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There is growing interest in digital PCR (dPCR) be-
cause technological progress makes it a practical and
increasingly affordable technology. dPCR allows the
precise quantification of nucleic acids, facilitating the
measurement of small percentage differences and
quantification of rare variants. dPCR may also be more
reproducible and less susceptible to inhibition than
quantitative real-time PCR (qPCR). Consequently,
dPCR has the potential to have a substantial impact on
research as well as diagnostic applications. However, as
with qPCR, the ability to perform robust meaningful
experiments requires careful design and adequate con-
trols. To assist independent evaluation of experimental
data, comprehensive disclosure of all relevant experi-
mental details is required. To facilitate this process we
present the Minimum Information for Publication of
Quantitative Digital PCR Experiments guidelines. This
report addresses known requirements for dPCR that
have already been identified during this early stage of
its development and commercial implementation.
Adoption of these guidelines by the scientific commu-
nity will help to standardize experimental protocols,
maximize efficient utilization of resources, and en-
hance the impact of this promising new technology.
© 2013 American Association for Clinical Chemistry

Digital polymerase chain reaction (dPCR)14 (1 ) is pro-
gressing from a method that is limited by technical
complexity toward a mainstream technology that has
unique advantages and applications. It has the poten-

tial to have a major impact on molecular analyses rang-
ing from clinical applications, such as biomarker anal-
ysis (2 ), viral detection (3 ), prognostic monitoring (4 ),
and fetal screening (5 ), to research applications such as
phage– host interactions (6 ) and intracellular profiling
(7 ). dPCR can also be applied to assist with the library
preparation needed for massively parallel (or next gen-
eration) sequencing methods (8 ).

dPCR involves performing PCR with real-time
or end-point data collection in a large number of
separate reaction chambers, also termed partitions.
Hundreds to millions of these reaction partitions are
created with dilutions of template such that at least
some of them contain no copies of the target se-
quence(s) of interest. Results are obtained by count-
ing the number of partitions in which the amplified
target sequence is detected (regarded as positive)
and the number of partitions in which there is no
amplification (regarded as negative). Quantification
of the mean number of target sequences per parti-
tion is achieved by applying a Poisson correction to
the fraction of the positive partitions (9 ). This com-
pensates for the fact that more than one copy of tem-
plate may be present in some partitions.

Because the use of 96- or 384-well plates for a sin-
gle sample is neither practical, affordable, nor very ac-
curate, more widespread implementation of dPCR has
required the introduction of nanofluidic techniques
and/or emulsion chemistries. Three enhancements as-
sociated with dedicated instruments have helped pro-
mote the use of dPCR:
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• Partition volumes have been lowered to as little as
5 pL.

• The partitioning process has been automated.
• The number of partitions has been increased to, in

some cases, over 100 000 for a single experiment.

These 3 elements have simplified dPCR and in-
creased its precision while keeping the total reaction
volume of a single experiment similar to that of a con-
ventional qPCR.

Currently dPCR instruments achieve partitioning
either on chips (10 –12 ) or through water-in-oil emul-
sions or droplets (13–16 ):

A. Using chip-based methods, dPCR is performed
in small-volume, solid partitions that allow either real-
time or end-point analysis of the individual reactions.
Representative amplification curves and negative re-
sults are shown in Fig. 1. Real-time amplification plots
of the individual partitions are not essential for dPCR
but are useful during assay development to enable users
to understand technical nuances (17 ). Chips can be
used to analyze several samples in parallel and, as with
quantitative real time PCR (qPCR), these experiments
can be automated. However, the number of partitions
that are available when using current chip platforms, typ-
ically on the order of a few thousand, is fewer than that
offered by the droplet instruments. As a result, the dy-
namic range of the chips is typically narrower than with
droplet instruments. Hence prior knowledge of approxi-
mate sample copy number, obtained by performing an
initial dPCR titration experiment or qPCR analysis, may
be necessary to achieve the desired precision.

B. Emulsion (or droplet) dPCR occurs in parti-
tions made up of water-in-oil emulsion droplets. The
emulsion-based instruments allow partition forma-
tion as droplets, offering an elegant means of achiev-
ing more partitions and lower running costs than
most chip-based instruments. Partition number de-
fines the theoretical dynamic range (18 ) and also has
an impact on the quantitative precision at a given
concentration. The increased dynamic range of
emulsion dPCR allows analysis of a greater range of
sample concentrations for any given precision (19 ).
This advantage must be balanced against increased
technical complexity and the current need for post-
PCR sample manipulation. Current commercial in-
struments do not include the ability to collect real-
time data or perform melting analysis after PCR, but
emulsion dPCR with real-time data collection has
been performed on laboratory prototypes (13, 20 ).
Commercial instrument data are typically presented
as 1- or 2-dimensional scatter plots displaying drop-
let populations in separate clusters depending on
their fluorescence amplitude following singleplex or
duplex dPCR (Fig. 2). Although this data format dif-

fers from the more familiar real-time amplification
plot, it provides valuable information during assay
optimization and validation.

The choice of which is the best instrument is ap-
plication dependent and requires careful assessment of
throughput, budget, and requirements for dynamic
range and precision. It is an exciting time for dPCR
users, because instrument providers are offering an in-
creasing number of competing formats, each with their
respective advantages and disadvantages.

Applications of dPCR

dPCR offers several key technical advantages over
other PCR formats in the following applications.

RARE VARIANT MEASUREMENT

dPCR was initially developed to investigate minority tar-
get measurement, for which rare variants are measured in
the presence of large numbers of wild-type sequences
(1, 21). Detection and quantification of rare mutations
can provide a useful tool in several scenarios such as the
diagnosis and staging of cancer. By performing a limiting
dilution of samples containing rare variants, the back-
ground signal that comes from the wild-type genotype is
reduced, thereby increasing the likelihood that the rare
variant will be detected in any partition that contains it.
Variant frequencies as low as 1 in 100 000 have been mea-
sured by such methods (18, 22). As the number of parti-
tions increases, so does the sensitivity, providing a cost-
effective alternative to rare variant analysis.

MOLECULAR COUNTING

Unlike qPCR, in which the quantification cycle (Cq) de-
pends on variable features such as the instrument, fluo-
rescent reporter dye, and assay efficiency, dPCR relies on a
simple count of the number of successful amplification
reactions. The counting of positive partitions in an ideal
dPCR is definitive and does not require a calibration curve
to convert Cq to copy number; knowing the partition
number and volume is sufficient. This, in theory, makes
dPCR more repeatable (by the same operator, instru-
ment, and conditions over a short period of time) and
reproducible (by different operators, instruments, and/or
conditions) (23) than qPCR. Although repeatability is es-
sential, it is important for a technique to be reproducible
as well.

APPLICATIONS REQUIRING HIGHER PRECISION

Properly designed and executed dPCR experiments
can be more precise than qPCR experiments (24 ).
Such precise measurements are frequently needed
when measuring cDNA (complementary DNA gen-
erated from RNA) concentrations or estimating ge-
netic copy number variations associated with chro-
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Fig. 1. Examples of data output from a chip-based real time dPCR instrument (Fluidigm Biomark).

Real-time PCR amplification plots showing: (A), a well-optimized assay with clear distinction between positive and negative partitions;
(B), no-template control reactions; and (C) experiment with poor demarcation between positive and negative partitions.
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mosomal rearrangements or gene/chromosomal
dosage (5 ). qPCR is frequently used to quantify
small differences. However, this is often inappropri-
ate because qPCR can, at best and under ideal con-
ditions, measure 1.25- to 1.5-fold differences (25 ).
When compared to qPCR, dPCR is able to measure
smaller fold differences of �1.2 (24 ).

dPCR is a valuable tool for routine molecular mea-
surements that require precision in quantification. How-
ever, for this to occur in a timely fashion and with maxi-
mal impact, it is important (a) that early research is
performed with good dPCR experimental design and (b)
that ensuing publications provide adequate experimental

detail. There are dogmas already associated with dPCR
that need to be examined and either validated or aban-
doned. Consequently it is useful to identify which param-
eters detailed by the original Minimum Information for
Publication of qPCR Experiments (MIQE) guidelines
(26) apply to dPCR and what additional, digital PCR-
specific information should be provided.

Characteristics of dPCR

ABSOLUTE QUANTIFICATION

In qPCR, the term absolute quantification is used to
describe measurements that estimate the abundance

Fig. 2. Examples of data output from a droplet dPCR instrument (Bio-Rad QX100).

One-dimensional scatter plots and histograms showing an optimized assay with a clear distinction between positive and negative
partitions (A and B); no-template control reactions (C and D), and temperature optimization showing incremental separation between
positive and negative partitions from wells C02 to G02 (E and F), with poor demarcation in C02 and D02.
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of a target relative to that of a standard curve derived
from a standard target of defined amount estimated
by independent means, e.g., a synthetic oligonucle-
otide. In contrast, the term “absolute quantifica-
tion” used in dPCR (8, 14, 27 ) refers to an estimate
derived from the count of the proportion of positive
partitions relative to the total number of partitions
and their known volume. When the sample is suffi-
ciently dilute, most partitions will not contain tem-
plate and those that do are most likely to contain
single molecules. As the sample becomes more con-
centrated, the chance of more than 1 molecule being
present within a positive partition increases. This
does not pose too great a challenge, because the dis-
tribution of molecules throughout the partitions ap-
proximates a Poisson distribution and a Poisson cor-
rection is applied (24, 28, 29 ). The dynamic range of
a dPCR assay can extend beyond the number of par-
titions analyzed (30 ) but the assay precision deteri-
orates at each end. In contrast, qPCR precision de-
teriorates only at low copy numbers.

Although precise quantification without the
need for a calibration curve offers a major advan-
tage, additional factors affect dPCR accuracy. dPCR
measures only copies that amplify, and sequence
damage, assay inhibition, or poor sensitivity may
preclude amplification. Molecular dropout has been
demonstrated by observing when partitions contain-
ing 2 linked assays amplify only 1 target using duplex
dPCR (31 ). The prevalence of single assay dropout
provides an estimate of the templates that have not
amplified, which in turn can be used to better esti-
mate the true amount of template (32 ). Substantial
molecular dropout requires a calibration control
when absolute counts are required (see Calibrators
below). Additional factors that affect template am-
plification include DNA integrity (e.g. fragment
length), chemical modifications (e.g. formalin cross-
linking), and denaturation state (single vs double
stranded). When measuring RNA the efficiency of
the reverse transcription must be considered.

PRECISION

Precision is a measure of the closeness of agreement
between replicate measurements and is usually ex-
pressed numerically as SD, variance, or CV under the
specified conditions of measurement (23 ). dPCR can
be more precise than qPCR and this precision is appli-
cable at very low copy numbers (17 ). The ability to
measure extremely low concentrations of specific DNA
sequences, independent of a standard curve, with high
precision, in a complex background, is unique to
dPCR. However, there is a need for caution when ex-
pounding this advantage of dPCR, because dPCR is
currently less versatile than qPCR. qPCR allows fairly

precise measurement over a dynamic range that can
exceed 9 orders of magnitude. This is far greater than
that offered by the currently available dPCR instru-
ments that are limited by the number of partitions
available. Furthermore, for much of this dynamic
range the relative SD of qPCR is similar (noise is ho-
moscedastic on the log scale). Conversely, although
dPCR can yield very precise measurements, the abso-
lute precision depends on the mean number of mole-
cules per partition (dictated by the original sample
concentration and how it has been prepared) (28 –30 )
and the number of partitions. Precision becomes poor
when the mean number of molecules per partition is
very low and as the number of positive partitions ap-
proaches saturation. Furthermore, dPCR is most pre-
cise at an optimal concentration of approximately 1.59
molecules per partition (25 ). Consequently, for the
most precise measurements a prior estimate of concen-
tration is required.

The theoretical precision of dPCR appears easier
to predict than that for qPCR, because the underlying
binomial distribution has known variance, which can
be used to compute the CI (29, 33 ). Early evidence sug-
gests that precision is also more constant between dif-
ferent primer pairs in dPCR than qPCR, making power
calculations considerably easier (24 ).

It is important to note that whereas the technique
of dPCR may be both precise and reproducible when
measuring a given nucleic acid molecule, accuracy may
be affected by the need for extraction from a complex
mix of biological material. It is therefore essential that
experimental replication is appropriate to the target
that is being measured (34 ). Consequently, experi-
mental design should include sufficient biological rep-
licates to allow replication of the whole experimental
procedure. Replication that includes the extraction
process will most likely lead to an increase in the asso-
ciated error of a given dPCR measurement (19 ). Rep-
licating the whole experimental procedure is desirable
because it includes the entire process used on the bio-
logical sample. Sample extraction not only increases
error because of variation in yield, but also includes
differences in copurified factors, such as inhibitors,
that may adversely influence the downstream PCR
and/or reverse transcription reactions.

REDUCED SUSCEPTIBILITY TO INHIBITORS

dPCR is relatively tolerant to inhibitors compared to
qPCR (35 ). dPCR is not dependent on amplification
curves that may be affected by subtle inhibitors as in
qPCR. However, dPCR remains susceptible to gross
inhibitors that completely inhibit the reaction, which
can be both primer and reagent-specific (36 ). Control
experiments (37 ) should be included to ensure that
inhibitors are not causing undetected problems in
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dPCR, especially when a negative result is being
reported.

REACTION OPTIMIZATION

Very few dPCR publications detail any information re-
garding PCR assay optimization. It is not clear whether
this is an oversight or reflects the fact that assays are
generally not optimized, the latter becoming less ac-
ceptable as the costs of dPCR decreases. However, al-
though signal generation by dPCR may be less depen-
dent on assays being highly efficient than qPCR, the
assays must be able to detect single copies and assay
efficiency influences analytical sensitivity (38 ). As
dPCR relies on successful amplification from a large
number of reactions, each of which contains a single or
low numbers of template molecules, dPCR depends
upon well-designed, optimized assays.

Design considerations are similar to those for
qPCR, including in silico primer specificity screens
such as the Basic Local Alignment Search Tool
(BLAST), avoidance of primer dimers and secondary
structure, and consideration of pseudogenes. Although
many commercially available qPCR assays are well op-
timized, it would be prudent for users of these, and of
newly designed assays, to perform laboratory-specific
optimization. Although one might expect an assay that
works well with qPCR to also perform well when using
dPCR, this general assumption should be confirmed
empirically. Annealing temperature gradients can be
used to optimize the distinction between positive and
negative reactions (Fig. 2). Increasing the number of
cycles may be necessary with more structurally com-
plex templates, e.g., intact plasmid DNA. Conducting a
preliminary assessment to estimate copy number, effi-
ciency, linearity of response, and sensitivity will in-
crease the robustness of any dPCR assay.

One simple way to evaluate a dPCR experiment is
to employ multiple assays using different primer pairs
(in single or multiplex format) targeting the same tem-
plate and validating the assays against each other. For
genomic DNA (gDNA), new assays can be compared to
existing, well-characterized assays targeting single copy
regions (39 ). If results from different assays are in good
agreement, this provides another level of confidence
that the assays are likely to be optimal. However, if the
intention is to perform multiplex analysis, the efficacy
of multiplex formats should be compared to singleplex
reactions (32 ).

Components of dPCR

DNA TARGET

dPCR performance may be best with smaller linear
DNA molecules because, as with qPCR, circular super-
coiled templates can result in reduced sensitivity (17 ).

Furthermore, fragmentation of larger, complex gDNA
may also improve associated measurement (40 ). When
dPCR is used, there is a unique challenge associated
with quantifying sequences that may occur as con-
catamers (repeats of the same sequence that are present
on the same molecule); concatameric sequences can-
not be measured individually in different partitions.
Such sequence arrangements, which occur normally in
eukaryotic, bacterial, and viral genomes, are also asso-
ciated with certain cancer genotypes (41 ). Although
the precision of dPCR may provide a new clinical op-
portunity for prognostic monitoring of genomic insta-
bility (24 ), when concatameric sequences are evalu-
ated, some strategy for physical separation is necessary
for their independent measurement. Preamplification
(42 ), controlled fragmentation using restriction en-
zymes that do not cleave the target region, and sonica-
tion offer potential solutions to this problem.

Another important consideration is whether the
DNA being analyzed is single or double stranded when
being partitioned. A double-stranded DNA molecule
can occupy only 1 partition. However, if that molecule
is denatured into 2 single strands they could occupy 2
partitions, leading to a 2-fold overestimation if the user
assumes they are quantifying double-stranded DNA
(31 ).

RNA TARGET

Reverse transcription dPCR (RT-dPCR) is more com-
plex than simply measuring DNA by dPCR because it
requires the additional reverse transcription step to
convert RNA to complementary DNA (cDNA). Con-
sequently the assumption that DNA measurement by
dPCR can be precise, reproducible, and absolute can-
not be readily extrapolated to the measurement of
RNA. RNA measurement by reverse- transcription
qPCR (RT-qPCR) is notoriously variable, depending
on experimental design, including RT protocol
(34, 43 ), RNA secondary structure (38, 44 ), and choice
of reagents, with a varying degree of sensitivity depen-
dent on the numbers of RNA molecules being con-
verted to cDNA (43 ).

In the same way, quantification of cellular RNA or
RNA viruses reflects only the number of target cDNA
molecules converted from the original RNA. This may
or may not give an accurate estimate for the original
concentration of the RNA molecules of interest. RT-
dPCR may perform well when measuring the relative
amounts of the same RNA from different samples.
However, assays targeting different parts of the same
molecule may well give different results, it is not rec-
ommended that cross-assay comparisons are made un-
less they are calibrated to control for differences in the
generation of cDNA.
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CALIBRATORS

dPCR has been described as a system that provides pre-
cise measurement without the need for calibration (8 ).
While a qPCR calibration curve is avoided, we would
strongly caution against assuming that dPCR assays or
instruments do not need calibration. During experi-
mental setup and characterization, the use of templates
with defined amounts (concentration or gene ratio) of
material provides valuable information on the accu-
racy of measurements. Use of such materials is a crucial
first step in assay development and error analysis
(17, 19, 24, 30 ). The use of defined templates also pro-
vides a valuable tool for interlaboratory comparison.
Instrument calibration is particularly important when
using dPCR to measure RNA (27, 45 ), concatameric
sequences, and sequences known to be problematic for
PCR, such as those with high GC content.

Calibrators need not be in the form of standard
curves, as is common with qPCR. Indeed one of the
advantages of dPCR is that the control can be a tem-
plate with a precisely defined quantity, ideally, a DNA
or RNA control or reference material containing the
target sequence. Calibrators can range from simple lab-
generated templates to internationally accepted refer-
ence materials (46 ), depending on the desired level of
accuracy.

CONTROLS

There is currently no way to sequence products from
individual partitions to confirm that the correct ampli-
con is present. Some instruments allow for post-PCR
melting curve analysis to support confirmation of
product identity. Alternatively, internal probes can be
used. When using hydrolysis probes, a compatible dye
can be added for additional melting curve analysis in a
separate spectral channel of the instrument (47 ).

Negative controls are crucial for all PCR formats,
including dPCR. Negative controls must be used to
monitor for false-positive reactions that can result
from product carryover from prior reactions or cross-
contamination between samples, as well as from non-
specific binding and primer dimer formation. Authors
should detail negative control information.

In addition to simple negative controls, dPCR re-
quires a threshold to distinguish positive from negative
partitions (Fig. 1 and 2). This threshold is used to de-
termine false-positive and false-negative rates, which
directly affect assay validity and accuracy. Setting this
threshold can be challenging, particularly in instru-
ments that are limited to end-point fluorescence and
when the magnitude above background is small. Spe-
cific thresholds must be justified when partition results
do not clearly separate into negative and positive pop-
ulations. Appropriate thresholds are particularly im-
portant when measuring rare mutations, with probe or

amplitude based (16 ) multiplex reactions, and when
nonspecific double-stranded binding dyes are being
used as the reporter. Examples of amplification plots,
end-point fluorescence values, or graphic readouts in-
dicating the chosen thresholds should be included in
the manuscript or supplemental data.

In assays designed to detect rare variants, a control
that contains just the wild type sequence should be in-
cluded. For example, an experiment measuring a rare
mutation in a predominantly wild-type sample should
also include a control DNA known not to contain the
mutation of interest. Such measurements are further
strengthened by the inclusion of controls containing
mixes of wild-type and mutant sequences. Where as-
says are performed in multiplex, clear evidence of de-
marcation between assays is needed.

Digital MIQE

The MIQE guidelines were published in 2009 with the
specific goal of improving qPCR analyses and ensuring
data comparability and reproducibility (26 ). They
were compiled with the aim of encouraging future up-
dates to expand their relevance (48 ) and here we pres-
ent some specific considerations for inclusion in pub-
lications using dPCR.

A dPCR-specific MIQE checklist, the Minimum
Information for the Publication of Digital PCR Exper-
iments (dMIQE), is proposed in Table 1. The dditional
considerations that are specifically relevant for dPCR
are highlighted below. All items are categorized as es-
sential (E) or desirable (D) for dPCR.

ESSENTIAL INFORMATION FOR dPCR

The following material must be included within a pub-
lication or its supplementary information when de-
scribing data generated using dPCR.

Mean copies per partition. Currently � (the symbol con-
ventionally used to denote the mean of the Poisson
distribution) is used to estimate the mean number of
copies per partition. Poisson statistics are necessary to
account for the fact that there is a chance that a positive
PCR partition contains more than one molecule (29 ).
Current calculations using � make the assumption that
all the partitions are of equal volume. The variation in
partition volume of early dPCR instruments systems
appears to be small and thus using � is appropriate
(19, 30 ). However, as more instruments are developed
using alternative technology, it will be important that
partition volume, and the associated variation, is accu-
rately defined in order to facilitate the use of appropri-
ate methods for estimating the average number of cop-
ies per partition. If the estimation of � is not provided
as part of the instrument readout, � can be calculated
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Table 1. dMIQE checklist for authors, reviewers, and editors.a

Item to check Importance Item to check 2 Importance

Experimental design dPCR oligonucleotides
Definition of experimental and control groups. E Primer sequences and/or amplicon context

sequence.b
E

Number within each group. E RTPrimerDB (real-time PCR primer and probe
database) identification number.

D

Assay carried out by core lab or investigator’s lab? D Probe sequences.b D
Power analysis. D Location and identity of any modifications. E

Sample Manufacturer of oligonucleotides. D
Description. E Purification method. D

Volume or mass of sample processed. E dPCR protocol
Microdissection or macrodissection. E Complete reaction conditions. E
Processing procedure. E Reaction volume and amount of

RNA/cDNA/DNA.
E

If frozen—how and how quickly? E Primer, (probe), Mg�� and dNTP
concentrations.

E

If fixed—with what, how quickly? E Polymerase identity and concentration. E
Sample storage conditions and duration (especially for

formalin-fixed, paraffin-embedded samples).
E Buffer/kit catalogue no. and manufacturer. E

Nucleic acid extraction Exact chemical constitution of the buffer. D
Quantification—instrument/method. E Additives (SYBR green I, DMSO, etc.). E
Storage conditions: temperature, concentration, duration,

buffer.
E Plates/tubes Catalogue No and manufacturer. D

DNA or RNA quantification E Complete thermocycling parameters. E
Quality/integrity, instrument/method, e.g. RNA integrity/R

quality index and trace or 3�:5�.
E Reaction setup. D

Template structural information. E Gravimetric or volumetric dilutions
(manual/robotic).

D

Template modification (digestion, sonication,
preamplification, etc.).

E Total PCR reaction volume prepared. D

Template treatment (initial heating or chemical
denaturation).

E Partition number. E

Inhibition dilution or spike. E Individual partition volume. E
DNA contamination assessment of RNA sample. E Total volume of the partitions measured (effective

reaction size).
E

Details of DNase treatment where performed. E Partition volume variance/SD. D
Manufacturer of reagents used and catalogue number D Comprehensive details and appropriate use of

controls.
E

Storage of nucleic acid: temperature, concentration,
duration, buffer.

E Manufacturer of dPCR instrument. E

RT (If necessary) dPCR validation
cDNA priming method � concentration. E Optimization data for the assay. D
One- or 2-step protocol. E Specificity (when measuring rare mutations,

pathogen sequences etc.).
E

Amount of RNA used per reaction. E Limit of detection of calibration control. D
Detailed reaction components and conditions. E If multiplexing, comparison with singleplex assays. E
RT efficiency. D Data analysis
Estimated copies measured with and without addition of

RT.b
D Mean copies per partition (� or equivalent). E

Manufacturer of reagents used and catalogue number. D dPCR analysis program (source, version). E
Reaction volume (for 2-step RT reaction). D Outlier identification and disposition. E
Storage of cDNA: temperature, concentration, duration,

buffer.
D Results of no-template controls. E

dPCR target information Examples of positive(s) and negative experimental
results as supplemental data.

E

Sequence accession number. E Where appropriate, justification of number and
choice of reference genes.

E

Amplicon location. D Where appropriate, description of normalization
method.

E

Amplicon length. E Number and concordance of biological replicates. D
In silico specificity screen (BLAST, etc.). E Number and stage (RT or dPCR) of technical

replicates.
E

Pseudogenes, retropseudogenes or other homologs? D Repeatability (intraassay variation). E
Sequence alignment. D Reproducibility (interassay/user/lab etc. variation). D

Secondary structure analysis of amplicon and GC
content.

D Experimental variance or CI.d E

Location of each primer by exon or intron (if applicable). E Statistical methods used for analysis. E
Where appropriate, which splice variants are targeted? E Data submission using RDML (Real-time PCR Data

Markup Language).
D

a All essential information (E) must be submitted with the manuscript. Desirable information (D) should be submitted if possible.
b Disclosure of the primer and probe sequence is highly desirable and strongly encouraged. However, since not all commercial predesigned assay vendors provide

this information, when it is not available assay context sequences must be submitted [Bustin et al. (48 )].
c Assessing the absence of DNA using a no-RT assay (or where RT has been inactivated) is essential when first extracting RNA. Once the sample has been validated

as DNA free, inclusion of a no-RT control is desirable, but no longer essential.
d When single dPCR experiments are performed, the variation due to counting error alone should be calculated from the binomial (or suitable equivalent) distribution.
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using the number of partitions (n) and either the esti-
mated copy number in the total volume of all partitions
(m) or the number of positive partitions counted (k)
with the following equations:

Using estimated copies:

� � m/n;

Using positive partitions:

� � �ln�1 � k/n�.

Here we propose a new set of symbols to facilitate a
generic approach that can be applied to all platforms;
i.e., whether the partitions are droplets or chambers.
We use k and n because the digital distribution is bino-
mial, conventionally considered as k successes out of n
trials. In this case, a “trial” is the response of a single
partition (positive or negative). We propose that re-
porting � be considered essential because this and the
partition number (see below) constitute the factors
that determine the precision of the estimation (25 ).

Partition number. The number of partitions must be
reported because the precision of a given result de-
pends on the number of partitions measured. This is
particularly important for the droplet-based instru-
ments because the number of partitions varies from
run to run.

Template structural information. As previously de-
scribed, there is mounting evidence that template
structure and complexity can have an impact on dPCR
accuracy. Consequently it is essential that as much in-
formation concerning template type (e.g. gDNA/plas-
mid/virus/cDNA), source (e.g. organism, tissue, cell),
and method of processing (e.g. enzyme treated, soni-
cated, preamplified) is included. Additionally, infor-
mation on prior manipulation of template with heat
and or other denaturing agents should be included.
When restriction enzyme digestion is performed, veri-
fication is required to demonstrate that the restriction
site is not present within the target amplicon.

Individual partition volume. An accurate estimation of
partition volume is important because an error in the
partition volume will produce a bias in estimation of
template concentration per unit volume. Different in-
struments/chips have different partition volumes and
this may not be clear to individuals who are not famil-
iar with dPCR or the particular instrument in question.

Total volume of the partitions measured (effective reac-
tion size). The sum of the partitions multiplied by the
partition volume will enable the total volume of the
reaction to be calculated. This is particularly important
for droplet-based instruments because the total vol-
ume analyzed can vary between different runs because

of interrun differences in the number of partitions
generated.

Comprehensive details and appropriate use of controls.
Controls are important in all PCR analyses and they are
even more important in dPCR, for which confirmation
of the amplicon identity is either not possible or diffi-
cult. Controls are particularly relevant when perform-
ing rare mutation analyses.

Examples of positive and negative experimental results as
supplemental data. Representative amplification plots
or end-point fluorescence values must be shown that
distinguish positive and negative partitions with clear
demarcation of different assays when multiplexing.

Experimental variance or CI. Multiple biological repli-
cates are encouraged to assess total experimental vari-
ation. When single dPCR experiments are performed, a
minimal estimate of variance due to counting error
alone must be calculated from the binomial (or suitable
equivalent) distribution.

DESIRABLE INFORMATION

Desirable information is that which aids a fellow scien-
tist in understanding a study and should be included
when it is available.

Partition volume variance/SD. This is particularly im-
portant when performing absolute quantification.
Such basic information should be made available by
the instrument manufacturer if not measured by the
laboratory. This metric will become increasingly im-
portant as more instruments become available.

Optimization data for the assay, e.g., using temperature
gradients, ensuring PCR cycles are sufficient. When run-
ning costs preclude optimization using dPCR, qPCR
should be used and PCR efficiency and limit of quan-
tification can be supplied.

Total PCR reaction volume prepared. This is included to
reflect the fact that many of the instruments require
preparation of a much larger initial sample volume
than is actually analyzed.

Limit of detection of calibration control. Calibrators are
particularly important for RNA measurement.

The necessity of quality-assurance measures for
dPCR is as urgent as that for qPCR and RT-qPCR. As
with qPCR, the major contribution afforded by
dPCR over more conventional molecular methods is
the potential to quantify target nucleic acids pre-
cisely. For this to have maximum impact, careful
consideration must be given to experimental design
and reporting along the lines established for qPCR
(26 ). The majority of the considerations associated
with dPCR are shared with qPCR; however, there are

Special Report

900 Clinical Chemistry 59:6 (2013)



differences. Table 1 provides a checklist for authors
who are preparing a report from a study using dPCR.
Items deemed essential are necessary to allow re-
viewers to assess the work and enable other investi-
gators to reproduce it. Items considered desirable
are also important and should be included where
possible.

As with the qPCR MIQE guidelines, the purpose of
the dMIQE recommendations is 3-fold:

1. To enable authors to design, perform, and report
dPCR experiments that have greater scientific integrity.
2. To facilitate replication of experiments that are de-
scribed in published studies in which these guidelines
were followed.
3. To provide critical information that allows review-
ers and editors to measure the technical quality of sub-
mitted manuscripts against an established standard.

The rapid and universal adoption of the dMIQE
guidelines should result in more reproducible data and
reliable scientific reporting that will increase the im-
pact of the associated research and maximize the con-
tributions of this promising and rapidly developing
technology.

Author Contributions: All authors confirmed they have contributed to
the intellectual content of this paper and have met the following 3 re-
quirements: (a) significant contributions to the conception and design,

acquisition of data, or analysis and interpretation of data; (b) drafting
or revising the article for intellectual content; and (c) final approval of
the published article.

Authors’ Disclosures or Potential Conflicts of Interest: Upon man-
uscript submission, all authors completed the author disclosure form.
Disclosures and/or potential conflicts of interest:

Employment or Leadership: R. Muller, Sequenom Center for Mo-
lecular Medicine; C.T. Wittwer, BioFire Diagnostics and Clinical
Chemistry, AACC.
Consultant or Advisory Role: None declared.
Stock Ownership: R. Muller, Sequenom Center for Molecular Med-
icine; C.T. Wittwer, BioFire Diagnostics.
Honoraria: None declared.
Research Funding: J.F. Huggett, UK National Measurement System;
C.A. Foy, UK National Measurement System; M. Kubista, research
project AV0Z50520701 and GACR GA P303/10/1338; C.T. Wittwer,
BioFire Diagnostics.
Expert Testimony: None declared.
Patents: C.T. Wittwer, US Patent No. 8,277,759.

Role of Sponsor: The funding organizations played no role in the
design of study, choice of enrolled patients, review and interpretation
of data, or preparation or approval of manuscript.

Acknowledgments: We are grateful to Somanath Bhat, Leo Pinheiro,
Rebecca Sanders, and Alexandra Whale for their critical review of the
final manuscript prior to submission.
Disclaimer: Certain commercial equipment, instruments, or ma-
terials are identified in this report in order to specify the experi-
mental procedure adequately. Such identification is not intended
to imply recommendation or endorsement by the authors nor
their affiliated institutions, nor is it intended to imply that the
materials or equipment identified are necessarily the best avail-
able for the purpose.

References

1. Vogelstein B, Kinzler KW. Digital PCR. Proc Natl
Acad Sci U S A 1999;96:9236–41.

2. Day E, Dear PH, McCaughan F. Digital PCR strat-
egies in the development and analysis of molec-
ular biomarkers for personalized medicine. Meth-
ods 2013;59:101–7.

3. Shen F, Sun B, Kreutz JE, Davydova EK, Du W,
Reddy PL, et al. Multiplexed quantification of
nucleic acids with large dynamic range using
multivolume digital RT-PCR on a rotational Slip-
Chip tested with HIV and hepatitis C viral load.
J Am Chem Soc 2011;133:17705–12.

4. Belgrader P, Tanner SC, Regan JF, Koehler R,
Hindson BJ, Brown AS. Droplet digital PCR mea-
surement of HER2 copy number alteration in
formalin-fixed paraffin-embedded breast carci-
noma tissue. Clin Chem 2013;59:991–5.

5. Lo YM, Lun FM, Chan KC, Tsui NB, Chong KC, Lau
TK, et al. Digital PCR for the molecular detection
of fetal chromosomal aneuploidy. Proc Natl Acad
Sci U S A 2007;104:13116–21.

6. Tadmor AD, Ottesen EA, Leadbetter JR, Phillips R.
Probing individual environmental bacteria for vi-
ruses by using microfluidic digital PCR. Science
2011;333:58–62.

7. Sindelka R, Jonak J, Hands R, Bustin SA, Kubista
M. Intracellular expression profiles measured by
real-time PCR tomography in the Xenopus laevis
oocyte. Nucleic Acids Res 2008;36:387–92.

8. White RA 3rd, Blainey PC, Fan HC, Quake SR.

Digital PCR provides sensitive and absolute cali-
bration for high throughput sequencing. BMC
Genomics 2009;10:116.

9. Warren L, Bryder D, Weissman IL, Quake SR.
Transcription factor profiling in individual hema-
topoietic progenitors by digital RT-PCR. Proc Natl
Acad Sci U S A 2006;103:17807–12.

10. Devonshire AS, Sanders R, Wilkes TM, Taylor MS,
Foy CA, Huggett JF. Application of next genera-
tion qPCR and sequencing platforms to mRNA
biomarker analysis. Methods 2013;59:89–100.

11. Kreutz JE, Munson T, Huynh T, Shen F, Du W,
Ismagilov RF. Theoretical design and analysis of
multivolume digital assays with wide dynamic
range validated experimentally with microfluidic
digital PCR. Anal Chem 2011;83:8158–68.

12. Sundberg SO, Wittwer CT, Gao C, Gale BK. Spin-
ning disk platform for microfluidic digital poly-
merase chain reaction. Anal Chem 2010;82:
1546–50.

13. Hatch AC, Fisher JS, Tovar AR, Hsieh AT, Lin R,
Pentoney SL, et al. 1-million droplet array with
wide-field fluorescence imaging for digital PCR.
Lab Chip 2011;11:3838–45.

14. Hindson BJ, Ness KD, Masquelier DA, Belgrader
P, Heredia NJ, Makarewicz AJ, et al. High-
throughput droplet digital PCR system for abso-
lute quantitation of DNA copy number. Anal
Chem 2011;83:8604–10.

15. Li M, Diehl F, Dressman D, Vogelstein B, Kinzler

KW. BEAMing up for detection and quantification
of rare sequence variants. Nat Methods 2006;3:
95–7.

16. Zhong Q, Bhattacharya S, Kotsopoulos S, Olson J,
Taly V, Griffiths AD, et al. Multiplex digital PCR:
breaking the one target per color barrier of quan-
titative PCR. Lab Chip 2011;11:2167–74.

17. Sanders R, Huggett JF, Bushell CA, Cowen S,
Scott DJ, Foy CA. Evaluation of digital PCR for
absolute DNA quantification. Anal Chem 2011;
83:6474–84.

18. Heyries KA, Tropini C, Vaninsberghe M, Doolin C,
Petriv OI, Singhal A, et al. Megapixel digital PCR.
Nat Methods 2011;8:649–51.

19. Pinheiro LB, Coleman VA, Hindson CM, Herrmann
J, Hindson BJ, Bhat S, Emslie KR. Evaluation of a
droplet digital polymerase chain reaction format
for DNA copy number quantification. Anal Chem
2012;84:1003–11.

20. Beer NR, Wheeler EK, Lee-Houghton L, Watkins
N, Nasarabadi S, Hebert N, et al. On-chip single-
copy real-time reverse-transcription PCR in iso-
lated picoliter droplets. Anal Chem 2008;80:
1854–8.

21. Sykes PJ, Neoh SH, Brisco MJ, Hughes E, Condon
J, Morley AA. Quantitation of targets for PCR by
use of limiting dilution. Biotechniques 1992;13:
444–9.

22. Pekin D, Skhiri Y, Baret JC, Le Corre D, Mazutis L,
Salem CB, et al. Quantitative and sensitive de-

Special Report

Clinical Chemistry 59:6 (2013) 901



tection of rare mutations using droplet-based
microfluidics. Lab Chip 2011;11:2156–66.

23. JCGM. International vocabulary of metrology – basic
and general concepts and associated terms (VIM). 3rd
ed: BIPM, 2012. http://www.bipm.org/utils/common/
documents/jcgm/JCGM_200_2012.pdf (Accessed April
2013).

24. Whale AS, Huggett JF, Cowen S, Speirs V, Shaw
J, Ellison S, et al. Comparison of microfluidic
digital PCR and conventional quantitative PCR for
measuring copy number variation. Nucleic Acids
Res 2012;40:e82.

25. Weaver S, Dube S, Mir A, Qin J, Sun G, Ra-
makrishnan R, et al. Taking qPCR to a higher
level: analysis of CNV reveals the power of high
throughput qPCR to enhance quantitative resolu-
tion. Methods 2010;50:271–6.

26. Bustin SA, Benes V, Garson JA, Hellemans J,
Huggett J, Kubista M, et al. The MIQE guidelines:
minimum information for publication of quanti-
tative real-time PCR experiments. Clin Chem
2009;55:611–22.

27. White RA 3rd, Quake SR, Curr K. Digital PCR
provides absolute quantitation of viral load for an
occult RNA virus. J Virol Methods 2012;179:45–
50.

28. Warren L, Weinstein J, Quake SR. The digital array
response curve. 2007 http://thebigone.stanford.edu/
papers/Weinstein%20DigResCurve.pdf (Accessed
April 2013).

29. Dube S, Qin J, Ramakrishnan R. Mathematical
analysis of copy number variation in a DNA sam-
ple using digital PCR on a nanofluidic device.
PLoS One 2008;3:e2876.

30. Bhat S, Herrmann J, Armishaw P, Corbisier P,
Emslie KR. Single molecule detection in nanoflu-
idic digital array enables accurate measurement

of DNA copy number. Anal Bioanal Chem 2009;
394:457–67.

31. Bhat S, McLaughlin JL, Emslie KR. Effect of sus-
tained elevated temperature prior to amplifica-
tion on template copy number estimation using
digital polymerase chain reaction. Analyst 2011;
136:724–32.

32. Whale AS, Cowen S, Foy CA, Huggett JF. Methods
for applying accurate digital PCR analysis on low
copy DNA samples. PLoS One 2013;8:e58177.

33. WittwerLab. uCountsm for digital PCR. https://www.d-
na.utah.edu/ucount/uc.html (Accessed March 2013).

34. Tichopad A, Kitchen R, Riedmaier I, Becker C,
Stahlberg A, Kubista M. Design and optimization
of reverse-transcription quantitative PCR experi-
ments. Clin Chem 2009;55:1816–23.

35. Hoshino T, Inagaki F. Molecular quantification of
environmental DNA using microfluidics and digi-
tal PCR. Syst Appl Microbiol 2012;35:390–5.

36. Huggett JF, Novak T, Garson JA, Green C, Morris-
Jones SD, Miller RF, Zumla A. Differential suscep-
tibility of PCR reactions to inhibitors: an impor-
tant and unrecognised phenomenon. BMC Res
Notes 2008;1:70.

37. Nolan T, Hands RE, Ogunkolade W, Bustin SA.
SPUD: a quantitative PCR assay for the detection
of inhibitors in nucleic acid preparations. Anal
Biochem 2006;351:308–10.

38. Peters IR, Helps CR, Hall EJ, Day MJ. Real-time
RT-PCR: considerations for efficient and sensitive
assay design. J Immunol Methods 2004;286:203–
17.

39. Kubista M, Stahlberg A. DNA diagnostics gets dig-
itised. Drug Discovery World 2011. http://genexp.
ibt.cas.cz/141.pdf (Accessed April 2013).

40. Bhat S, Curach N, Mostyn T, Bains GS, Griffiths
KR, Emslie KR. Comparison of methods for accu-

rate quantification of DNA mass concentration
with traceability to the international system of
units. Anal Chem 2010;82:7185–92.

41. Aguilera A, Gomez-Gonzalez B. Genome instability:
a mechanistic view of its causes and conse-
quences. Nat Rev Genet 2008;9:204–17.

42. Qin J, Jones RC, Ramakrishnan R. Studying copy
number variations using a nanofluidic platform.
Nucleic Acids Res 2008;36:e116.

43. Stahlberg A, Kubista M, Pfaffl M. Comparison of
reverse transcriptases in gene expression analy-
sis. Clin Chem 2004;50:1678–80.

44. Bustin SA, Benes V, Nolan T, Pfaffl MW. Quanti-
tative real-time RT-PCR–a perspective. J Mol En-
docrinol 2005;34:597–601.

45. Henrich TJ, Gallien S, Li JZ, Pereyra F, Kuritzkes
DR. Low-level detection and quantitation of
cellular HIV-1 DNA and 2-LTR circles using
droplet digital PCR. J Virol Methods 2012;186:
68 –72.

46. Saldanha J, Silvy M, Beaufils N, Arlinghaus R,
Barbany G, Branford S, et al. Characterization
of a reference material for BCR-ABL (M-BCR)
mRNA quantitation by real-time amplification
assays: towards new standards for gene ex-
pression measurements. Leukemia 2007;21:
1481–7.

47. Lind K, Stahlberg A, Zoric N, Kubista M. Combin-
ing sequence-specific probes and DNA binding
dyes in real-time PCR for specific nucleic acid
quantification and melting curve analysis. Bio-
techniques 2006;40:315–9.

48. Bustin SA, Benes V, Garson JA, Hellemans J,
Huggett J, Kubista M, et al. Primer sequence
disclosure: a clarification of the MIQE guidelines.
Clin Chem 2011;57:919–21.

Special Report

902 Clinical Chemistry 59:6 (2013)

http://www.bipm.org/utils/common/documents/jcgm/JCGM 200 2012.pdf
http://www.bipm.org/utils/common/documents/jcgm/JCGM 200 2012.pdf
http://thebigone.stanford.edu/papers/Weinstein%20DigResCurve.pdf
http://thebigone.stanford.edu/papers/Weinstein%20DigResCurve.pdf
https://www.dna.utah.edu/ucount/uc.html
https://www.dna.utah.edu/ucount/uc.html
http://genexp.ibt.cas.cz/141.pdf
http://genexp.ibt.cas.cz/141.pdf

