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Abstract

The concept of virtual control groups (VCGs) aims to replace concurrent control groups
(CCGs) in nonclinical studies, potentially reducing the number of animals required in toxicity
studies by up to 25%. To evaluate and develop this concept, a consortium comprising
pharmaceutical companies, small and medium enterprises, and academic institutions was

formed.

VCGs are generated from historical control data (HCD), i.e., control group data from past
toxicity studies that complied with regulatory guidelines and are usually stored in a
standardized data format. VCGs are created by a resampling approach meaning that animal
data is randomly drawn from the HCD pool forming the VCGs. To assess the performance of
VCGs, nonclinical toxicity studies in rodents (denoted as “legacy studies”) consisting of the
CCG and three treatment groups served as a benchmark. “Well-performing” VCGs should
reproduce the original results of legacy studies after substituting CCGs with VCGs—
comprising statistical outcomes, test-substance related findings, and study conclusions on the

test substance’s adverse effects.

This thesis shows that the reproducibility of original results with VCG significantly depends on
careful selection of HCD in advance: HCD resembling the legacy-study animals in their
endpoints’ value distribution leads to high reproducibility of statistical outcomes. Additionally, it
was shown on three representative legacy studies that despite low to moderate reproducibility

of statistical results, the overall conclusions of the toxicity studies still remained reproducible.

The results of the thesis highlight the need for rigorous selection and quality control of HCD
including examination of distributions and time-dependent changes of endpoint values. This
work introduces and discusses strategies to mitigate the effects of potential confounding
factors in the data, aiming to create effective VCGs. Furthermore, the results highlight the need
to judge the VCG performance beyond the reproducibility of statistical outcomes.
Demonstrating the applicability of VCGs in nonclinical toxicity studies, this work provides
workflows and procedures for the ongoing development of the VCG concept ultimately aiming

for acceptance by regulatory bodies.



Zusammenfassung

Das Konzept der virtuellen Kontrollgruppen (VCGs) hat zum Ziel, gleichlaufende
Kontrollgruppen (CCG) in nichtklinischen Studien zu ersetzen. Dadurch konnte die Zahl der in
Studien bendtigten Tiere um bis zu 25% reduziert werden. Um die Anwendbarkeit dieses
Konzepts zu prifen und weiterzuentwickeln, wurde ein Konsortium aus Mitgliedern der
pharmazeutischen Industrie, kleinen und mittelstandischen Unternehmen und akademischen

Instituten gegriindet.

VCGs werden aus historischen Kontrolldaten (HCD) erstellt, i.e., Kontrollgruppendaten aus
vergangenen Toxizitatsstudien, welche sich an regulatorische Richtlinien hielten und in einem
standardisierten Datenformat gespeichert werden. Um VCGs zu erstellen, wurde ein
Resampling-Ansatz verwendet, i.e., Tierdaten werden zufallig aus dem HCD-pool gezogen
und bilden die VCGs. Als Benchmark zur Bestimmung der VCG-Performance wurden
nichtklinische Toxizitatsstudien in Nagern genutzt (genannt “Legacystudie®), bestehend aus
einer CCG und drei Behandlungsgruppen. VCGs haben eine ,,gute Performance” wenn sie die
Originalergebnisse der Legacystudien reproduzieren nachdem die CCGs mit VCGs ersetzt
worden sind—einschlieRlich statistischer Ergebnisse, testsubstanzbedingter Befunde sowie

Schlussfolgerungen zu adversen Effekten durch die Testsubstanz.

Diese Arbeit zeigt, dass die Reproduzierbarkeit der Originalergebnisse durch die VCGs stark
von der vorzeitigen Auswahl der HCD abhangt. HCD, welche der Legacystudie stark in der
Verteilung ihrer Endpunktwerte ahneln, fihren zu einer guten Reproduzierbarkeit der
statistischen Ergebnisse. Weiterhin wurde am Beispiel drei reprasentativer Legacystudien
wurde gezeigt, dass trotz niedriger bis moderater Reproduzierbarkeit statistischer Ergebnisse,

die generellen Schlussfolgerungen der Toxizitatsstudien reproduziert werden konnten.

Die Ergebnisse dieser Arbeit verdeutlichen die Notwendigkeit einer griindlichen Vorauswahl
und Qualitdtskontrolle der HCD, was die Prufung der Verteilungen und zeitabhangigen
Veranderungen der Endpunkte beinhaltet. Die Arbeit prasentiert und diskutiert Strategien, um
den Einfluss potenzieller Storfaktoren in den HCD zu begrenzen, alles zum Ziel, gut
funktionierende VCGs zu erstellen. Au3erdem heben die Ergebnisse die Notwendigkeit hervor,
die Performance der VCGs nicht nur anhand der Reproduzierbarkeit statistischer
Signifikanzen zu beurteilen. Diese Arbeit zeigt, dass VCGs in nichtklinischen Toxizitatsstudien
verwendet werden koénnen und stellt Workflows und Anleitungen zur Verfugung, die die
Entwicklung des VCG-Konzepts voranbringen. Ziel ist es, dass das VCG-Konzept von

Kontrollbehérden angenommen wird.
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Introduction

Bioassays are typically conducted with the inclusion of at least one treatment group receiving
the test substance and a control group to correctly distinguish effects caused by the test
substance from spontaneous effects (Kramer and Font, 2017). In early stages of drug
development animals are used—most commonly rats and dogs (ICH, 2009; Prior et al.,
2020)—for assessing the toxicity of drugs. There is a continuous strive for reducing the number
of animals needed for studies due to ethical reasons as well as supply shortages of animals
(Stephens and Mak, 2013; Steger-Hartmann and Clark, 2023), and to respond to this, the
concept of virtual control groups (VCGs) in nonclinical studies was introduced (Steger-
Hartmann et al., 2020). This concept aims to substitute the concurrent control group (CCG) in
animal assays with VCGs, thus reducing the number of animals needed for a study by up to
25%. By that, VCGs may contribute to the 3R concept of Russel and Burch (1959), i.e., the
strive to replace studies with alternative methods, reduce the number of animals needed, and

refine procedures to minimize animal suffering.

The concept of using external control data instead of concurrent control arms comes from
clinical studies (Pocock, 1976). In this field, external controls or virtual controls are in particular
useful for studies where the usage of concurrent controls is unfeasible or unethical, for
instance, if the outcome for an untreated patient—i.e., the control group—would be
preventable death (Strayhorn, 2021). Regulatory authorities have already approved drugs on
the basis of clinical trials that used external control groups in lieu of concurrent controls
(Gokbuget et al., 2016).

The use of VCGs to contribute to the 3R concept in nonclinical animal studies is however
rather novel. This concept was introduced by Steger-Harmann et al (2020). Originating from
large data collection initiatives by the project eTOX (Sanz et al., 2017), and later e TRANSAFE
(Sanz et al., 2023), both funded by the European Innovative Medicines Initiative (IMI), a
consortium consisting of industry partners, small and medium enterprises (SMEs), and
academic institutions was established. The aim of the VCG project is the collection and
harmonization of cross-company data for creating VCGs, evaluate their performance and

feasibility, and ultimately seek approval from regulatory authorities (Golden et al., 2023).
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1.1 Nonclinical toxicity studies

To gain trust in the concept of VCGs, a key step is to examine whether the employment of
VCGs yields similar results to using CCGs in nonclinical studies, denoted as “legacy studies”.
Hence, the outcomes of toxicity studies following an established design serve as the
benchmark, and replacing CCGs with VCGs must essentially replicate the study outcomes.

In the field of chemical and drug development, toxicology ensures the safety of a new product,
accompanying the compound throughout the entire life cycle, from development, to market
authorization, to distribution, to the eventual disposal (Horii, 2016). Regulatory authorities,
such as US Food and Drug Administration (FDA) or the European Medicines Agency (EMA),
control the authorization and registration of drugs (Murphy 2023). For a drug being approved,
they must undergo highly regulated and standardized safety studies, following good laboratory
practice (GLP) standards adhering to guidelines provided by the International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH, 2023)
and the Organisation for Economic Co-operation and Development (OECD, 2023). There is a
variety of studies in the field of regulatory toxicity, such as (sub)acute, (sub)chronic,
pharmacokinetic, irritation and sensitization, immunotoxicity, carcinogenicity, and reproductive
toxicity studies, each designed to address a specific question about the potential adverse
effects—and reversibility of effects if recovery groups were included—of a compound on an
organism (EMA, 2010; Avila et al., 2020; PBL, 2024). The specific aim of a 28-day sub-chronic
toxicity study in rodents—the most frequently performed GLP study in nonclinical toxicology
and therefore within the scope of this thesis (EPA, 2000; Chair, 2021)—is the establishment of
a safe starting dose for first-in-human trials (ICH, 2009; Parasuraman, 2011; Steger-Hartmann
and Clark, 2023). Ensuring the safety of a drug towards consumers necessitates the
knowledge of the dose at which the compound starts showing toxicity, embodying Paracelsus’

principle that “only the dose makes the poison”.
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Within the studies, a variety of endpoints are measured in the animals, as illustrated in
Figure 1, including the following:

o ‘“In life” parameters, i.e. observations on animal behavior (i.e. clinical observations),
food and water consumption and body weight, measured daily during the dosing period
to monitor the wellbeing of animals and to calculate the substance concentration for
daily administration. If any of these parameters indicate a severe deterioration of the
health status, animals are withdrawn from the study, or the dosage is reduced
(Jourdan, 2013).

e Blood, serum, and urine parameters. In rodent 28-day toxicity studies, these
parameters are taken once at the end of the drug-administration phase. If the study
duration is longer or a larger species is used, these parameters are taken in regular
intervals.

¢ Organ weights and histopathological parameters are taken post-mortem after the

completion of the in-life phase.

Hematology

Clinical chemistry

Urine Hematology
Histopathological Clinical chemistry
findings
Histopathological
Organ weights findings
Food and Food and Food and Food and Food and Food and
water water water water water water
con- con- con- con- con- con-
sumption sumption sumption sumption sumption sumption
Treatment phase Recovery phase
Day 1 Day 8 Day 15 Day 21 Day 28 Day 35 Day 42
(end of treatment) (recovery) (recovery)

Taken daily: | Body weight || Clinical observations

Figure 1: Measurements taken in an exemplary 28-day toxicity study in rodents followed by a
14-day recovery period.
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Based on the collected animal data, study directors and subject matter experts (SMEs) can
evaluate the evidence of the findings to determine the dosage at which adversity occurs. This
evaluation procedure is outlined in Figure 2.

Regulatory guidelines require for that purpose that “when possible, numerical results should
be evaluated by an appropriate and generally acceptable statistical method.” (OECD, 2008).
Quantitative endpoints (e.g., body weight) are therefore assessed using statistical significance
tests (Hothorn, 2014). For each measured endpoint one inferential test is assigned based on
the presumed distribution of the respective endpoint’s values. The results are then classified
as “statistically significant” if the p-value obtained from the significance tests has value of 0.05
or smaller.

However, conclusions about toxicity of a compound are not drawn on statistical outcomes
alone (Steger-Hartmann and Clark, 2023). Study directors evaluate whether the resulting
significant values are toxicologically relevant, i.e. determine whether the findings are related
to the test substance or rather occurred spontaneously. For instance, if there is no dose-
response relationship (the values or severities of the findings do not change monotonically
with increasing dose), the effect might probably be of no toxicological relevance. Additionally,
effects that fall within the range of variation of historical control data (see section 1.2), do not
correlate with other findings, or transient findings are also likely to be considered as irrelevant
by study directors.

Finally, the adversity of the test-substance related quantitative and qualitative findings is
evaluated to determine the highest dose at which these effects are not seen, i.e., the NOAEL—
the no observed adverse effect level (Palazzi et al., 2016; Baird et al., 2019). Adversity can be
defined as the “impairment of functional capacity to maintain homeostasis and/or impairment
of the capacity to respond to an additional challenge” (Palazzi et al., 2016). The NOAEL is
determined by evaluating all findings related to the test substance and considering their
evidence in a holistic manner. An isolated quantitative finding in liver parameters for instance
might provide less evidence for liver damage than a pathological finding in liver tissue, and

therefore be classified as non-adverse (Baird et al., 2019).
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Quantitative parameters

1 [ !
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Assessment Assessment
v v

Common finding?

(often seen in histor

ical control data)

No
v

Yes

Conclusion
Likely not
relevant

Monotonic dose-response correlation?

r 3

-\

Different to control?
Statistically significant?
Single extreme observations?

Qutside of HCD?
Yes

/\ ¥

No

Monotonic dose-response correlation?

/\

Yes No
v v
Likely Likely not
test-substance test-substance
related related

No Yes
v v
Likely not Likely
test-substance test-substance
related related

Adversity determination

« Effect explainable by substance mode of action?
* Excessive effect?

« Transient effect?

« Isolated finding or correlated to other relevant findings?

- Does the effectresult in “impairment of functional capacity to maintain homeostasis and/or
impairment of the capacity to respond to an additional challenge™? (Palazzi et al, 2016)

Conclusion

Likely not
adverse

Conclusion
Likely
adverse

Figure 2: Workflow for adversity determination in a sub-chronic study in rodents.
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1.2 Historical control data

A pivotal step in the assessment of test-substance-relatedness is the comparison of the
findings against control data of earlier studies, i.e. historical control data (HCD). This is used
as a representation of the background variance of controls (Kluxen et al., 2021). If numerical
findings are within the relevant ranges of historical control data (OECD, 2008; Menssen, 2023),
or specific qualitative findings are frequently seen in HCD (Golden et al., 2023; Grevot et al.,

2023), it is likely that they are of no toxicological relevance.

Apart from using HCD for decision making in toxicity studies, they are also an essential
component for the development of VCGs, since VCGs are derived from HCD (Steger-
Hartmann et al., 2020; Kluxen et al., 2021).

The requirement for using HCD for comparative purposes in the context of regulatory
toxicology is that they are “originating from the same laboratory, species, strain, and collected
under similar conditions” (OECD, 2018a). HCD collected from studies performed “under similar
conditions” is also a key requirement for generating well-performing VCGs. It was shown that
the performance of VCGs for reproducing statistical results improves if the study design
parameters of the chosen HCD, such as species, strain, sex, route of administration, and
treatment vehicle, are as similar as possible to the legacy study (Wright et al., 2023).
Furthermore, to counter the effects of genetic drift, the selection of HCD should be from a
specified period (Golden et al., 2023). Yet, it is still unknown which HCD study design
parameters need to be aligned with the legacy study, and which can safely be combined
(Golden et al., 2023).

1.3 SEND structure

A key component for ensuring the usability of HCD for comparing animal values across
different studies is that HCD are recorded and stored in an identical structure. A harmonic data
structure in accordance with specific formats is also required for submitting data to regulatory
authorities. In the nonclinical toxicology field, data is stored under the standard for exchange
of nonclinical data (SEND) structure (CDISC, 2022). The implementation of SEND in 2002
(Wood, 2011) facilitated data storage in a harmonized format, and since 2016, submission of
all nonclinical data in SEND format to the FDA is a prerequisite for drug market approval
(CDISC, 2022). The study data in the SEND format is divided into so-called domains,
comprising:
¢ Quantitative parameters: such as body weight (BW); laboratory parameters, i.e.
hematology, clinical chemistry, and urine (LB); organ measurements (OM); and food

and water consumption (FW).
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e Qualitative parameters: such as histopathological findings, i.e. macroscopic findings
(MA); microscopic (Ml); and clinical observations (CO).

o Demographics of the animal (DM): animal information on strain, species, supplier, birth
data, etc.

e Trial summary (TS): study design information, such as study date, study duration, route

of administration, etc.

The SEND format not only ensures the comparability of different studies within and across
different companies, but the vast quantity of data that follows a uniform structure serves as the

cornerstone of creating and assessing VCGs (Steger-Hartmann et al., 2020).

1.4 Aim of the study

Utilizing the internal HCD of Bayer AG, stored in the SEND format, VCGs can be created.
Steger-Harmann et al. (2020) proposed two ways of creating VCGs: the resampling approach
and the simulation approach. In the resampling approach, animals are sampled directly in a
randomized fashion from the HCD, each animal encompassing all measured endpoints. The
simulation approach in turn uses the distribution information of HCD endpoints for synthetic
generation of the values. Currently, the emphasis is on the resampling method (Golden et al.,
2023) as this maintains the GLP-status of the measurements and preserves potential
correlations among them. The research hypothesis of this work is that the substitution of
concurrent control groups (CCGs) with virtual control groups (VCGs), generated from historical
control data (HCD) with a resampling approach, will allow for the reproduction of toxicity study
outcomes, comprising statistical results, test-substance related findings, and study
conclusions. The performance of VCGs can be evaluated by their ability to reproduce the
results of nonclinical 28-day toxicity studies in rats. The objective of this thesis was to
accurately replicate the evaluation process of a conventional 28-day toxicity study which
involved maintaining the original study design and evaluation methods with the only deviation
being the substitution of CCGs with an identical number of VCG animals. Consequently, the
group sizes remained unchanged, univariate inferential statistics were applied, and HCD
served for assessment for test-substance-relatedness. Diverging from this evaluation process
through the incorporation of mixed-effect models, effect sizes (Schmidt et al., 2016), or
Bayesian models (Kramer and Font, 2017)—while being viable options given the applicability
of HCD—was outside of the scope of this work.
To test the research hypothesis this thesis:

e Developed a method for identification of suitable HCD by analysis of their value

distribution and time-dependent trends. It presents the consequences of selecting

10
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unsuitable HCD for VCG generation on the example of serum-electrolyte values in rats
and presents ways to counter the effect of confounding factors.

o Presents different methods of sampling virtual controls from HCD to obtain the best
performing VCG. It underlines the importance of matching HCD to the legacy study by
animal age, or body weight as a surrogate for age, to obtain high-performing VCGs
able to reproduce statistical outcomes for body weights.

o Assesses the performance of VCGs on entire studies comprising all results of
qualitative and quantitative endpoints. It highlights the necessity of evaluating not only
statistical reproducibility but also to include the assessments of test-substance-
relatedness and study conclusions on adverse effects into the validation framework.

To the best of the author's knowledge, this thesis is the first to demonstrate the use of VCGs

on entire toxicity studies, laying a foundation for future development of the VCG concept.
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2 Materials and Methods

This chapter provides an overview of the VCG creation and evaluation process. Detailed

procedures, including in-depth description of steps respective to each experiment, can be

found in the corresponding publications presented in the Results section. The general process

is illustrated in Figure 3. Throughout this thesis, the following terms are frequently used:

Legacy study: toxicity study conducted in the past. Studies comprise treated groups
and a concurrent control group (CCG). The legacy study results serve as the
benchmark for assessing VCG performance.

Study design parameters: parameters describing the methodology of the toxicity study,
such as the selection of species, strain, route of administration, treatment vehicle, etc.
Endpoint: values or observations measured in animals to assess the outcome of a test
substance in a study.

Historical control data (HCD): control data from toxicity studies performed in the past.
HCD is used for comparative purposes in toxicology. In this thesis, HCD is also used
to generate virtual control groups.

Virtual control groups (VCGs): control-group animal data generated from HCD.

Initial body weight. animal body weight measured on day 1, i.e., the beginning of the
study prior to first application of the test substance.

Sentinel animals: CCG animals which were not replaced by VCGs and remained in the

set of the legacy study.
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Figure 3: Overview of the VCG generation and performance evaluation.

2.1 Data and code

Internal data was collected and evaluated using laboratory information management systems
(LIMS) provided by Xybion Digital Inc (Xybion, 2024). All animal studies stored in SEND
(standard for exchange of nonclinical data) format. Data gathering, harmonization, (statistical)
evaluation, and visualization was performed with the statistical software R (R Core Team,

2021). A list of libraries used can be found in the respective within the results of this thesis.

The used R-code can be downloaded from Bayer’s open-source GitHub repositories.

2.2 Selection of HCD

HCD is an essential part of creating VCGs. HCD from sub-chronic toxicity studies in rats was

extracted from internal data repositories. The studies in the HCD were conducted in a

maximum similar design, i.e. they followed these specific design parameters:

e Dosing duration of 4 weeks.
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o Wistar HAN rats were used.

¢ Animals were randomized into four groups: control, low dose, mid dose, and high dose.

o Test substance was administered daily orally by gavage.

o All studies were conducted in the same test facility of Bayer AG, Wuppertal, Germany.

e The treatment vehicle was a mixture of ethanol, water, and either Kolliphor® HS 15 or
polyethylene glycol 400.

¢ Animals were supplied by either Charles River Laboratories, Germany, or Harlan
Netherlands.

e Animals were housed in group cages with 2—3 animals per cage.

e Animals had an ad libitum supply of food and water.

o Body weight was measured daily.

e Food and water consumption was measured weekly.

e Clinical pathology and histopathology parameters were measured on day 28 £ 7.

The distribution and time-dependent trends of the endpoint values in HCD were inspected via
the use of histograms and time-series charts. HCD was then further used as a pool of animals

where VCGs were extracted from.

2.3 Resampling

HCD is essentially a pool of animal data, with each animal representing a collection of endpoint
values corresponding to that specific animal. Animals were randomly sampled from the HCD
pool and formed a VCG. The goal was to match the number of VCG animals to the CCG
animals used in the legacy study. For instance, if the original study used 10 animals per sex,
the combined number of VCG animals and sentinel animals (if used) aimed to be 10. In cases
where the available HCD did not provide enough animals to sample from, all available animals

were used.

2.4 Benchmarking the VCG performance

The respective statistical tests assigned to each endpoint were extracted from study reports
and protocols provided by Xybion Digital Inc. The statistical tests can be found in the
supplementary material of section 3.3. The p value obtained from the statistical tests was then
used to categorize the differences between control and dose groups as either “statistically
significant” (p < 0.05) and “not statistically significant” (p > 0.05). The statistical tests were
performed in two rounds: initially using CCGs and then after substituting CCGs with VCGs.

The statistical outcomes of both were then compared to evaluate the reproducibility.
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The procedure of animal sampling and subsequent recalculation of statistical tests was
repeated 100-1000 times, depending on the context and the complexity of the data to increase
the robustness of the VCG assessment.

Within each repetition, the original result was compared to the result following the VCG
substitution. The number of successfully replicated results was then summarized as
“reproducibility percentage”.

Apart from statistical outcomes, the number of test-substance related findings and the study
conclusions were compared between the legacy study and the results after replacing CCGs

with VCGs. This formed the basis for the VCG performance evaluation.

2.5 References
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Results

This chapter presents the outcomes of applying virtual control groups (VCGs) in nonclinical
studies and is divided into three sections. Each section features a publication that highlights
specific findings with regard to the performance and applicability of VCGs. The supplementary

material to each corresponding publication is provided directly below the respective article.
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Results

3.1 Hurdles and signposts on the road to virtual control groups—
A case study illustrating the influence of anesthesia protocols
on electrolyte levels in rats

The initial and vital step in creating well-performing VCGs is the selection of suitable HCD. It
is necessary to inspect the HCD values for any unusual distributions or time-dependent trends
that could result from undetected confounding factors. This study illustrates the consequences
of ignoring such confounders on the example of serum electrolyte values in rats. Furthermore,
this study presents the approach of generating VCGs by resampling in the context of
nonclinical studies. It shows that the performance of VCGs to reproduce statistical results of
legacy studies can be significantly improved by careful selection and analysis of HCD and the

use of sentinel animals.
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Introduction: Virtual Control Groups (VCGs) represent the concept of using historical
control data from legacy animal studies to replace concurrent control group (CCG)
animals. Based on the data curation and sharing activities of the Innovative Medicine
Initiatives project e TRANSAFE (enhancing TRANSlational SAFEty Assessment through
Integrative Knowledge Management) the ViCoG working group was established with
the objectives of i) collecting suitable historical control data sets from preclinical
toxicity studies, ii) evaluating statistical methodologies for building adequate and
regulatory acceptable VCGs from historical control data, and iii) sharing those
control-group data across multiple pharmaceutical companies. During the
qualification process of VCGs a particular focus was put on the identification of
hidden confounders in the data sets, which might impair the adequate matching of
VCGs with the CCG.

Methods: During our analyses we identified such a hidden confounder, namely,
the choice of the anesthetic procedure used in animal experiments before blood
withdrawal. Anesthesia using CO, may elevate the levels of some electrolytes such
as calcium in blood, while the use of isoflurane is known to lower these values.
Identification of such hidden confounders is particularly important if the
underlying experimental information (e.g., on the anesthetic procedure) is not
routinely recorded in the standard raw data files, such as SEND (Standard for
Exchange of Non-clinical Data). We therefore analyzed how the replacement of
CCGs with VCGs would affect the reproducibility of treatment-related findings
regarding electrolyte values (potassium, calcium, sodium, and phosphate). The
analyses were performed using a legacy rat systemic toxicity study consisting of a
control and three treatment groups conducted according to pertinent OECD
guidelines. In the report of this study treatment-related hypercalcemia was
reported. The rats in this study were anesthetized with isoflurane.

Results: Replacing the CCGs with VCGs derived from studies comprising both
anesthetics resulted in a shift of control electrolyte parameters. Instead of the
originally reported hypercalcemia the use of VCG led to fallacious conclusions of
no observed effect or hypocalcemia.

Discussion: Our study highlights the importance of a rigorous statistical analysis
including the detection and elimination of hidden confounders prior to the
implementation of the VCG concept.
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1 Introduction

In vivo toxicity studies continue to play a central role in regulatory
toxicology. The design of these studies is well harmonized: first, groups
of animals are exposed to a test substance in different doses. This is
followed by measurements, analyses and microscopic assessments of
selected parameters (e.g., body weight, organ weights, electrolytes,
protein levels) in the blood, serum, urine, tissues and organs
(OECD, 2008; EMA, 2010; EMA, 2013; OECD, 2018a). To
subsequently determine whether observed effects are treatment-
of the test
(ie., treatment groups or dose groups) are compared to those of the
control group. Statistical tests (such as Dunnett’s test (Dunnett, 1955))
are performed to determine the statistical significance of a deviation
from the control data (Hamada, 2018). All measured data are then
stored in the archives of the test facility, allowing the reuse of control

related, the endpoints substance-treated animals

group animal data for a historical control data (HCD) collection
(Kluxen et al, 2021). So far, HCDs are mainly used as a reference
base in toxicity studies (OECD, 2018b). Expert toxicologists use HCD to
determine whether the measured endpoints in ongoing studies are
within the range of HCDs. This helps in the assessment of biological
relevance, ie., if a certain measured value of dose group animals is
outside the limits of the HCD values, this may indicate a biologically
relevant effect (Kluxen et al., 2021). In most test facilities the HCD
selection is only based on a fixed retrospective time interval but without
any further statistical quality control.

The bioassays of regulatory toxicology are highly standardized,
compliant to the guidelines of good laboratory practice (GLP)
and conducted according to regulations of the US Food and
Drug Administration (FDA), the European Medicines Agency
(EMA), the
Development

Organization for Economic and
(OECD) the

Harmonization of Technical Requirements for Pharmaceuticals for

Cooperation
and International  Council  for
Human Use (ICH). Given the highly controlled environment of the
studies, it can be expected that the variations of physiological
parameters between HCD and a concurrent control group
(CCQG) are limited and detectable in statistical analysis. Based on
these considerations, the idea of the Virtual Control Groups (VCGs)
was introduced some years ago (Steger-Hartmann et al., 2020). This
concept aims to reduce the number of concurrent control group
animals by using VCGs—which are generated from HCD—and thus
to contribute to the 3R concept of (Russel and Burch, 1959).

The ViCoG (Virtual Control Group) was established as part of
the Innovative Medicine Initiatives project eTRANSAFE (Pognan
et al,, 2021) with the aim of collecting, analyzing, and sharing HCD
across multiple pharmaceutical companies and to start a
qualification process for the VCGs. The collected HCD consist of
animal data from regulatory toxicity studies conducted according to
internationally highly standardized research practices (Bode, 2020)
and their collection is often mandatory or strongly recommended
(OECD, 2008; OECD, 2018a; OECD, 2018b; ICH, 2020). To use
HCD for creating VCGs in the future, a common database meeting
the following essential requirements has been set up: i) the collected
data should have a harmonized format and ii) metadata must be
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recorded, such as information on the study design, animal suppliers,
food type, and analytical methods.

Similar terminology and diagnostic criteria should be used when
pooling data (Greim et al., 2003). Historically, a lack of harmonization
has been a major obstacle to almost all data-collection efforts in Life
Sciences (Kolker et al.,, 2012). But with the introduction of SEND
(Standard for Exchange of Non-clinical Data) in 2002 (Wood and
Lou, 2011) the harmonization of data from systemic toxicity studies
has been greatly facilitated. SEND provides a set of harmonized
terminologies and a framework for storing data of studies with
various designs. Since 2016, SEND has been the mandatory format
for submitting toxicity data to the FDA (CDISC, 2022), making it a
well-suited framework for a database with a uniform architecture.
With these SEND guidelines at hand, the members of the ViCoG can
provide a large amount of historical control data in a harmonious
format, which has been collected over the last decade. Beyond data
harmonization, it is critical to obtain a thorough understanding of the
characteristics and variability of the collected data itself before starting
to replace CCGs with VCGs. Even minor changes in individual
drift
methodological or analytical procedures, may induce significant

parameters, resulting from genetic or changes in
differences between VCGs and concurrent controls impacting the
outcome of statistical analyses and consequently have effects on the
identification of treatment-related findings. In case of unknown or
undocumented differences of design parameters influencing thus both
the dependent and the independent variable, a classical confounder is
present. To avoid misleading impact of those lurking variables,
adequately matching of HCD for generation of VCGs is key. The
importance has recently been shown for clinical pathology parameters
(Wright et al,, 2023) where the error rate in the recognition of
treatment-related findings increased while loosening the selection
criteria for HCD. In certain study types, such as carcinogenicity
bioassays the assays,
requirements for the selection process of HCD are defined (Greim
et al., 2003; Keenan et al., 2009; Igl et al., 2019).

OECD and ICH regulatory guidelines are less stringent when it

or rat bone marrow micronucleus

comes to using HCD for comparison purposes but emphasize that
data must be “collected from the same laboratory, species, strain and
under similar conditions” (OECD, 2008; OECD, 2018b; OECD,
2018a), ideally also from “recent time” (ICH, 2020).

To summarize the requirements from literature and regulatory
authorities, for in vivo toxicity studies discussed here, the following
parameters are considered to be essential and therefore need to be
controlled when comparing concurrent controls and HCD:

o sex,
o strain,

« supplier,

o age,

« housing conditions,

« route of administration,

o diet,

tissue collection and processing procedures,

treatment vehicle
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and due to potential changes in analytical methods, one should also
consider staying within a timeframe between 2 and 7 years.

These requirements provide a good starting point for the VCG
approach in toxicity studies but given the huge number of
measurements plus the complexity of employed bioassays, potential
confounders remain highly likely. Constant and careful exploration
shall be part of any activity creating robust and reliable VCGs.

Interestingly, the concept of using external controls instead of
concurrent controls exists for clinical trials since years (Pocock,
1976) and has led to various applications to reduce the time- and
resource-intensive recruitment of patients without risking the loss of
statistical power or declining quality of the results. External controls are
of particular interest for rare (orphan) diseases or for those where
recruiting control subjects would be cumbersome or unethical (Pocock,
1976; Strayhorn, 2021). In the clinical setting, various methods have
been introduced to derive external control groups from historical data
that match subjects in a treatment arm of a clinical trial (Lim et al,
2018). Propensity score methods (Rosenbaum and Rubin, 1985),
Bayesian methods (Lim et al., 2018; Zhan et al.,, 2022), or a mixture
of both (Sawamoto et al., 2022) are used to construct external controls.
Clinical trials with external controls generated by propensity scores have
even successfully resulted in a drug approval (Gokbuget et al., 2016).

However, the methods for creating the VCGs from clinical studies
cannot be directly transferred to non-clinical conditions. Clinical studies
and preclinical animal experiments differ too much in terms of design
and the homogeneity of their subjects. Control groups in clinical trials
can show significantly higher variance in key characteristics such as age,
body mass index, comorbidities, and especially genetic variance. In
comparison, preclinical in vivo toxicity studies are usually designed as
randomized case-control studies (e.g., control group and low, medium,
and high dose group) and use treatment-naive animals of similar, well-
defined age, weight and low genetic variation. This is achieved by
breeding under highly standardized conditions, strict inclusion criteria,
and sourcing from the same supplier (White and Cham, 1998).

In the non-clinical settings, several methods for generating virtual
control groups were proposed and include Bayesian approaches to either
replace concurrent controls with inclusion of historical data (Kramer and
Font, 2017; Wright et al, 2023)—which is the goal of the VCG
the statistical power of studies
(Bonapersona et al,, 2021). In regulatory toxicology the studies are
conducted according to standardized guidelines (FDA, 2000; OECD,
2008; EMA, 2010), which provide general recommendations for group

approach—or to increase

sizes for each study type. In short-term repeated-dose toxicity studies in
rodents, a sample size of 10 animals per sex per group is normally
recommended (FDA, 2000). Although statistical power is an important
component for the design of meaningful assays (Charan and Kantharia,
2013), studies for preclinical safety assessment are carried out with those
standardized designs and pre-specified group sizes. Considerations of
individual statistical power or sample-size estimations play a minor role
in preclinical safety assessment. This article therefore focuses on creation
of virtual control groups with the goal of reducing the size of concurrent
control group animals while maintaining the given design of the studies.

Aside from Bayesian approaches, simulation-based approaches
that artificially generate control group values from aggregated
historical data have also been proposed (Hothorn et al, 2019;
Steger-Hartmann et al., 2020). However, the resulting VCG
values would be purely synthetic and potential, but so far
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unknown, correlations between various endpoints might be
difficult to reproduce. Therefore, a simple and straightforward
resampling method (Steger-Hartmann et al, 2020), in which
VCG data are randomly drawn directly from HCD build a
meaningful first step here. The method is directly applicable and
does not require complex mathematical and statistical background
knowledge. In addition, the data shall come from historical studies
conducted under tightly regulated GLP conditions and each value is
directly traceable to the individual animal. Further, the outcomes of
the resampling method are easy to interpret and allow for an in-
depth analysis of the underlying data.

Before sampling the control group data, the HCD itself should be
pre-filtered according to the key factors listed above to ensure
concordance between concurrent controls and VCGs. It remains to
determine how to validate the performance of the VCGs concept in
general. Since regulatory toxicology works with strictly standardized
studies, it is considered appropriate that VCG performance can initially
be quantified by how well VCGs can reproduce the results of these
studies. Thus, the VCGs need to reproduce results of a given historical
study with respect to identifying treatment-related findings. In
regulatory toxicology, significance tests are commonly performed to
assess whether an observed difference is statistically significant or not
(Hamada, 2018). When significance is detected, expert toxicologists
determine whether the finding indicates a treatment-related effect by
consulting HCD and observing interactions between various endpoints
measured in the bioassay. HCD can be also used to calculate an effect
size supporting the toxicologists in making this decision (Schmidt et al.,
2016; Kluxen et al., 2021). However, because effect sizes were not
calculated in the study reports reviewed in this article, we do not
consider them here either and rather focus on VCGs’ ability to
reproduce originally reported statistical significances of the studies.

In this article, a historical study of systemic toxicity in rats
(legacy study) serves as a test case to evaluate and illustrate the
performance of virtual control groups generated by a
straightforward resampling method. A treatment-related increase
in serum calcium was reported and VCGs should be able to
reproduce this finding. Calcium belongs to the group of
electrolytes where changes found in animal studies after
administration of a drug candidate can help identify toxicities
potentially leading to adverse events during clinical trials.
Calcium is, apart from its role in bone formation, essential for
the proper functioning of muscles, nerves, and the heart. Calcium
imbalances can lead to severe effects such as bone pain,
hypertension, seizures, tetany, paresthesia, laryngospasm, and
cardiac conduction abnormalities (Schenck et al., 2006; Tinawi,
2021). The range considered normal is relatively small due to the
strict physiological regulation of electrolytes. Therefore, small
decreases or increases in serum concentrations are likely to result
in significant differences between control and treatment groups.

We present VCGs generated by a resampling approach and
validate their performance on the parameter calcium. The statistical
significance of the selected legacy study serves as a reference for the
performance and the aim is to reproduce the statistical results of this
study, after replacing the CCGs with VCGs. During data quality
assessment of the HCD, it was found that calcium, potassium,
sodium, and phosphate values of control animals showed time-
dependent changes that proved to be of critical importance in terms
of proper data selection for VCGs. The presence of a confounder in

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1142534

Gurjanov et al.

the electrolyte values distorts their variability. This article
demonstrates the consequences of an unreflective application of
VCGs. Creating VCGs based on insufficiently prefiltered HCD
results in a poor ability to reproduce statistical results which might
in turn lead to erroneous toxicological decisions. We then describe
strategies to counter the impact of such hidden confounders—and
thus improving the performance of VCGs—by using adequate
statistical control mechanisms. We developed a procedure for
selecting data to be used for the generation of VCGs in toxicity
tests and recommendations for an in-depth analysis that reveals
previously unknown or unrecognized confounding variables.

Such a procedure would follow a stepwise approach: first, HCD
needs to be selected to match common parameters such as study
year, sex, strain, route of administration, treatment vehicle, supplier,
age, and initial body weight. Afterwards, the quality of the resulting
data must be assessed. This article shows that visualizing study data
over time may reveal various phenomena in the data which offers a
good starting point for identifying abnormalities, such as atypical
shifts in values or unexplained increases or decreases in these values
over time. Assuming that an atypical shift is detected in the data, an
in-depth analysis is recommended to identify the root cause and
underlying confounder in the data. In the event that the confounder
cannot be identified, access to the original study reports and expert
knowledge are critical for interpreting and tracing the confounder
variables.

2 Methods
2.1 Data selection

All data were collected from previous animal studies performed
by Bayer, Wuppertal, Germany. For these historical studies, the
animals were kept and treated in accordance with the German
Animal Welfare Act and approved by the competent state
authorities. All data from animal studies were recorded in SEND
format (Standard for Exchange of Non-Clinical Data) (CDISC,
2022). The data
visualizations were carried out with the software R, version 4.1.0.
The R code used along with the data can be extracted from GitHub
https://github.com/bayer-group/VCG-resampling.git. A detailed

processing, statistical ~evaluations and

description of the origin of the data and the software used for
data analysis can be found in the Supplementary Material S1,
chapter 1.1 and 1.2. For the construction of the VCG database,
control data sets for the different toxicological endpoints were
extracted, including metadata describing the design of the study.
The HCD were filtered with the aim of obtaining the largest possible
amount of animal data while minimizing the potential impact of
genetic variability. 28-day repeated dose toxicity studies are the
dominant type of in vivo studies in regulatory toxicology (Baldrick,
2008; EMA, 2013). Therefore, data were selected from both 28-day
studies and studies longer than 28 days in duration (in this case, only
measured endpoints measured between study days 1 and 35 were
extracted). Additional filter steps for studies for the VCG collection
were selected based on the following criteria:

« Study initiation between 2011 and 2021.
o Usage of Wistar HAN rats.
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o Age of rats between 6 and 9 weeks (at the beginning of the
respective study).

o Animals obtained from the supplier Charles River, Germany,
or Harlan, Netherlands.

o The route of administration was “oral gavage”.

o A mixture of Ethanol, Kolliphor®HSlS, and water served as
treatment vehicle.

« The initial body weight was between 100 g and 250 g.

o All endpoints were measured in Bayer’s laboratory in
Wuppertal, Germany.

o Only male rats were used.

From a total of 114 rat studies of the Bayer VCG data set, the
data selection process reduced the set to 30 studies for calcium,
31 for potassium and sodium, and 26 studies for inorganic
phosphate. The data selection process is summarized in Figure 1.

2.2 VCG performance assessment

To understand how replacing concurrent controls with VCGs
influences the outcome of a study with respect to the so-called
“treatment-relatedness” (Wright et al, 2023), a study with a
reported treatment-related change in calcium in male rats was
selected. This study is denoted as “legacy study” in this article. In
the performance assessment, the aim was to test whether the statistical
results of the legacy study were reproducible after replacing the
concurrent control group (CCG) with VCGs while preserving the
study design parameters of the legacy study. In other words, animals
from the concurrent control group (CCG) of this legacy study were
replaced by the same number of VCGs constructed by different
selection criteria. Afterwards, the effect on the outcome was
analyzed focusing on whether changes between control groups and
dose groups were statistically significant (= evidence for a treatment-
related effect) or not (= no evidence for a treatment-related effect). In
addition to the calcium value, two other parameters were examined to
gain an understanding of whether significant findings for correlated
parameters can also be reproduced with the VCGs. Apart from the
statistically significantly increased values for calcium, the legacy study
also showed a significantly increased value in the highest dose group for
the parameter inorganic phosphate in the blood serum. This parameter
is strongly correlated with the calcium parameter, and it is of interest to
test whether the VCGs can also reproduce this significance.
Additionally, body weight on day 28 was taken into account. This
parameter should not show strong correlations to the electrolyte levels
in the rat and should not be affected by the used anesthetic.

The resampling was performed in the following procedure
which is illustrated in Figure 2:

1) The individual values for calcium in blood serum of the rats from
the legacy study were retrieved from the database.

2) A Dunnett’s test was performed identical to the procedure used to
analyze the original data with concurrent controls. The Dunnett’s
test output was classified into two categories: if the resulting p-value
of the Dunnett’s test was smaller than or equal to 0.05, the result was
classified as “significant”, otherwise as “not significant”.

3) A sample population was created with respect to predefined
filtering criteria.
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Female rats (and studies with only females)
* Dstudies = 3
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Non-Wistar rats
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* Mypimals = 275
Route of administration was not oral gavage
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Supplier was not Charles River or Harlan
* Dgdies = 1
* Dgpimals = 6
Vehicle was not containing Kolliphor®HS15
° Dstudies = 27
* Danimals = 329
Animals out of age-range (6-9 weeks)
* Dgpudies — 4
* Danimals = 56
Initial body weight not between 100-250 g
* Dgtudies = 2
* Danimals = 24
Laboratory not Bayer Wuppertal, Germany
* Dyudies = 3
* Danimals = 30
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Ngtudies = 82
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Remaining studies
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Ca?* K* Na* PO
Ntudies = 30 Ntudies = 31 Ngudies = 31 Ntudies = 26
Napimals = 271 Napimals = 287 Napimals = 287 Nanimals = 237

Data selection flow diagram.

4) n values were picked by random sampling without replacement
from the sample population set where n is the number of
removed CCG animals.

The removed CCG-animal values

were then replaced by these drawn VCG values.
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5) The Dunnett’s test was calculated, now using the VCG instead of

the CCG as the reference group.

6) The result of the Dunnett’s test was compared with the original

outcome of the legacy study. If the VCG result was consistent
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FIGURE 2
Workflow of assessing the performance of VCGs.

with the CCG one, this sample was classified as “consistent”, © When the statistical outcome of the VCG leads to a significant
otherwise as “inconsistent”. Inconsistent results were further result while the original distance was not significant, the result
classified into following categories: was classified as “inconsistently significant”.
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e When the statistical outcome of the VCG leads to a non-
significant result while the original distance was significant,
the result was classified as “inconsistently non-significant”.

© When the statistical outcome of the VCG leads to a significant
result and the original result does so too, but the direction of
the distance is inverted (e.g., a significant decrease is observed
while there was a significant increase in the original data), the
result was classified as “inverted significant”.

7) The resampling was repeated 500 times and the percentage of
consistent results per dose group was summarized. This
percentage is termed here as the “reproducibility [%]” and is
used as the parameter to validate the performance of the VCGs.

To examine the correlations of the VCGs with other parameters,
the VCGs animals were selected based on their unique animal
subject ID. This means that at each iteration, a certain number
of animals were randomly sampled and the endpoints for all
parameters of interest (i.e., calcium, phosphate, and body weight)
were extracted from each selected animal.

2.3 Performance-improvement methods

2.3.1 Search for confounders

The selected dataset was statistically analyzed for each parameter
to gain an understanding of variance and distribution of the data over
time. Electrolyte parameters were plotted as histograms and boxplots
relative to the year the studies began. To gain further insight into how
the underlying parameters (i.e., confounders) might affect electrolyte
levels, the plots have been colored in relation to these confounders.
Because procedural data for the identified confounder “anesthetic”
was not captured in the SEND dataset, information was manually
extracted from the selected study reports. In addition to the plots, a
Welch-adapted t-test was performed to statistically describe the effects
on the two groups separated by the confounder (the normality of the
distribution with unequal variances was confirmed visually by the
respective histograms). The VCG data was then filtered further: the
VCG sample population was divided into animals anesthetized with
isoflurane and animals anesthetized with CO,. After controlling for
the confounder (i.e., using animals from only one of the anesthetic
subgroups), the performance of the VCGs was re-evaluated by the
same procedure as mentioned above.

2.3.2 Keeping sentinel animals

Instead of replacing all CCG animals, the performance of the VCGs
was additionally evaluated after only a fraction of the CCG animals were
replaced. The CCG animals to remain (i, the sentinel animals) were
selected using the initial body weight values of the CCGs, ie., the body
weight of the animals before the start of the study. The animals were
selected with the aim of obtaining the original mean values and standard
deviation values of the body weight distribution. Of n sentinel animals, the
n/2 heaviest and the 7/2 lightest animals remained in the control group,
while the remaining animals were replaced with VCG data. In addition,
when 7 was an odd number, an animal was selected from the middle of
the initial body weight distribution, e.g,, if it has been decided to include
five out of ten animals, animal 1, 2, 5, 9 and 10 (sorted by body weight)
were selected. Three different sub-scenarios were performed: i) all CCG
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animals were replaced by VCGs, ii) two animals were retained as sentinel
animals, iii) half of the concurrent control animals remained in the
group. To use all available information when recruiting VCGs, the
measured calcium values of the sentinel animals were used as an
additional filter narrowing down the VCG sample population: VCG
data were filtered within the mean + 2-SD range of sentinel animals’
calcium values. The performance of the resulting VCGs was then
evaluated using the same design as described above and shown in Figure 2.

3 Results

This section is divided into the following parts: first, the
statistical results of the original study with the concurrent control
group are shown in Table 1 along with the distribution of the VCG
sample population in Figure 3. The methods and the resulting
performance of the VCGs are further separated in six scenarios:
first, the performance of the VCGs (i.e., the reproducibility [%]) of
the “agnostic scenario” is shown. Afterwards, the results for the
approaches to improve the performance of the VCGs by two
methods are presented: the “search for confounders” method
where data was removed from the VCG sample population
which was affected by a confounder; the “keeping sentinel
animals” method where instead of completely replacing the CCG
animal data either 80% or 50% of the animal data was replaced
respectively; and finally, a combination of both methods where data
affected by the confounder was removed and only 80% or 50% of all
CCG animals were replaced. The results of all scenarios are
summarized in Table 2. The ranges of the VCG data are
illustrated in the Supplemetary Material S2, Supplemetary Figure S5.

3.1 Original statistical results of the legacy
study

The legacy study consists of a concurrent control group (CCG) and
three dose groups, denoted as Dose group 1, Dose group 2, and Dose
group 3. All groups consisted of 10 male rats. The mean and standard
deviation values as well as the population of the serum calcium values are
shown in Table 1 and are illustrated in Figure 3. Statistical analysis
employing Dunnett’s tests leads to no significant difference between CCG
and Dose group 1 but revealed significant differences between the CCG
and Dose groups 2 and 3 respectively. The corresponding historical
control data for serum calcium values are shown as a histogram in
Figure 3A: a bimodal distribution is present with two peaks at 2.87 mmol/
L and 2.55 mmol/L. This renders the mean value of the VCG sample
population to be at 2.68 + 0.19 mmol/L (Figure 3B), ie., considerably
higher in mean value and standard deviation compared to the concurrent
control with 2.57 + 0.06 mmol/L (orange cross in Figure 3C).

3.2 VCG performance: The agnostic
scenario

In the first scenario, all control animals (n =10) were replaced
and the VCG sample population was not further filtered ignoring
both the bimodal distribution and the fact, that assays lacking
controls would be invalid (Figure 4A). The consistencies for this
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TABLE 1 Selected legacy study with the mean calcium levels in blood serum in each sex, the standard deviation, and the population.

Dose group Mean Ca?* values in serum [mmol/L] Population
Concurrent control 2.57 £ 0.06 10
Dose group 1 2.57 £ 0.05 10
Dose group 2 2.64 £ 0.04* 10
Dose group 3 2.69 + 0.04* 10

*Significant difference with Dunnett p-value of <0.05.

Statistically significant differences between the respective dose groups and the control are highlighted in bold and marked with an asterisk.
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FIGURE 3

(A) Histogram of the calcium values of the VCG sample

population. (B) Boxplot of the VCG sample population. (C) Extracted
original results of serum calcium concentration from the legacy study.
If the mean difference between a dose group and the concurrent
control exceeded the Dunnett-critical distance, the group was
marked with an asterisk.

approach were generally poor, with 52% for Dose group 1, 2% for
Dose group 2, and 5% for Dose group 3 (see Table 2 for more
details). One example iteration is shown in Figure 4B below: the
mean value of the VCG (2.79 mmol/L) is considerably higher than
the one of the CCG (2.57 mmol/L). Furthermore, while the mean
values increased in comparison to the CCG with rising substance-
level, here, the difference of mean values between the VCG and the
dose groups is diminishing with increasing dose. Also, the standard
deviation of the VCG (0.22 mmol/L) is considerably larger for the
CCG (0.06 mmol/L) and the dose groups (0.05 mmol/L for Dose
group 1, and 0.04 mmol/L for Dose groups 2 and 3 each). The mean
values of the sampled VCGs from all iterations with respect to the
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reproducibility of the original results can be found in the
Supplementary Material S2, Supplementary Figure S6.

3.3 Improvement of the performance:
Search for confounders

In order to understand the reason for the poor performance of the
VCGs in the agnostic scenario, the very first step was to gain a deeper
understanding of the underlying data and the factor(s) causing a
bimodal distribution in the electrolytes. For a general overview of
the control data pool, the electrolyte values were illustrated as
histograms and as box plots with respect to the year when the study
was initiated. Figure 5 shows the values for the electrolyte calcium. The
electrolyte values for sodium, potassium, and phosphate can be found in
the Supplementary Material S3, Supplementary Figures S12-S15. As
mentioned before, a bimodal distribution in these electrolyte values was
observed. The time-controlled graph revealed a sharp drop from
2016 to 2017. Before 2017, the mean values of calcium in serum
were at (2.87 + 0.14) mmol/L (95% CI [2.85, 2.90]) and dropped
afterwards to (2.55 + 0.07) mmol/L (95% CI [2.53, 2.56]).

An in-depth analysis revealed that before 2017 animals were
anesthetized with a different procedure compared to animals in
studies after 2017. As this information is not part of the SEND-data,
the anesthetic procedure had to be extracted manually for each
study. Implementing the information of the anesthetics revealed two
normally distributed subsets shown in Figure 5: the distribution of
the isoflurane subset (violet) has lower calcium levels and shows a
smaller standard deviation (2.55 # 0.07) mmol/L, while the
distribution of the CO, subset (grey) has higher calcium values
and shows a higher/larger standard deviation (2.87 + 0.14) mmol/L.

Finally, a Welch-adapted t-test was performed to assess the difference
between these two groups. For calcium, the 95% CI for the difference in
means resulted in [0.31, 0.37] with a p-value of <2.2 e-16.

In the chosen legacy study, which was performed in 2018, the animals
were anesthetized with isoflurane and subsequentially, the VCG sample
population was selected accordingly by excluding data from animals
anesthetized with CO,. The new range from which VCG animals were
derived is shown in Figure 6A. Using this filter, the performance of the
VCGs improved. Now, the consistencies were at 74% for Dose group 1,
97% for Dose group 2, and 100% for Dose group 3 (Table 2 for more
details). Figure 6B shows the results from one of the 500 iterations. The
CCG mean is (2.57 + 0.06) mmol/L while the mean of the picked VCG is
very close at (2.54 + 0.08) mmol/L. The mean values of all iterations and
with respect to the reproducibility of the original results can be found in
the Supplementary Material S2, Supplementary Figure S9.
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TABLE 2 Resampling results of the legacy study on the parameter calcium after replacing the concurrent control group with virtual control groups (VCG) sampled
from the respective subgroups. The sampling was performed 500 times and the percentage of consistent statistical results are given for each sex and each dose

group (DG).

Scenario

Mean value of

the CCG
[mmol/L]

sample population
[mmol/L]

2.57 £ 0.06 1: Confounder is = 2.69 + 0.20
unknown CCG animals
1b: Keep
2: Confounderis = 2 54 + 0.08

known

Mean value of the VCG  Sub-scenario

la: Replace all

2 sentinel animals

1c: Replace half of
the CCG animals

2a: Replace all
CCG animals

2b: Keep
2 sentinel animals

DG 1 consistency DG 2 consistency DG
3 consistency

52% consistently non-
significant

2% consistently
significant

5% consistently
significant

83% inconsistently
non-significant

92% inconsistently
non-significant

3% inverted
significant

15% inverted
significant

48% inconsistently
significant

90% consistently non-
significant

100% consistently
non-significant

100% consistently
non-significant

10% inconsistently
significant

100% consistently
non-significant

100% consistently
significant

100% consistently
significant

74% consistently non-
significant

97% consistently
significant

100% consistently
significant

26% inconsistently
significant

3% inconsistently non-
significant

87% consistently non-
significant

100% consistently
significant

100% consistently
significant

13% inconsistently
significant

2¢: Replace half of
the CCG animals

100% consistently
non-significant

100% consistently
significant

100% consistently
significant

The bold text represents the reproducibility percentage, i.e., the ability of the VCGs to reproduce the original statistical results of the legacy study and is thus a measure of performance of the

VCGs.

3.4 Improvement of the performance:
Keeping sentinel animals

As a second option to improve the performance of the VCGs
several concurrent animals of the legacy study were kept as so-
called sentinel animals. After filtering for heaviest and lightest
animals, their calcium values’ mean + 2.SD range was used to
narrow down the VCG sample population. Two scenarios were
examined here: keeping the values from two CCG animals and
keeping the values of half of the CCG population (shown in
Figure 7A). If two animals were kept and VCGs were only derived
within the calculated range, the consistency of the VCGs was at
90% for Dose group 1, and 100% for Dose group 2 and
3 respectively. Keeping half of the CCG animals in the set
improved the performance to 100% for all dose groups
respectively (see Table 2 for more details). Figure 7B shows
one example iteration of the performed 500 where half of the
animals were kept as sentinel animals. The CCG mean value is at
2.57 = 0.06 mmol/L while the mean value of the VCG is again
very close to the CCG at 2.56 + 0.06 mmol/L. The mean values of
the VCGs from all iterations with respect to the reproducibility of
the original results can be found in the Supplementary Material
S2, Supplementary Figure S7, S8.
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3.5 Improvement of the performance:
Control confounder and keep sentinel
animals

Combining both methods did not considerably improve the
performance. Keeping two sentinel animals and controlling for the
confounder had a similar performance as the one where only the
confounder was controlled: 87% of all iterations led to reproducible
results for Dose group 1, 100%, and 100% for Dose group 2 and 3.
Keeping half of the CCG animals while controlling for the confounder
led to a high consistency of 100% for all dose groups respectively
(Table 2 for more details). The mean values of all sampled VCGs with
respect to the reproducibility of the original results for all iterations
can be found in the Supplementary Material S2, Supplementary
Figures S10, S11.

3.6 The performance of the VCGs on the
parameter inorganic phosphate and body
weight

The same performance patterns could be observed for

phosphate: in the “agnostic scenario”, a generally poor
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performance is recorded, with 11% for Dose group 1, 18% for Dose
group 2, and 4% for Dose group 3. However, the performance was
significantly increased by both improvement methods. Using only
isoflurane data improved the performance considerably: the
statistical results from all iterations were reproduced in 62% for
Dose group 1, 80% for Dose group 2, and 83% for Dose group 3.
Sentinel animals selected based on the calcium parameter also
increased performance on the phosphate parameter. Keeping two
sentinel animals in the control group revealed a reproducibility of
95% in Dose group 1, 99% in Dose group 2, and 66% in Dose group
3. With five sentinel animals retained, a reproducibility of 100% was
found for Dose groups 1% and 2, and 82% for Dose group 3 was
observed. Further details can be found in the Supplementary
Material S4, Supplementary Table SI.

The parameter body weight on day 28 could generally be
reproduced well. In the agnostic scenario, the statistical results
were reproduced with 94% for Dose group 1% and 100% for
Dose group 2 and 3. After removal of CO, data from the VCG
sample population, the reproducibility even decreased to 76% for
Dose group 1, and 95% for Dose group 2. Dose group 3 remained at
100%. The presence of sentinel animals left the original performance
unchanged. The statistical results for Dose group 1 could be
reproduced in 95% of all iterations when two sentinel animals
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were kept; Dose groups 2 and 3 in 100% of all cases. Five
sentinel animals resulted in a reproducibility of 100% in all dose
groups. Further details on the performance of the VCGs towards the
body weight parameter can be found in the Supplementary Material
S4, Supplementary Table S2.

4 Discussion

In this article, we describe key requirements for statistical
characterization of HCD prior to the use of historical data for
the implementation of VCGs. Through time-control plots of
electrolyte values we identified a sudden drop from 1 year to the
other and were able to identify changes in the anesthetic procedure
as cause of this drop. We subsequently analyzed how such a hidden
confounder might influence the replacement of CCG with VCGs
with regard to identification of treatment-related effects using a
legacy study, in which treatment-related findings for calcium were
reported. This was demonstrated by the performance of the virtual
controls, which was assessed by their ability to reproduce the
statistical significance of the increased calcium values from the
legacy study. The performance of the VCGs is poor when using a
insufficiently filtered data set and increased impressively after

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1142534

Gurjanov et al.

10.3389/fphar.2023.1142534

A CO,-subset
e isoflurane-subset
----- VCG filter range
# removed CCG animals
gr sentinel animals
W virtual control
. ¥ concurrent control

® consistently non-significant

. % consistently significant
-2.4

2.2

A B

13.44 1

—

(=]

E A

£324 - H

z

s_' -

5 3

w

g

o 2.8

(=}

S

©

5264

=

(]

2

o 2.4

2

+

‘©

8 2.2 H
T T T T T
o Q < QY
G 0 5 S 2
9 . £ 83
2 5 - 8 9

o) [¢]

. 3 S % £
3 % a g =
=} =}
e g
& s
=
o
=]

FIGURE 7

7z dnoab asoqg
¢ dnoab asoq

(A) Selection range of virtual control values along with concurrent control values which are removed and kept respectively. (B) Mean values of the
legacy study and the virtual control, colored with respect to whether the original statistical results were reproduced or not. If the mean difference
between a dose group and the virtual control exceeded the Dunnett-critical distance, the group was marked with an asterisk.

removing the confounding factor and any data affected by that
confounder.

4.1 Assessment of VCG performance

The performance is a percentage resulting from the comparison
of p-values obtained from the Dunnett’s test—once between the
CCG and the dose groups of the legacy study and once between the
VCGs and the dose groups of the same study. This procedure was
repeated 500 times and at each iteration animals were drawn at
random from the VCG sample population. Though the statistical
significance is not the only decisive factor for toxicologists to speak
of a treatment-related effect, it is nevertheless a cornerstone for
further decision-making. It is therefore the first sensible step to test
whether the statistical significance of the legacy study can be
reproduced with the VCGs. The aim was to keep the design of
this study unchanged, except for the CCG values which have been
replaced by VCGs. The design of the legacy study itself was carried
out in compliance with the guidelines for toxicity studies (FDA,
2000; OECD, 2008; EMA, 2010). The FDA guideline states that
“for short-term toxicity studies of 30 days duration or less,
experimental and control groups should have at least 10 rodents
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per sex per group” which the legacy study adhered to. To maintain
the study design, any removed CCG value was replaced with exactly
one value drawn from the VCG sample population, resulting in a
constant number of n

10 control animals. Although not
considered in this article, increasing the number of control
animals by introducing historical data might be an effective way
to improve statistical power (Bonapersona et al., 2021). Scenarios
with different control group sizes could be examined for potential
changes in statistical power, and finally, for discussion of how
increasing the power could be beneficial for decision-making
in regulatory toxicology. However, a prerequisite would be
strict and carefully chosen specifications for the selection of
appropriate data together with expert knowledge input from both
statisticians and regulatory toxicologists. Recommendation here is a
selection of HCD from studies which are as similar as possible in
design to the current study. A list of design parameters is proposed
(Supplementary Material S5, Supplementary Table S3) and should
be expanded in the future with ongoing research on definition of
clear inclusion and exclusion criteria. The inclusion of VCGs from
animals from different study designs might not necessarily increase
statistical power or help toxicologists deciding whether observed
statistical significances are treatment related. For example, an article
on the curation and analysis of histopathological parameters in a
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10 highest and 10 lowest calcium values of the Virtual Control Group (VCG) sample population (once with and once without the values affected by
the confounder) compared to the Concurrent Control Group (CCG) and Dose group 3 of the legacy study. The 95% confidence interval for the difference

in means is shown for each group.

large database showed that the proportions of pathological findings
may change significantly with increasing sample size (Pinches et al.,
2019). Although histopathological data are qualitative parameters, a
similar conclusion could be drawn for quantitative parameters: a
large HCD population could increase data variability and alter
statistical results. There is currently no minimum number of in
vivo toxicity studies recommended by the OECD to generate
meaningful HCDs. However, for in vitro studies such as the
mammalian micronucleus test, a minimum of ten studies is
required (OECD, 2016). It might be worth to assess in future
what the minimum number of studies would be for generation of
meaningful VCGs. However, relying on HCD alone in a
toxicological evaluation might be problematic since, compared to
HCD, the concurrent data for bioassay interpretation are generally
considered to be the most relevant as they ensure assay validity and
help to identify infections in cages (Keenan et al., 2009; Kluxen et al.,
2021).

A further suggestion is to check how representative HCD is to
simulate concurrent controls. Here, we focused on reproducing the
statistical significance of the chosen legacy study and monitor only one
endpoint. Regulatory toxicology studies look for both target and off-
target effects of a substance screening a comparably large number of
endpoints without exerting an a priori defined endpoint hierarchy.
When it comes to decision-making, an important aspect are relevance
limits (Schmidt et al., 2016; Kluxen et al., 2021). To assess the size of
potentially detectable effects in a given scenario with HCD, the
confidence interval for the largest possible difference in the means
of the HCD as the relevance limit is shown in Figure 8. Based on the ten
largest and ten smallest calcium values of the HCD sample population, a
95% CI for the difference of means using a two-sample t-test is
calculated. The legacy study presented here reports evidence of
hypercalcemia determined by expert toxicologists. For reproduction
of this treatment-related finding, the difference between the mean
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values of CCG and Dose group 3 would have to be greater than the
one between the extreme values from HCD. In the legacy study, the 95%
confidence interval for the difference of means between the CCG and
Dose group 3 (ie., the high dose group) obtained by a two-sample t-test
was [0.065; 0.163] mmol/L. Calculating Cohen’s D between these two
groups resulted in an effect size of 2.2. For the VCG sample population,
the difference in means between the 10 highest calcium levels and the
10 lowest calcium levels resulted in a mean difference of [0.619; 0.735]
mmol/L when the confounder was present, i.e., about six times higher
compared to the difference between CCG and Dose group 3. Cohen’s
D-calculation resulted in a large effect size of 11.0, also, five times higher
than the effect observed in the legacy study. Removing all values affected
by the confounder, selecting the 10 highest and 10 lowest calcium
values, and recalculating the #-test reduced the difference in means to
[0.227; 0.271] mmol/L, still two to three times greater than the
difference between CCG and Dose group 3. However, the effect size
was still large at 10.8.

Consequently, considering the differences in means or Cohen’s
D as the limit of biological relevance for estimating a biological effect
is not straightforwardly applicable. Communication between
toxicology experts and regulatory authorities is still needed to
decide on acceptable limits and selection criteria of parameters to
determine a standardized effect size (EFSA Scientific Committee,
2011).

4.2 Identifying hidden confounders and
retaining sentinel animals dramatically
increases VCG performance

Replacing all concurrent control animals with virtual control

data from an insufficiently pre-filtered sample population (i.e., the
“agnostic scenario”) resulted in poor overall performance. In this
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scenario, a confounder was present that elevated the mean value and
the variance of the VCG sample population. This strongly increased
variance led to a non-significant statistical result in most cases and
this means in turn that the significant differences in Dose groups
2 and 3 from the legacy study cannot be reproduced. To improve the
performance of the VCGs compared to the “agnostic scenario”, two
methods were presented: finding the parameter in the study design
that influences the outcome of the study, and keeping a certain
number of sentinel animals in the concurrent control group.

To find the confounder, the data of the VCG population was
plotted against the study year and searched for atypical shifts. A
marked drop in electrolyte levels was observed in the VCG sample
population in 2017 (Figure 5), which ultimately compromised the
performance of the VCGs. A confounder was present but could not
be identified immediately. After excluding known stratification
parameters—such as  strain = (Kacew, 1996), route of
administration (Gad, 1994), sex, age (Wolford et al, 1987;
McCutcheon and Marinelli, 2009), initial body weight (Wolford
etal., 1987), vehicle (de Kort et al., 2020) and the laboratory carrying
out the test (Igl et al.,, 2019)—other parameters were checked as
possible reasons, such as a change in animal supplier and a potential
change in the analytical method. However, none of these parameters
provided an explanation for the observed decline in electrolytes in
2017. Discussing the data with the study director led to the
identification of an additional parameter, which is not recorded
in SEND, namely, the anesthetics used before blood collection. Since
blood collection is a stressful procedure for animals, anesthesia with
CO, or isoflurane is required by animal welfare ordinance
(Parasuraman et al., 2010). While CO, is a cheap and easy to use
gas that does not require resource intensive disposal, isoflurane is
considered to be less stressful for the animals (Altholtz et al., 2006;
Traslavina et al., 2010; Wong et al., 2013; Turner et al., 2020). But
apart from that, it is also documented that CO, as an anesthetic can
artificially increase blood serum electrolyte levels, as high levels of
CO, cause blood acidosis (Langford, 2005; Traslavina et al., 2010).
Isoflurane, on the other hand, is known to lower electrolyte levels
(Hotchkiss et al., 1998; Deckardt et al., 2007). Manual extraction of
this information from the original reports and subsequent addition
to the database finally confirmed that the change from CO, to
isoflurane caused the observed changes in electrolytes. Afterwards,
the common VCG database was enriched with this parameter in
order to generate meaningful VCGs for the simulation of electrolyte
parameters.

Aside from finding and controlling confounders, the performance
of VCGs has been increased after keeping a certain number of sentinel
animals in the CCG set. Concurrent control animals are generally
essential to ensure the quality and technical validity of the bioassay
(Kluxen et al., 2021). For example, in a study without control animals,
a possible infection would go unnoticed and a resulting increase in
hematological parameters could be incorrectly attributed to the
administered test item (Nicklas et al., 1999; Steger-Hartmann et al.,
2020). Already keeping two sentinel animals significantly improved
the performance of the VCGs compared to the “agnostic scenario”
and keeping half of the CCG animals as sentinel animals resulted in a
reproducibility percentage of 100% in all dose groups (see Table 2).

The combination of both methods, i.e., controlling the stratification
parameter and keeping sentinel animals, did not improve the
performance of the VCGs with respect to the method of “keeping
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sentinel animals”. Sentinel animals attenuated the influence of the
confounder in the presented study. This emphasizes their usefulness
beyond ensuring the technical validity of a bioassay.

This article demonstrates that rigorous control of the data increases
the performance of the VCGs. However, future VCG selection and
matching should not be based on solely one parameter and should use
several parameters instead. An long-term goal is to create VCGs from
historical data that ideally are able cover all endpoints of a toxicological
study well. In regulatory toxicology, around 75 quantitative clinical
pathology parameters (and other qualitative ones, e.g., histopathology)
are examined. Examination of each of these parameters for quality, as
has been presented for the electrolyte values in this article and a
comprehensive analysis of the parameter distribution at a particular
time of measurement would make it possible to identify further
confounders and thus continuously improve the quality of the HCD
and generate more meaningful VCGs. Another factor to consider is the
correlation or interdependence of several parameters. Calcium is known
to correlate with phosphate, urea and potassium (Howard et al., 2011;
Verzicco et al.,, 2020), and parathyroid hormone (PTH) (Lecoq et al.,
2021), among others. If a parameter was found to differ significantly, it
might also be of interest to check whether a correlating endpoint also
shows a significant change in the same direction. If so, these findings
could be flagged accordingly, which could ultimately help expert
toxicologists and study directors differentiate true treatment-related
effects from artifacts. In the legacy study, the above-mentioned
correlation of calcium and inorganic phosphate (both are increased)
were present. Both electrolytes are regulated by Vitamin D3, PTH, and
calcitonin (Shrimanker and Bhattarai, 2016). The VCGs—selected to
match the parameter calcium—show the same behavior for phosphate
as for calcium: a poor performance when the confounder is present and
an increase in performance after either leaving sentinel animals in the
set or removing the data affected by the confounder (Supplementary
Material S4, Supplementary Table SI). Thereby, in this case, we were
able to reproduce the statistical results of the study well. In addition,
VCGs were examined for a parameter that does not primarily correlate
with blood serum electrolyte levels: the body weight, measured on day
28 at the end of the dosing period (Supplementary Material S4,
Supplementary Table S2). No significant changes in body weight
concentration were noted in the legacy study between the dose
groups and the corresponding CCG. Unsurprisingly, the VCGs were
able to reproduce these results well as they were selected leaving the
original location parameters of the initial body weights of the rats
unchanged. Neither removing the data affected by the confounder nor
considering sentinel animals did affect the good performance of
the VCGs.

5 Conclusion

Our study illustrates the importance of proper data analysis and
selection and proposes strategies to generate virtual controls. The
aim of this study was to generate VCGs to replace concurrent
controls in future experiments, thereby contributing to the 3R
concept. VCGs were generated by a resampling approach that
proved to be easy to implement and straightforward, yielding
results that were easy to interpret. In addition, each individual
VCG value can be traced back to each individual animal in a
historical study allowing for quality assurance. The performance
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of the VCGs was shown to be highly dependent on the quality of the
underlying HCD and can be improved by using a small number of
remaining concurrent control animals (i.e., sentinel animals). A well
maintained and constantly improved database together with
thorough statistical characterization of the data will be the main
requirements for the implementation of VCG.
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1 Methods
1.1 The data

All animal studies performed after 2011 were recorded using Pristima (Xybion) Laboratory
Information Management System (LIMS). Pristima’s SEND solution, called Savante was
utilized for the conversion of the collected raw data into the SEND (Standard for Exchange
of Non-clinical Data) data model. Additionally, external SEND studies which were conducted
at CROs (Contract Research Organizations) are accessible. Harmonization of the study data
was performed according to the SEND controlled terminology for enabling data analysis. The

data is being stored in AWS S3 and easily accessible for data scientists at Bayer.

1.2 Used software for data selection, curation, and visualization

Data gathering was performed with a version of the statistical software R, version 3.5.3. The
processing, and cleaning of the data was done with R, version 4.0.1, using the tidyverse
package (Wickham, 2017) and the data.table package (Dowle and Srinivasan, 2021).
Statistical evaluation was performed using the DescTools package (Signorell and al., 2019).
Data visualization was performed with, using the plotly package (Sievert, 2018) along with
the webshot package for exporting images (Winston, 2019). The used R-code can be

downloaded from the GitHub repository https://github.com/bayer-group/VCG-resampling.git.

1.3 Difference between potassium and calcium levels of rats anesthetized with
CO2/air and CO2/0z2 in the data set

During the procedure of blood drawing in rats, anesthetics are used. One possible anesthetic
is CO2 which is however not administered purely but as a mixture. In this data set from Bayer,
in most cases, CO, was mixed with room air in a 6:4 ratio (60 % CO2 and 40 % O). In some
studies however, a mixture of 80 % CO2 and 20 % O, was used insted. In order to ensure
that these additives to the CO, were not influencing the outcome on the electrolyte values,
the values were compared to each other. For the potassium values, a histogram (Panel A of
Figure S1) and a box plot (Panel B of Figure S1) is illustrated, showing no visible differences
between these two subgroups in the potassium values. Same was done for calcium

(Figure S2), sodium (Figure S3) and inorganic phosphate (Figure S4).

It was therefore concluded that both sub-sets can be combined into one group as they have
no difference in the potassium and calcium values-in relation to the serum values of the rats

which were anesthetized with isoflurane.
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2 Results
2.1  Legacy study graphical results

This section shows the overall results of all 500 iterations of all six scenarios used to test the
VCG performance. All recruitment scenarios are shown in Figure S9. For the numerical
results of the performances for each scenario please refer to Table 2 of the main body of this
article. The graphs illustrate the mean values of the VCGs in each iteration and the outcoming
result for each dose group. In the first scenario (1A), i.e., the “agnostic scenario”, which is
shown in Figure S10, a high variance of the mean values of the VCGs can be seen. As a
result, virtual controls with a mean value too far away from the concurrent one tends to lead
to results inconsistent to the one of the legacy study. The performance of the VCGs was
improved by two approaches. One approach was to keep a number of values from the legacy
study of satellite animals in the set. Keeping two satellite animals (Figure S11) reduced the
variance of the VCG means and improved the performance considerably; keeping five
animals (i.e., half of the original control group population) (Figure S12) improved the
performance even further. Another strategy was to control the confounding factor (i.e., the
anesthetic used) as shown in Figure S13 which too, improved the performance, though not
as good as keeping sentinel animals. Combining both methods, i.e., controlling the
confounder and keeping two sentinel animals (Figure S14) or five sentinel animals

(Figure S15) did not further improve the performance of the virtual controls.
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Figure S5: All scenarios of the VCG selection process. (A) The “agnostic-scenario”) No
sentinel animals kept; confounder not controlled. (B) No sentinel animals kept; confounder
controlled. (C) 2 sentinel animals kept; confounder not controlled. (D) 2 sentinel animals kept;
confounder controlled. (E) Half of the CCG-animals kept; confounder not controlled. (F) Half
of the CCG animals kept; confounder controlled.
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Figure S6: Scenario 1a: confounder not controlled; no sentinel animals kept. Resampling
results of the legacy study in male rats in each dose group. Virtual control groups (VCGs)
were generated using the calcium sample population of the respective subset The mean
value of concurrent control group (CCG) (green cross) and the dose group (grey X) are shown
for each dose group. Additionally, all mean values of the sampled VCGs of 500 iterations are
shown as a scattered violet cloud in the control-group panel. On the dose groups, the areas
for the VCG from each iteration are shown as “zones”. If a VCG led to a result consistent with
the one using the CCG, the zone is blue with a dotted pattern. VCGs leading to an
inconsistently significant results are red with a crossed pattern. VCGs leading to an
inconsistently non-significant results are orange with a checkered pattern. And finally, VCGs
leading to an inverse significant result are magenta with a with a diagonally stroked pattern.
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Figure S7: Scenario 1b: confounder not controlled; two sentinel animals kept. Resampling
results of the legacy study in male rats in each dose group. Virtual control groups (VCGs)
were generated using the calcium sample population of the respective subset The mean
value of concurrent control group (CCG) (green cross) and the dose group (grey X) are shown
for each dose group. Additionally, all mean values of the sampled VCGs of 500 iterations are
shown as a scattered violet cloud in the control-group panel. On the dose groups, the areas
for the VCG from each iteration are shown as “zones”. If a VCG led to a result consistent with
the one using the CCG, the zone is blue with a dotted pattern. VCGs leading to an
inconsistently significant results are red with a crossed pattern. VCGs leading to an
inconsistently non-significant results are orange with a checkered pattern. And finally, VCGs
leading to an inverse significant result are magenta with a with a diagonally stroked pattern.
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Figure S8: Scenario 1c: confounder not controlled; half of the CCG animals are kept as
sentinel animals. Resampling results of the legacy study in male rats in each dose group.
Virtual control groups (VCGs) were generated using the calcium sample population of the
respective subset The mean value of concurrent control group (CCG) (green cross) and the
dose group (grey X) are shown for each dose group. Additionally, all mean values of the
sampled VCGs of 500 iterations are shown as a scattered violet cloud in the control-group
panel. On the dose groups, the areas for the VCG from each iteration are shown as “zones”.
If a VCG led to a result consistent with the one using the CCG, the zone is blue with a dotted
pattern. VCGs leading to an inconsistently significant results are red with a crossed pattern.
VCGs leading to an inconsistently non-significant results are orange with a checkered
pattern. And finally, VCGs leading to an inverse significant result are magenta with a with a
diagonally stroked pattern.
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Figure S9: Scenario 2a: confounder controlled; no sentinel animals kept. Resampling results
of the legacy study in male rats in each dose group. Virtual control groups (VCGs) were
generated using the calcium sample population of the respective subset The mean value of
concurrent control group (CCG) (green cross) and the dose group (grey X) are shown for
each dose group. Additionally, all mean values of the sampled VCGs of 500 iterations are
shown as a scattered violet cloud in the control-group panel. On the dose groups, the areas
for the VCG from each iteration are shown as “zones”. If a VCG led to a result consistent with
the one using the CCG, the zone is blue with a dotted pattern. VCGs leading to an
inconsistently significant results are red with a crossed pattern. VCGs leading to an
inconsistently non-significant results are orange with a checkered pattern. And finally, VCGs
leading to an inverse significant result are magenta with a with a diagonally stroked pattern.

44



3.1 Supplementary Material

Njterations: 500 o all sampled VCG mean values

¢ CCG mean value

8 dose group mean value

1
1
1

sampled VCG mean values

g to a consistent result
~ sampled VCG mean values leading to
a :,

an inconsistently significant result

*-concentration in serum [mmol/L]

[o1u0) -
soq

z dnoab ssoq

[ dnoab o
¢ dnoab &

Figure S10: Scenario 2b: confounder controlled; two sentinel animals kept. Resampling
results of the legacy study in male rats in each dose group. Virtual control groups (VCGs)
were generated using the calcium sample population of the respective subset The mean
value of concurrent control group (CCG) (green cross) and the dose group (grey X) are shown
for each dose group. Additionally, all mean values of the sampled VCGs of 500 iterations are
shown as a scattered violet cloud in the control-group panel. On the dose groups, the areas
for the VCG from each iteration are shown as “zones”. If a VCG led to a result consistent with
the one using the CCG, the zone is blue with a dotted pattern. VCGs leading to an
inconsistently significant results are red with a crossed pattern. VCGs leading to an
inconsistently non-significant results are orange with a checkered pattern. And finally, VCGs
leading to an inverse significant result are magenta with a with a diagonally stroked pattern.
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Figure S11: Scenario 2c: confounder controlled; half of the CCG animals are kept as sentinel
animals. Resampling results of the legacy study in male rats in each dose group. Virtual
control groups (VCGs) were generated using the calcium sample population of the respective
subset The mean value of concurrent control group (CCG) (green cross) and the dose group
(grey X) are shown for each dose group. Additionally, all mean values of the sampled VCGs
of 500 iterations are shown as a scattered violet cloud in the control-group panel. On the
dose groups, the areas for the VCG from each iteration are shown as “zones”. If a VCG led
to a result consistent with the one using the CCG, the zone is blue with a dotted pattern.
VCGs leading to an inconsistently significant results are red with a crossed pattern. VCGs
leading to an inconsistently non-significant results are orange with a checkered pattern. And
finally, VCGs leading to an inverse significant result are magenta with a with a diagonally
stroked pattern.
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2.2 Electrolyte values with respect to the used anesthetic

This section illustrates the differences in the electrolyte values of control-group animals from
studies with as a histogram and as box plots with respect to the study year. The graphs are
separated by color to illustrate the different anesthetics used in the studies. In each electrolyte
value, namely calcium (Figure S12), potassium (Figure S13), sodium (Figure S14), and
inorganic phosphate (Figure S15) there is a bimodal distribution visible in the histogram as
well as a drop in the box plots from 2016 to 2017, i.e., the year when the anesthetic procedure

was changed from CO- to isoflurane.
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Figure S12: (A) Calcium value distributions of male Wistar-rats (B) Box plots of these calcium
levels with respect to the study year. (C) Calcium values as box plots with respect to the
anesthetic. The CO2-group is colored grey, and the isoflurane-group is colored violet.
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Figure S13: (A) Potassium value distributions of male Wistar-rats (B) Box plots of these
potassium levels with respect to the study year. (C) Potassium values as box plots with

respect to the anesthetic. The CO»-group is colored grey, and the isoflurane-group is colored
violet.
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Figure S14: (A) Sodium value distributions of male Wistar-rats (B) Box plots of these sodium
levels with respect to the study year. (C) Sodium values as box plots with respect to the
anesthetic. The CO2-group is colored grey, and the isoflurane-group is colored violet.
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Figure S15: (A) Phosphate value distributions of male Wistar-rats (B) Box plots of these
phosphate levels with respect to the study year. (C) Phosphate values as box plots with

respect to the anesthetic. The CO»-group is colored grey, and the isoflurane-group is colored
violet.
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2.3 Resampling results on phosphate and body weight

In the supplementary Table S1 we show the VCG performance for the parameter inorganic
phosphate, a parameter strongly correlated with calcium which is the main endpoint observed
in this article. The legacy study which is used here as the reference reported a significantly
increased phosphate value in Dose group 3 (i.e., the high dose group) while Dose group 1
and 2 did not show any significant differences. The reproducibility % shows the same
behavior in this endpoint as observed in calcium (see Table 2 of the main body of the article).
Namely, the performance of the “agnostic scenario” is very poor due to the presence of a
confounder. Upon removing all data points affected by the confounder, the performance
increased considerably. The presence of sentinel animals improved the performance even
further. Note that the VCG was filtered to match the sentinel animals in the parameter calcium.
Phosphate—being strongly correlated to calcium—profited from this additional filtering step
as well.

Apart from phosphate, another parameter was observed where it wasn’t expected that the
anesthetic procedure (being a confounder for electrolyte values measured in blood serum)
would affect the values: the body weight measured on day 28 of the study (supplementary
Table S2). This parameter indeed didn’t show any improvements in performance after
removing all data from animals affected by the confounder. However, keeping five sentinel

animals in the set of the concurrent control group improved the performance slightly.
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Table S1: Resampling results of the legacy study on the parameter phosphate after replacing the concurrent control group
with virtual control groups (VCG) sampled from the respective subgroups. The sampling was performed 500 times and
the percentage of consistent statistical results are given for each sex and each dose group (DG).

Mean value Scenario Mean value Sub- DG 1 DG 2 DG 3
of the CCG of the VCG scenario consistency consistency consistency
[mmol/L] sample
population
[mmol/L]
1a: Replace 11 % consistently 18% consistently 4 % consistently
all CCG non-significant non-significant significant
. 89 % inconsistently 82 % inconsistently 93 % inconsistently
animals significant significant non-significant
3 % inverted
significant
1:
1b: Keep 2 95 % consistently 99 % consistently 66 % consistently
_Confounder 230+ 0.65 sentinelp non-significant non-significant significant
is unknown imal 5 % inconsistently 1 % inconsistently 34 % inconsistently
animals significant significant non-significant
1c: Replace 100 % 100 % 82 % consistently
half of the consistently non- consistently non- significant
significant significant 18 % inconsistently
CCG non-significant
animals
1.52+ 028 2a: Replace 62 % consistently 80 % consistently 83 % consistently
all CCG non-significant non-significant significant
. 38 % inconsistently 20 % inconsistently 17 % inconsistently
animals significant significant non-significant
2: 2b: Keep 2 99 % (_:on:_istently 100 % 9_7 % (_:onsistently
Confounder ; non-significant consistently non- significant
is k 1.94 + 0.31 Ser\tmel 1 % inconsistently significant 3 % inconsistently
IS Known animals significant non-significant
2c: Replace 100 % 99 % consistently 100 %
half of the consistently non- non-significant consistently
significant 1 % inconsistently significant
C(?G | significant
animails
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Table S2: Resampling results of the legacy study on the parameter body weight (on day 28) after replacing the concurrent control
group with virtual control groups (VCG) sampled from the respective subgroups. The sampling was performed 500 times and

the percentage of consistent statistical results are given for each sex and each dose group (DG).

Mean Scenario Mean value Sub-scenario DG 1 DG 2 DG 3
value of of the VCG consistency consistency consistency
the sample
CCG[qg] population
d]
1a: Replace 94 % consistently 100 % consistently 100 % consistently
all CCG non-significant non-significant non-significant
. 6 % inconsistently
animals significant
1: 1b: Keep 2 95 % consistently 100 % consistently 100 % consistently
: sentinel non-significant non-significant non-significant
Confounder 303 £23 imal 5 % inconsistently
is unknown animais significant
1c: Replace 100 %_ co_n_sistently 100 %_ co_n_sistently 100 %_ co_n_sistently
half of the non-significant non-significant non-significant
CCG animals
319+ 24
2a: Replace 76 % consistently 95 % consistently 100 % consistently
all CCG non-significant non-significant non-significant
. 24 % inconsistently 5 % inconsistently
animals significant significant
. 2b: Keep 2 96 % consistently 99 % consistently 100 % consistently
2: sentinel non-significant non-significant non-significant
Confounder 295 + 21 . 4 % inconsistently 1 % inconsistently
is known animals significant significant
2c: Replace 100 %_ cop§istently 100 %_ cop§istently 100 %. co_nﬁstently
half of the non-significant non-significant non-significant
CCG animals
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3 List of proposed study design parameters to filter for VCG

selection.

In the supplementary Table S3 we present a set of parameters we propose to control in order

to derive meaningful virtual controls.

Table S3: List of study design parameters proposed to use as filters for VCG selection.

Parameter (SEND- Selected value Rationale
name)
Essential

Species (SPECIES) RAT Animals differ strongly in their
parameters.

Strain (STRAIN) WISTAR HAN Different strains, differ in various
parameters.(de Kort et al., 2020)

Route of administration ORAL GAVAGE Different routes of administration

(ROUTE) may alter the outcome of
parameters (e.g., skin findings
after intravenous injections)(Gad,
1994).

Dosing duration at least 28 d Studies shorter than 4 weeks

(DOSDUR) often are performed for
exploratory purposes in a non-
standardized setting where not
all parameters of a GLP 4-week
study are monitored.

Study day (BWDY/LBDY) 1-35 It was decided to observe only

the study days 1 - 28, however 1
week was added in case that
some time passed between
finishing the dosing period and
measuring respective

parameters.

Aspect to be considered

Study start-year
(STDSTDTC)

2018 — 2022

Genetic drift may introduce
variation of parameters over
time, which should be prevented.

In addition, analytical methods
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may change over time (e.g.,
flame photometry vs. lon-
selective electrodes for

determination of cations)

Initial age (AGE)

6 weeks — 9 weeks

Aging affects many parameters
rats. However, the age entries
are rather vague. In addition,
animals are usually ordered
according to weight and not age.
Thus, the body weight should be
used as a surrogate for
age.(Wolford et al., 1987; de Kort
et al., 2020)

Body weight
(BWORRES) (as a

surrogate for age)

100g-250¢g

Controlling body weight prevents
entering abnormally young/old
animals in the set which might
influence other parameters (e.g.,
ALT, ASP, GGT).

It is proposed to select a body
weight distribution similar to the
one reported for the study under

investigation.

Supplier/Breeder
(SPLRNAM)

CHARLES RIVER

There is weak evidence for a
change in supplier which may
influencing parameters

(potassium, calcium). Further

investigations needed.

Test facility location
(TSTFLOC)

E.g., Bayer
Pharmaceuticals,

Wuppertal

The laboratory has a high impact
on different measured endpoints
and it is recommended by the
guidelines to use historical data
from only one laboratory.(OECD,
2008; Keenan et al., 2009)
While taking data from only one
laboratory is preferable, certain
endpoints might still be enriched
by consulting data from different
laboratories as well as long as

GLP criteria are met.

53




3.1 Supplementary Material

Useful

Treatment vehicle
(TRTV)

KolliphorHS15

Different vehicles may have a
different impact on the
metabolism of the
animals.(Stokes et al., 2013; de
Kort et al., 2020)

Time from beginning of
the substance treatment
until sacrifice of animals
(TRMSAC).

1-35

Unlike the dosing duration, this
parameter takes the “recovery
period” into account. During this
time, control animals are not
exposed to the treatment vehicle
which can have an outcome on

certain values.
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Results

3.2 The Road to Virtual Control Groups and the Importance of
proper Body-Weight Selection

Beyond the control of study design parameters, as presented in the previous chapter, the VCG
performance greatly relies on matching HCD with the animals from the legacy study. An
essential value for HCD matching is the age of the test subjects since numerous animal values
are influenced by age. This short communication presents the use of initial body weight for
HCD matching as a surrogate for age. Using the reproducibility of statistical outcomes for
animal body weights as an example, this study demonstrates that aligning HCD to the initial
body weights of legacy-study animals improves the performance of VCGs. Furthermore, this
study presents alternative sampling approaches to improve the VCG performance and
discusses the requirements HCD needs to meet for VCG creation along with the suitability of

the presented sampling methods.
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Abstract

Virtual control groups (VCGs) created from historical control data (HCD) can reduce the
number of concurrent control group animals needed in regulatory toxicity studies by up to 25%.
This study investigates the performance of VCGs on statistical outcomes of body weight
development between treatment and control groups in legacy studies. The objective is to
reproduce the statistical outcomes of 28-day sub-chronic studies (legacy studies) after
replacing the concurrent control group with virtual ones. In rodent toxicity studies initial body
weight is used as surrogate for the age of animals. For the assessment of VCG-sampling
methods three different approaches are explored: (i) sampling VCGs from the entire HCD
ignoring initial body weight information of the legacy study, (ii) sampling from HCD matching
the legacy study’s initial body weights, and (iii) sampling from HCD with assigned statistical
weights derived from legacy study initial body weight information. It is shown that the ability to
reproduce statistical outcomes by virtual controls is mainly determined by the congruence
between the legacy study and the HCD weight distribution: regardless of the chosen approach,
the ability to reproduce statistical outcomes was well for VCGs when the legacy study’s initial-
body-weight distribution was similar to the HCD’s. When the initial body weight range of the
legacy study was at the extreme ends of the HCD’s distribution, the weighted-sampling
approach was superior. This article highlights the importance of proper HCD-matching by the
legacy study’s initial body weight and discusses required conditions to accurately reproduce

body weight development.
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Introduction

The concept of virtual control groups (VCGs), i.e., using historical control data (HCD) to
replace concurrent control group animals (CCGs) with virtual ones (Steger-Hartmann et al.,
2020) suggests that VCGs may be able to reduce the number of animals in toxicity studies by
up to 25% and thus contributing to the 3R concept (Russel and Burch, 1959).

HCDs are generally used for comparative purposes in regulatory toxicity studies (Kluxen et al.,
2021) provided that HCD are “originating from the same laboratory, species, strain, and
collected under similar conditions” (OECD, 2018). The same requirements apply for the
establishment of reliable, well-performing VCGs (Steger-Hartmann et al. 2020; Gurjanov et al.,
2023).28-day repeat-dose toxicity studies in rodents and non-rodents usually determine the
safe starting dose for the First-in-Man ftrials (ICH, 2009; OECD, 2008). HCD was collected
from these studies (Kluxen et al., 2021), where the largest amount of HCD has accumulated
for rodents, since the rat is the most frequently used species (Namdari et al., 2021). Due to
the abundance of HCD, first insights on the use of VCGs have been made with this species
(Gurjanov et al., 2023; Wright et al., 2023, Gurjanov et al., 2024).

The ongoing maturation of the concept of VCGs (Golden et al., 2023; Steger-Hartmann and
Clark, 2023) involves the evaluation of the VCG performance on legacy studies using them as
a benchmark: a virtual control group can be considered “well performing” if the legacy study
results can be reproduced after the CCG was replaced by VCGs (Gurjanov et al., 2023).

In conventional 28-day repeat-dose toxicity studies, roughly 100 different parameters are
measured in each animal comprising hematological parameters, clinical chemistry, urine
measurements, clinical observations, and histopathological findings. At the beginning of the
experiment, animals are randomly allocated to a control group and several dose groups, where
the latter receive the test item. The parameter for randomization in rodent studies is usually
the initial body weight (Hoffmann et al, 2002). If an effect in animals is observed, one can
compare it to the control to assess whether this effect is caused by the test item or by other
influences (OECD, 2008; ICH, 2009). Differences in quantitative parameters, such as body
weight or clinical chemistry parameters are hereby assessed using appropriate statistical tests
(Hamada, 2018) such as the Dunnett’s test (Dunnett, 1955; Hothorn, 2016).

A key parameter in toxicological assessment is animal body weight. It is the only quantitative
parameter measured daily during an ongoing dosing period (i.e., in-life phase) making body
weight the most densely populated datapoint. Furthermore, body weight serves as a stratum
for randomizing animals into the different experimental groups before the start of the treatment
(Du Sert et al., 2020). Together with clinical observations, body weight is used to monitor ad

hoc toxic effects and animal wellbeing (Jourdan, 2013); a critical decrease in body weight is
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even a criterion to terminate a study entirely (Talbot et al., 2020). Furthermore, body weight is
an important parameter in animal purchase, where it may be used as a surrogate for age or
date of birth.

Given the fact that many physiological parameters correlate with age and body weight of
animals, any mismatch in the initial body weight (i.e., body weight taken at the beginning of
the experiment prior to first test-item application) might impair the outcome of a study using
VCGs (Wolford et al., 1987; McCutcheon and Marinelli, 2009, Jacob Filho et al., 2018).

This article presents the performance of VCGs regarding body weight values of 14 legacy
studies. The statistical outcomes of the legacy studies (“significantly different to the control”
vs. “non-significantly different to the control”) serve as a benchmark and the objective is to
reproduce them after replacing CCGs with VCGs. This study examines the impact of different
sampling methodologies on the VCG performance, discusses potential benefits and pitfalls of
the approaches, and explores the necessity for careful selection and validation of HCD prior
to VCG creation.

Methods

Software

For data gathering, statistical calculations, model development, evaluation, and visualization
the statistical programming software R version 4.1.2 (R Foundation for Statistical Computing,
Vienna, Austria) was used. The details of R packages used are listed in Table S1 of the
supplementary material. The code used and the control data are stored in Bayer’s GitHub

repository (Gurjanov, 2024).

Graphical representation

All data was visualized as histograms to check for normality of value distribution. The growth
of the animals is shown as a l