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Abstract

Quantitative real-time PCR (gPCR) is widely used for the quantitative assessment of relative transcript abundance in
biological and medical research. Rigorous interpretation of gPCR data requires appropriate correction and normalization
workflows that account for both technical variability and experimental heterogeneity. Regarding the correction step, the
most used gPCR analysis relies on the 2444 method, which assumes identical and optimal amplification efficiencies across
assays. Alternative strategies estimate amplification efficiencies using standard curves generated from serial dilutions, but
these approaches require additional experimental work and may introduce serious dilution-related bias. Here, we describe a
spreadsheet-based computational protocol for the correction of relative quantification of qPCR data that integrates
amplification efficiencies derived directly from raw amplification curves using LinRegPCR. Cq values and per-reaction
efficiency estimates are combined to calculate efficiency-corrected target quantities. Correction is then followed by
normalization using the geometric mean of two reference genes. The workflow enables calculation of relative abundance
fold-changes without the need for standard curves and produces output tables suitable for downstream statistical analysis.
This protocol provides a transparent, dilution-free method for efficiency-corrected qPCR data analysis that can be
implemented using commonly available software, facilitating reproducible and Minimum Information for Publication of
Quantitative Real-Time PCR Experiments (MIQE)-compliant reporting of gPCR results.

Key features

e Enables per-reaction efficiency correction using amplification curve-derived efficiencies instead of assuming uniform
PCR performance across assays.

o Offers relative quantification without standard curves, reducing experimental workload and avoiding dilution-
associated bias.

o Integrates multiple reference genes using geometric mean normalization to improve robustness of abundance estimates.

e Provides a transparent, spreadsheet-based workflow compatible with routine laboratory software and downstream
statistical analysis.

Keywords: Reproducible research workflows, PCR data quality control, Reference gene validation, RT-gPCR
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Overview of the efficiency-corrected quantitative real-time PCR (qPCR) data analysis workflow

Background

Quantitative PCR (gPCR) is one of the most widely used techniques for assessing relative transcript abundance due to its
sensitivity, broad dynamic range, and accessibility [1]. It is a central method for validation of high-throughput transcriptomic
data, such as RNA-seq, by providing an independent confirmation of differentially abundant RNA species identified with
omics global analyses. In most routine applications, gPCR data are summarized using cycle quantification (Cq) values,
which are then converted into relative abundance estimates through mathematical models [2]. In accordance with the
Minimum Information for Publication of Quantitative PCR Experiments (MIQE) guidelines, the term Cq is used in this
protocol instead of the historical cycle threshold (Ct) value [3].

The 224 method is the most widely used approach for relative quantification and is based on the assumption that
amplification efficiencies are identical and close to optimal across all assays [4]. Although this assumption is sometimes
approximately valid, amplification efficiency can vary dramatically between primer sets, samples, and even individual
reactions [5]. Such variability may introduce systematic bias when efficiency differences are not taken into account [6]. To
address these limitations, efficiency-corrected quantification models have been proposed to incorporate amplification
efficiency into relative abundance calculations [7]. To do so, amplification efficiency is often estimated using standard
curves generated from serial dilutions [8]. However, this strategy requires additional experimental steps and is sensitive to
both dilution errors and variable levels of PCR inhibitors between samples [9].

An alternative method consists of estimating amplification efficiency directly from the exponential phase of individual
amplification curves. Different approaches have been described, allowing estimation of per-reaction efficiency without
relying on dilution series and providing a more direct representation of reaction performance [10]. Among these, LinRegPCR
is a widely used and validated tool that derives efficiencies from the log-linear phase of each amplification curve [11]. In
this protocol, efficiencies derived from amplification curve analyses with the LinRegPCR tool are integrated into a
spreadsheet-based workflow to compute efficiency-corrected target quantities, normalize abundance using multiple
reference genes, and calculate relative fold changes. This computational approach facilitates transparent and reproducible
gPCR data analysis while remaining compatible with commonly available laboratory software, being completely in phase
with current best practices for g°PCR experiments, as summarized in the new version of MIQE guidelines [12].

Software and datasets

1. Data, qPCR amplification data (RDML format), 1.2 or newer, open standard
2. LinRegPCR (web-based application), accessed April 2026, https://v1-8-1.rdml-tools.com/linregpcr.html
3. Microsoft Excel, any version supporting basic mathematical functions, proprietary, paid

Procedure

A. Export gPCR data in RDML format

1. Open the qPCR experiment file in the instrument software used for data acquisition.
2. Navigate to the data export options and export the experiment results in the RDML (Real-time PCR Data Markup
Language) format.
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3. Save the RDML file locally for downstream analysis.
Note: RDML is an open, platform-independent standard. Most qPCR instrument software packages provide an RDML
export option, although the exact menu pathway may vary between manufacturers.

B. Estimate amplification efficiency using LinRegPCR

1. Open the LinRegPCR web application (https://v1-8-1.rdml-tools.com/linregpcr.html) in a web browser.

2. Upload the RDML file generated previously (Figure 1, step 1).

3. Use the default analysis parameters and run the LinRegPCR analysis in the LinRegPCR section (Figure 1, step 2).
4. After completion, copy the output table containing per-reaction amplification efficiency values (Figure 1, step 3).
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B & Copy table to
& Copy table to clipboard

Figure 1. Overview of the LinRegPCR interface. 1. Main section to select and upload file. 2. LinRegPCR section with
settings. Keep default setting and click Run LinRegPCR. 3. Click Copy table to clipboard after completion of the run.

C. Transfer amplification efficiency values to the spreadsheet

1. Open the preformatted spreadsheet template provided with this protocol (QPCR_analysis_template.xlIsx), available as
Supplementary File S1.

2. Paste the LinRegPCR output table into the proper LinRegPCR worksheet tab corresponding to the analyzed gPCR plate.
3. Identify the column named indiv PCR eff (Figure 2A).

4. Copy values from this column to the Efficiencies worksheet of the “gPCR_analysis_template.xIsx” file (Figure 2B).
Note: Amplification efficiency values must be manually copied from the LinRegPCR output (column indiv PCR eff) and
pasted into the designated cells of the LinRegPCR worksheets. Once entered, mean efficiencies across technical replicates
for each primer pair and condition are automatically calculated in the Efficiencies worksheet using predefined formulas
and do not require any additional manual computation. Primer pairs should be considered acceptable only if the calculated
mean efficiency falls within a reasonable range (e.g., 1.7-1.9), as recommended for efficiency-corrected qPCR analysis.
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Figure 2. Overview of the LinRegPCR and Efficiencies worksheets. (A) LinRegPCR 1 worksheet. Individual PCR
efficiencies are displayed in column M. (B) Efficiencies worksheet in the “qPCR_analysis_template.xlsx” file. The last line
corresponds to the arithmetic mean of all individual efficiencies for a given gene.

D. Calculate efficiency-corrected relative abundance and fold changes

1. In the “qPCR_analysis_template.xlsx” file, navigate to the worksheet corresponding to each target (gene) included in the
analysis (Figure 3).

2. Enter Cq values for all biological samples and technical replicates in the designated cells.

3. The spreadsheet automatically computes the relative abundance of transcripts for each gene.

4. Target transcript abundance values are normalized to the geometric mean of the reference genes to generate relative fold-
change values.

Note: The spreadsheet template is preconfigured for normalization using two reference genes, as an example. If a different
number of reference genes is used, normalization can be adapted by simplifying or extending the geometric mean calculation,
while the overall workflow and normalization principle remain unchanged.

D CqTARGET1| CqREF1 | CqRef2 |RQTARGET1| RQREF1 | RQREF2 RQREF NQ FOLDCHANGE |  [Mean Fold Change |

LinRegPCR1 | LinRegPCR2 | LinRegPCR3 | Effidencies ||[lancidll TARGET2 = TARGET3 = TARGET4 = TARGETS | TARGET6

Figure 3. Overview of a Target worksheet. Cells inside the red box must be filled in, enabling the automatic completion
of all cells to the right of the red box. The fold change for each control and each “Treatment” is equal to the individual
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normalized quantity (Nq) divided by the mean Nq value of the controls. The mean fold change corresponds to the average
of the selected fold change values.

Result interpretation

This protocol generates efficiency-corrected relative abundance values and fold change estimates from Cq values and per-
reaction amplification efficiencies. All calculations are made at the sample level using mean values derived from technical
replicates.

For each gene and each sample, Cq values and amplification efficiencies obtained from technical replicates are first averaged.
Relative quantities (Rq) are then calculated using these mean values:

Rqgene = Efficiencygene

where Efficiencygene is the mean amplification efficiency across replicates, and Cq is the corresponding mean quantification
cycle.

Normalization is then performed using two reference genes. This factor is calculated as the geometric mean of the reference
gene quantities:

Rqref = vV Rqrefl * Rqrefz

The normalized quantity (Nq) for each target gene is then calculated as:

Rq, t
Nqsample = ﬁ
re

To express results relative to a control condition, a calibrator value is defined as the arithmetic mean of normalized quantities
across all control samples:

Calibrator = mean(Nqcontror)
Fold change for each sample is finally computed as:

Nqsample

Fold changesampie = Calibrator

In the template, this calibrator is computed automatically from the control group and applied directly within the fold change
column. As a result, fold changes are obtained by scaling normalized quantities relative to the mean control level without
needing an explicit intermediate step. By construction, the average fold change of the control group is equal to 1.

Because calculations are based on efficiency-corrected quantities, fold change values may differ from those obtained with
classical methods. The protocol does not include any statistical testing or biological interpretation. Downstream analysis
and interpretation should be performed separately, considering experimental design, reference gene stability, and data
quality.

Validation of protocol

This protocol was validated using a representative, anonymized gPCR dataset derived from real experimental data. The
validation dataset consisted of two experimental groups, designated Control and Treatment, with six biological samples per
group (Control 1-6 and Treatment 1-6).

For validation purposes, one representative target gene (labeled TARGETL) and two reference genes (REF1 and REF2) were
included. Raw gPCR data had been previously processed to obtain Cq values and amplification efficiencies using
LinRegPCR. In the validation dataset, amplification efficiency values derived from LinRegPCR analyses were directly
entered into the Efficiencies worksheet of the spreadsheet template (Figure 4A).
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Cq values for all samples were entered into the preexisting worksheets corresponding to the target and reference genes. The
spreadsheet template automatically computed efficiency-corrected relative quantities, performed normalization using the
geometric mean of the two reference genes, and calculated fold-change values relative to the control group. No manual
calculation or modification of formulas was required during validation (Figure 4B).

The validation confirmed that the workflow successfully integrates Cq values and amplification efficiencies to produce
normalized relative abundance and fold-change outputs in a reproducible manner. The pre-filled spreadsheet used for
validation is provided as Supplementary File S2 and illustrates the expected input format and output structure generated by
the protocol.

A B

TARGET REF1 REF2 D [ CaTARGET | CqREF1 | CqREF2 | RQTARGET | RQREF1 | RQREF2 RQREF NQ FOLDCHANGE|  [Mean Fold Change
177 1,622 1,854 |29 26,09 20,90 2.28
1819 1,786 1816 2008 | 2.0 2087 | 3,5928E-08 | 1,95782E-07 | 4,21084E-06 | 9,0798E-07 | 0,038569172 093
1,701 1,771 1,716 ; : 57
1835 1872 1725 2:2; ;:;: ig;l
1068 1782 1,734 27,93 25,16 19.99 | 7,16787E-08 | 3.51999E-07 | 7,45922E-06 | 1,62038E-06 | 0,044235702 104
1,760 178 1,792 ok | il 5t
1845 1,863 1753 e ey T
el L8 L 2959 26,54 2180 | 2,7485E-08 | 1,58334E-07 | 2.50289€-06 | 6,20518E-07 | 0,04365035 1,03
525 -t 1845 29,70 26,49 2174
:‘;:2 1127; ‘l‘ﬂl 28,66 26,16 21,00
> : 2879 | 2620 | 21,01 | 454602E-08 | 1,03056E-07 | 3,993486-06 | 8,8009E-07 | 0,051654023 122
= e o
) e e 28,52 25,35 20,25
e ot vy 28,69 25,3 20,35__| 4,67024E-08 | 3,20741E-07 | 6,07959E-06 | 1,39642E-06 | 0,033444516 0,79
28,83 25,26 20,27
1813 1812 1871 e
173 1,808 183 in14 218 2118
554 e == 29,08 26,17 2115 | 3,50255E-08 | 1,92268E-07 | 3,63166E-06 | 8,35658E-07 | 0,04191369 0,99
s Lase Last 29,28 26,22 21,16
Treatment1 | 1,776 1,846 1,921 2 | X% 2079,
T o g Treatment 1 2817 26,16 20,97 | 6,16473€-08 | 1,94588E-07 | 4,199326-06 | 9,03956E-07 | 0,068197206 161
1788 177 51 28.18 26,30 20,98
Treatment2 | 1812 | 1831 | 1808 | 28,49 25,93 2064
1783 1781 1.825 Treatment 2 2829 | 259 2081 | 5,49471E-08 | 2,19717E-07 | 4,63432E-06 | 1,00908E-06 | 0,054452749 128
1819 | 1.8 1,799 28,43 25,97 20,79
Treatmemt3 | 1,872 1,019 1,760 28,25 25,98 21,08
1,828 182 176 Treatment 3 28,38 25,95 21,17 | 2,20866E-07 | 2,10064E-07 | 3,68015E-06 | 8,80316E-07 | 0,25089342 592
1,853 1,766 1765 | 28,27 26,18 21,15
Treatmenta | 1,781 185 1779 | 27,87 26,43 21,01
1812 1,802 175 Treatment 4 2815 | 2635 21.07__| 6.70679E-08 | 1,73864E-07 | 3,92186E-06 | 8,25754E-07 | 0,081220208 191
1,768 1,723 1,744 28,07 26,30 21,01
Treatments | 1,743 1,863 1859 | 27.92 25,86 20,57
1,727 1783 1756 | Treatment 5 2790 | 2588 20,66 | 7.25723€-08 | 2,33576-07 | 4,96486E-06 | 1,07687E-06 | 0,067392105 159
182 1.778 17| 27.97 25,87 20,66
Treatments | 1815 1,768 1874 2784 | 2550 20,26
1,824 1,784 1814 Treatment6 | 2774 | 2548 | 2023 | 7,77992€-08 | 2,91656€-07 | 6,22002E-06 | 1,34786E-06 | 0,057720481 136
Efficiency | 1,80486111 | 1,80747222 | 1,80138889 27,86 25,47 20.26

Figure 4. Validation of the spreadsheet-based workflow. (A) Efficiencies worksheet. For each sample, values obtained
from LinRegPCR are pasted in the TARGET and REF columns. In this example, technical triplicates were run for each
sample and gene. (B) Overview of results obtained with validation data. The mean fold change value reflects the Treatment
group, where TARGET gene transcripts are 2.28-fold more abundant than in controls.

General notes and troubleshooting

General notes

1. This protocol describes a computational workflow for efficiency-corrected gPCR data analysis and does not include any
wet-lab procedures. The quality of the results depends on the quality of the input gPCR data.

2. Amplification efficiencies used in this protocol are derived from LinRegPCR analyses. Efficiencies should be within a
reasonable range (between 1.7 and 1.9). Values outside this range may indicate suboptimal amplification or poor curve
quality and should be reviewed before inclusion [11].

3. The spreadsheet template is preconfigured for normalization using two reference genes. If a different number of reference
genes is used, normalization can be adapted by simplifying or extending the geometric mean calculation, without altering
the overall workflow. It is not recommended to use fewer than two reference genes for normalization [13].

4. The template is initially configured for a two-group comparison as an example. The number of biological samples per
group can be adapted by duplicating or deleting rows as needed. If the number of samples in a group is changed, summary
calculations that rely on fixed ranges (like control-group mean values used for normalization and fold-change calculus) must
be updated accordingly, while per-sample calculations remain unchanged.

5. All calculations, including efficiency-corrected relative quantity estimation, reference gene normalization, and fold-
change computation, are performed automatically by the spreadsheet template once Cq values and efficiencies are entered.
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Troubleshooting

Problem 1: Amplification efficiencies fall outside the expected range.
Possible causes: Poor amplification quality or incorrect baseline determination.
Solutions: Redesign primer pairs or exclude reactions with abnormal curves and amplification efficiencies.

Problem 2: Spreadsheet outputs do not update automatically.

Possible cause: Cells containing formulas may have been overwritten during data input. This can happen, for example, when
pasting data into incorrect worksheet areas or using “paste” instead of “paste values only,” which may replace existing
formulas.

Solutions: Restore the original template or re-enter data only in designated input cells.

Problem 3: Additional samples or groups are needed.
Possible cause: Experimental design differs from the example configuration.
Solution: Duplicate or delete rows as needed without modifying underlying formulas.

Supplementary information

The following supporting information can be downloaded here:
1. Supplementary File S1 — gPCR_analysis_template.xlsx
2. Supplementary File S2 — gPCR_validation_dataset.xIsx
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