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Abstract: Mitochondrial DNA (mtDNA) damage is closely associated with typical diseases of ag-
ing, such as Alzheimer’s or Parkinson’s disease, and other health conditions, such as infertility.
This damage manifests in reduced mitochondrial copy number and deletion mutations in mtDNA.
Consequently, the analysis of mitochondrial damage by determining the parameters copy number
and deletion ratio using quantitative real-time PCR (qPCR) is of interest for clinical diagnostics. To
bring the findings from research into laboratory practice, a suitable and reliable process is needed,
which must be thoroughly validated. This process includes the software used for the analysis, which
must meet extensive regulatory and process requirements. Existing software does not adequately
implement the requirements of laboratories and, in particular, does not provide direct support for
the calculation of the aforementioned mtDNA parameters. The paper discusses the development of
a new software-based analysis workflow that is designed specifically for laboratories to help with
the calculation of mtDNA parameters. The software was developed using the User-Centered Design
method and is based on the recently introduced prototype, “PlateFlow”. Initial user tests provide
positive feedback. In the future, this workflow could form the basis for validations of mitochondrial
tests in medical laboratories.

Keywords: laboratory diagnostics; mitochondria; qPCR; IVDR; mtDNA; requirements engineering;
medical laboratory; clinical laboratory

1. Introduction

Mitochondria are organelles found in eukaryotic cells. They have their own DNA,
which is separate from the DNA in the cell’s nucleus. Mitochondria produce energy
for the cell, help to regulate cell death [1], and are involved in the process of aging [2].
With aging, mitochondria become less efficient at producing energy. Mitochondrial DNA
(mtDNA) is more susceptible to damage than the DNA in the nucleus [3]. This damage can
accumulate over time and lead to the dysfunction of mitochondria. MtDNA damage has
been associated with age-related diseases, such as Parkinson’s disease [4] and Alzheimer’s
disease [5]. It has also been shown to be a factor in both female and male reproductive
health conditions [6,7].

Laboratory diagnostics play a vital role in the management of patients with mitochon-
drial disorders. Laboratory testing can be used to confirm a diagnosis, guide treatment
decisions, and monitor disease progression [8,9]. One way to measure mtDNA damage is
by using quantitative Polymerase Chain Reaction (qPCR) [10]. With qPCR, the relative or
absolute amount of a target nucleotide sequence in a sample can be measured. Using this
method, two exemplary parameters related to mitochondrial function can be assessed: the
mitochondrial DNA copy number and the deletion ratio [10]. Robust assays for assessing
these two parameters have been established, together with formulas to calculate the specific
ratios [6,7,10].
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The focus of qPCR in the field of laboratory diagnostics lies on inter-experiment and
inter-operator reproducibility and comparability [11,12]. This requires an analysis pipeline
using a fixed and well-established protocol which must be followed so that samples yield
the same results independent of the day of sample processing, the operator, or other chang-
ing conditions [13]. The determination of mtDNA damage or other qPCR-based parameters
in medical laboratories is supported by software at all stages—from the entry of a sample
order [14], through the evaluation of cycler raw data and quantification [15] to the calcula-
tion of relevant parameters, interpretation, documentation, and archiving of results [16].
These steps form a pipeline that can consist of different software components from different
manufacturers [17]. Software used for medical diagnostics must be scientifically sound,
legally compliant, and efficient [18]. The ideal medical diagnostic qPCR analysis pipeline
does not only operate in a largely unsupervised and automated manner to reduce variation
but is also modular in design so that the individual steps of the analysis pipeline can be
interchanged [19]. The exchange of modules in the analysis pipeline may be necessary
due to technical improvements or also due to changing regulations in the field of medical
diagnostic software.

The requirements of medical laboratories are very different from those of research [20].
In research, project-specific work is usually conducted with self-contained experiments. The
resulting data are analyzed in an open-ended manner, using multiple methods if necessary.
Test parameters and methods can be adapted iteratively to obtain conclusive results and to
lead the project in a promising direction. The focus of research is to investigate a particular
hypothesis and its underlying mechanisms by performing numerous experiments with
different methods and resulting parameters [21]. In contrast, medical laboratories have
fixed, validated test procedures that must not be deviated from during productive operation
and change rarely. The proper procedure must be ensured and documented as far as
possible by the software involved. The challenge for software in medical laboratories is thus
to be flexible enough for future developments like establishing new test procedures while
remaining rigid enough during routine laboratory work to not allow out-of-specification
deviations from the established protocol. Further challenges arise from a large number
of regulations and standards that have to be observed by medical laboratories and their
associated tools [16].

The transfer of research results into clinical practice is thus a complex problem area.
This also applies to the case of determining mtDNA parameters for the diagnosis of mito-
chondrial disorders considered here. Thus, how can mtDNA data be efficiently analyzed in
medical laboratories? To answer this question, the following sections first discuss the state
of the art for laboratory mtDNA analysis before detailing the development and evaluation
of a prototype software component that is designed to better meet the requirements of
medical laboratories.

2. State of the Art

This section will provide an overview of the current state of the art for laboratory
analysis of mtDNA parameters. First, we will discuss how mitochondrial damage can be
analyzed using qPCR techniques. Next, we will review the regulatory requirements for
the validation of software in laboratory practice. Finally, we will evaluate available qPCR
software on their suitability for use in medical laboratories and mitochondrial damage
analysis specifically.

2.1. Quantification of mtDNA Parameters Using gPCR

The circular mtDNA consists of different segments that are affected to different de-
grees by mutations or damage, with deletions playing a particularly important role. These
deletions, which are copying errors in which certain sections of the mtDNA are completely
removed, usually lead to a complete or partial loss of function of the mtDNA. To measure
the rate of deletions, JPCR can be used to select and quantify two mitochondrial targets.
The first target (mtDNA,,;,) is located in a region where deletions are not known or very
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rare (minor arc). The second target (mtDNA,,;) is located in a region where deletions
are common (major arc). Hence, the target mtDNA,,;, quantifies essentially all mtDNA
copies while the target mtDNA,,;; quantifies intact mtDNA copies. Both targets can be
determined by a multiplexing method in the same qPCR run. If the absolute concentra-
tions c(mtDNA,,;j) and c(mtDNA,,;;,) of the targets can be determined, the deletion ratio
mtDNApR can be determined via Equation (1). Absolute concentrations can be determined,
e.g., via a standard curve [22].

DNA- — 1 c(mtDNA ;7) 1

mIDNADR =1 = DN A ) v
zfAcq(mtDNAmaj)

mtDNApr =1 — 9—AC,(mtDNA i) ?

—1_ ZACq(mtDNAmin)iACﬂ (mtDNAnmj) (3)

The deletion ratio can also be approximated by relative quantification using the AACq
method [22]. For this purpose, a reference sample (“calibrator”) with undamaged mitochon-
drial DNA is required for which the targets mtDNA,;;; and mtDNA,;, are likewise deter-
mined. By subtraction between the Cq-values of the sample and reference, AC,(mtDNA,;,)
and AC;(mtDNA,,;,) can be determined. Normalization to a standard compensates for
differences in qPCR response between the different targets, making AC, (mtDNA,;) and
ACy(mtDNA,;,) more comparable than Cy(mtDNA,,;j) and Cq(mtDNA,,;, ). After the nor-
malization, the fold-change value [22] can be determined based on the difference between
the two values (Equation (1)), which converts the logarithmic nature of the Cg-values into
a linear ratio between mtDNA,,;j and mtDNA ;.

Another important parameter is the number of mtDNA copies per cell. To determine
this parameter mtDNAcy;, a third target n1DNA can be added for the determination of
nuclear DNA. For example, the genes for f — 2 microglobulin (B2M) [10] or RNase P
(RPPH1) [6,7] are suitable for this purpose. Using known quantifications of ¢(mtDNA,;, )
and ¢(nDNA), the copy number mtDNAcy can then be determined via Equation (4):

C(mtDNAmin)
DNA =2~ 4
miDNAcy c(nDNA) )
mtDNAcy = ZACq(nDNA)fACq(mtDNAm,-n) (5)

Note that a factor of two is used as we are interested in the number of copies per cell
and we expect two copies of the nDNA target per diploid cell. As for the deletion rate, it is
possible to use a calibrator instead of determining the absolute concentration. To use the
simple fold-change formula in Equation (5), the calibrator’s sample concentrations must be
adjusted to result in a copy number of 1.

2.2. Legal Requirements for Software Used in Laboratory Diagnostics

Medical products and software used in laboratory diagnostics are regulated by various
laws that vary by country and establish the requirements for their production, placing on
the market and use. In the European Union, the In Vitro Diagnostics Regulation (IVDR) [18]
regulates tools and devices used for medical diagnostics, including all software used for
this purpose. Among other things, it requires that software development uses current
technology standards, employs a software lifecycle process, takes into account aspects of
usability and security, and is verified and validated prior to release [18].

To ensure quality control and performance, manufacturers must engage in Post-
Marketing Surveillance (PMS) to actively collect experiences with their products. This
process must be systematic so that Corrective and Preventative Actions (CAPA) can be
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taken if necessary [18]. This also means that the lifecycle of a software product used in
laboratory diagnostics does not end with its development.

The IVDR states that only diagnostics approved for this purpose and which fulfill
the conditions of the IVDR may be used in laboratories. Laboratories have the freedom
to use so-called Lab-Developed Tests (LDTs) for which the laboratory assumes the entire
regulatory responsibility. The laboratory must demonstrate and document conformity
with Annex I of the IVDR including full technical validation. So-called Research-Use-Only
(RUO) products provided by commercial suppliers are used by laboratories for medical
diagnostics; these RUO products also count as Lab-developed Tests and consequently the
laboratory is responsible for IVDR compliance.

The IVDR and related legislation create a regulatory framework and define certain ob-
jectives. Concrete guidelines for the implementation of these regulations and the validation
of medical devices and software are generally not part of the legislation.

2.3. Specific Validation Requirements for Software Used in Laboratory Diagnostics

More concrete specifications for the validation of medical devices and software for
diagnostics are part of numerous standards and guidelines that are constantly being devel-
oped in line with the state of the art. Due to their widespread use, some of these publications
are considered binding and in some cases are required by regulatory authorities.

The most authoritative publications in this regard are those issued by standardization
bodies such as the International Organization for Standardization (ISO). ISO 13485 [23] sets
out detailed standards for quality management systems for medical device manufacturing.
Additionally, ISO 15189 [24] establishes quality management guidelines specifically for
medical laboratories. Furthermore, ISO 14971 [25] and ISO 22367 [26] provide principles
and processes for risk management of medical devices and medical laboratories, respec-
tively. Specifically for the development of medical software, IEC 62304 [27] discusses
requirements for medical software development, maintenance, risk management, configu-
ration management, and problem-solving [28]. IEC 82304 [29] outlines requirements for
the validation of health software. ISO/IEC 27001 [30] addresses the increasingly important
topic of information security for all types of organizations, including laboratories. Lastly,
IEC 62366 [31] discusses requirements for the usability of medical devices.

In addition to these international standards, there are also various guidelines that
in turn provide concrete suggestions for the implementation of the above standards and
legislation. Examples are the guidelines of the Ad-hoc Commission “In Vitro Diagnostics”
of the Association of the Scientific Medical Societies in Germany (AWMEF; Arbeitsgemein-
schaft der Wissenschaftlichen Medizinischen Fachgesellschaften), Subgroup Software [32], the
MIQE guidelines [21] or guidelines of national interest groups like the German Medical
Association [33]. For some areas of software development, publications that are not specific
to medical software but have some generality are also relevant. As an example, ISO 22367
mentions “poorly designed user interface or processes” [26] (p. 8) as a risk factor for
laboratories. Publications addressing common usability problems and solutions are thus
also relevant for laboratory software. Nielsen [34] discusses some of the factors under-
lying usability heuristics, which he derives from the most common usability problems
of software.

2.4. Existing gPCR Analysis Software

There are various providers offering software for qPCR analyses. In general, cyclers
are already supplied with software that enables the determination of Cg-values from
fluorescence values and, in some cases, also enables more advanced analyses. Such software
is typically designed specifically for the manufacturer’s instruments and also allows the
cycler to be programmed and operated. There is also manufacturer-independent software
that supports devices from several suppliers. These include, for example, the software
gbase+ [35,36], GenEx [37], and also PlateFlow [16], which we have developed.
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gbase+ is a closed-source software of the vendor Biogazelle that includes various
algorithms for qPCR analyses [35,38]. This includes support for the geNorm algorithm [39],
which assists in the selection of suitable reference genes for gene activity experiments. In
addition, more than one reference gene can be used for normalization, which contributes to
more accurate measurements of gene activity.

Due to these algorithms and the project-based design of gbase+, it is particularly
suitable for research or assay development. Particular functions for the diagnosis of
specific pathological conditions, such as mitochondrial damage, are not available in the
software [15,20,35]. The vendor recently announced that they will suspend all activity
around gbase+ and will no longer update the software [36].

GenEx is a commercial software of the Swedish company MultiD Analyses AB. The
software is available in different editions from Standard to Enterprise and offers a similarly
large range of functions as gbase+. Particularly noteworthy in GenEx are the extensive
statistical analysis options and visualizations. Predictive models based on neural networks
or Support Vector Machines (SVM) are also supported by the software [37].

GenEx is also designed for general analyses and not for the diagnosis of specific
pathological conditions. Direct determination of mitochondrial damage is thus not possible.
Due to the project-based approach, GenEx is also more suitable for research or assay devel-
opment within the laboratory rather than for productive regular operation in laboratory
diagnostics. The software has also not been updated since 2019 [37].

We have developed PlateFlow as a proof-of-concept to create a modern software
platform for qPCR-based analysis. The goal of the development was to create a modular
design in which specific analysis workflows can be integrated into the software. Instead
of a project-based approach, the software is designed to process cycler data in a more
automated manner. Instead of maximizing flexibility during analysis, the focus is on
the reproducibility and verifiability of results. During development, the focus was on
implementing the technical and regulatory requirements of medical laboratories [16]. This
stands in contrast to qBase+ and GenEx which are more suitable for research and assay
development due to their design.

To the best of our knowledge, there is no cross-device qPCR software suitable for
laboratory diagnostics that allows the detection of the mtDNA parameters mentioned above.
Due to the modular extensibility of PlateFlow, it serves as a basis for the development of
such a mitochondrial analysis workflow in the following sections.

3. Model and Implementation

The planned extension of PlateFlow for mtDNA analyses was discussed with a par-
ticipating medical laboratory (ImmBioMed GmbH & Co. KG in Heidelberg, Germany)
in several interviews and iteratively transferred into use cases, activity diagrams and re-
quirements. The iterative methodology employed was based on the User-Centered Design
(UCD) approach [40].

Figure 1 shows the identified use cases. The selection of the analysis strategy can be
considered a basic functionality of PlateFlow, which must always be performed by the
responsible employee before an analysis is initiated. The assessment of mtDNA parameters
is a separate use case that can be divided into several sub-use cases like calculation of
the relevant parameters, comparison of results against age-related reference intervals, or
storing the analysis results.
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mtDNAcn and mtDNAdel calculation system

Select the analysis
strategy to follow

«include» Calculation of «include» Calculate
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Figure 1. Use case for extension of PlateFlow for mtDNA analysis.

Figure 2 shows an activity diagram of the same extension. The analysis starts by
reading qPCR result data from which the relevant mtDNA parameters can be computed.
The computation results can be visualized and stored for further processing and evaluation
of medical findings.

.| Read age of .-] aPCR
[omormws | Pt | [mesoronana

Cg-Calculation required?

Calculate
Cqg-values
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Cqg-values from
input data

Perform Cq
quality control
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g;;’:l'fl:t’;g Create graphical
reference intervals representation
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Figure 2. Activity diagram of the mtDNA analysis workflow.
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Figure 3 shows the essential analysis parameters needed for the analysis. First, the
three qPCR targets for mtDNA,;5j, mtDNA,;,;,, and nDNA can be chosen. Second, a calibra-
tor can be selected to normalize the values as discussed in Section 2.1.

Please provide nuclear
reference gene:

MAJminArc_Cy5 -
Please provide minor arc
DNA site (mtMinArc):

MAJminArc_Fam v
Please provide major arc
DNA site (mtMajArc):

MAJminArc_Hex v
Please provide calibrator
sample:

NO CALIBRATOR <

Figure 3. Analysis settings for mtDNA assessment.

An example of a result table is shown in Figure 4. The table contains the sample name,
the corresponding age if known, and the calculated mtDNAcy and mtDNApg values. Age
information is important because of the age dependency of the reference intervals. In this
experiment, three biological samples, a non-template control (H20), and three samples
with known concentrations (STDMix_*) are shown. STDMix_03 was used as a calibrator
and is thus fixed to a mtDNAcy of 1 and mtDNApg of 0. As the displayed data are from
early experiments and the laboratory test protocol has not been fully established yet, some
artifacts like the mtDNApg of 86.6% for the non-template control can be observed.

mtDNAch and mtDNAdr

Show 10 V |entries Search:

Sample Age mtDNAcn mtDNAdr

(copy number) [%]
19427 53 97.01 53835
19428 55 90.51 57.96
19429 34 115.36 53835
H20 0 0 86.6
STDMix_01 0 0.93 82.32
STDMix_02 0 1.11 26.8
STDMix_03 0 1 0
STDMix_04 0 0.97 29.29

Showing 1 to 8 of 8 entries Previous 1 Next

Figure 4. Result table showing computed mtDNAcyn and mtDNApg values from example data.
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For the graphical representation of the values, a violin plot with a superimposed box
plot was chosen (Figure 5), as this allows various statistical key figures to be displayed
compactly. While the individual points are taken from the current run, the displayed
distribution in the violin and box plots is based on a selectable reference file. The underlying

data are the same as in Figure 4.

mtDNA parameters of all samples
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Figure 5. Violin plot showing non-production example results.

To show the age-dependency of the mtDNA parameters and compare the samples in
the current analysis run to reference intervals, age (on the x-axis) can be plotted against
mtDNAcn and mtDNApg values (on the y-axis) (Figure 6). A regression line shows the age
dependence of the data contained in the reference file. The gray background shows the 95%
confidence interval of this reference data, while the data from the current analysis run are
depicted in colored dots on top. The same example data were used as in Figures 4 and 5.
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Figure 6. Linear regression plot showing the age-dependency of mtDNAcy and mtDNApg based on

reference data and the currently analyzed dataset.
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All results, including the graphical representations, can be exported into a report to
archive the results or to use them for subsequent processes such as reporting. The results
including the visualizations can also be generated separately for each sample to simplify
individual reporting. All analysis parameters and intermediate steps are also documented
in the report, which makes possible operating errors recognizable even in retrospect.

4. Evaluation and Discussion

The development process for the mtDNA workflow was accompanied by the medical
laboratory, and feedback was iteratively incorporated into the software. At two points
in the middle and end of development, feedback was also collected and evaluated via
a “think-aloud” protocol [41]. In this methodology, a prospective user (in this case, the
laboratory staff) is guided step-by-step through the user interface using a real scenario,
e.g., the execution of an analysis. The user is asked to verbalize his thinking process while
performing the task. Missing functions or other deviations from the target state of the
software can be detected reliably.

Overall, the evaluation resulted in positive feedback regarding the scope of functions
for the diagnosis of mitochondrial disorders. Several missing functions were identified,
some of which could be implemented directly. This involves, e.g., the possibility to define a
standard sample (“calibrator”), which was not yet possible in the first development version.
Another evaluation finding was the need for improving the integration of the software
into other laboratory systems by extending the import/export possibilities. Finally, it was
suggested that the accuracy of the calculated mtDNA parameters could be further improved
by supporting the use of standard curves for determining the absolute concentration of
the parameters.

5. Conclusions and Future Work

The determination of mtDNA parameters by qPCR in medical laboratories can make
an important contribution to the diagnosis and treatment of patients with mitochondrial
disorders. Existing software for the analysis of qPCR data is not suitable for the mea-
surement of these disorders in a medical laboratory context. To fill this gap, we have
extended the software “PlateFlow” with a mitochondrial workflow, specifically tailored to
the needs of medical laboratories. By collaborating with a laboratory, feedback from poten-
tial users could be incorporated into the development and a first qualitative evaluation of
the software could be performed.

One limitation of the current software is the focus on qPCR data exclusively, which
does not allow the integration of other mitochondrial parameters. Another limitation is
the limited import/export functionality, which makes integration with other laboratory
software tools difficult. Finally, relying on a single calibrator sample requires very reliable
and precise reactions between the different targets to get accurate measurements, even
when technical replicates are used. Future work should thus improve the integration of
PlateFlow with other laboratory systems and evaluate whether the clinical relevance of the
calculated mtDNA parameters can be further improved by other analysis methods.
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