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Abstract
Background
Several mathematical models exist to calculate data derived from qPCR analysis. However, 
a model providing computations for expression ratios and p-values in experiments in which 
all samples are run in triplicate in a single qPCR experiment, well organized in a single 
spreadsheet, is not available. 
Results
We have developed the double delta model (DDM) to calculate p-values and confidence 
bands in single qPCR experiments in which reference and target samples are run in 
triplicate. In this model, which is derived from the 2-∆∆Ct method, the variances of the gene 
of interest as well as the variances of the reference are taken into account.
Conclusions
This model is particularly useful when working with many samples, because the calculations 
of the ratios and the calculations of the p-values are well organized in a single spreadsheet. 
Because the DDM does not include corrections for qPCR efficiency, it can only be used 
when the amplification efficiencies of the target and reference gene are close to 1. The DDM 
may also be applied to other data sets, in which experimental values are correlated with 
reference values. 

Background
The quantitative Polymerase Chain Reaction (qPCR) is a powerful method to quantify 
gene expression (for review see(1)). Two different methods to analyze qPCR data are mainly 
used. The standard curve method is performed in circumstances where it is necessary 
to determine the absolute transcript copy number(2). This method is also called absolute 
quantification and is usually performed by relating the PCR signal to a standard curve. In 
most situations, however, relative quantification will suffice. This is for example the case in 
experimental designs in which one would like to examine the effect of a drug or treatment 
on the expression of a given gene. Many mathematical models exist to calculate the mean 
normalized gene expression(3-6). In these methods, the expression of the gene of interest is 
determined in control and treated samples and related to the expression of a reference gene, 
which is measured in the same samples. This reference gene is often a house-keeping gene, 
of which the expression is presumed not to be affected by the treatment. 
An appropriate method for calculating expression ratios in data derived from a single qPCR 
experiment, in which the samples of the gene of interest and the reference gene are run 
in triplicate, is the 2-∆∆Ct method. The derivations and assumptions have been described 
elsewhere(5). Since different efficiencies will generate errors when using this method, the 
amplification efficiencies of the target and reference gene must be close to 1. This is often 
the case for amplicons designed to be less than 150 bp and for which the PCR conditions 
are properly optimized. However, this method does not include calculations of p-values and 
confidence bands. 
A suitable model for calculating expression ratios and p-values in a single qPCR experiment, 
in which all samples are run in triplicate, is the relative expression software tool (REST). 
This tool is based on the correction for PCR efficiencies and the mean Ct-value deviation 
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between sample and control group(6). In addition, REST also includes statistical analysis by 
using the pair-wise fixed reallocation randomization test. However, a disadvantage of the 
REST tool is the requirement of a new spreadsheet for the calculations of each sample in 
experiments in which the expression of 1 gene is determined in many different samples. This 
is a lot of work and could be confusing. Examples of such experiments are time series, dose 
range series or series using different stimuli.
In this letter we propose a novel statistical model, the double delta model (DDM). For 
calculations of expression ratios, p-values and confidence intervals, using qPCR data 
derived from a single qPCR experiment in which all samples are run in triplicate. This 
model is based on the 2-∆∆Ct method(5). Like the 2-∆∆Ct method, the variances of the Ct-values 
of the gene of interest as well as the variances of the Ct-values of the reference gene are 
taken into account. This model does not include corrections for amplification efficiencies, 
so we want to emphasize that this model can only be used when these values are close to 1. 
This model is especially useful for calculating differences in gene expression in experiments 
with many samples. The computations of the ratios and p-values can be calculated in a 
single spreadsheet, making it well organized and easy to produce graphs. 

Implementation
Here, we present a short derivation of the required formulas and show how to implement 
them as an Excel spreadsheet (table 1). Let ypcr be a probe concentration, where p indicates 
the type of probe (reference or not), c indicates the condition, and r indicates a repetition. 
Let Xpcr= log2Ypcr . We assume that x is approximately normally distributed. This is more 
realistic than assuming a normal distribution for the concentrations, which are inherently 
positive and can vary over an enormous range. We also assume that the normal distribution 
has the same variance for all combinations of p and c.
The mean of all Xpcr for any combination of p and c will be indicated by 

mpc =       Xpcr/npc ,

where npc is the number of observations. The DDM computes the contrast

d = (m22-m21)-(m12-m11) = m22 -m21-m12 + m11 .

For explanation of symbols, see result section and table 1. The variance in each group can be 
estimated as 

vp =      (Xpcr - mpc)
2 / npc-1 .

These can be combined to estimate the pooled variance as 

v =              vpc / DF ,  

∑
r

∑
r

∑
p
∑
c
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where

DF =             npc-1 

Let sepc indicate the standard error of mpc. It is given by sepc =      v/npc  . In other words: the 
variance of mpc is v/npc. From elementary mathematical statistics it shows that the variance 
of a sum or difference of independent variables is equal to the sum of the variances. We thus 
find: 

var(d) = v(1/n11 + 1/n12 + 1/n21 + 1/n22),

and

se(d) =      v(1/n11 + 1/n12 + 1/n21 + 1/n22) 

Under the assumption of normality, d/    se(d) has a t-distribution with degrees of freedom 
(DF). This allows the computation of confidence bands and p-values. The confidence limits 
(CL) are computed as: d ± t(0.05;DF)*se(d), where t(0.05;DF) is the critical value of the t-
distribution with DF degrees of freedom at the 0.05 confidence level.

∑
p
∑
c

~ ~
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Table 1: Example of the double delta model (DDM).
1) ref. = reference and GOI = gene of interest. 2) Stim. = stimulation. 3) var = variance. SSQ = sum of squares. DF = degrees of free-
dom. SE = standard error. CL = confidence limit. 4) Symbols used in the mathematical equations and corresponding with the name 
in column C. xabc = Ct-value of group (a), stimulation (b), and type (c). mab/vab/nab = mean/variance/counts of group (a) and 
stimulation (b). 
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Results
We want to illustrate this model with an example in which the effect of treatment with 
a drug is examined on the expression of a particular gene at several time points. RNA is 
isolated from untreated (time point of stimulation) and treated specimens and prepared for 
qPCR analysis. Samples are run in triplicate in a single qPCR experiment and Ct-values are 
calculated for the gene of interest and the reference gene (see column E, F, G, and H table 1). 
Using the DDM we show that the drug has a significant effect on gene expression after 1 (p = 
0.002) and after 2 hours (p = 0.002) (table 1 and fig. 1).  
The computations can conveniently be organized as an Excel spreadsheet, as shown in table 
1. The numbers in one data set are contained in one column (here columns E, F, G, and H). 
The upper rows (2– 13) hold the individual measurements (Ct-values). Samples (groups) are 
indicated in column A. Stimulation, where appropriate, is indicated in column B. Column 
C gives a name to each number in columns E, F, G, and H, while column D shows the 
correspondence with symbols in the mathematical equations. Column I shows the Excel 
formulas. This is done here for illustration purposes; in practical use this column (and 
perhaps also the fourth, containing the symbols) could probably be deleted. The middle 
rows (15–26) contain the calculations of mean, variance and sample size for each of the four 
groups. The lower block (rows 28–38) contains the pooled results and the final statistics, 
labelled as “contrast”. The present spreadsheet assumes a maximum group size of 3. It is 
not difficult to add extra rows for larger sizes. Smaller group sizes or missing data are no 
problem: one simply leaves spreadsheet cells empty; the calculations are organized in such a 
way that they automatically handle missing data. In addition, it is not difficult to add extra 
columns for additional data sets. Figure 1 shows the graph with the mean expression of a 
gene of interest (GOI) at 0 (data1), 1 (data2), 2 (data3) and 4 (data4) hours after stimulation, 
compared to the mean expression at time point 0, described in table 1.  
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Figure 1. Expression of gene of interest. 
The mean expression of the gene of interest (GOI) is shown as 2log fold change compared to 0, time point of stimulation (data1, 
table 1) at 1 (data2, table 1), 2 (data3, table 1) and 4 (data4, table 1) hours after stimulation. *Significant p<0.05.

1
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Conclusions
Several mathematical methods exist to calculate data derived from qPCR analysis(3-6). 
However, a model providing calculations for expression ratios and p-values in experiments 
in which all samples are run in triplicate in a single qPCR experiment, well organized in 
1 spreadsheet, is not available. Therefore, we have developed a novel statistical model, the 
double delta model (DDM) to calculate p-values and confidence bands using data derived 
from a single qPCR experiment. The DDM is particularly useful when working with many 
samples. In addition, the DDM is also applicable to other data sets, in which experimental 
values are correlated with reference values. Examples are experiments, in which enzymatic 
activity is corrected for cell number or DNA concentration and transient transfection assays, 
in which luciferase activity is corrected for the transfection efficiency. 

Availability
The double delta model is freely available on request from the corresponding author.
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