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Abstract
Gene expression data produced by RT-qPCR instruments is becoming increasingly important in laboratory diagnostics. The evaluation and management of this data often involve manual steps, as current software does
not map the entire laboratory process. Workflow management systems (WMS) offer flexibility and expandability and can thus take into account individual requirements in laboratories. In addition to the mere evaluation of
individual gene expression data, the requirements also include, for example, the linking with medical data, the
generation of reports, the storage for meta-analyses, and the archiving of all relevant data. In addition, regulatory requirements such as those of the “In Vitro Diagnostic Regulation” (IVDR) must be taken into account for
all of these requirements. This paper proposes a conceptual architecture consisting of a WMS for processing
data, as well as an ecosystem of different components for the more advanced requirements. It also outlines a
planned prestudy as the next step towards the implementation of such a system.

1. Introduction and Motivation
Genomics is an elementary branch of biology that deals with the genetic material of organisms (the
“genome”). The subfield of genetics deals with individual sections of the genome, the “genes” and
their interactions. Genes are information carriers that describe the structure of proteins, which are
produced in a cell to carry out elementary functions.
“Gene expression” describes the mechanism, by which the information of a gene is transferred into
protein. The extend and pattern of which genes (from the multitude of genes in the genome) are being
“expressed” in a cell at a certain time point defines the pattern and degree of cellular protein production and thus the potential involvement of these proteins in cellular physiology and pathophysiology.
The degree of the expression of a given gene depends on the cell type as well as its activation and
differentiation status. Finally, gene expression is subject to external influences.
Therefore, the measurement of gene expression in cells can provide important diagnostic information and as such is being developed into a promising part of medical diagnostics being performed by
appropriately equipped medical laboratories.
The processing of gene expression data in laboratories is supported by IT systems. Such IT systems
aim to achieve a high degree of automation in order to reduce sources of error, increase throughput,
reduce turnaround times, and allow for monitoring of the entire process under aspects of quality
assurance. In this context, special regulatory challenges apply, which are specified, e.g. in the EU
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Regulation for In Vitro Diagnostics (IVDR) [1], in specific DIN/ISO documents [2], or in the so-called
“MIQE guidelines” [3].

1.1. Reverse-Transcription Quantitative PCR
Within a cell, the genes are defined sections of the DNA sequence. These can be “read” and transferred
into messenger RNA (“mRNA”) by certain enzymes. This process is called “transcription.” Only in a
second step, the mRNA sequence is being “translated,” into an amino acid sequence (the protein).
The extent to which genes are transcribed and translated varies from cell-type to cell-type as well
as from the differentiation/activation status of the respective cell type. The latter not only depends
on internal factors within the respective cell type but also a multitude of factors in the cellular microenvironment, whether they stem from endogenous processes within the body or environmental factors (like food ingredients, environmental toxins, or physical factors, like irradiation).
The strength of gene expression can be measured by determining how many transcription products
are currently present as mRNA in a sample at a specific time point. Various methods have been
established for this purpose. One of these methods is reverse-transcription quantitative PCR (“RTqPCR”)1 .
For RT-qPCR, mRNA is first transcribed back into DNA (“reverse transcription”) and then amplified
in several cycles by polymerase chain reaction (PCR). By using sequence-specific so-called “primers”
the amplification process is restricted to a specific target sequence corresponding to the gene of interest. By using fluorescent indicators (“probes”), the increase of DNA can be measured quantitatively
during PCR cycling, i.e. in “real-time.” This real-time approach is in contrast to so-called “end-point
methods” where the DNA is only detected after completing a certain number of amplification rounds
which makes them unsuitable for optimal expression quantification.

1.2. Delta Delta Cq method
RT-qPCR instruments process several samples and genes in parallel in different test tubes (“wells”).
With each amplification cycle, the fluorescent signals of the wells are recorded. Plotted as a curve the
fluorescent signal is exponential if a sample contains the target sequence as each cycle approximately
doubles the amount of DNA. In the first cycles, the signal is still so weak that it is masked within the
method-related background noise. Only when a certain threshold value is exceeded does the signal
stand out clearly from the background noise. The corresponding cycle number at which the signal
exceeds the threshold is known as the 𝐶𝑞 value [5].2 The higher the number of initial copies in a
sample, the fewer cycles are needed to exceed the threshold and the lower the associated 𝐶𝑞 value.
The 𝐶𝑞 value thus represents a measurable unit that correlates with gene expression.
Unfortunately, 𝐶𝑞 values cannot be directly compared between different runs, samples, genes, instruments, or laboratories, as it is also dependent on many other factors. E.g. the measured value
depends on how diluted the sample is or even how effective the amplification process is, which in
turn depends on the equipment and reagents used. For better comparability, the measured 𝐶𝑞 values
can first be compared to a control gene for which the degree of activation is known and as constant as
possible. Such genes are often termed “housekeeping genes.” Both genes can be observed in parallel
for the same sample. Taking the difference between the 𝐶𝑞 value calculated for the control gene and

1
Sometimes misunderstandings arise from the fact “rt” could stand for “real-time” or for “reverse transcription.” In fact,
the method combines both. To avoid confusion the term “RT-qPCR” should be used [4] per MIQE guidelines. The term RTPCR should be used to describe PCR after reverse transcription (i.e. starting from (m)RNA) and not real-time PCR. Adams
has provided a recent educational article on the aspects of “RT-PCR, qPCR, and RT-qPCR” [4].
2
The symbol 𝐶𝑡 is also often found in the literature, the MIQE guidelines [3] recommend the use of 𝐶𝑞 though
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the 𝐶𝑞 value for the target gene, the Δ𝐶𝑞 value is obtained, which expresses whether the target gene
has stronger or weaker expression [5]. The value thus determined can be better compared across
different samples and runs on the same instrument.
From a scientific and diagnostic perspective, it may be interesting to compare the Δ𝐶𝑞 values for
the gene of interest with control samples to determine differences in gene expression. For example, to
test whether a particular drug affects gene expression and to what extent it does so, a treated sample
and an untreated sample can each be compared with a control sample. To do this, one again calculates
a difference between the Δ𝐶𝑞 values of the samples under investigation for the target genes and the
Δ𝐶𝑞 values in the control sample for the same target genes. The results are ΔΔ𝐶𝑞 values expressing
relative enhancement or attenuation of gene expression compared to the control [5]. This method is
therefore referred to as the ΔΔ𝐶𝑞 method.
Since the 𝐶𝑞 values and the delta values are logarithmic (each increment by one corresponds to a
halving of the gene sequence under study), it is often desirable in practice to bring these values back
to a linear scale. For this purpose, the conversion 2−ΔΔ𝐶𝑞 can be used to determine the so-called “fold
change” value [5]. On this linear scale, a value of 1 then graphically corresponds to “no change in
gene expression of the target gene” compared to the control sample, while, for example, a value of 2
would express a doubling compared to the control sample.
The fold change formula above assumes that the PCR efficiency of the genes of interest as well
as the control gene is the same. A more accurate calculation can be performed, when the individual
efficiencies are measured and taken into account. The formula also assumes a single control gene.
The use of only one control gene is however insufficient for most use cases [6]. To address both
shortcomings the formula
Δ𝐶

𝐸𝑔𝑜𝑖𝑞,𝑔𝑜𝑖

√
Δ𝐶
𝑛
∏𝑛𝑧 𝐸𝑟𝑒𝑓𝑧𝑞,𝑟𝑒𝑓𝑧

should be used, where Δ𝐶𝑞,𝑟𝑒𝑓𝑧 are the Δ𝐶𝑞 values of the control genes and 𝐸 refers to the PCR
efficiencies of the target and control genes respectively. Several algorithms have been developed to
select the best reference genes from a set of candidates [7].

1.3. Processing Pipelines
Data analysis for genomics can involve a multitude of computer programs written in different programming languages. A flow of data between these programs orders them, typically forming a directed acyclic graph (DAG) of processing steps. The input for each step is an output of either its
antecedent step or the original data source. The data is funneled through a metaphorical processing pipeline. Standardized data formats accomplish a separation of concerns between the individual
steps. Such steps may be regarded as functional units or black boxes. They are the building blocks of
an abstract automated workflow.
For example, a simple pipeline for qPCR might consist of a step that reads in a file in a particular
format and transforms it into a uniform schema. A second step could then analyze the data based
on this uniform schema and produce a result. The first processing step might later be replaced with
another supporting a different data source and input format.
The considerable effort of orchestrating and documenting such tasks has prompted the development of many Workflow Management Systems (WMS) [8]. They are used for scalable batch processing
of recurring interdependent tasks on-premise and in the cloud. WMSs handle monitoring, logging,
dependency resolution, and deployment of workflows. Furthermore the abstract, highly regular DAG
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structure of workflows reduces complexity. This facilitates the transparency and reproducibility of
analytical results. Workflow definition languages like CWL and OpenWDL [9] allow versioning, publishing, and sharing of workflows. Some WMSs are specifically intended for the analysis of biomedical
data, e.g. the Galaxy platform [10] for which some RT-qPCR tasks have already been developed [11].
WMS can be used to establish traceability, accountability, and data integrity. They log different
kinds of metadata for documentation and monitoring purposes. Monitoring, in particular, is necessary
for corrective and preventive actions (CAPA). These are part of the quality management requirements
in the IVDR and the EU’s proposed rules on artificial intelligence [12].

1.4. Requirements for Analysis Software
To understand the field of qPCR diagnostics and the real world requirements for analysis software
in laboratories, a board-certified physician for laboratory medicine (“clinical pathologist”), head of a
clinical pathology lab active in indirect patient care, and head of a laboratory consulting firm, Professor Michael Kramer, was invited to co-author this paper and to provide expert knowledge on the
field.
Based on this practical experience, an initial review of relevant literature, legal frameworks, and
industry guidelines, several requirements were identified that are essential for efficient use of qPCR
analysis software in a diagnostic setting:
• Where possible, tasks should be automated to save time, increase throughput, and reduce errors
• All basic user interactions with the system should happen through graphical user interfaces as
laboratory staff cannot be assumed to be IT experts
• Data processing and analysis should be extendable as well as customizable to react to new needs
• Integration with existing Laboratory Information Management System (LIMS) should be possible
• Basic analysis of RT-qPCR data should support relative quantification analysis (e.g. ΔΔ𝐶𝑞 method
[5])
• Relative quantification analysis should support multiple control genes as well as variable PCR
efficiencies
• Extensibility should allow additional analysis methods such as standard curve and copy-numbervariation [13]
• Analysis runs need to be reproducible
• Results need to be stored in a way to allow subsequent additional analyses
• Quality control is essential [14] and required by legal frameworks
• All results should be easily archivable, data formats must remain readable even after many years
• Legal requirements and industry guidelines like the IVDR and MIQE should be followed where
possible
The last point is especially important. To be able to use the solution for diagnostic purposes in the
European Union the IVDR has to be taken into account starting next year. Among many other requirements, the IVDR mentions reproducibility, reliability, and performance as key targets for software.
It also requires solutions to be developed according to the state of the art and taking into account
the software lifecycle, risk management, IT security, verification, and validation. Besides technical
requirements, it demands several administrative measures such as naming a person responsible for
compliance with suitable professional experience.
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2. State of Art
qPCR instruments are supplied with basic software packages that enable the measurement of fluorescent changes, calculations of quantification cycle (𝐶𝑞 ) values, and relative quantity determination
[15]. Not all devices support the researcher with additional features, like qPCR efficiency correction, normalization to multiple reference genes, averaging and statistical tests. Therefore, several
instrument-independent tools have been developed, and most of them can roughly be categorized as
software running under Windows, web-based tools, or packages for the R computing environment
[16].
For the determination of relative expression levels, the 𝐶𝑞 value is first calculated from the raw fluorescence values. For this, several pre-processing steps might be needed like noise reduction, curve
smoothing, removal of outliers, normalization, and curve fitting. Based on 𝐶𝑞 , the different gene
expression levels need to be normalized on one or multiple references and the final ΔΔ𝐶𝑞 value determined. The ability of the software to handle error propagation in these steps as well as the subsequent
support in statistical analysis and graphical visualization is of high importance for lab staff lacking
statistical experience. Ideally, the software supports all of the aforementioned steps and is compliant
with MIQE guidelines. Such an all-rounder is the qpcR package for R [17], which, combined with
R’s rich statistical and graphical package infrastructure can provide all required analyses. However,
the usage of R requires some proficiency in scriptwriting, which can impose an initial barrier for less
programming-savvy researchers. Out of the various tools developed for qPCR analyses, only a few
support multiple of the aforementioned calculations.
QPCR [18] comprises a parser to import generated data from qPCR instruments and includes technical and biological replicate handling, incorporation of gene-specific efficiency, normalization using
single or multiple reference genes, inter-run calibration, and fold change calculation. Moreover, the
application supports the assessment of error propagation throughout all analysis steps and allows
conducting statistical tests on biological replicates. Results can be visualized in customizable charts
and exported for further investigation.
qBase [7] contains several algorithms for reference gene selection, normalization, quality control,
inter-run-calibration, as well as copy number variation analysis. For reference gene selection and
normalization, it offers the geNorm algorithm. geNorm ranks candidate genes by their stability and
then picks a suitable number of genes to be used [6]. For normalization, a geometric averaging of
these selected reference genes is then used. Other tools specifically for the selection of reference genes
include BestKeeper [20] and NormFinder [21]. Both are available as plugins for Microsoft Excel.
While the analysis and normalization procedures offered by these tools are useful, they often only
represent only a small part of the overall workflow from instrument setup to result visualization and
beyond. Software included with the instruments is also usually proprietary so that they cannot be
easily modified or used with other instruments [16]. Most tools seem to be tailored for research
purposes and not for diagnostics, requiring several manual steps instead of automatization and integration. Usage for diagnostics in the European Union would also require compliance with IVDR
which as of today is not available for the majority of tools.

3. Prestudy Design and Research Questions
Based on the perceived lack of freely available software that can be used for diagnostic purposes,
considering especially the upcoming hardened IVDR legislation, it seems worthwhile to design, implement and certify such a system on an open-source base, to allow easier collaboration between
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Figure 1: CRISP4BigData Reference Model

research teams and to reduce the time needed for new research to be used in diagnostics. While some
basic requirements, existing software, and legal requirements have been outlined, further investigation into the current processes and resulting requirements seems necessary before implementation
is possible. To support this, a prestudy is currently being planned that should answer the following
research questions:
•
•
•
•
•

What does a typical analysis process for RT-qPCR data look like in a laboratory?
Which manual activities can be automated?
What software already exists to automate the entire process or individual parts of it?
What regulatory and technical requirements must be considered?
How must a system be structured to meet the requirements and enable a high degree of automation?

4. Proposed Conceptual Architecture
While a detailed technical design and implementation require the prestudy that was outlined, it is
possible to outline a conceptual architecture on a high level based on the known requirements so far,
which can then be further detailed in the prestudy. For this goal the CRISP4BigData [22] reference
model shown in fig. 1 was used as a basis. CRISP4BigData combines the Cross-industry Standard Process for Data Mining (CRISP-DM) with the IVIS4BigData model [23]. Figure 2 shows the conceptual
architecture derived from the requirements and mapped to the reference model.
At the core of the architecture lies a WMS that allows a dynamic processing workflow where each
step and the workflow as a whole can be customized. As described previously there are already wellknown, good working tools for some parts of the qPCR workflow. Rebuilding these from scratch
would be very time-consuming. Using a configurable workflow allows the reuse of these tools.
The processing workflow that is shown in fig. 2 has been separated into distinct phases. These
phases map directly to the CRISP4BigData reference model and should be seen as a general template
for a typical qPCR analysis process that can be customized by the laboratory. In practice, they will
consist of one or more concrete processing tasks executed in sequence or parallel inside the WMS.

CERC 2021

148

last update : 2022-12-04 @ 23:31

E-Healthcare and Smart Diagnostics

paper3 Page 7
created using pdfTeX

Figure 2: Conceptual Architecture

The workflow starts after data created by the instrument is read automatically from a file share or
uploaded manually from the user interface. Analysis settings can be specified at upload time or preconfigured. During import, the data is transformed into an internal unified data structure that allows
subsequent processes to work independently of the original data format (part of the “Data Preparation” phase). Data from previous runs is aggregated when required to allow for inter-run calibration
and further augmented by loading reference data or computing intermediate results required by subsequent analysis in the “Data Enrichment” phase. The “Analysis” phase contains the analysis steps
such as determining the relative quantification amounts. In the last phase (“Evaluation”) the analysis
results are interpreted and transformed into desired outputs.
The artifacts created by the workflow are available for visualization and collaboration via a user
interface. The same user interface is also available to administer the system as a whole, which can
be seen in the upper part of fig. 2. Long-term insights from several runs as well as quality control
measures and monitoring can be found in the “Insights & Effectuation” layer. New Knowledge discovered at this level, like suitable reference genes for analysis, can be stored for future use as part of
the “Knowledge Generation and Management” layer.
Lastly, all input data, output data, intermediate results, and metadata such as the processing parameters used are persisted to enable reproducibility of the results at any time later. Legal requirements
regarding storage and deletion periods are ensured by technical and organizational measures. These
data stores are found at the bottom of the diagram as part of the “Retention and Archiving” layer.
For long-term storage, suitable standards such as OAIS [24] are used to ensure future readability. For
integration with existing LIMS, a connector is displayed in the same layer to accommodate the need
for synchronization between the systems.
Some of the aspects mentioned above such as reproducibility are also part of IVDR compliance.
Using a layered architecture with individual components can also help to provide other aspects such
as reliability and performance because components can be used to parallelize workloads or to provide
redundancy. The prestudy will aim to address additional points of the IVDR.

5. Evaluation
The conceptual architecture can be evaluated on a preliminary basis by comparing the identified
requirements with the proposed solution. Further evaluation is planned at a later stage during the
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prestudy.
The requirement of a graphical user interface has been addressed in the architecture by including
it as an explicit component. The desire for flexible and configurable processing and integration with
existing software is fulfilled by using a WMS as the core of the solution. This also partially addresses
the subsequent points for the specific types of analysis to be used as the workflow approach allows
any kind of analysis to run in principle. Furthermore, it was proposed to use existing tools and algorithms where possible inside the workflow which would allow the mentioned analysis methods to be
executed. WMSs also facilitate reproducibility as the concrete settings used in a workflow are easily
saved to allow re-execution. Storage for later analysis and for archiving is part of the architecture.
For archival a specific format was suggested. Lastly, compliance with the IVDR was discussed. The
specific requirements for compliance are a complex topic and need to be evaluated separately.
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