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Objective: The PCR threshold standard curve is based on an exponential model of the initial phase of a PCR run
where template replication efficiency is constant cycle to cycle. As such it requires that a threshold is at a level of
amplified template not higher than where replication efficiency falls from its initial value. A second requirement is that
all amplification profiles, both calibration and test, have the same initial efficiency. However, whether these require-
ments are met may not be checked, and there seems an apparent awareness that thresholds can be set higher than
where efficiency has dropped from the initial value without compromising result validity. The objective of this study is
to reconcile using the method without satisfying the requirement that amplification is exponential at threshold level.

Results: Substituting the more general requirement that profile shapes be congruent to threshold level, except for
translation along the cycle axis, and a derivation of the standard curve that includes cycles beyond the exponential
phase accomplishes the objective without affecting usage of the method or any prior results and enables a practica-
ble way to verify that the second requirement for same initial efficiency is satisfied.
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Introduction

The threshold standard curve method, regarded a gold
standard for quantitative PCR, is based on an exponen-
tial model of the initial phase of a PCR run. The require-
ment that the threshold is at a level where amplification
is exponential, that is, in the initial, constant efficiency
phase of a run, is explicit in derivations of the straight
line model of the threshold standard curve presented
in articles, tutorials, commercial guides, etc. Many
sources, e.g. [1], include the requirement in discussing
the method, but some also downplay the importance of
where a threshold level is set. There seems a tacit under-
standing, perhaps engendered by the great number of
valid analyses where the requirement is not verified, or is
even recognized to not be met, e.g. [2], that strict con-
formance is not critical. However, an explanation why
calibrations and analyses using a threshold set at a level
higher than where the exponential phase of the run has
ended can be valid and a derivation of the model for the
standard curve that avoids the requirement are lacking.
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We show in this note that the validity of a standard
curve, predicted target amounts in unknown samples
based on it, the efficiency estimated from its slope and
the linear relationship between Cr and the logarithm of
target amount in a calibration sample do not depend on
threshold level provided a more general requirement is
met. We make a logical case for replacing the require-
ment regarding efficiency with a less restrictive require-
ment, and we derive the line modeling the standard curve
in a way that includes cycles beyond the exponential
(constant efficiency) phase of a run. Our model of the
standard curve remains a straight line representation of
Cr as a function of the logarithm of calibration target
amount and does not change how a calibration is con-
structed or used to estimate unknown target amounts.

Main text

Analysis

Our analysis identifies a characteristic of amplification
profiles implied by the requirement of constant efficiency
but more general, substitutes it for requiring that thresh-
olds are within the exponential phase, and extends the

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13104-017-3036-4&domain=pdf

Archer BMC Res Notes (2017) 10:731

derivation of the threshold standard curve to incorporate
the new requirement.

Requiring shape congruency instead of constant efficiency

to threshold

Amplification profiles having the same initial efficiency
and maintaining that efficiency to a threshold level will
have the same shape to that threshold except for transla-
tion along the cycle axis. Two profiles with different ini-
tial efficiencies cannot be superimposed by shifting along
the cycle axis. If a threshold is set higher than is reached
within the exponential phase but at a level where the
profiles have the same shape, differences in Cr from one
profile to the next (and slopes of standard curves) will
be the same as for any lower threshold. Thus substitut-
ing shape congruency to a threshold for the requirement
that thresholds be set within the exponential phase also
allows setting thresholds beyond the exponential phase.

Modifying the straight-line model of the standard curve

We briefly recapitulate the derivation of the equation for
the standard curve in order to show how to incorporate
the new requirement that extends the model to include
cycles beyond the exponential phase.

Derivation of the standard curve for threshold
within exponential phase

Denoting efficiency at cycle k by Ey, amount of starting
target DNA by X, and a threshold amount of amplicon
X corresponding to a number of cycles Cr, any PCR run
is represented by the general equation,

Cr

Xr=Xo [[a+Ep. 1)
k=1

This equation requires no assumptions; it represents
a growth process in which the amount of amplicon
increases by the proportional amount Ej at each cycle.
Adding the usual assumption that the threshold is set
within the exponential cycle range where efficiency is at
the initial value (E1) and constant, Ex = E; for all cycles
up to Cr, (1) becomes the usual starting point for deriv-
ing the equation for the standard curve in PCR guides
and publications,

X7 = Xo(1 4 E)°T. )

Log-transformation and re-arrangement of (2) gives the
standard curve,

log0 +E)  log + By 8% B)

a straight line with intercept representing the logarithm
of the threshold amount of amplified target divided by
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the logarithm of 1+ E;, and slope equal to minus the
reciprocal of the logarithm of 1 + E;. Cr is a value inter-
polated between the cycles bounding the threshold cross-
ing. The slope and intercept in (3) are determined by
fitting a line to a set of Cr values measured for samples
with known Xj. With the slope and intercept determined,
the target amount Xy in an unknown sample is computed
from a measured C7 and the slope and intercept.

Derivation of the standard curve for threshold
after exponential phase

The revised model which includes cycles beyond the
constant efficiency range continues to imagine a thresh-
old set corresponding to a point in the cycle sequence at
or before the end of the constant efficiency phase. This
threshold may be too low to observe and is not set explic-
itly. However, we regard the crossing of this threshold
at cycle Cr, to occur at an interpolated value just as a
usual threshold crossing is a value interpolated between
bounding cycles. Measured Cr values are determined in
the usual way from a working threshold set without con-
cern that it is within the exponential range. Requiring
that the threshold be set at a level where all profiles to be
analyzed have the same shape implies that in cycles fol-
lowing Cr, efficiency decreases each cycle are the same
in all profiles. It follows that the cycle distance from Cr,
to Ct is a whole number and the same for all profiles. We
denote this difference by A = C7 — Cr,, and rewrite (2)
to include these cycles,

CTO+A
Xr=Xo(1+E)“ J] a+E. (4)
i:CT0+1
Because the decrease in efficiency through these cycles
is the same in every profile, we can replace the product
term in (4) with the geometric mean of (1 + E;) over

cycles Ct, 4+ 1 to C7, 4+ A raised to the power A. Denot-
ing the geometric mean by (1 + Ejs), we get,

X1 = Xo(1 4 E)To (1 4 Es)2. (5)

The measured variable Cr is re-introduced into (5) using
Cr=Crp + A

3 o [+Es)]
Xr =Xo(1+Eyp) T|:(1+E1):| , (6)

which is log-transformed and re-arranged to get the new
standard curve equation,

A
(L4E)
log (XT{<1+E§>} ) ]

Cr = -
g log(1 + E1) log(1 + E1)

log(Xo).

(7)
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The only difference between this standard curve and
the usual one (3) is in the intercept coefficient in which
in (7) the amount of amplicon at threshold is multiplied

A
by the factor [gigﬂ . Because this factor is > 1, X7

estimated from the intercept of the usual model will be
over-estimated if the threshold is set higher than reached
within the constant efficiency part of the PCR run. This
difference will not matter when the intercept value is
used to compute the amount of target in a test sample
as the value of the intercept, determined by the data, is
the same whatever model is used; only what the intercept

represents is different. The level where [giﬁl)} becomes
8)

greater than one marks the end of the exponential phase
and can be estimated by comparing X7 calculated from
intercepts of standard curves constructed from thresh-
olds at various levels. The efficiency estimated from the
slope is the same as in (3), and from both curve models is
a first-cycle efficiency whatever the threshold level.

Discussion

We demonstrate the extended model using data pub-
lished by Rutledge and Stewart [2] who in a study of
methods for estimating efficiency presented data that are
an example of the premise of this analysis. We also briefly
note other insights afforded by the revised equation for
the standard curve line.

Applying the new standard curve to data

Rutledge and Stewart [2] published an example plot of
PCR profiles generated from five quantities of lambda
gDNA ranging from 1.88 x 10! to 1.88 x 10° genomes;
we apply the revised model to their data to demonstrate
its use and how it reveals information about the data not
revealed by the usual analysis. Because we wanted to esti-
mate standard curve parameters from threshold levels in
addition to those examined by Rutledge and Stewart, we
manually de-plotted Cr values from their Figure 2A for
the seven threshold levels listed in Table 1. Slopes, and
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efficiencies estimated from slopes of the standard curves
constructed from the de-plotted C7 values for each
threshold level were essentially the same as displayed for
five of the threshold levels in an inset to their Figure 2B
in [2]. The second and third columns of Table 1 contain

WED ]2 geri
values of E; and XT{ L } derived from the slopes

(I+E;s)
and intercepts of the standard curves. Actual values
of threshold target amounts, column 4 in Table 1, were
estimated assuming linear instrument response and that
amplification was within the constant efficiency part of
the run at the lowest threshold, 500 fluorescence units
(FU). Doubling the threshold to 1000 FU also doubled the
intercept confirming that the two lowest thresholds were
below the amplicon level where efficiency begins to fall
off, but on doubling the threshold again to 2000 FU the

intercept more than doubled. The ratio {giﬁ;” was now

greater than one indicating that Es < E; and amplifica-
tion was beyond the exponential phase. The fifth column

(A+Ey)
(1+Es)

columns. A in the next column was estimated visually
from the plotted data, and Ej in the rightmost column
was computed from values in the second, fifth and sixth
columns.

The equivalence of Es with E; at the 1000 FU threshold
level and the decrease in Es at 2000 FU tell us that the
constant efficiency portion of the run ended at an ampli-
con amount corresponding to a signal level between
1000 and 2000 FU, consistent with the analysis in [2]. The
progressive decrease in Es for higher thresholds shows
the continuing decrease in efficiency after the 2000 FU
threshold is passed but still several cycles before the
abrupt decrease in efficiency signaling the onset of the
plateau phase which was 10,000 FU or higher.

A
contains [ } computed from the third and fourth

Implications for quantification
A standard curve constructed from a higher threshold
is moved higher on the Cr vs. log(Xo) plot as a result of

Table 1 Attributes of calibrations at various thresholds in Figure 2A of [2]

Threshold Eq X [ (+E1) ]A Xr [ (+E1) ]A A E;
(1+E;5) (1+E;5)

500 0.926 1.75e+09 1.74e+09 1.00 0 -
1000 0920 3.48e+09 3.49e+09 1.00 1 092
2000 0.925 7.67e+09 6.97e+09 1.1 2 0.83
3000 0.938 1.56e+10 1.05e+10 1.49 3 0.70
5000 0930 3.22e+10 1.74e+10 1.85 4 0.65
7000 0.929 6.90e+10 244e+10 2.83 5 0.57
9000 0911 1.68e+11 3.14e+10 535 7 0.50
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threshold crossings occurring later, but the slope and effi-
ciency estimated from the slope are not changed provided
the profile shapes are the same to the threshold level. The
caution for threshold standard curve quantification, that
initial efficiency must be the same for all samples, both
calibration and test, is included in the requirement that
the shapes of all profiles be the same which can be alter-
nately stated as requiring that the initial efficiency and fall
off in efficiency that occurs as amplicon amount increases
must be the same to threshold level for all samples. Pro-
files developed under the same conditions will typically
conform to the new requirement some cycles beyond the
end of the exponential phase but thresholds must still be
set at levels where efficiency is not too low, e.g., > 50%,
and before differences in profiles owing to sample effects,
amplification of a second target, etc. develop.

Verifying that slopes of standard curves (or efficiencies
derived from the slopes) constructed from thresholds at
different levels are the same validates that the calibra-
tion data, up to the highest threshold tested, meets the
requirements of the method. Verifying that the predicted
target amount of a test sample is consistent when esti-
mated from two or more calibration lines constructed at
threshold settings where calibration profiles are shape-
congruent validates that a test sample data meets the
requirements of the method.

Application to methods using a standard curve not based
onCr

Requiring profiles to have the same shape would also
apply to methods that instead of a Cr use the cycle
position of a different profile attribute, e.g., a derivative
maximum [3]. As an aside we note that because an expo-
nential and all its derivatives are increasing functions, a
derivative maximum is always beyond the exponential
phase.

Limitations

The revised model of the threshold standard curve
removes the requirement that threshold crossings occur
within the exponential phase of a run, provides a way to
estimate where the exponential phase ends and enables
new ways to check validity of both calibration and test
sample data, but does not change how a standard curve is
constructed or the calculation of unknown target amount
in a sample. The limitations of the threshold method are
not affected by the results of this study.
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[ Additional file 1. Data extracted from Figure 2A of [2]. }

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The manually de-plotted data from [2] is available in Additional file 1 submit-
ted with manuscript.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding
None.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 6 July 2017 Accepted: 30 November 2017
Published online: 11 December 2017

References

1. Bustin SA, Nolan T. Data analysis and interpretation. In: Bustin SA, editor.
A-Z of quantitative PCR. San Diego: International University Line; 2004. p.
453.

2. Rutledge RG, Stewart D. Critical evaluation of methods used to determine
amplification efficiency refutes the exponential character of real-time
PCR. BMC Mol Biol. 2008;9:96. https://doi.org/10.1186/1471-2199-9-96.

3. Rasmussen R. Quantification on the lightcycler. In: Meuer S, Wittwer C,
Nakagawara K, editors. Rapid real time PCR, methods and applications.
Heidelberg: Springer; 2001. p. 28-9.

Submit your next manuscript to BioMed Central
and we will help you at every step:

We accept pre-submission inquiries

Our selector tool helps you to find the most relevant journal

We provide round the clock customer support

Convenient online submission

Thorough peer review

Inclusion in PubMed and all major indexing services

Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

( ) BiolMed Central



https://doi.org/10.1186/1471-2199-9-96
https://doi.org/10.1186/s13104-017-3036-4

	Note on the PCR threshold standard curve
	Abstract 
	Objective: 
	Results: 

	Introduction
	Main text
	Analysis
	Requiring shape congruency instead of constant efficiency to threshold
	Modifying the straight-line model of the standard curve
	Derivation of the standard curve for threshold within exponential phase
	Derivation of the standard curve for threshold after exponential phase

	Discussion
	Applying the new standard curve to data
	Implications for quantification
	Application to methods using a standard curve not based on 


	Limitations
	Acknowledgements
	References




