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Abstract—The registration of the accumulation of polymerase chain reaction (PCR) products in the course of
amplification (real-time PCR) requires specific equipment, i.e., detecting amplifiers capable of recording the
level of fluorescence in the reaction tube during amplicon formation. When the time of the reaction is complete,
researchers are able to obtain DNA accumulation graphs. This review discusses the most promising algorithms
of the analysis of real-time PCR curves and possible errors, caused by the software used or by operators' mistakes. The data included will assist researchers in understanding the features of a method to obtain more reliable
results.
DOI: 101134/S0003683806050024

The polymerase chain reaction (PCR) with registration of DNA accumulation in the course of the reaction
(in real time) has gained increasing acceptance as a laboratory technique suitable for both scientific and diagnostic purposes. The registration of DNA accumulation
during the reaction makes it possible to avoid separating the readout stage, as well as rules out the possibility
of laboratory contamination; in addition, the results
obtained allow nucleic acids to be analyzed quantitatively as well as qualitatively [1]. Such tasks as assessment of the level of transcript representation and pathogen concentration and detection of single-nucleotide
polymorphisms (SNPs) are accomplished much easier
if a real-time PCR is used [2–7].
Real-time registration of the accumulation of PCR
products requires specific equipment, i.e., detecting
amplifiers capable of recording the level of fluorescence in the reaction tube. By the time the reaction is
completed, a researcher using such an instrument
obtains DNA accumulation graphs, in which the level
of fluorescence is plotted against time (i.e., the number
of amplification cycles; Fig. 1a).
Means for visualization of DNA accumulation during a PCR include the use of intercalating dyes, labeled
primers or oligonucleotide probes, and combinations
thereof [8–12].
An analysis of the results of a real-time PCR also
involves several principally distinct methods [13–16].
Regardless of the exact method of analysis, a quantitative real-time PCR requires that graphs of DNA accumulation obtained from several samples be compared
(e.g., a test sample may be compared to a standard sample or other test samples). The precision of the study on
the whole will depend on whether such a comparison
was performed correctly. The methods of curve comparison, currently offered by manufacturers of detecting amplifiers and software, differ considerably in both

precision and stability, particularly if the signal is weak.
Here, not the absolute strength of the signal is in question (as a rule, the signals are high enough to be easily
recorded by modern equipment), but its ratio to background fluorescence [17, 18].
A correct comparison requires that the graphs
obtained using detecting amplifiers be normalized in a
certain way, in order to decrease the effects of nonbiological factors (errors that occur while preparing reaction mixtures, a scatter of optical properties of the
tubes, the heterogeneity of the optical system of detecting amplifiers, etc.).
Scientists and representatives of equipment manufacturers attend conferences on quantitative PCRs
(qPCR), where they attempt to elaborate a common
procedure standardizing both the layout of the experiment and the analysis of the results, with the goal of
increasing the significance of the data. Such discussions are the subject of considerable attention at International qPCR Symposia and Application Workshops
held annually. A unified procedure is expected to ensure
that the results of the qPCR, generated in distinct laboratories using diverse amplifiers, be compared in a correct way [19]. It is unfortunate that such a procedure
has not been adopted thus far; an optimum method of
data analysis has not been selected. Several schemes for
arranging real-time PCR experiments and methods for
analyzing the data generated are currently being developed, from which approaches ensuring the best results
should be derived in the near future [16, 20, 21].
A researcher today most frequently delegates the
qPCR data analysis to software supplied with the
equipment. However, the underlying algorithms by no
means yield adequate results in all cases, because
approaches to a reliable analysis of fluorescence accumulation curves are under development, and manufac-
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Fig. 1. Curves of DNA accumulation during a PCR, obtained for identical samples (PCR duplicates), presented as linear (a) and
semilogarithmic (b) plots. The values of factor α for curves 1 and 2 are different. I, II, and III designate, respectively, the regions
(segments) of noise, exponential increase, and plateau. F is the level of fluorescence.

turers of the equipment use diverse methods of analysis.
Nevertheless, the majority of software products
make it possible to export raw data in a spreadsheet format (compatible with standard programs, such as
Microsoft Excel), which opens up the possibility to
analyze them using in-house approaches (not provided
for by algorithms of the original software). In addition,
there are several software packages, developed for such
an alternative analysis of the real-time PCR results
(e.g., DART-PCR, Q-Gene, and SoFAR) [22–24].
Clearly, it is possible to recommend to researchers the
use manual approaches, in order to obtain more precise
and reliable results now, without waiting for the incorporation of these algorithms into software packages
supplied with detecting amplifiers.
In this work we analyze contemporary approaches
to the mathematical processing of raw data obtained by
real-time PCR, with an emphasis on the major problems encountered in analyzing DNA accumulation
curves. As the correct use of new analytical algorithms
requires a clear understanding of the possible effects of
the PCR parameters, some of them are also reviewed.
PCR efficiency. The simplest PCR formula may be
represented as follows: the amount of reaction products
after cycle n is equal to the initial number of molecules
multiplied by 2n [25], i.e.,
Nn = N02n,

(1)

where n is the number of the reaction cycle; N0 is the
amount of primers at the onset of the reaction; Nn is the
amount of the reaction products after the completion of
cycle n; and two is the efficiency factor of the reaction
(or just PCR efficiency).
This formula is valid upon the assumption that, following each cycle, the amount of the amplified molecules is doubled. Indeed under optimum conditions, the
value of PCR efficiency nears two, even though in cer-

tain cases it may be considerably lower. Moreover, the
efficiency factor fluctuates throughout the entire PCR,
from the very first cycles to the end of the process
where it rapidly falls to unity (because of the competition between the processes of primer annealing and
reassociation of DNA fragments [26]).
Nevertheless, considering the efficiency to be
largely constant throughout the process, the amount of
DNA after cycle n may be expressed as follows:
Nn = N0En,

(2)

where Ö designates the efficiency of PCR.
The PCR efficiency is a number showing the
increase (in times) in the amount of the amplified DNA
fragments taking place during one cycle [27]. This
parameter becomes extremely important when the PCR
is used for quantitative determination of nucleic acids.
Contemporary publications provide two distinct
definitions of PCR efficiency:
Nn = N0En, where 1 < E < 2 (variant 1) [16, 22] and
Nn = N0(1 + E)n,
(3)
where 0 < E < 1 (variant 2) [24, 28].
The second variant was introduced by researchers to
enable the efficiency to be expressed as a percentage;
thus, in reading the literature on qPCRs, one should pay
specific attention to the terminology used by the
authors (the use in the literature of the second definition
has recently become more frequent). In this work we
will use the first variant of the definition, for the sake of
simplifying the formulae.
The efficiency of the reaction exerts pronounced
effects on the result of the amplification. Even slight
changes in the efficiency lead to considerable differences in the data obtained [29, 30]. Thus, a 0.15 difference in the value of E translates, by the end of the 30th
cycle, into a tenfold higher or lower yield of the product
[31]. In practice the efficiency of the reaction remains
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largely unchanged throughout the entire process,
excluding the last cycles where the resources are rapidly exhausted and PCR cessation occurs. However,
even minimum changes in the efficiency that occur
while the reaction is taking place become notable when
the samples used differ considerably in the initial template concentration. Moreover, the change in the efficiency is a variable, in that the longer the reaction lasts,
the more pronounced is the drop in its efficiency (due to
a decreases in the general activity of the enzyme and the
concentrations of the reagents).
Parameters of the reaction. As a detecting amplifier measures a fluorescence signal (i.e., the function of
the concentration of DNA in the tube) rather than DNA
itself, a measurement of the latter requires knowledge
of the relation of the concentration to the fluorescence
intensity. It is conceivable that the fluorescence signal
is proportional to the amount of DNA molecules in the
reaction tube:
F = αN,
(4)
where F is the fluorescence signal; α is an unknown
factor; and N is the amount of DNA molecules.
Thus, by substituting (4) into (2), we obtain
F = αN0Ön, [22].

(5)

The α factor may vary considerably from experiment to experiment (and even from tube to tube within
the same experiment) [24, 32]. The factor depends on
instrument settings, amplification tubes (type, transparency, and cleanness), the reagents used, etc. It is considerably affected by the choice of the system visualizing
DNA accumulation (intercalating dyes, oligonucleotide
probes, labeled primers, etc.).
Thus, a comparison of the data derived from distinct
experiments (or tubes within the same experiment) cannot be performed directly, because the corresponding
values of factor α may differ considerably. Curves
recorded during the same experiment in two absolutely
identical tubes may appear as those shown in Fig. 1a
(several identical reactions are usually run in parallel,
thus averaging the effects of random factors; such reactions are hereafter termed PCR duplicates).
The case where differences in the initial amount of
DNA are mistaken for those in the values of factor α is
worthy of separate treatment. Such mistakes may occur
if a researcher preparing to run PCR duplicates introduces single copies of original DNA molecules into the
tubes. As a result of fortuitous variations, the numbers
of molecules added into absolutely identical tubes may
differ severalfold, which is not taken into account in the
subsequent data analysis [33–35].
A comparison of real-time PCR curves is based on
the number of the cycle, at which a signal reliably
recorded by the amplifier is generated, but not on the
endpoint fluorescence intensity (as in the case of detection by electrophoresis in agarose gels). This threshold
cycle (Ct) is also termed a crossing point (Cp) [4].
APPLIED BIOCHEMISTRY AND MICROBIOLOGY
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The use of a standard method for determining the
threshold cycle (using the threshold line) shows that, in
the case illustrated by Fig. 1a, the difference between Ct
values of two identical samples will be significant (let
alone the results of the endpoint detection). As follows
from expression (5), the discrepancy in Ct values for
two reactions may be caused by differences in (1) the
initial concentration of DNA templates (N0), (2) the
reaction efficiency (E), or (3) the value of the α factor.
A mathematical analysis of the curves makes it possible
to separate cases caused by (2) and (3). If the graphs of
Fig. 1a are depicted in semilogarithmic plots (i.e., if
log F is the ordinate), the curves shown in Fig. 1b are
obtained.
The formula describing these curves will be as follows:
log F = log α + log N 0 + n log E, [36, 37].

(6)

As noted from Fig. 1b, in this case the curves may
be superposed by moving them along the ordinate. This
means that the efficiencies of the two reactions are
equal, and the observed differences arise from the multiplication by dissimilar values of factor α (provided
that the amount of DNA added into the tubes is identical) [38].
Let us now consider the DNA accumulation curves
in greater detail. Each graph may be separated into
three regions corresponding, respectively, to noises, the
exponential phase, and the plateau (Fig. 1). The noises
region is particularly well discernable in semilogarithmic plots (Fig. 1b), where the transformation used renders random fluctuations of low-fluorescence values
considerably more visible. Within this interval the fluorescence signal is weaker than the noise of the measuring instrument, and it is not possible to record the signal
reliably [36, 37]. The exponential region is characterized by confident registration of the signal (which
exceeds the background considerably), and the product
is accumulated with a constant efficiency (the E value
remains largely unchanged), because of the excess of
the reaction resources. When viewed in semilogarithmic plots (Fig. 1b), this region appears as a straight
line. The reverse is also true: as long as the graph of
DNA accumulation appears as a straight line in a
semilogarithmic plot, the reaction efficiency remains
unchanged, whereas the inflection point corresponds to
its decrease. The exponential region is the best for comparing graphs (i.e., determining the threshold cycle, the
reaction efficiency, etc.). In this case the results
obtained are the most precise [36, 37]. The plateau is
characterized by a drop in the reaction efficiency
(largely due to competition of two processes, i.e.,
primer annealing and reassociation of the product
formed) and eventual cessation of the process.
Determination of PCR efficiency. As efficiency is
one of the most important PCR parameters, its correct
determination makes it possible to increase the precision of qPCR tests. Although the majority of factory-
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Fig. 2 Assessment of PCR efficiency using serial dilutions of the sample. a: Typical graphs (1–5) of DNA accumulation for serial
dilutions of the sample under study (solid and dashed lines are variants of the threshold line. b: Dependence of the threshold cycle
on the initial concentration of DNA, plotted based on the data of the curves depicted to the left.

preinstalled software packages detecting amplifiers do
not make corrections for the efficiency of the reaction,
the instrument designers seek to incorporate an estimation of E into standard algorithms of data analysis.
Three different methods for determining PCR efficiency are described below.
Method 1: Serial dilutions. The efficiency of the
reaction may be determined by running PCR on serial
dilutions of the sample under study [16, 24, 28, 39, 40].
When the reactions are completed, the Ct values are
determined for each dilution (e.g., using the threshold
method; Fig. 2a). Thereafter, these values are used for
obtaining log[C]/Ct plots (Fig. 2b), which are almost
linear. Strictly speaking, the values will not necessarily
lie along a straight line of the plot, because the values
of the PCR efficiency for different dilutions may differ.
Let us describe the straight line shown in Fig. 2b by
a general equation for straight lines:
y = –ax + b.
(7)
It is not difficult to see that the negative factor ‡
demonstrates how many cycles it takes to increase one
order of magnitude the fluorescence signal (i.e., amount
of DNA). Therefore, the 1/‡ value shows the increment
(in orders of magnitude) in DNA amount, achieved during one reaction cycle. To determine this increment, ten
should be raised to the power 1/‡. As PCR efficiency is
a number showing the increase (in times) in the amount
of the amplified DNA fragments that takes place during
one cycle, it is exactly the efficiency that is described by
the expression below:
(8)
Ö = 101/‡.
Thus, running PCR on serial dilutions of a sample
and obtaining a standard straight line as described
above makes it possible to determine the efficiency of
the reaction by the slope of this line.
Method 2: Absolute fluorescence increment. The
efficiency of the process may be determined without
dilutions (methods 2 and 3). In method 2 E is determined using the exponential segment of the curve and
simple techniques of data approximation. In method 3

(mathematical model fitting) the whole fluorescence
accumulation plot is described using an equation.
So far several distinct approaches to calculating the
reaction efficiency from the exponential segment of the
curve have been reported [14, 15, 36, 37, 41, 42]. Here
we provide only one such technique as an example [37].
In order to determine E, let us describe the straight segment of the semilogarithmic plot of a DNA accumulation curve (Fig. 1b) using a standard straight line equation:
y = cx + d.
Comparing equation (6) and the straight line equation makes it easy to note that factor c is identical to
log E . From this,
E = 10c.

(9)

In practice, the following finding is useful: if the
straight segments of the graphs shown in Fig. 1b are
parallel, the E values for these reactions are identical.
Method 3: Mathematical model fitting. In recent
years publications have appeared in the literature,
which attempt to describe the shape of the whole graph
of fluorescence accumulation by an equation [32, 43–
46]. Consider the sigmoid model with four parameters
proposed in [43] as an example. In this model the curve
is described by the following equation:
a
f = y 0 + --------------------------,
x–x

(10)

– ⎛ --------------⎞
⎝ b ⎠
0

1+e

where y0 is the fluorescence baseline; a is the difference
between the fluorescence maximum and the baseline; e
is the base of Naperian logarithm and x is the number
of the current cycle of the reaction; x0 is the value of the
first derivative maximum; and b is the slope of the
curve.
The parameters taken into account in equation (10)
are shown in Fig. 3. Although this approach does not
allow the value of the reaction efficiency to be calculated, it makes a comparison of the E values, obtained
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Fig. 3. Parameters of fluorescence accumulation curves,
used in the sigmoid model with four parameters: y0 is the
fluorescence baseline; a is the difference between the fluorescence maximum and the baseline; x0 is the value of the
first derivative maximum; and b is the slope of the curve.

tion efficiency from a single curve. For this reason we
expect that the subsequent development of data-analysis algorithms will be based on methods (2) and (3).
Processing of raw data. Background subtraction.
Figure 4 shows typical raw graphs of DNA accumulation (fluorescence increase) during a PCR. As already
indicated the intensity of fluorescence recorded by a
detecting amplifier during the reaction may be
described by formula (5). However, this formula does
not take background fluorescence into account, which
is always present in practice. The background inherent
in real-time PCR experiments may be divided into components, of which one is a constant (b) and the other is
a variable (kn) (equation 11). Strictly speaking, the
variable component undergoes a nonlinear change during the reaction; nevertheless, to a first approximation,
this change may be represented as a linear function:
F = αN0En + b + kn,

for two reactions, possible. The lower the value is of
parameter b, the higher the efficiency is.
Thus, there are many ways to estimate PCR efficiency, which we separated into three groups, i.e.,
methods of (1) serial dilutions, (2) individual graph
analysis (based on the rate of fluorescence accumulation within the exponential region), and (3) mathematical model fitting. Each approach has its advantages and
drawbacks, and it is problematic to separate the algorithm and ensure the greatest precision. In practice,
however, it is necessary to be able to estimate the reac-
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Fig. 4. Raw DNA accumulation graphs. Each curve corresponds to one reaction tube.
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(11)

where b and kn are the constant and variable components of the background, respectively (the latter being a
function of the cycle number).
A constant background is due to residual fluorescence of the dye, differences in tube transparency, dust,
“noise” of the electronics, etc. A variable background is
caused by a variety of factors acting throughout the
reaction, such as grinding of the plastic to the thermoblock, nonspecific degradation of the labeled probes, etc.
[45, 47, 48]. In the majority of cases, a variable background makes a near-linear contribution to the curves
generated by the amplifier and may be subtracted without distorting the data considerably (Fig. 5).
The majority of software packages currently used
for data analysis share the common error of an incorrect
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Fig. 5. Appearance of DNA accumulation graphs prior to
(a) and following (b) background subtraction. The region
for background fluorescence determination is shown in
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estimation of the background component. This error is
due to the fact that the zone selected for the background
estimation is fixed for all curves. In the case of nonstandard curves, this approach leads to considerable
distortion of the results (Fig. 6). If the software analyzing raw data incorrectly selects the zone for backF
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(absolutely identical) tubes, the effects of points three
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manufacturers of detecting amplifiers are currently
aware of the fact that upgrades of equipment and consumables that are not supported by sophisticated mathematical analysis of the data will not solve the problem
of nonuniformity of factor α. Indeed, a good algorithm
for equalization of α factors makes it possible to use in
the instruments optical schemes with considerable heterogeneity.
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Fig. 6. Examples of the analysis of DNA accumulation graphs. Mistakes in selecting the region for background determination, i.e.,
covering the exponential segment (a) or the out-of-order portion at the start of the curve (b), result in considerable data distortion
(c). Such problems are avoided if each curve is analyzed individually (d). Circles show regions mistakenly selected by the software.
Regions for background fluorescence determination are shown in dark.
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At present, manufacturers of the equipment use several approaches to attenuating the effects of factor α,
which may be separated into two groups: (1) pretransformation of the curves for subsequent determination of
Ct (using the threshold-line method) and (2) direct comparison of the curves (using characteristic points or
parameters).
Methods involving pretransformation of the curves.
1. The curves are equalized using fluorescent probes
present in the tubes. This approach, implemented in the
instrument from Bio-Rad (iCycler iQ Multicolor RealTime Detection System), fails to provide sufficient
information for correct signal normalization, because
the latter is based on the use of a single (initial) point on
the graph and the possibility of considerable changes in
background fluorescence is not taken into account (one
value background fluorescence is obviously not sufficient for solving equation 11).
2. The curves are equalized using a normalizing dye
introduced into the tubes [50]. This approach is similar
to the previous one, the only difference being that α is
determined using a free fluorophore (in the patent it is
referred to as the dye ROX), rather than fluorescent
probes. In this case, again, a single value of background
fluorescence is used, and correct signal normalization is
not possible.
3. The curves are equalized using the level of the
plateau in the end of the reaction (amplitude normalization). In this approach, multiplication by various factors
is used to reduce the levels of the plateau to the same
value for all the curves. Such multiplication gives good
results when the curves having different scales are characterized by identical E values and the final DNA concentrations in the tubes are the same. If the E values of
the samples compared are different, the procedure
aggravates the distortion [49].
Direct comparison methods of the results by the
graph shape.
These include approaches based on the use of the
first and second derivatives of DNA accumulation
graphs [44, 46, 51]. This technique gives more reliable
results, because it allows the value of factor α to be
APPLIED BIOCHEMISTRY AND MICROBIOLOGY

neglected. In order to compare the results directly, it is
necessary to find a characteristic point on the graph, the
position of which reflects the shape of the curve.
Approaches developed thus far use the maximum of the
first or second derivative for such a point. The advantage of using the derivatives consists in the fact that the
multiplication of the curve (whatever the factors might
be) does not change the position of the maxima of the
derivatives. The use of the maximum of the second
derivative is convenient, because, in the majority of
cases, it is confined to a zone with a constant E (unless
slight changes in the efficiency, inherent in PCR, are
taken into account) (Fig. 8). Roche, a leader in the
development of qPCR methodology, implement this
approach in their instruments (Light-Cycler Real-Time
PCR Cycler) as a basic analytical method of amplification results [51]. In practice, the use of the first derivative is less advantageous, because its maximum usually
falls within a zone of considerable E distortion. Strictly
speaking, it is not mandatory to use the maxima of the
derivatives. Any characteristic point is appropriate for
comparing the curves. Unlike the threshold method, in
which the value characterizing the curve is termed the
threshold cycle (Ct), methods of direct comparison are
based on the use of the crossing point (ëp) [16, 39, 52].
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Approaches reviewed herein do not exhaust the
diversity of methods used for analyzing the results of
real-time PCR. We also refrained from discussing
mathematical aspects of the transformations used in
detail. The audience of this work is researchers using
qPCR in everyday practice, seeking to better understand specific features of both the method and the
results obtained.
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