occurs in droplets that contain target DNA
sequences, there will merely be lesser separation of posi-
tive and negative droplets (10, 14 ). However, in clinical
practice, well-characterized multilevel quantitative con-
trol materials need to be included in each run. Ideally
such materials should allow assessment of the entire test-
ing chain, from DNA extraction to droplet reading (40 ).
Calibration verification with reference materials should
also be performed periodically.

In conclusion, quantitative ddPCR assays for
cfDNA oncology applications should be developed and val-
idated in a similar fashion as routine clinical chemistry as-
says. This will facilitate standardization of assay develop-
ment and allow more transparent performance comparison
between different digital PCR assays. Ultimately, this will
allow accurate quantitative monitoring of patients, with the
ability to reliably identify biologically significant changes in

oncogene cfDNA concentrations, facilitating timely inter-
ventions and improved outcomes.
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