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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The preecedures—tsed—to—developth ment-and-these—ntendedfor—its—further-maintenance are
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria‘needed for the
different types of ISO documents should be noted. This document was drafted in acéordapce with the
editdrial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documéntmay be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such-patent rights. Details of
any patent rights identified during the development of the document willbe in the Introdu¢tion and/or
on tHe ISO list of patent declarations received (see www.iso.org/patents);

Any trade name used in this document is information given for the'éonvenience of users gnd does not
consfitute an endorsement.

For an explanation of the voluntary nature of standards; the meaning of ISO specifi¢ terms and
exprgssions related to conformity assessment, as well ‘as’information about ISO's adhefence to the
World Trade Organization (WTO) principles in the Téchnical Barriers to Trade (TBT), see www.iso
.org fliso/foreword.html.

This|document was prepared by Technical Commiittee ISO/TC 276, Biotechnology.

Any feedback or questions on this documentshould be directed to the user’s national standpards body. A
complete listing of these bodies can be feund at www.iso.org/members.html.
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ction

This document has been developed to specifically support the analytical requirements with
respect to quantification of specific nucleic acid sequences (targets). It can also benefit the broader
biomanufacturing, bioscience research and development, industrial biotechnology, engineering
biology and advanced therapeutics industries which need to demonstrate product quality based on
measurement and quantification of specific nucleic acid targets.

Quantification of nucleic acid target sequences is a cross-cutting fundamental measurement
that broadly impacts many aspects of biotechnology. For example, quantification of nucleic acid

biomarkers f

biopharmac
of cell-deriy
evaluating t
and engineg

The underp
acid analysi
resulted in
subsequent

quantit

1511 l.lal am\,t\,
eutical manufacture and industrial biotechnology, characterization of purity and‘qy
ed advanced therapy medicinal products (ATMPs); assessment of gene copy numbe
he potency and efficacy of gene-based therapies and process control assays for-gene ed

ring biology applications.

nning technique of polymerase chain reaction (PCR) has transformed)the field of ny
s, due to its robustness and simplicity. Technological advances in(ihstrumentation
a wide range of PCR-based nucleic acid quantification appreaches/instruments
developments such as:

ntive real-time PCR (qPCR) which offers methods for quantification of DNA and

molecules relative to a calibration material or independent sample,"and

— digital
concept

However, pe
challenging
accuracy of

of molecular enumeration without the need for a-¢alibration curve.

rforming nucleic acid quantification assays tora high standard of analytical quality c:
For example, it is well known that impure ot degraded nucleic acid extracts can affed
quantification. Similarly, a poorly designed qPCR or dPCR assay with poor amplific

efficiency and primer specificity will have an impact on accuracy of quantification. In addition, asj

such as calil
the accuracy

This docuni
optimizatio
performanc
target sequ
will enable
internationd

In this docu
“shall” i
“should

prators, standard curves, data normalization and processing can have a large influen
 of quantitative measurement of nucleic acid targets.

ent is expected to improve* confidence in the data produced, support selection|

e qualification of a particular measurement procedure for quantification of nucleic
ences. Biotechnology-and bioscience industry data with higher measurement confid
data interoperability, improved product quality, reduced risks and costs and faci
1 trade.

ment, thefollowing verbal forms are used:
hdicates a requirement;

" indicates a recommendation;

rs for
ality
r for
iting

Icleic
have
with

RNA

PCR (dPCR) which offers the ability to perform Skiraceable quantification through the

in be
t the
htion
bects
Ce on

and

\ procedures and provide\supporting performance parameters that may be utilized dyiring

acid
ence
itate

“may” indicates a permission;

“can” indicates a possibility or a capability.

Further details can be found in the ISO/IEC Directives, Part 2.

Vi
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Biotechnology — Requirements for evaluating the
performance of quantification methods for nucleic acid
target sequences — qPCR and dPCR

1 Scope

This{document provides generic requirements for evaluating the performance and ensurin
of m¢thods used for the quantification of specific nucleic acid sequences (targets).

This|document is applicable to the quantification of DNA (deoxyribonucleic acid)@nd RNA
acid) target sequences using either digital (dPCR) or quantitative real-time PGR/(qPCR) 4

techpologies. It applies to target sequences present in nucleic acid melecules includ

stray

complementary DNA (cDNA), and single stranded RNA (ssRNA) including ribosomal R

mesq
inten

This
and

jded DNA (dsDNA) such as genomic DNA (gDNA) and plasmid DNA, single stranded D

enger RNA (mRNA), and long and short non-coding RNA [microRNAs (miRNAs
fering RNAs (siRNAs)], as well as double-stranded RNA (dsRNA).

document applies to nucleic acids derived from biologitcal’'sources such as viruses,

eukaryotic cells, cell-free biological fluids (e.g. plasma or cell media) or in vitro §

oligonucleotides, synthetic gene constructs and in vitro transcribed (IVT) RNA].

This
This

q
q

q

I

document is not applicable to quantification of very short DNA oligonucleotides (<50 b

document covers:

dnalytical design including quantificatiew’strategies (nucleic acid copy number quantifi

b the quality

(ribonucleic
mplification
ing double-
NA (ssDNA),
NA (rRNA),

and short

prokaryotic
ources [e.g.

ases).

cation using

| calibration curve as in qPCR or through molecular counting as in dPCR, quantificatiopn relative to

gn independent sample and ratioméasurements) and use of controls;

antification of total nucleié:acid mass concentration and quality control of a nucleic

u
;ﬂlcluding assessment of nucleic acid quality (purity and integrity);

PCR assay design, optimization, in silico and in vitro specificity testing;

1

q

ta quality controhand analysis including acceptance criteria, threshold setting and no

I?
ethod validation (precision, linearity, limit of quantification, limit of detection, t

obustness)Wwith specific requirements for qPCR and dPCR;

ipproaches to establishing metrological traceability and estimating measurement unc

This

document does not provide requirements or acceptance criteria for the sampling

acid sample

rmalization;

"ueness and

brtainty.

bf biological

materials or processing of biological samples (i.e. collection, preservation, transportation, storage,
treatment and nucleic acid extraction). Nor does it provide requirements and acceptance criteria for
specific applications (e.g. food or clinical applications where specific matrix issues can arise).

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

ISO/IEC Guide 98-3:2008, Uncertainty of measurement — Part 3: Guide to the expression of uncertainty in
measurement (GUM:1995)
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ISO/IEC Guide 99, International vocabulary of metrology — Basic and general concepts and associated

terms (VIM)

3 Terms

and definitions

For the purposes of this document, the terms and definitions given in ISO/IEC Guide 99 and the
following apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

ISO Onl

ne browsing platform: available at https://www.iso.org/obp

IEC Eled

31
amplicon
specific DN
reaction (P(

[SOURCE: IS

3.2
amplificati
graph repr¢
reaction

Note 1 to ent
number (x-aX

Note 2 to en
fluorophore,
signal (y-axi
each axis.

3.3
calibration
standard c
expression

[SOURCE: IS

3.4
calibrator
measureme

Note 1 to ent

tropedia: available at http://www.electropedia.org/

A fragment produced by a DNA-amplification technology, such as the(pelymerase
R)

0 13495:2013, 3.3.1]

pn plot
senting the generation of a reporter (usually fluorescent) signal during a qPCR or

ry: For qPCR and some dPCR systems, the amplificatief’plot shows the relationship between
is) and fluorescence signal (y-axis).

Lry: For end point dPCR, the fluorescent signal~of each dPCR partition is displayed. For a §
h one-dimensional amplification plot shows-partition number (x-axis) against end point fluorg
5). A multi-dimensional amplification plotsshows fluorescent signal for each detector chann

curve
rve

xf the relation between indication and corresponding measured quantity value

0/1EC Guide 99:2007 4.31, modified — The notes have been deleted.]

ht standdrd*used in calibration

Fy: The'term “calibrator” is only used in certain fields.

EXAMPLE

thain

1PCR

cycle

ingle
scent
el on

A nlpf'l:\’ infnrp]afp calibrator cnmp]p is often included on each nlD(‘Q p]afp ina thdy comp

'ising

multiple qPCR plates or experiments to compensate for variations across plates due to instrument measurement
factors such as baseline and threshold setting. The interplate calibrator contains the target sequence(s) detected
by the PCR assay and is measured with the same PCR assays as the studied samples.

[SOURCE: IS

3.5
cDNA

O/IEC Guide 99:2007, 5.12, modified — The example has been added.]

complementary DNA
single-stranded DNA, complementary to a given RNA and synthesised in the presence of reverse
transcriptase to serve as a template for DNA amplification

© ISO 2019 - All rights reserved
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copy number
number of molecules (copies) containing a specific nucleic acid sequence

[SOURCE: ISO 16577:2016, 3.28, modified — "of a DNA sequence" replaced with "containing a specific
nucleic acid sequence”]

3.7

copy number concentration
number of molecules (copies) containing a specific nucleic acid sequence in a defined volume

vel at which

hg point (C,),
quantify the

aregression

b entry have

f nominally
followed by
count of the

buted across

detection of
umulation is

3.8
quaﬂtification cycle
C

q
<gP(R> cycle at which the fluorescence from the reaction crosses a specified threshold le
the sjgnal can be distinguished from background levels
Note |l to entry: Quantification cycle is a generic term which includes cycle thresheld (C,), crossi
take poff point and all other instrument specific terms referring to the fractjenal’cycle used to
conc¢ntration of target in the qPCR assay.
Note |2 to entry: The quantification cycle is based either on a threshold applied to all samples or on
analyfsis of the signal, for each sample.
[SOURRCE: ISO 16577:2016, 3,32 modified according to MIQE.Gdidelines[X] — Notes 1 and 2 t
been|added.]
39
delta C,
AC?
difference between two C, values, ACy = Cy 1) =€ (2)
3.10
digital PCR
dPCR
procgdure in which nucleic aciditemplates are distributed across multiple partitions d
equiyalent volume, such that“seme partitions contain template and others do not,
PCR pmplification of target sequences and detection of specific PCR products, providing a
number of partitions with apositive and negative signal for the target template
Note |l to entry: Nuclei€acid target sequences are assumed to be randomly and independently distr
the partitions during.the partitioning process.
Note|2 to entpys\The count of positive and negative partitions is normally based on end point
PCR products:fellowing thermal cycling, however real-time qPCR monitoring of PCR product ac
additjonallyppossible for some dPCR platforms.
3.11

gene of interest

GOI
gene

3.12

target sequence under investigation

lambda value

A

mean number of targets per dPCR partition based on the fraction of droplets where amplification has
occurred

Note 1 to entry: Essential dPCR quantities for calculation of lambda are the number of positive partitions (Np)
and the total number of partitions (Ny).
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limit of quantification

LOQ

lowest concentration or quantity of the nucleic acid target sequence per defined volume that can be
measured with reasonable statistical certainty consistently under the experimental conditions

specified in

the method

Note 1 to entry: Generally expressed in terms of the signal or measurement (true) value that will produce
estimates having a specified coefficient of variation (CV).

[SOURCE: ISO 16577:2016, 3.91, modified — replaced "content of the analyte of interest" with "quantity

of the nuclei

ation

(RSD)" with

3.14

limit of det
LOD
measured
falsely clai
its presence

[SOURCE: IS

3.15
linearity

i

. non
acid taraat coananca
Ao A A TTIrotrrrc-orrorer X

TTCT—

‘coefficient of variation (CV)".]
pction
antity value, obtained by a given measurement procedure, for which the probabili

ng the absence of a component in a material is f, given a probabilityya of falsely clai

0/1EC Guide 99:2007, 4.18 definition for ‘detection limit’; Notes\to entry not included.]

ability of a mnethod of analysis, within a certain range, to provide.an instrumental response or re

proportiong

Note 1 to ent
quantity of n

Note 2 to enf
ability of a m
acid target s¢g

[SOURCE: IS
with "quant

3.16
measurand
quantity int

Note 1 to ent
state of the {

1 to the quantity of nucleic acid target sequence to Be determined in the laboratory sary

ry: In the case of qPCR, the cycle threshold is preportional to the logarithm to the base 10
icleic acid target sequence.

ry: The term linearity is frequently linkéd-with the linear range of the method and refers ft
ethod to give a response or result thatiis-directly proportional to the concentration of the n
quence.

0 16577:2016, 3.92 modified+— Notes 1 and 2 to entry added; "quantity of analyte" rep
ty of the nucleic acid target sequence".]

ended to be measured

ry: The specification of a measurand requires knowledge of the kind of quantity, description
henomenenjbody, or substance carrying the quantity, including any relevant component, an

chemical entities involved.

Note 2 to enf

rys"ha ‘the second edition of the VIM and in IEC 60050-300:2001, the measurand is defined 3

ty of
ming

sults
nple
bf the

o the
icleic

aced

bf the
d the

s the

“particular q

hantity subject to measurement”.

Note 3 to entry: The measurement, including the measuring system and the conditions under which the
measurement is carried out, might change the phenomenon, body, or substance such that the quantity being
measured differs from the measurand as defined. In this case, adequate correction is necessary.

EXAMPLE 1

EXAMPLE 2

Quantity of a gene target measured by PCR is influenced by the amplicon size of the PCR assay
and fragment size of the template (~ < amplicon size).

Denaturation of DNA in a sample into ssDNA influences quantification by dPCR as the two strands
are partitioned separately.

[SOURCE: ISO/IEC Guide 99:2007, 2.23, modified —Note 3 and examples have been modified, and Note 4
has been omitted.]
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3.17
melting curve
analysis describing the dissociation characteristics of double-stranded DNA observed during heating

[SOURCE: ISO 16577:2016, 3.107, modified — Note 1 to entry has been deleted.]

3.18

melting temperature
Tm

temperature at which 50 % of double-stranded DNA helices are dissociated since a DNA helix melts in a

temperature range rather than at one very specific temperature

[SOURCE: ISO 16577:2016, 3.108]

3.19
mRNA

messenger RNA

subtype of ribonucleic acid which serves as the template for protein synthesis

3.20
no témplate control
NTC
contfol reaction containing all reagents except the extracted test'Sample template nucleic gcid

Note [l to entry: This control is used to demonstrate the absence of contaminating nucleic acids. Instead of the
templ|ate DNA, for example, a corresponding volume of nucleic.acid free water is added to the reactjon. The term
“PCR|reagent control” is also sometimes used.

3.21
normalization
modification of the measured quantity of a nucleic acid target sequence by subtraction of [, scale) or
divisfion by (linear scale) quantity or quantities' of parameters which reflect non-specific techpnical factors

3.22
partjtions
droplets or chambers of nominall{xequivalent volume into which dPCR mix of reagents and template is
randpmly distributed and therd amplified by PCR

3.23
PCR pssay
assay
qPCH (3.25) or dPER (3.10) measurement method with specified oligonucleotide primers (§nd, in some
cases$, a probe orprobes) that is used to identify and/or quantify a nucleic acid target

3.24
PCR fefficiency
E
fraction of molecules amplified 1n each FCK cycle

EXAMPLE If a test tube contains 100 target molecules and after one cycle of PCR contains 180 molecules
E = 0,8. The calculated rate of amplification is reported as a percentage or a fraction of 1. A 100 % efficiency
equates to amplicon doubling during every cycle.

3.25

quantitative real-time PCR

gqPCR

enzymatic procedure which combines the in vitro amplification of specific DNA segments with the
detection and quantification of specific PCR products during the amplification process

Note 1 to entry: While the PCR is producing copies of the relevant DNA sequence, the fluorescent marker

fluoresces in direct proportion to the amount of DNA present (which can theoretically be back-calculated to infer
the original amount of that particular DNA present in a sample prior to initiation of PCR).

© IS0 2019 - All rights reserved 5
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[SOURCE: ISO 16577:2016, 3.162, modified — The word “quantitative” has been added to the term as
well as “quantification” to the definition.]

3.26

reference gene

endogenous gene

gene target present in each sample at approximately constant concentration thatis resistant to response
fluctuations due to changes in biological or experimental conditions, or stable within a particular
species or taxon

Note 1 to entry: Reference genes have, historically, been referred to as housekeeping genes. However, when
measuring R NA—sany-taresets-can ba .mnd ".'ykinh nnnnn +ha CCESidCYCd as hc!lc\n]rnnh!‘v\‘n gepnes: hancatha term Of

NI THTHTy tot 5 ettt o earo e T totioeoe eI E e pPTIT S S ST e S e e e e

preference is|now reference genelll,

3.27
reverse trapnscription
RT
process of making cDNA from an RNA template, using the enzymatic activity of a reverse transcriptase
associated with one or more oligonucleotide primers under a suitable set of conditions

[SOURCE: IS0 16577:2016, 3.180, modified — “DNA” has been replaced by “cDNA”.]

3.28
reverse transcription efficiency
RT efficien¢y
proportion ¢f RNA molecules converted to cDNA expressed as a percentage

EXAMPLE An RT efficiency of 80 % refers to 80 % of RNA temiplates being converted to cDNA.

3.29
RT minus cpntrol
RT(-)
RT-PCR confaining test sample template nucleic-acid and all the amplification reagents excepf the
reverse trarfscriptase enzyme

Note 1 to entfy: RT minus control is used when quantifying RNA and measures background arising from regidual
genomic DNA in the sample.

3.30
reverse transcription dPCR
RT-dPCR
process by which an RNA Styand is first reverse transcribed into its DNA complement (complementary
DNA or cDNJA) using revetsSe transcriptase and the resulting cDNA is amplified using dPCR

Note 1 to ent}y: Thisprocess can be one- or two-step.

Note 2 to entjry+ Ih one-step RT-dPCR, RT and dPCR amplification steps are performed sequentially, in the [same
tube with genle-specific primers

Note 3 to entry: In two-step RT-dPCR, RT and dPCR stages are performed as two independent reactions. In this
case, the RT step can use non-specific primers (i.e. a blend of oligo-dT primers and/or random oligonucleotides) to
produce a global cDNA population from all transcripts in the RNA sample. The cDNA is then used for subsequent
analysis by dPCR and interrogated for the sequences of interest using gene-specific PCR primers.

3.31

reverse transcription gPCR

RT-qPCR

process by which an RNA strand is first reverse transcribed into its DNA complement (complementary
DNA or cDNA) using reverse transcriptase and the resulting cDNA is amplified using gPCR

Note 1 to entry: This process can be one- or two-step as is the case for RT-dPCR.

6 © IS0 2019 - All rights reserved
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[SOURCE: ISO 16577:2016, 3.181 modified — Note 1 to entry has been added.]

3.32

sample

small portion or quantity, taken from a population or lot that is ideally a representative selection of
the whole

[SOURCE: ISO 16577:2016, 3.185]

3.33

specificity

analytical specificity
ability of a measurement procedure to determine solely the quantity it purports to meastxe

EXANMPLE PCR assay specificity corresponds to its ability to detect only the intended taijget and that
quantification of the target is not affected by cross-reactivity from related or potentially ibterfering nucleic acids
or spgcimen-related conditions.

[SOURCE: ISO 15193:2009, 3.9, modified — Example has been added.]

3.34
single nucleotide polymorphism
SNP
single nucleotide variation in a genetic sequence that occurs at@ppreciable frequency in th¢ population

[SOURCE: ISO 25720: 2009, 4.23]

3.35
single nucleotide variant
SNV
DNA|sequence variation that occurs when a single nucleotide, A, T, C, or G, in the genorpe (or other
target sequence) differs between templates

3.36
target sequence

nucleic acid target sequence

specific DNA sequence targeted-for detection, e.g. by PCR

[SOURCE: ISO 16577:2016,-3.203]

3.37
template
strand of DNA or{RNA that specifies the base sequence of a newly synthesized strand of DNA or RNA,
the tvo strands\being complementary

[SOURCE: 450 16577:2016, 3.206]

3.38
test sample

sample prepared for testing or analysis, the whole quantity or part of it being used for testing or
analysis at one time

[SOURCE: ISO 16577:2016, 3.210]

3.39

total nucleic acid

total quantity of nucleic acid in a sample following nucleic acid extraction expressed as mass
concentration

Note 1 to entry: Total nucleic acid refers to the expected majority species in a particular extract (i.e. DNA or RNA).
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4 Design of measurement procedure

4.1 General

Design of a nucleic acid quantification experiment shall include the selection of appropriate type and
number of samples, the process stages for replication, the controls that should be incorporated, the
need for randomization of samples and standard arrangement within the experiment. Specific factors
to be considered are outlined below. Evaluation of the precision of the assay for the nucleic acid target
sequence at the intended test sample range during method validation (8.2) should guide the number of

replicate reactions performed during a routine analysis.

4.2 Quanltification method

4.2.1 Gen

The choice d
approaches
to 4.2.5.

422 qP(

The calibrat
absolute or

(g/kg); Inte

eral

f quantification strategy will be dependent upon the application. The majormethodolqg
which may be used, together with the requirements for application,are/described in

R determination of nucleic acid concentrations using a calibration curve

ion curve shall be constructed using independent meastirement standards with speq
relative concentrations [e.g. copy number concentration (copies/ul); mass ratio stang

Fnational system of units (SI)] that have the same or’similar matrix as the test sampled.

gical
4.2.2

ified
ards

The impredjision of the calibration curve shall reflect the uncertainty of the measurements and
propagate when estimating the measurement uncertaintyof test sample concentrations.
If RNA is analysed, the calibration standards shall contain RNA and be pre-treated in the samel way
as the test gamples, i.e. including a reverse transcription step. If circular DNA is analysed, it shall be
linearized t¢ remove any supercoiling. If the test sample is single stranded DNA (ssDNA) (e.g. cDNA), the
measurement standards should either be single stranded DNA or the calibration curve formula should
be amended to reflect the C, difference of 1 unit as the ssDNA template is not amplified in the first PCR
cyclel2l,
Calibration [solutions shall be evenly spread across the concentration range, and preferably ejtend
beyond it[3]{A minimum of 5 different concentrations should be used, each in at least duplicate.
Concentratipns of test samples are estimated from the calibration curve. The concentration (c;) is
estimated uping Formula{1):
Cq—a
logyg¢if= (1
b

where

Cq isthe Cj of the test sample;

a isthe intercept of the calibration curve;

b isthe slope.
NOTE "Absolute quantification" is frequently used by instrument manufacturers referring to the estimation

of concentrations of unknown samples by means of a calibration curve. This usage of the term "absolute
quantification" is incorrect, as the calibration curve is constructed using calibration solutions of known
concentrations.
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4.2.3 dPCR determination of copy number concentration using molecular counting

dPCR is an end-point measurement that provides the ability to quantify nucleic acid target sequence
without the use of a calibration curve. The dPCR mix containing test solution is randomly distributed
into discrete partitions of nominally equivalent volume such that some partitions contain no nucleic
acid template and others contain one or more template copies. The partitions are thermally cycled
to end-point and then read to determine the fraction of partitions with a positive reaction. Poisson
statistics[4] should be used to estimate the target DNA copy number.

The mean number of copies per partition (A) is calculated using Formula (2):

— 1 N
- InL NTJ )

where

INp is the number of positive partitions;
[Ny is the total number of partitions.
Copy| number concentration (copies pl™1) in the dPCR (Cypcg miy) iS estimated by Formula (3)):

Np | 10°
Nt | Vp

o

(3

[ dPCR mix =—I”[ -

whete Vp is the average partition volume (nl).

The partition volume applied in calculation of copy number concentration shall be based ¢n empirical
meagurements performed during instrument validation or based on published reports, and|uncertainty
in the measurement of partition volume shall be reflected in the combined uncertainty|of the copy
number concentration measurement (see\10.4).

If the dPCR mix and prior dilutions_of the test samples are prepared volumetrically, cppy number
concgntration (copies pl~1) in the test solution (C) is estimated by Formula (4):

3
_&}£.D @

wherte D is the volumetric dilution factor from the test solution to the dPCR mix.

o
(=9
g~
(@)
=
g
>
~
=
VR
[EEN

If the dPCR mix,and prior dilutions of the test solution are prepared gravimetrically, cppy number
concentration.(¢opies pl-1) in the test solution (C) is estimated using [Formula (5)] comparedl volumetric
preppratien:

[ AL\ 23 (mI'\'\ - +m
CdPCR i _ _In 1 _ IVP . 1U . \ UruR premiux / ] IJ (5)
Nt ) Vp m PdPCR mix
where
p is the density of the test solution in milligram per pl;
PdPCR mix is the density of the dPCR mix in milligram per pl;
m is the mass of the test solution in milligram;

MgpcRr premix 1S the mass of the PCR premix solution in milligram.
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If the template is single-stranded, the estimated copy number concentration in the test solution refers
to copy number concentration of single-stranded template. If the template comprises concatemers or
tandem repeats of target sequence, the template shall be digested with an enzyme that has a recognition
site between the target sequences but not within the target sequence. The digestion step is required
so that all target sequences are independent and can be randomly distributed during the partitioning
process. Inefficient digestion will result in an underestimate of the target copy number concentration.

4.2.4 Relative quantification by qPCR

Nucleic acid quantification by gqPCR data based on C, values without the use of a calibration curve is
often referred to as ‘relative quantification’. As C, values are a logarithmic variable, a delta C value
essentially ¢xpresses a ratio measurement between two quantity values.

The primary delta C, value calculated in a data analysis workflow should be based on £, values of

taC

two sample
calculation
any relation|
and thresho
calculation
referred to i

5 measured with the same PCR assay. It is not recommended that the pritaary del
s based on €, values of two PCR assays for the same sample as the C, values do not
ship to each other in terms of target quantity and the independent am (Lflcatlon propé
[d setting of the different PCR assays make direct comparison irreproduable[l]. In add

s relative quantities) to take account of PCR efficiency (see 6.2.3) usSing Formula (6)[5]

bear
rties
tion,

bf delta C, values based on two samples enables the conversion tg:linear scale (commnyonly

Relative quantity =(1+E )AC 6)
where

E  is the PCR efficiency;

ACy is the delta C value.
Due to the gbsence of a calibration curve, comparison of data from multiple experiments requirejs the

inclusion of]
normalize d|

For qPCR m
to a referen
differences

In addition,
an additiona
to monitor
calibration (
efficiency is

Where stati
uncertainty,

lifferences in threshold setting[Zl,

basurements of copy numbervariation whereby gene amplification or deletion is comp
ce genelZl a reference sample with known 1:1 ratio is required to normalize for pog
n qPCR efficiency between the two PCR assays.

qPCR measurementprocedures applying a relative quantification approach should in
1] independentreference sample or reference material control on each gPCR plate in

the reproducjbility of the quantification approach over time, as, unlike with the usg
urve (see-4:2.2), a calibrator with an independently assigned value is not available and
not measured in each experiment.

stical treatment, including the provision of confidence intervals or expanded measure

an inter-plate calibrator or referefce sample which is included in each plate in order to

ared
sible

Clude
rder
of a
PCR

ment
d for

1S“based on a distribution assumption, the relevant assumption should be checke

validity. Such checks may include, for example, a statistical test for departure from an assumed
distribution or inspection of a quantile-quantile plot. A minimum of 30 independent data points should
be generated for any such check of distribution assumptions.

EXAMPLE
probability p

An assumption of normality can be checked using a Shapiro-Wilk test or using a normal

lot.

NOTE Checks on distribution assumptions do not constitute proof of a particular distribution. Rather, they
indicate that departures from the assumed distribution are not so large as to cause serious concern for the
particular data set.

If statistical analysis is performed with log-transformed data, confidence intervals and measurement
uncertainties should be reported on the same scale. If log-transformed values are converted to a linear
scale, asymmetric confidence intervals or measurement uncertainties shall be calculated![8], or evidence
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provided that a symmetric approximation of the confidence interval on the linear scale is sufficient to
cover the largest of the two asymmetric confidence intervals.

4.2.5 dPCR determination of ratio between two targets

To determine the ratio (R) between Target A and Target B within the same test solution, duplex dPCR
assays can be used. When analysed under duplex assay conditions, factors for volume, mass, density
and dilution cancel out for the two targets and Formula (7) is the resultant measurement formula:

N
In(l— PTa'rgetA)

(7)

where

Np rargeca is the number of partitions positive for Target A;
Np 1argec  is the number of partitions positive for Target B.

Further guidance for dPCR-based ratio quantities is provided in References [4], [7].

4.3 | Normalization strategy

Quantification methods applying normalization shall demonstrate that the normalization strategy is
apprppriate.

Normhalization should minimize the impact of téchnical variation, or ‘noise’, to facilitate degtermination
of triie biological variation.

Amplification bias in qPCR-based quantification of miRNA has been reported[2l. This shoyld be taken
into fonsideration for normalization efmiRNA measurement results.

Normhalization compensates for-factors influencing the sample in general as opposed to beirg specific to
the rfucleic acid target and therefore avoids sources of non-specific variation confounding measurement
of the gene of interest. Fechnical factors which are controlled for with an effective nqrmalization
strategy include samplifigvariability, sample deterioration during transport and storage 4nd yields of
nucleic acid extraction-and reverse transcription.

Althgugh normalization is commonly applied to gPCR C, values, both C, values and copy number values
can je subjectto normalization.

There aréymany methods for normalizing technical differences, which can be appropfiate to the

analysis of DNA or mRNA (gene expression)[19], Further guidance for specific normalizatidn strategies
is givenrbelow

a) Normalization to reference genes. For quantification of genomic DNA (gDNA), data may be
normalized to one or more reference genes. Multiple genomic loci should be evaluated to ensure the
chosen marker is representative of the genomic copy numberl11l. The reference gene(s) used shall
be validated in terms of their stability in sample types.

b) Normalization to expression of reference genes. For gene expression studies, the target quantity
should be normalized to multiple reference genes due to the possible variable expression in a single
reference gene and consequent bias in analysis of the GOI[Ll. Reference genes for measurements
of mRNA and miRNA expression shall be empirically validated under the experimental conditions
and samples types to which the measurement procedure is applied. It is possible to use statistics to
determine the optimum number of reference genes for normalization[12]1[13](14],
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c¢) Normalization to the expression of all studied genes, often referred to as global normalization. This
option can be used when no stable genes to be used as references can be identified (such as in some
cases for miRNA expression measurements[12] and for single cell gene expression studies) provided
that a sufficiently large total number of targets are measured. The number of targets required for
global normalization should be evaluated[1el,

d) Normalization to the amount of material used, in cases where the test result of a qPCR- or dPCR-
based measurement procedure is reported for a specified input quantity. Appropriate examples
would be the number of cells, volume of blood, or total amount of RNA. For certain applications,
such as those based on only a few cells where expression is stochastic and the input quantity is
independently defined (e.g. by microscopy), this can be better than normalizing to reference
genes[1t,

4.4 Controls

The qPCR o1 dPCR method shall have the correct controls to evaluate the overall quality-and reliability

of the data produced. The nature of the control should accurately reflect the test\samples. Methods

should speciify the positive and negative controls included in each analysis experiment. Examples of

appropriate|controls are given in Table 1.

Negative co
controls ha
analysed. A
that of the

containing

htrols shall be included alongside test samples, with both PCR set-up controls and neg|
ying been subjected to the same extraction and preparation processes as the sar
number of negative controls should be included and theirpreparation interspersed

ositive RNA samples which have been processed with the RNA isolation method to be

ative
hples
with

test samples to obtain a representative estimation ¢f the level of contamination ip the
analytical process. For RT-qPCR or RT-dPCR methods, negative controls shall include RT(-) con

trols
used

for the test gamples.
Where applicable, the nucleic acid sequence purity of po5itive control materials should be verifi¢d by
deep sequerncing. For positive control materials whieh are used for calibration, the method with which
quantity values have been assigned shall be specified.
Table 1 — Positive and negative controls for targeted nucleic acid quantification methods
Type of Control name Typical composition Reason for inclusion
control
Negative NTC Reaction containing water | Detecting contamination of the measurement at
ot buffer instead of nucle- |the reaction set-up stage (qQPCR/dPCR for apaly-
ic acid template sis of DNA; RT-qPCR/dPCR or RT for 1- or 2{step
analysis of RNA respectively).
Detection of unintended amplification products
such as amplified primer-dimers which can
occur with the use of dsDNA binding dyes.
Negative Extraction blank |Extraction containing Control processed alongside test sample to de-
water or buffer instead of |tect of contamination at the extraction stage
test sample
Negative RT(-) RT reaction without addi- |Amplification of gDNA (for mRNA assay)
tion of RT enzyme
Negative Specificity Matrix-matched sample or | Characterization and monitoring of false
gDNA control not contain- |positive rate (e.g. 100 % wild-type gDNA for
ing the target template quantification of SNVs; non-modified variety for
GMO testing)
NOTE Control categories adapted from ISO 24276.

12
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Table 1 (continued)
Type of Control name Typical composition Reason for inclusion
control

Positive Qualitative Well characterized bio- Qualify the functionality of the reaction
logical material or nucleic |components and to assess the efficiency of the
acid solution PCR assay.

Assessing reaction specificity for genotyping
assays by post-amplification melting curve
analysis.

Positive Quantitative Well characterized bio- | As qualitative positive control; also assessing
logical material or nucleic |the quantitative output of a measurement or for
acid solution calibration.

Positive Internal positive |Sample or matrix blank Confirmation that no reactioninhibition has

control spiked with exogenous occurred (QC for false-negative resilts).
template

NOTE Control categories adapted from ISO 24276.

5 $ample QC — Total nucleic acid quantity, integrity and purity

5.1 | General

Pre-gnalytical procedures and matrix specific nucleic acid eXtraction shall be carried out as|appropriate

for the test sample, and in line with relevant ISO standards and guidance documents where available

(for example, ISO 20184 series and ISO 20186 series),

Gengrally total nucleic acid mass concentrationg{commonly expressed as ng/ul or pug/m|) should be

meagured in order to ensure consistent sampleiinput per qPCR or dPCR, the performance ¢f which can

be affected by variability in the total nucleic.acid matrix of the reaction. Analysis of degra

can J
diffe

To d
pure
folloy

If on

in some workflows reaction input would be normalized to the input quantity, for exampl

biofl
the d

|

esult in poor quality data and inaccixrate quantification. In addition the presence of in
Fentially affect dPCR and qPCRI18L

emonstrate that qPCR/dPCRuinput is standardised and that nucleic acid samples are|
concentrated and free of €emponents which inhibit or enhance downstream qPCR
ving methods for characterization of the purified nucleic acid sample shall be describg

ucleic acid integrity;
ucleic acid pufity:
e or more.of these steps is not applicable or practical, the reason should be stated. K

1id (See*4.3) rather than total nucleic acid quantity. Likewise, if single cell analysis if
uantity of total nucleic acid is too low for analysis of nucleic acid integrity and purit

not app]ir‘ah]n

Hed samples
hibitors can

sufficiently
or dPCR the
d:

or example,
e, volume of
performed,
y analysis is

General methods used for measuring total nucleic acid concentration and assessing its quality are
described in 5.2 to 5.4 together with requirements for their application.

5.2

Total nucleic acid quantification

5.2.1 General

Quantification of total nucleic acid (DNA or RNA as appropriate) can be performed using different
approaches including ultraviolet spectrophotometry, fluorescent DNA/RNA-binding dyes, and qPCR.

The homogeneity of a nucleic acid sample is a critical factor in any quantification method. The nucleic
acid sample shall be completely dissolved and mixed thoroughly prior to quantification. Information

© ISO
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on variation between replicate measurements of the same sample for typical sample types should be
provided.

5.2.2 Spectrophotometry

Nucleic acids strongly absorb in the UV with a maximum at or near 260 nm so can be quantified by
measuring UV absorption using a spectrophotometer (see Annex A). Consideration should be given to
the following sources of bias affecting this technique:

— all nucleic acid species present contribute to absorbance (i.e. DNA, RNA, short oligonucleotides
and free nucleotides) therefore the concentration of the nucleic acid of interest (e.g. DNA) can be
overest{mated;

— many chemical compounds absorb at or near 260 nm (e.g. phenolic solutions used for,isolatipn or
lysis), r¢presenting another potential source of positive bias.

Calibration ith a certified reference material with composition sufficiently similartothat of the test
sample is required for mass concentration results to be traceable to the SI.

5.2.3 Flugorometry

The use of ffluorescent dyes to quantify total nucleic acid is an alterfiative quantification strategy.
Fluorescent|methods are dependent on the fluorescence characteristjcs of small molecules or dyes ppon
binding to njucleic acid. Consideration should be given to potential soutces of bias affecting fluorometric
methods indluding:

— denaturation state of nucleic acid;

— nucleic ficid degradation as some dyes preferentially-bind to molecules above a certain size;
— temperjture;

— pH;
— exposufe to UV light (photobleaching);
— chemicgl contaminants which can(affect binding efficiency (supplier information should be checked);

— chemicdl contaminants which-can cause fluorescence quenching as this significantly afffects
fluorometric readings. Héavy ions such as iodide anions or cesium cations as well as neutral
molecules like acrylamide)can act as quenchers.

Measuremepts are relative to a calibration material or standard nucleic acid solution thergfore
measurement accurdacy depends on the accuracy of the value assigned to the calibration material
and the simjflarity<in*composition between the test sample and the calibration material. Evaluatipn of
positive and negative controls should also be included.

5.2.4 Assessment of total DNA concentration using qPCR/dPCR

gPCR and dPCR can be used to quantify total DNA of a specific taxonomic assignment, e.g. total human
DNA, total bacterial DNA, total fungal DNA by using primers of the corresponding taxonomic specificity
combined with conversion to mass concentration using an estimate of the genome size of the organism.
This approach measures the quantity of amplifiable DNA, not necessarily the total DNA concentration
in a sample, therefore results should be interpreted together with information on the integrity (5.3)
and purity (5.4) of the sample.
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The following requirements apply to qPCR/dPCR based methods when applied to total DNA
quantification.

5.3

Specificity: Evidence of PCR assay specificity shall be provided, including for commercial PCR assays.
For species-specific primers the absence of homology with other species shall be demonstrated. For
primers and probes of known sequences, specificity shall be validated according to 6.1.4 and 6.2.5.

Metrological traceability: For traceable quantification of total gDNA copy number or mass
concentration, the calibration curve shall be based on a reference material, characterized for mass
concentration and the number of genomic copies per volume unit. The source of the calibration
material shall be stated.

[ommutability of the calibrant: the PCR efficiency of the calibrant should be the sam¢ as the PCR
efficiency of the sample analysed.

Absence of PCR inhibition: absence of inhibition in the analysed sample (see 54):

The amplicon size of the PCR assay for measurement of total DNA concentfation shall be
for the intended downstream qPCR/dPCR analysis, i.e. similar in amplicon’size or accom
¢vidence of nucleic acid integrity.

Nucleic acid integrity

Nucleic acid integrity impacts on accurate quantification of specific target sequences and

rega

rding sample integrity shall be provided.

MetHods which are commonly used to assess the intégrity of the nucleic acid sample wj

applic
(capi

lllations are described in Annex B. The most, ¢ommonly used methods are gel elec
illary or slab) and measurement of differentially sized amplicons. Consideration shall

positfive control and calibration materials which-are used to accept/reject the integrity of
in thie test sample or quantify its integrity. Examples could include a high-quality samplg

contr

assay. Additionally, performance of the.dewnstream qPCR or dPCR measurement proceduf
samples of variable integrity should be/characterized in order to set criteria for nucleic acic

5.4

Nuclgic acid purity shall be determined. This may include, but is not limited to a check for:

Different approaches may be applied including, but not limited to:

a)

b)

© IS0 2019 - All rights reserved

Nucleic acid purity

appropriate
panied with

information

ith example
trophoresis
be given to
nucleic acid
as positive

ol for gel electrophoresis or intact-plasmid template for 5/3' ratio or differential amplicon size

es with test
integrity.

dbsence of interféring chemical impurities: organic solvent, polysaccharide and protein ¢omponents,
¢arried through from the sample matrix or extraction step;

dbsence ef'‘contaminating gDNA in an RNA sample (optional for presence of RNA in a DNA sample).

IV—Spectrophotometry. The presence of potentially contaminating organic substahces can be
crudely determined by measuring the absorbance readings at 280 nm and 230 nm for proteins,
and at 230 nm for chaotropic salts and phenol. Critical parameters are the ratio of absorbance at
260 nm to 280 nm and the ratio of absorbance at 260 nm to 230 nm (see Annex A). This approach
is limited to samples with sufficient concentration for total nucleic acid quantification by UV
spectrophotometry (see 5.2.2).

gPCR and dPCR assay with internal control for PCR amplification. An increase or decrease in the C,

of an exogenous molecule spiked into the sample in comparison to the ( value for the equivalent
amount of exogenous molecule spiked into buffer indicates the presence of reaction inhibitors
or enhancers, respectivelyll2l. Conversely for dPCR or calibration curve-based qPCR method,
an increase or decrease in the copy number of an exogenous molecule spiked into the sample in
comparison to the copy number measured for the equivalent amount of exogenous molecule spiked
into buffer indicates the presence of reaction enhancers and inhibitors, respectively.
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c) Fluorometric methods with specificity for RNA or DNA (see 5.2.3).

d) RT(-)controlreactionsorassays targeting gDNA are also suitable to determine gDNA contamination
in an RNA sample (see 6.3.2).

Applications of methods for analysis of nucleic acid purity to a range of clinical samples are provided in
Reference [20].

6 Assay design and optimization for quantification of nucleic acid target
sequences

6.1 Assay design

6.1.1 General

Requiremeryts for RNA and DNA quantification by dPCR/RT-dPCR and qPCR/RT-qR€R)assay desigh are
listed below

NOTE Ré¢ference [21] can also offer guidelines.

6.1.2 Amplicon selection

licons are typically amplified with higher efficiency than longer ones but should be|long
enough to bl sufficiently differentiated from potential primer diniers when fluorescent dye detertion
is used. An amplicon size of 250 bp or less is recommended. for’the majority of dPCR and gqPCR agsays.
GC rich aregs, repetitive regions, and regions with commonly known SNPs should be avoided upless
differential detection of SNPs is intended[22]. The sequen¢é between primers should allow an efficient

NOTE The Single Nucleotide Polymorphism database (dbSNP) is a curated database of commonly khown

Primers shquld be designed with an-annealing temperature between 50 °C and 68 °C and should
possess 40 % to 60 % GC content-while lacking any significant secondary structures(22l. Optimally, the
difference between annealing temperatures of the primer pair should be 1 °C to 2 °C.

Probe length should be <30-bases. When using a hydrolysis probe, the annealing temperature qf the
probe should be at least/5°C higher than that of the primers. Additionally, guanine at the 5' end of
a probe shquld be aveided due to the possibility of quenching the fluorescence signal. The mglting
temperatur¢ of the-probe can be increased by use of minor groove binders or modified nucleotides
(such as locked nucleic acids).

6.1.4 In silico evaluation of specificity
PCR assays shall be designed to ensure specificity and specificity shall be checked in silico.

PCR primers and probes designed to a target sequence can also bind to similar sequences (for example,
homologous genes within the same genome) if the sequences match or differ by only a few base pairs
to the non-intended target. If the region between the primer pair is sufficiently small (<500 bp), an
amplicon can be produced during PCR. In this case, it could be that the assay is not specific for the gene
target as the non-intended template could contribute to the reporter signal if present. The addition of a
probe to an assay design can improve specificity.

In order to evaluate specificity to target amplicon sequence, primers and probes shall be screened
against the reference database transcript or genome database for the intended templates and the
database(s) of possible contaminating templates (e.g. using Reference [24]). In the case of a potential
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non-intended PCR product being identified by the initial in silico screen, the homology of the probe
sequence to the possible amplicon produced by the non-specific binding of the primer pair shall be
evaluated (e.g. in terms of number of mismatches) to inform the specificity of a probe-based assay.

miRNAs often form families of closely related sequences which can differ by only 1 bp to 2 bp, therefore
miRNA assay specificity shall be checked in silico against other members of the same miRNA family
in order to predict degree of cross-reactivity and inform in vitro testing (see 6.2.5). The specificity of
the assay to the mature miRNA compared to its primary and precursor miRNA forms should also be
verified.

NOTE
whic}
false

The mlRBase database[25] is a searchable database of pubhshed mlRNA sequences and annotation
3 3 : aseto can contain
mlRNAs that have been 1dent1f1ed through NGS due to small RNA fragments in llbrary preparae

jionl26],

6.1.§ RT-qPCR/RT-dPCR design

For |
seled

RNA quantification, the effect of contaminating gDNA in the test sample-should be m
ting regions which are unique to the RNA sequence where possible.

inimised by

EXAN
be de

PLE For mRNA targets which undergo splicing of intronic sequencés;the RT-qPCR or -dH
signed using primers that span exon-exon boundaries.

CR assay can

In si
sequ
and

ico specificity analysis should include a BLAST search agdinst the specific genomfic reference
ence. The impact of cross-reactivity should be characterized during specificity testing (see 6.2.5)
ethod optimization with the test sample (see 6.3.2).

ccur due to
s the 5’ end
e taken into

For RT methods which use oligo-dT based priming forrsynthesis of cDNA, a 3’ bias can (
fragmentation of the mRNA transcript or reduced processivity of the RT enzyme toward
of the molecule. Therefore, the location of the amplicon within the transcript should also b
account.

6.2 | Assay optimization using purified samples

6.2.1 General

Nucl

that
effici

Nucl
Assal

bic acid quantification assay)performance shall be optimized. Requirements for method,
should be considered(to obtain optimised assay performance, including signal
ency and specificity are’listed below.

pic acid quantifieation-based assays can be purchased from a number of commercig
s should be walidated by each laboratory before they are used for analytical purpose

parameters
butput, PCR

1 providers.
s. Suppliers’

claims relatingsto- the performance of assays shall be verified in-house and further ass
necepsary to.@btain optimized assay performance.

ays may be

The jdeal ‘\positive control materials (see 4.4) for initial assay optimization (see 6.2.2, 6.2.3, 6.2.4)
are gifaple template molecules (e.g. plasmid, oligonucleotide constructs, in vitro trans¢ribed RNA)
containing only the target region ol interest. MIRNA assay optimization can be performed using
synthetic RNA oligonucleotides of the same sequence. These are complementary to positive control
materials of greater nucleic acid complexity (e.g. gDNA, total RNA from cell lines) which contain possible
cross-reactive sequences (e.g. pseudogenes; transcript isoforms) in enabling specificity to be evaluated
(see 6.2.5).

6.2.2 Optimization of fluorescence signal

Initial optimization of a qPCR or dPCR assay shall include testing a range of PCR annealing temperatures,
PCR cycle numbers and primer/probe concentrations to determine the optimal conditions for
fluorescent signal output.

In the case of dPCR, optimization is also required to minimize the number of partitions with an
intermediate fluorescence amplitude (and Cq for real-time dPCR systems) between the negative and
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positive clusters. The resolution of a digital assay (Rs) is a quantitative measure of how well the two
populations (positive and negative) can be differentiated in a linear separation. It is defined as the
difference in fluorescence between the two peaks, divided by the combined widths of the peaks. A
resolution of 2,5 has been proposed to allow for a certain amount of deterioration of the resolution in
more difficult samplesl2Z],

6.2.3 (RT)-qPCR amplification efficiency

Once basic assay parameters have been optimized (see 6.2.2), the PCR efficiency of a qPCR- or RT-qPCR
based measurement procedure shall be determined.

PCR efficier[cy shall be evaluated by analysis of a calibration or dilution series of DNA [qPCR]J or]RNA
(RT-gPCR) with the assay (see Annex C). For RT-qPCR, an RNA calibration or dilution seriesshdll be
performed as this enables validation of equal RT efficiency over the applicable linear range of the
assayl28l. Fqr a RT-qPCR assay, PCR efficiency with a DNA calibration or dilution series-ntay algo be
analysed to jgather information on the PCR efficiency of the primers independent of the,RT step.

(see
of 3)
ence
ee of

The slope of the calibration curve or dilution series can be translated into an_efficiency value
Annex C). The efficiency of the (RT)-qPCR should be evaluated in multiple experiments (minimum
and a confidence interval calculated to assess the precision of the estimate, In-absence of interfef

(see 6.3.1),
linearity sh4
R). The corr

NOTE In|
than doubled|
by chance. If
substances (

ean PCR efficiency should be between 90 and 110 % (-3,6 = slope = -3,1). The degt
111 be characterized in terms of correlation coefficient (e,g, Pé€arson’s correlation coeffi
plation coefficient R2 should be greater than 0,99.

theory, PCR efficiency cannot exceed 100 % as the numbex of template molecules cannot be
in each cycle. However, observed PCR efficiency calculated by regression analysis can exceed 1
observed PCR efficiencies repeatedly exceed 100 %y this can be due to the presence of inhil
ee 6.3.1) or an artefact in the standard curve samples’or data analysis parameters (see Annex

rient,

more
00 %
biting
C).

6.2.4 RT efficiency

RT efficienc
optimizatio

y can be highly variablel22][301[31] therefore RT efficiency shall be evaluated during :
n. Evidence of optimization of RT-efficiency may include:

issay

json of alternative RT enzymes/kits[31];

compar

quantification of RT efficiency ysing in vitro transcribed RNA templates[301(32],

Due to the s
a modified

extend the t
strategy on
approaches

brate
er to
A RT
ative

hort length of miRNAand siRNAs, methods targeting these molecules typically incorp
RT step involving élongation of the miRNA molecule or stem loop primers in ord
prget sequence to a length which is suitable for PCR amplification. The impact of miRN
RT efficiency<and assay specificity (see 6.2.5) can be assessed by comparison of altern|
during method optimization.

6.2.5 Sperificity

The specificity of an assay to the intended target and potential cross-reactivity with homologous
sequences (e.g. SNPs/SNVs, pseudogenes, paralogues or orthologues sequences) which can be present
in the typical biological sample shall be evaluated. For assays targeting eukaryotic genomic regions,
the specificity of an RT-qPCR or RT-dPCR for the intended RNA transcript should also be evaluated
by testing with a gDNA sample. miRNA assay specificity shall be tested against synthetic RNA
oligonucleotides of closely related miRNAs. In silico analysis of primer/probe specificity (see 6.1.4) can
inform wet lab testing.

Measurements of positive control materials (see 4.4) should be compared with measurements of similar
input quantities of closely related templates which are likely to be present in the sample. Modification
of PCR annealing temperature may be required to improve the specificity of the assay (see 6.2.2).

Melting curve analysis may also be performed as evidence of primer specificity. Melting curve analysis

is a post-PCR analysis performed to evaluate the specificity of amplified products based on their melting
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characteristics. Reactions performed in the presence of dsDNA binding dyes are incubated through a
range of increasing temperatures. For detection of a single nucleic acid target sequence, a single peak
should be observed in the derivative plot as evidence that a single amplicon has been produced in the
reaction.

NOTE The melting temperature (T,,,) is dependent upon the length of the DNA sequence, G:C content, buffer,
and sequential arrangement of nucleotides.

The false positive rate of the assay expressed as a proportion (%) of the target template concentration
or quantity per reaction shall be calculated for the assay. The false positive rate is required for
establishment of the LOD (see 8.4).

6.3 | Method optimization using test samples

6.3.1 Effect of PCR inhibitors in sample matrix

Nucl
protg
can

calib,
the i
SUSC{

Requ
PCR

q

q

¢

1

q

q
q
q
1

q

fration curve. In addition to assessment of major chemical or nucleic\acid impurities desgq

determined by preparing control reactions;containing:

) the internal PCR control only-(i:¢”in the absence of extracted sample/matrix);

$ample~dilution. As dilution reduces the concentration of potential inhibitors, ex

bic acid samples that contain inhibitory compounds (e.g. sample prepafation reagent
in) can lead to partial or complete inhibition of downstream PCR. The presence of P(
hlso be indicated by sporadic or late amplification, poor repeatability and nonling

hfluence of the sample matrix on the specific qPCR/dPCR assajshall be evaluated, ag
pptibility of assays to inhibitors has been observed[33l,

irements to measure the impact of the sample matrix.on assay performance and as
nhibition include, but are not limited to:

Duantification of an internal PCR control bearing.the target nucleic acid sequence, sug
implicon, plasmid, purified gDNA. The presence and extent of inhibition (or enhancen

)

the internal PCR control added to extracted sample matrix;

)

extracted sample matrixenly (i.e. no internal PCR control) in order to measure the
concentration of the nueleic acid target (if present).

A\ minimum of three replicates of each control reactions should be prepared in orde
tatistical significance’using an appropriate test (e.g. t-test). In the absence of mo
1ssay performance by the sample matrix, the target nucleic acid quantity measured |
bquals the suni.of the quantities measured by Controls 2 and 3, whereas if the assay is
bnhanced) by<the sample matrix the quantity in Control 1 will be significantly less (o1
he sum ef'the quantities measured by Controls 2 and 3.

dlifferences

PTOV

in conce s based on the dilution which match the observed

S, excessive
R inhibition
arity of the
ribedin 5.4,
differential

bess specific

h as control
ent) may be

background

r to test for
Hification of
by Control 1
nhibited (or
more) than

pected fold
| differences

ntration or Cq value

— Analysis of individual reaction kinetics[34] and/or the calculation of amplification efficiency using a
dilution series[321(36],

6.3.2 Presence of nucleic acid contaminants in test sample

The susceptibility of an RT-qPCR or RT-dPCR assay to gDNA contamination (carried over from the
extraction stage) shall be evaluated as described in 6.1.5 and 6.2.5. The presence of contaminating
gDNA in the test sample should be identified using RT(-) controls (see 4.4). gDNA contamination should
be avoided using DNAse during RNA preparation.

RT(-) controls should show no amplification. However, if RT(-) reactions give a positive result (or a
sporadic detection pattern is observed with a proportion of reactions generating signal), their
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existence shall be justified and the difference in C, or concentration between test samples and paired
RT(-) reactions characterized. The influence of gDcf\IA-derived signal shall be taken into account in the
quantification of the target nucleic acid and calculation of the limit of detection (LOD) of the method
(see 8.4).

6.3.3 Validated measurement range

The validated measurement range for the method which encompasses the LOD (see 8.4) should be
described and the linear range of the method specified (see 8.5).

In order to establish the validated measurement range of a method, it is necessary to study the response
of referencd materials (or where reference materials are not available, in-house samples or spiked
samples) whose concentrations span the range of interest and reach a limiting dilution.

For quantifi
nucleic acid

For dPCR, t

ation of concentration by qPCR using a calibration curve (see 4.2.2), the amount of t
n the test samples should fall within the concentration range covered by the calibration c

he validated measurement range shall be specified as a range of copies’per reactio

hrget
urve.

n (or

lambda valy with

the fraction

es) as the standard error to the Poisson estimate of concentration((see 4.2.3) varies
of positive partitions[3Z1[38],

6.4 No template controls

AIINTC and|
results (e.g.
using melt ¢

ative
(e.g.

negative process controls should show no evidence of RCR amplification. Any non-neg
primer-dimer for methods using intercalating dyes).shall be justified with evidence
urve analysis in 6.2.5).

7 Data quality control (QC) and analysis

7.1 Genefal

Data analys ility,

fluorescencq

is includes an examination of thejraw data, an evaluation of their quality and relial
e threshold setting and pre-processing of exported raw data.

7.2 Acceptance criteria

7.21 qPQR

gPCR ampli hree

amplificatioj

a)

b) exponellltial amplification evidenced by a linear slope vs. cycle number; and

<)

ffication plots usually show a response curve that is sigmoidal corresponding to f{
nh phases:

amplifi¢ation.of template which is below the detection limit for fluorescent signal;

a plateau where reaction components become limiting; it is possible that the latter is not present in
test samples where phase b) is evident at a late cycle number.

Measurement procedures should include evaluation of amplification curves of test sample measurements
for evidence of the aforementioned phases of amplification and comparison of the baseline and plateau
phase fluorescent signals with those of positive and negative control samples (see 4.4).

7.2.2 dPCR

For chip-based dPCR, image analysis shall display even dispersion of passive reference dye across the
partitions and no air bubbles within the chip. Additionally, the random distribution of positives and
negatives shall be visually confirmed.
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For real-time dPCR, the real-time amplification plots should show reproducible log-linear amplification
within a narrow C, window which relates to the lambda value for the reaction (e.g. C, values for
reactions with 1 and 2 molecules/partition would be expected to be separated by 1 C, unit[(@][@]).

For droplet dPCR, the minimum number of accepted droplets should meet the manufacturer’s
recommendation or user-defined values. Quality criteria related to the fluorescence amplitude of

droplets should include:

In a plot of droplet fluorescence amplitude against droplet number, streaks of droplets with a

fluorescence amplitude either below the negative droplet cluster or above the positive droplet
cluster should not be present, as these can indicate anomalies in droplet size.

a plot of droplet fluorescence amplitude against droplet number for replicate dPCR

— In
ihould be minimal shift in fluorescence amplitude of the positive and negative~droj

|
7.3

7.3.1
The {

q

q

q

q

q

7.3.2

Posit
setti
with

Partij
and

thref
ampl

etween replicates.

The proportion of droplets with intermediate fluorescence (between the negative {

J

roplet clusters) should be minimised during assay optimization (see-6.2). The pj
roplets with intermediate fluorescence should be monitored and factored into the ur
he measurement (see 10.4).

Threshold setting

qPCR
hreshold should be set:

gufficiently above the background fluorescence baseline to be confident of avoiding

pmplification curve cross the threshold prematurely due to background fluorescence;

1s low as possible to ensure that the threshold crosses at the log-linear phase of the a
urve where it is unaffected by the plateau phase;

gt a fixed level for all samples measured with the same assay on the same plate.

dPCR

ive and negative confrol materials (see 4.4) of high sequence purity are critical for dP(
hg and shall be integrated into the workflow for threshold setting and categorization
intermediate fligrescence (so called ‘rain’), for which multiple approaches exist[411[42]

cularly for,€ompeting duplex analysis (e.g. SNP quantification where a single

> 2 probes'are employed, leading to a reduction in fluorescence in double positiy
holds Sstould be set (or checked if automatic threshold setting is performed)

ifieation plots in 2D model44],

ssays, there
blet clusters

ind positive
oportion of
certainty of

having any

mplification

R threshold

bf partitions
[43],

primer pair
e droplets),
by viewing

7.4

Data pre-processing

7.4.1 qPCR using calibration curve

Acceptable limits for the slope of the calibration curve should be specified based on the confidence

inter

val determined for PCR efficiency during assay optimization (see 6.2.3).

7.4.2 Relative quantification (qPCR)

A workflow for pre-processing of C, raw data shall include compensation for variation in threshold
setting between runs [inter-plate calibration (see 4.2.4)].

Assay efficiency shall be corrected for in the calculation of relative quantities(>! (see 4.2.4).
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The complete workflow of pre-processing steps for a relative quantification approach depends on the
application. For example, in single cell expression studies, target transcripts are often heterogeneously
expressed and absent in a proportion of single cell samples, which requires approaches for handling
missing datalel.

7.5 Identification of outliers

Data should be inspected for outlying values, for example using Dixon’s or Grubb’s test. Where there are
multiple outliers, checks designed for multiple outlier detection should be used.

NOTE ISO 16269-4 gives guidance on the detection and treatment of outliers.

8 Nucleic acid quantification measurement method validation

8.1 General

The nucleicjacid quantification measurement method (qPCR and dPCR) shall be-validated. ISO 5725-1
gives general guidance on method validation. Method performance parameters should be proyided
to give evidence that the method produces results that are suitable for thesintended purpose [with
acceptable lgvel of measurement uncertainty.

Method performance parameters can include specification for:

— specificjity (requirements outlined in 6.2.5);

— precisign;

— LOQ;

— LOD;

— truenesg;

— linearity;

— robustress.

Requiremerlts for characterizingthese performance attributes for both qPCR and dPCR measurement
procedures pre given in 8.2 to 8/, with specific considerations for qPCR and dPCR provided in 8.8 and
8.9 respectiyely.

8.2 Precision

Precision is|a measure of the variability in independent measurement results obtained for the same
sample undger, stlpulated condltlons Dependmg on the stlpulated conditions, measurement predision

can be divide

fame

of a single laboratory Valldatlon both the method repeatabllltyand 1ntermed1ate precision shall be

determined.

The number of replicate measurements (within experiment) and independent experiments shall be
sufficient to provide a reliable estimate of the standard deviation (SD). ISO 5725-1 gives guidance on

the number

22

of replicate measurements to meet a specified uncertainty in the estimation of the SD.
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A one-way analysis of the variance (ANOVA) may be performed to calculate the relative repeatability
(Srepeat,rel) @nd relative run-to-run variation (s ) standard deviations according to Formulae (8)
andp@] respectively:

[MS s
S within run ( 8)

repeat,rel = =
sample,meas

\/ MS between run — MS within run

run,rel

Ny

repli

JTamrel = 9
Csample,meas

where

—

IS, is the within run mean of squares calculated by one-way ANQVA;

ithin run

Sy etween run 1S the between run mean of squares calculated by one-way ANOVA;

is the average number of replicates per run;

=

repli

sample,meas is the average measured sample copy number)concentration over all rums.

o

8.3 | LOQ

The precision associated with the LOQ shall be specified; for example, as a SD or relative SI). The LOQ is
calcylated from the analysis of replicates of sample' concentrations in the lower part of the |inear range
of the measurement procedure.

The precision of LOQ estimates depends-on the number of replicates performed at each cqncentration
and the increment in concentration bétween the samples. A minimum of 10 replicates should be
performed at each concentration with small increments in concentration (twofold above and below the
expefted concentration for the LOQ)4>21146][47],

8.4 | LOD

Estirhation of LOD shall-take account of both the statistical distribution of false-positive|results and
true positive sample$#®#l. The probability of false positive detection () and false negative detection («)
(for ¢xample p = 0;05) or confidence of classifying a true positive (equal to 1 - ) or false negative (equal
to 1 1 B) shall b&sspecified.

The false pesitive rate of the measurement procedure shall be characterized as part of egvaluation of
specificity((see 6.2.5) and analysis of negative controls (see 4.4, 6.3.2 and 6.4.) In applications where
the JODJis primarily determined by the false positive rate of an assay, the statistical distribpition of true
positive results may be modelled theoretically. For example, the false positive rate with wild-type DNA
as the template is critical for the definition of the LOD of a dPCR assay measuring a SNV, therefore the
distribution of true positives is modelled theoretically[4].

The true positive detection rate should be estimated from replicate measurements of samples containing
target quantities at the lower end of the working range of the measurement procedure, where > 0 %
and < 100 % of reactions are positive and cover the range for the required confidence level. For example,
at 95 % confidence, the LOD is the lowest concentration where 95 % of the replicates are positive.
Calibration materials or positive samples for which the quantity value and measurement uncertainty
have been assigned should be used to characterize the true positive detection rate. If dilutions are
performed (volumetric or gravimetric), the precision of the dilutions should be characterized and used
to calculate the measurement uncertainty of the concentration established as the LOD.
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The fraction of positive replicates is plotted versus the concentration of the calibration materials
and can be interpolated to obtain better precision by fitting the data to the sigmoidal curve and the
confidence interval of the LOD estimate is obtained[4Zl. Precision of the LOD estimate depends on
the number of replicate samples at each concentration and the increment in concentration between
samples. A minimum of 10 replicates per concentration level should be performed. Concentration
increment should be maximum twofold.

NOTE Ifalaboratory does not know where to expect the LOD a good strategy is to estimate it first performing
a pilot study with just few replicates at each concentration and covering a wider concentration range and then
follow up with a large number of replicates over a narrow concentration range.

8.5 Linedrity

The linear range of the measurement procedure shall be documented.

htion

The degree
coefficient (
acid quantif
the method
processing

Samples usg
be calibrati
shall be ana

The expectg

of linearity within this range shall be characterized in terms of slope and correl
for example, Pearson’s correlation coefficient, R) by regression analysis ef.expected ny
y vs. observed nucleic acid quantity. The measurand shall be the quantity measurg
(see 4.2), rather than an intermediate quantity (for example, C,) Subject to further
see 7.4).

d for the evaluation of linearity shall be representative of’typical test samples and

ysed.

d slope of a plot of observed vs. expected value is 1,0, with intercept (0,0). A slope bet}

Icleic
d by
data

may

n materials or a dilution series of a test sample. For a dildtion series, the relative quantity

iween

0,95 and 1,0B is recommended. The correlation coefficient R&4shobuld be greater than 0,99.

NOTE Fyrther information on the determination of linearity in dPCR can be found in Reference|[50].
Additional information on the use of the correlation coefficient for linearity verification can be foupd in
Reference [51].

8.6 Trueness

Measurement trueness is an expression of how close the mean of an infinite number (i.e. a large number
in reality) of results produced by thesmiethod comes to a reference value. There are three geheral
approaches fto obtain a suitable reference value:

a) use of certified reference materials;

b) recoverly experimentsdusing spiked samples; and

¢) comparfson withresults obtained from another method[>21.

For a), the certified\reference material shall have a very similar matrix to that of the test sample and a
target copy humber concentration within the same range as the routine samples.

8.7 Robustness

During the robustness test, the effect of small deviations in relevant method parameters on the method
performance and the measurement results should be investigated. Relevant method parameters that
are likely to influence the method outcome are the concentration and source (manufacturer) of primers
and probes, composition of PCR reagents, thermal cycler(>3] and thermal cycling parameters.

It is generally considered that the dPCR method, being an end point PCR method, is more robust than
gPCR methods, however fluorescence amplitude and annealing temperature are important parameters
in discriminating between positive and negative partitions, therefore concentration and source
(manufacturer) of primers and probes and annealing temperature should be varied during robustness
testing.
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8.8 Specific considerations for qPCR method validation

8.8.1 Repeatability of qPCR- or RT-qPCR

Repeatability of a qPCR- or RT-qPCR based measurement procedure should be expressed consistently
with the quantification strategy employed: for an approach using a calibration curve (see 4.2.2), the
standard deviation (SD) of the concentration units of the calibration curve are appropriate while for
a relative quantification approach (see 4.2.4), the SD shall reflect the final quantity calculated by the

measurement procedure.

Toe
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It is
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logai
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betw
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8.9
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7 be used[4Zl:

press repeatability as the coefficient of variation of CH values fCVCq ). Formula(10)ma

2
v, :i/(1+E)(SDCq ) Mn(1+E)

e SDCq is the standard deviation of C values.

incorrect to express CVCq by division of the SDCq by the mean C; value. The )

htability provided by Formula (10) shall be used to calculate the repeatability in the
Huantity measured by the measurement procedure.

ures of precision are often symmetric around the estirhated concentration when expr
ithmic € scale. If converted to a linear scale the precision measure becomes asymm
stimated concentration. Therefore, it should be céhsidered whether a symmetric ap
e precision measure on the linear scale is sufficient to cover the positive and negati
bssed on a logarithmic scale.

Intermediate precision and reproducibility of qPCR- or RT-qPCR

relative quantification approach-(s€e 4.2.4), the precision between independent exp
een laboratories shall not be expréssed as the SD of raw C, values, as C, values are not
een experiments due to variation in threshold setting. Precision should be expressed
tity of the measurement procedure following data processing (see 7.4) and normalizat

Specific considerations for dPCR method validation

precision of dPCRVis known to vary with the A values due to its reliance on Poisson
int for partitions with multiple occupancyl3Zl. Therefore, dPCR precision shall be es
ge of A valuies as well as the quantity measured by the measurement procedure (se
t nucleiciacid. In addition for multiplex assays, the A value range for the nucleic aci
ted by-the other assay(s) within the multiplex should be specified as this can influencd
rmance.

(10)

yalue for Cq

final nucleic

bssed on the
ptric around
broximation
ve intervals

eriments or
comparable
for the final
on (see 4.3).

statistics to
tablished as
e 4.2) of the
d templates
the method

9 Nucleic acid quantification measurement traceability and comparability

9.1

Metrological traceability

The traceability of a measurement result refers to metrological traceability. It relates the result to SI
units or other agreed standards/references. Traceability is essential for comparability of analytical
results (see ISO/IEC 17025).

Metrological traceability for dPCR and qPCR measurement results may be established in accordance
with ISO 17511.

Quantities with the character of a count, including copies of a particular nucleic acid sequence, have the
unit one. The unit one is by nature an element of any system of units. Quantities with the unit one can
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be considered as traceable to the SI[54], Formal traceability to the SI can therefore be derived through
appropriate, validated measurement procedures.

As an enumeration-based measurement procedure, dPCR can form the basis of a primary reference
measurement procedure for nucleic acid copy number concentration (for nucleic acid fragments
amplifiable under the given experimental PCR conditions), subject to the establishment of specificity

and completeness of count and a statement of measurement uncertainty[=31[56],

9.2 Useo

f reference materials

Reference materials should be used to ensure analytical traceability of the measurement results and

to verify th
nucleic acid

9.3 Instr

Instruments
or reference
micropipett

10 Measu

10.1 Gene

Measureme

of the measfirement resides. The range of values gives an jndication of the reliability of a measure
uncertainty estimate includes the effect. of,;both random and systematic errors in the

result. The
measureme
a result, all
provides an

and other squrces of information such as publishéed results and calibration certificates shall be evaly

to create an
result. Furt]
for gPCR an

Measureme

e performance of the nucleic acid measurement process. When available, an apprep
based reference material should be used for its intended purpose.

hment calibration

used for nucleic acid quantification shall be calibrated using appropriate'calibrators
materials where available. Auxiliary equipment, including but not limitéd to, balance
es shall also be calibrated.

rement uncertainty (MU) in qPCR and dPCR measurements

ral requirements for MU calculations

t uncertainty can be defined as an estimated range of values within which the true Y

ht procedure. In the assessment of factors-contributing to the measurement uncertair
possible sources of variability in the méasurement process should be considered. Anij
overview of sources of uncertaintyin qPCR and dPCR measurements. Experimental

uncertainty budget which reflects the key analytical steps influencing the measure
ner guidance for the calculation of measurement uncertainty is provided in Reference
1 in Reference [58] for dPCR.

ht uncertainty calgulations for nucleic acid quantification methods should in

riate

and/
b and

ralue
ment

ty of
1ex D
data
jated
ment
[57]

lude

estimates of:
repeatapility, intermediate precision and reproducibility of qPCR or dPCR measurements;

bias of gPCR or dPCR measurements;

uncertalintie§of values assigned to calibration materials;
uncertalinties of dilution of test samples or calibration materials (random errors in dilution cd

captured in intermediate precision if replicates performed throughout the whole process);

in be

uncertainties related to normalization: measurement uncertainty of reference gene(s) or other
genes applied for normalization (see 4.3) shall be combined appropriately according to the formula
used to calculate the normalized quantity of the target of interest (for example, geometric mean of
multiple reference gene quantities);

other factors which can reasonably be expected to influence the measurement result.

Uncertainties shall be combined in accordance with ISO/IEC Guide 98-3. The coverage factor applied
to calculate an expanded uncertainty with a specified level of confidence (e.g. 95 %) should take into
account the number of replicates performed, which determines the degrees of freedom used to calculate
the coverage factor.
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Experiments performed in method validation can provide information on precision (see 8.2) and
trueness (see 8.6) which can be used in calculating measurement uncertainty.

Based on repeatability and between-run estimates (see 8.2), the relative standard uncertainty of
the method intermediate precision (U ecisionrer) @ssociated with the average measured sample copy

number concentration can be calculated using Formula (11)[58].

S 12 S 2
_ repeat,re run
uprecision,rel Y + (11)
repli XNMpyp Nyun
Whel C llrun iD thC llulllllJCl Uf CAIJCI ;lllclltb lJCl fUl lllCd duu 1115 vahdatiuu.
If the concentration of routine samples is determined by calibration to a reference material (4.2.2), the
unceftainty of the certified concentration of the reference material shall be included in the combined
unceptainty.
Where an independent reference material is available for evaluation of truemness (8.6), the|uncertainty
of the bias (up;,s re1) can be calculated using Formula (12).
NOTH This approach is only valid in cases where no significant bias is observed or bias is cofrected for in
repoifted nucleic acid quantity.
_ 2 2 12
Ubias,rel = uprecision,rel + Ucert,rel ( )
wherte U e IS the relative uncertainty associated withrthe certified copy number concentration.
10.2 qPCR measurement uncertainty
gPCR measurement uncertainty shall also take into account uncertainty in PCR efficiency. P(R efficiency
is infrinsic to the calculation of the nucleid-acid target quantity using calibration curve-basgd approach

(see

from
inter]
from

10.3

For
COIT¢
two
avers
calcy
cont

4.2.2), therefore the variation in"\PER efficiency can be captured in intermediate pr
method validation. For a relative quantification approach (see 4.2.4), PCR efficiency
vals from assay optimizatioh. (See 6.2.3) can be used and shall reflect PCR efficieng
multiple experiments (23]:

Ratio-based measurements

ratio-based quantities (see 4.2.4 and 4.2.5), measurement uncertainties shall takg
tlation betwgéen variables in accordance with ISO/IEC Guide 98-3:2008, 5.2. If a ra
juantities.(such as the copy number or C, of a GOI and C, of reference gene(s)) is calc
nged values for each quantity, an adjustment for correlation is required. However,
lateddirectly for each replicate measurement (for example, % of SNV/total copies
hining region in a single reaction), an adjustment for correlation is not necessary.

ecision data
¥ confidence
y estimates

account of
tio between
ilated using
if a ratio is
of the SNV-

Further guidance for the calculation of type A precision contributions to measurement uncertainty for

ratio

-based dPCR measurements (see 4.2.5) is provided in Reference [7].

10.4 dPCR measurement uncertainty

dPCR measurement uncertainty shall take into account experimental sources of variation; it is not
sufficient to calculate measurement uncertainty purely on theoretical 95 % confidence intervals of the
Poisson countl®2l, As Poisson estimation of the nucleic acid count is intrinsic to dPCR quantification
(see 4.2.3), experimental replication [e.g. performed in validation studies (see 8.2)] captures this
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source of uncertainty and separate allowance for theoretical precision is not normally required in the
contribution of overall precision to measurement uncertainty [see Formula (11)][60],

NOTE Experimental standard deviations can vary considerably by chance. It can be useful to calculate the
standard deviation expected based on Poisson statistics to confirm that the experimental standard deviation

does not give

an unrealistically small indication of the uncertainty.

Consideration shall also be given to the following factors specifically affecting dPCR-based measurement

procedures:

a) Partition volume uncertainty. This element is required for dPCR quantification of DNA copy

number concentration (see 4.2.3). For ratio based dPCR measurements (see 4.2.5

uncert

partitio
measur
[63][64](8]

(master

b) Classification of positive and negative partitions. Variation in fluoresecent’threshold se

influend

Therefollre, the contribution of this source of uncertainty should be estimated from data wher

thresho
or comy]

11 Repor

The data rdport shall contain sufficient detail to allow independent assessment of the nucleic

quantificati
Reporting e
— sample

— reagent
— oligonu

— sample

— make ajnd model of instrment used and relevant settings — including PCR thermal cy
conditigns and total reaction volume;

— qualific
— measur

— dataan

inty is not required, however in particular cases of high lambda values, the heterogene
n volume within a reaction can contribute to the uncertainty in the result of a ratie-j
ementl(221[61], Published studies can be used to estimate partition volume un¢ertain
b1, The partition volume value applied should be appropriate to the type of ¢BCR rea
mix) employed[64],

es the quantification of both copy number concentration and: tatios by dPCRI3]

d setting has been varied for a single data set; for example, analysis by different oper
arison of alternative software in use.

ting

bn results.

ements should include, but are not limited+to:
— ID, source descriptors;

5 — name, source, lot number;

‘leotide synthesis — manufacturer, purity;

preparation proceduresand conditions;

htion, validation, and verification plans;
bment Tesults with appropriate units and uncertainty;

hlysis procedure;

artition volume

ty of
ased
[y[Q]

rents

tting
B1[66],

e the
Ators

acid

cling

— unexpected observations.

Specific methodological and performance parameters which should be detailed for qPCR and dPCR,
together with an indication of priority (essential/desirable), in accordance with the MIQE[! and
dMIQE[eZ] guidelines are described in Annex E.
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Spectrophotometry

General

Spec
asses
for t
exan

A2

The

COrr{
dens
straf

An al
(ds)R
unde

A3

For 4
ratio|
of pr

For 4
of th
the s
shou

It sh

The
shou
the p

frophotometry is a commonly used method for total nucleic acid quantificationnse
sment of nucleic acid purity (see 5.4). This annex provides information on absorbance]
otal nucleic acid concentration measurements, criteria for interpreting ¢hemical
iples of results from typical UV-spectrophotometry analysis.

Relationship between absorbance and total nucleic a¢id concentrati

concentration of nucleic acid is determined using the Beer-Lanibert law, which pred
tlation between absorbance at a wavelength of 260 nm and nucleic acid concentration,
ity coefficient dependent on the nucleic acid species quantified (double-stranded (ds)
ded (ss)DNA, single stranded (ss)RNA, double stranded (ds)RNA).

bsorbance reading at 260 nm of 1,0 is equivalent to ~40 pg/ml of pure (ss)RNA, ~46 p
NA and ~50 pg/ml of pure (ds) DNA. More rigorous nucleic acid quantification can b
r denaturing conditions with ssDNA showing an absorbance coefficient of 37 pg/ml.

Absorbance ratios and nucleic@cid purity

high-quality DNA sample, the ratio-of the absorbance readings at 260 nm and 280 n
for pure DNA should be close ta1,8. If the ratio is appreciably lower it can indicate t
ptein, phenol or other contaminants. If the ratio is close to 2, this can indicate RNA con

high-quality RNA sample;-the 260/280 ratio should be close to 2. It has been observeq
b absorbance readings\at”260 nm and 280 nm of 1,8 suggests there is about 70-80 %
amples. As there aré-many proteins that inhibit both PCR and reverse transcription, th
Id define its threSholds to reject or accept a sample.

uld be noteddthat the 260/280 ratio can vary with pH and ionic strength[68],

ratio of ‘the absorbance reading at 260 nm to the absorbance reading at 230 nm (26
Id ideally be in the range of 2,0 to 2,2. If the ratio is appreciably lower than expected, it
resence of contaminants which absorb at 230 nm.

e 5.2.2) and
coefficients
purity and

on

ficts a linear
with optical
DNA, single-

b /ml of pure
e performed

m (260/280
he presence
tamination.

| that a ratio
bf protein in
e laboratory

D/230 ratio)
can indicate

The baseline absorbance reading should be subtracted from all measurements (even in case of a ratio).

Further guidance is provided in ISO 21571.

Figures A.1 and A.2 show examples of DNA samples of different quality. The good quality DNA sample in
Figure A.1 demonstrates a 260/280 ratio of between 1,8 and 2,0 and a 260/230 ratio of 2,20. The poor
quality DNA sample in Figure A.2 does not show a defined peak at 260 nm together with absorbance
at 280 nm and a large peak at 230 nm resulting in a very low 260/230 ratio (0,33) and a 260/280

ratio
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Y
2,4
2,2
2 =
1,8 |+
1,6
1,4
1,2
1 =
0,8 |-
0,6 F
04
0,2 -
0

220 230 240 250 260 270 280 290 300 310 320 330 340 350_(X

Key
X  wavelength, in nm
Y absorbamce

Figune A.1 — Example of spectrophotometric readout for ahigh-quality DNA sample

Absorbance|in the range 220 nm to 350 nm is shown alongside ‘output for DNA concentration (ng/ul)
and absorbgnce ratios.

Y
11

[EEN
o

S = N W N U1 O N 0 O

220 230 240 250 260 270 280 290 300 310 320 330 340 350 X

Key
X  wavelength, in nm
Y absorbance

Figure A.2 — Example of spectrophotometric readout for a poor-quality DNA sample

Absorbance in the range 220 nm to 350 nm is shown alongside output for DNA concentration (ng/ul)
and absorbance ratios.
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Nucleic acid integrity

B.1 General

Investigation of nucleic acid integrity enables the assessment of factors which can #jfluence the
performance of a qPCR- or dPCR-based measurement procedure, such as the presence of|nucleic acid
degrhdation (short fragments) or high molecular weight DNA (see 5.3). Methods{for’evalyation of the
fragment size distribution of DNA or RNA in a sample are listed in B.2 and B.3 respectively.[Examples of
metHods for analysis of nucleic acid integrity analysis applied to a range of cliiigal samples gre provided
in Rdference [20].

B.2 | Techniques for evaluation of DNA integrity

B.2.1 Electrophoresis

For cellular gDNA, a high molecular weight band is normally present at the top of the gel. Smeprs or comet
tailspre indicative of sample degradation and fragmentation. Conversely, for cell-free DNA, [a main peak
fraginent size of approximately 130 - 170 base pairs (bp) is expected[®?]. For some instrumgnts, specific
algotiithms provide a quantitative index of the DNAtintegrity, based on the electrophoretic rjun features.

B.2.2 Longrange PCR

Long range PCR can be used to amplifySequences up to 15 kb, using specific types of polymerases. It
giveq a qualitative estimation of DNA(integritylZ¢l.

B.2.3 PCR assay with differential size amplicons

The pame genomic region-is-targeted with multiple PCR primer sets of varying amplican sizes and
provjdes an index or ratioef the amplifiable molecules at different fragment sizes[ZL[72][73]]74],

B.3 | Techniquesfor evaluation of RNA integrity

B.3.1 Electrophoresis

Electrophoretlc proflles present distinct bands for dlfferent molecule groups rlbosomal RNA (rRNA)
of differen e 2 nd-sh : : o 2 wdith—degradation.
Specific algorlthms prov1de a quantltatlve 1ndex of the RNA 1ntegr1ty, based on the electrophoretic run
featureslZ2l,

Algorithms that are based mainly on the electrophoretic run features of rRNA are fit for purpose for
the assessment of the integrity of RNA molecules of high quality, where rRNA peaks are discernible. For
prokaryotic RNA, the rRNA ratio of 23S and 16S ribosomal subunits is used for integrity estimation.
For eukaryotic RNA, the rRNA ratio of 28S rRNA and 18S ribosomal subunits is used. However, if RNA
quality is severely compromised (e.g. after tissue formalin fixation), these algorithms are not fit for
purpose for the assessment of the quality of mRNA molecules.
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B.3.2 RT-qPCR for 5'/3' mRNA ratio

This integrity assay relies on measuring the ratio of the quantities of the target located at the 5’ and
target located at the 3’ of the same transcript using oligo dT-based RT priming. This provides a relative
measure of mRNA integrity. If the RNA is intact an equal concentration is expected using each assay
(ratio = 1), whereas a higher copy number of the 3 assay relative to the 5’ is expected if the RNA is
degraded!76],

The efficacy of a 3’ based RT priming strategy should be validated using typical test samples as it can be
the case that it is not informative for highly fragmented RNA.

B.3.3 RT-
The concent
amplifiabilif
sample degr

B.3.4 RT-(

As for DNA
with multip

PCRassay of repetitive elements

ylZ6l. A control sample of high integrity should be included to give a robust indicati
adation.

NPCR assays with different size amplicons

e size ampliconslZZl.

ration of expressed repeat sequences (e.g. AluJ) can be measured as an indicatiofi'of mMRNA

bn of

ntegrity, this approach can be applied to RNA integrity by measufing the same trangcript
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PCR efficiency

General

The
serie)
effici

C.2

For ¢
(‘sta
be sy
of R
vitrg
conc

A cal
acid
mole
curv
meas

A pre¢
using
repli
C.3

The {

a) |

PCR efficiency of a qPCR assay is normally tested by constructing a calibration curv
s (see 6.2.3). This annex provides information on experimental design and alcula
ency.

Experimental design

valuation of qPCR efficiency, the calibration materials or sample feripreparation of a di
ndard solutions’) forming the standard curve should consist of plrified template DNA.

-qPCR efficiency, the standard solutions should consist of\purified template RNA: for
transcribed RNA or purified cellular RNA. The standard solutions can be produced
entrated stock that is diluted serially.

rier nucleic acid (with no cross-reactivity to thefassay) is recommended to keep the
content of a reaction equivalent through the dilution series, particularly for molecu
cular weight such as oligonucleotides or plasmid DNA, which can adhere to tubes. T
e shall cover as wide concentration range-as possible and be applicable to the intendg
urement procedure.

pcise estimate of PCR efficiency is‘¢haracterized by a narrow confidence interval. Thig

Cates at six different concenttations, is recommended![Z8].

Calculations
ollowing qualitymeasures and test parameters are suggested:

Replicate data-are tested for the presence of outliers. Outliers can be identified, for ex
[rubb’s testiof the samples relative to the residual. Using 95 % confidence is recommer|

)

Ifia-single outlier is detected, data and analysis shall be reviewed to identify the d
outlier. If the cause is identified and can be excluded, the outlier can be remov

b or dilution
tion of PCR

ution series
These could

nthetic oligonucleotides, purified plasmid, purified gDNA ot purified PCR product. For evaluation

example, in
from a high

total nucleic
es with low
he standard
d use of the

is obtained

b large number of standards. A minimum of 24 measurements, distributed, for example, as four

ample, with
ded.

ause for the
ed from the

ana]ycic and the rnm:\ining datacan be used to constructthe standard curve;

2)

If more than one outlier is detected for a sample, the data corresponding to this sa
not be used to construct the standard curve.

mple should

b) The qPCR data from the ‘standard solutions’ are fitted to Formula (C.1) by linear regression:
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is the Cq value;

x is the logarithm to the base 10 of the concentration ((log;,(c;)) or relative concentration (in

a

b

The cor

Additio
compar

<
Il

<
Il

where

The imy]
candd

If data {
data, nd

For gP(
certain
instrun]
Deviati
deviant
regress
signific
approad

the case of a dilution series) of the standard solution;
is the intercept;

is the gradient.

relation coefficient of the linear regression shall be evaluated (see 6.2.3).

hal testing for linearity can be performed, for example, by evaluating withrun tes

ng the linear fit to fits to second and third order polynomials [Formulae (€.2) and (C.3
2

a+bx+cx

a+bx+cx? +dx3

is the coefficient of the second order term;

is the coefficient of the third order term.

suggest deviation from linearity(ateither low or/and high concentration.

how deviation from linearity the extreme data point shall be removed and the rema
w covering a narrower range, shall be inspected for linearity.

R data deviation fram) linearity is frequently seen at high concentration, particular
instruments. This deviation can be due to incorrect subtraction of the baseline b}
ent software due to early increase of fluorescence of the most concentrated sai
n from linearity can have profound effect on the estimation of PCR efficiency, a
samples_ate-at extreme concentrations and, because of the heavier effect of the |

aintlyabove 100 %, which is theoretically impossible. Adjustments to the baseline s¢
h.should be made if possible, or the measurement procedure validated over a narrow 1

of concd

ts or

(C.2)

(€.3)

ortance of the fitted parameters ¢.and d is compared to the slope b. Significant weighting of

ning

y on
U the
mple.
5 the
near

on, have\profound influence on the fit, resulting in estimates of PCR efficiency thaft are

tting
ange

ntrations (see 6.3.3)

c¢) Mean PCR efficiency [L_?) is estimated from multiple experiments with mean gradient (l;)

[Formula (C.4)]:

E=

34
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with standard error (SE) [Formula (C.5)]:

(1+E)mn10
and confidence interval (CI) [Formula (C.6)]:

Wwhere

tos o, n-p 1S the expansion factor at 95 % confidence level calculated fromrthe inverse of the
t-distribution;

n is the number of experiments performed to determiné BCR efficiency.
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Annex D
(informative)

Measurement uncertainty

D.1 General

Both proces
and nucleic
dPCR-based
bias (for ex4
of the techn
complete pif
result[Z2],

An overviey
in D.2 and [
developing §

D.2 Sour

Possible sou
are illustrat]
of uncertain
4.2.2), sourg

sing of a biological sample (sampling from source material, storage, nucleic acid extraq
acid measurement influence the uncertainty in the quantity value obtained by a)qP(
measurement procedure. Effects can be systematic; associated with a positiye Or neg
mple, nucleic acid extraction or RT efficiency of < 100 %) or random (related to precd
ques applied). A nested experimental design with replication for the diffeyent stages i
ocess informs precision and predicts random effects on measurementincertainty i

 of sources of uncertainty which can influence qPCR and dPCRmeasurements is proy
).3 to aid gPCR or dPCR method designers in considering faetors which can be relevg
in appropriate measurement uncertainty budget.

Ces of uncertainty for whole process (qPCR)

rces of uncertainty in a whole process from biglogical sample to nucleic acid quantific

ty include DNase treatment and RT. For qRCR methods employing a calibration curvg
es of uncertainty in the value assigned:te the calibration material are relevant.

tion)
'R or
ative
ision
n the
h the

rided
nt in

htion

ed in Figure D.1 for a qPCR-based measurement procedure. For RT-qPCR, unique solirces

(see
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Thermocycler —»\ calibration
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nucleic
acid

Purity Integrity

Interplate Normalization
Sample Total NA NN Calibfamr
hqmogeneity quantification (RQ) Relative
Efficiency quantification
uantification . .
Sample DNase \‘ pclzatform (value Calibratiofi
suitpbility treatment assignment) curye
Carry-through Recovery
contaminants Blass Cq calibtation ———
Sample Extraction Fit for
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quantity
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=

Figure D.1 — Cause and effect diagram — Whwle process uncertainty contributions for a qPCR-

based measurement procedure

The fentral arrow represents the experimental process from sample to the quantificatjion method.
Braniches feeding into experimental progression characterize sources of variability that cpntribute to

unceftainty at various stages of the process. Adapted from Reference [80].

D.3 | Sources of uncertainty for dPCR

Sourges of uncertaifity’ influencing dPCR are illustrated in Figure D.2 for a droplet [d{PCR-based
meagurement procedure applied to the quantification of copy number concentration (see 4J2.3).
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produced with permission from Reference [58].

t D.2 — Cause and effect diagram — Uncertainty contributions for a dPCR-based
measurement procedure
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MIQE and dMIQE checklists

General

The iInformation requirements for qPCR or dPCR method development in accordance with thlis document

shar
outli

(MIQ
guid
meth
mea

E.2

Tabld
publ

T

e many of the requirements for publication of experimental data from qPCR and-dPCR ¢
hed in the Minimum Information for Publication of Quantitative Real-Timé.PCR
E) and Minimum Information for Publication of Quantitative Digital PCR-Experime

od developers of the aspects of the whole process (including sampling, nucleic acid
urement) which can be described.

MIQE checklist

E.1 details the methodological and performance parameters detailed in the o
cation of qPCR-based experimental results published.ixr the MIQE Guidelines/l.

able E.1 — MIQE checklist [reproduced with*permission of the American Associg
Clinical Chemistry (AACC)]

tion for

pxperiments
Lxperiments
hts (dMIQE)
plineslI67], The MIQE and dMIQE checklists are reproduced here tglinform qPCR and dPCR
extraction,

hecklist for

Item to check Impd

rtance

EXP

ERIMENTAL DESIGN

Definition of experimental and control greups

Num|

ber within each group

Assaly carried out by core lab or inVestigator's lab?

Ackr]

owledgement of authors' ontributions

O|Og|m|m

SAMPLE

Desd

ription

Volu

me/mass of samiple processed

Micr]

pdissectionwrmacrodissection

Prod

essing procedure

If frd

zen, how and how quickly?

If fixi

M| m | O |

ed-with what, how quickly?

Sample storage conditions and duration [especially for formaline fixed and paraffin
embedded (FFPE) samples]

o5}

NUCLEIC ACID EXTRACTION

Proc

edure and/or instrumentation

Nam

e of kit and details of any modifications

Sour

ce of additional reagents used

Deta

ils of DNase or RNAse treatment

Cont

amination assessment (DNA or RNA)

m|m|O|m|m

Key

E essential

D desirable
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Table E.1 (continued)
Item to check Importance

Nucleic acid quantification E
Instrument and method E
Purity (A260/A280) D
Yield D
RNA integrity method/instrument E
RIN/RQl or C, of 3" and 5' transcripts E
Electrophoresis-traeces B
Inhibition tepting (C, dilutions, spike or other) E‘J\Q)
REVERSE TRANSCRIPTION >
Complete reaction conditions O\b E
Amount of RINA and reaction volume D7 E
Priming oligpnucleotide (if using GSP) and concentration ,\( 2 E
Reverse trarfscriptase and concentration K 3+ E
Temperatur¢ and time (‘\\\ E
Manufacturgr of reagents and catalogue numbers - D
Cys with and without RT D
Storage conditions of cDNA D
qPCR TARGET INFORMATION O,

Sequence acgession number . \\'Qv E
Location of gmplicon . O.Q\ D
Amplicon lenngth AQ\V E
In silico spedificity screen (BLAST, etc.) L, \Y E
Pseudogeney, retropseudogenes or other homolo_g&@? D
Sequence alignment X O D
Secondary structure analysis of amplicon& : D
Location of dach primer by exon or int};og;._bi\f applicable) E
What splice yariants are targeted? mv E
qPCR OLIGOQNUCLEOTIDES ’\%V

Primer sequgnces (\‘O‘ E
RTPrimerDH Identificat'&%mber D
Probe sequehces \OY D
Location and ide'n@)% any modifications E
Manufacturdg r@’ﬁN}gonucleotides D
Purification mmethod D
qPCR PROTOCOL

Complete reaction conditions E
Reaction volume and amount of cDNA/DNA E
Primer, (probe), Mg++ and dNTP concentrations E
Polymerase identity and concentration E
Buffer/kit identity and manufacturer E
Exact chemical constitution of the buffer D
Key

E essential

D desirable
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