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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. 
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Zusammenfassung 

Das Konzept der virtuellen Kontrollgruppen (VCGs) hat zum Ziel, gleichlaufende 

Kontrollgruppen (CCG) in nichtklinischen Studien zu ersetzen. Dadurch könnte die Zahl der in 

Studien benötigten Tiere um bis zu 25% reduziert werden. Um die Anwendbarkeit dieses 

Konzepts zu prüfen und weiterzuentwickeln, wurde ein Konsortium aus Mitgliedern der 

pharmazeutischen Industrie, kleinen und mittelständischen Unternehmen und akademischen 

Instituten gegründet. 

VCGs werden aus historischen Kontrolldaten (HCD) erstellt, i.e., Kontrollgruppendaten aus 

vergangenen Toxizitätsstudien, 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 zufällig aus dem HCD-pool gezogen 

und bilden die VCGs. Als Benchmark zur Bestimmung der VCG-Performance wurden 

nichtklinische Toxizitätsstudien 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—einschließlich 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 abhängt. HCD, welche der Legacystudie stark in der 

Verteilung ihrer Endpunktwerte ähneln, führen zu einer guten Reproduzierbarkeit der 

statistischen Ergebnisse. Weiterhin wurde am Beispiel drei repräsentativer Legacystudien 

wurde gezeigt, dass trotz niedriger bis moderater Reproduzierbarkeit statistischer Ergebnisse, 

die generellen Schlussfolgerungen der Toxizitätsstudien reproduziert werden konnten.  

Die Ergebnisse dieser Arbeit verdeutlichen die Notwendigkeit einer gründlichen Vorauswahl 

und Qualitätskontrolle der HCD, was die Prüfung der Verteilungen und zeitabhängigen 

Veränderungen der Endpunkte beinhaltet. Die Arbeit präsentiert und diskutiert Strategien, um 

den Einfluss potenzieller Störfaktoren in den HCD zu begrenzen, alles zum Ziel, gut 

funktionierende VCGs zu erstellen. Außerdem 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 Toxizitätsstudien 

verwendet werden können und stellt Workflows und Anleitungen zur Verfügung, die die 

Entwicklung des VCG-Konzepts voranbringen. Ziel ist es, dass das VCG-Konzept von 

Kontrollbehörden angenommen wird. 
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List of Abbreviations 

3R Replace, Reduce, Refine 

BW Body weight 

CAT Carnitine O-acetyltransferase 

CCG Concurrent control group 

CDISC Clinical Data Interchange Standards Consortium 

CO Clinical observations 

DM Demographics 

ECOD Ethoxycoumarin O-deethylase 

EMA European Medicines Agency 

EPA U.S. Environmental Protection Agency 

EROD Ethoxyresorufin-O-deethylase 

FDA U.S. Food and Drug Administration 

FW Food and water consumption 

GLP Good laboratory practice 

GST Glutathione S-transferase 

HCD Historical control data 

HD High dose 

ICH International Council for Harmonisation 

IMI Innovative Medicines Initiative 

LB Laboratory parameters 

LD Low dose 

MA Macroscopic findings 

MD Mid dose 

MI Microscopic findings 

NO(A)EL No observed (adverse) effect level 

OECD Organization for Economic Co-operation and Development 

OM Organ measurements 

SEND Standard for exchange of nonclinical data 

SME Subject matter expert 

TS Trial summary 

VCG Virtual control group 

Abbreviations used outside of this thesis’s main body relevant only to the supplementary 
material are listed in Table B1 within the supplementary materials of section 3.3. 
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1 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 

(Gökbuget 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 eTRANSAFE 

(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: 

• “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).

• 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.

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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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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• Qualitative parameters: such as histopathological findings, i.e. macroscopic findings

(MA); microscopic (MI); and clinical observations (CO).

• Demographics of the animal (DM): animal information on strain, species, supplier, birth

data, etc.

• 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: 

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

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

• 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.

• 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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2Materials 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.



Materials and Methods 

16 

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: 

• Dosing duration of 4 weeks.
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• Wistar HAN rats were used.

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

• Test substance was administered daily orally by gavage.

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

• 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.

• Animals were housed in group cages with 2–3 animals per cage.

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

• Body weight was measured daily.

• Food and water consumption was measured weekly.

• 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 
R Core Team (2021). R: A language and environment for statistical computing. R Foundation 

for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.  
Xybion (2024). XYBION All-In-One Cloud LIMS for Life Sciences, R&D, and Labs with a Full 

QMS Suite [Online]. 105 College Road East, Princeton, New Jersey 08540: XYBION. 
Available: https://www.xybion.com/ (Accessed Apr. 1, 2024). 

https://www.r-project.org/
https://www.xybion.com/
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3Results 

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

A. Gurjanov1*, A. Kreuchwig1, T. Steger-Hartmann1 and
L. A. I. Vaas2

1Bayer AG, Pharmaceuticals, Investigational Toxicology, Berlin, Germany, 2Bayer AG, Pharmaceuticals,
Research and Pre-Clinical Statistics Group, Berlin, Germany

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 eTRANSAFE (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 CO2may 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-
related, the endpoints of the test substance-treated animals
(i.e., 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
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 useHCD to
determine whether the measured endpoints in ongoing studies are
within the range of HCDs. This helps in the assessment of biological
relevance, i.e., 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 Organization for Economic Cooperation and
Development (OECD) and the International Council for
Harmonization of Technical Requirements for Pharmaceuticals 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
(CCG) 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

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
parameters, resulting from genetic drift or changes in
methodological or analytical procedures, may induce significant
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 or the rat bone marrow micronucleus 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
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:

• sex,
• strain,
• supplier,
• age,
• housing conditions,
• route of administration,
• 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 (Gökbuget 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-naïve 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
approach—or to increase 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
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

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 VCGperformance 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
consultingHCD and observing interactions between various endpoints
measured in the bioassay. HCD can be also used to calculate an effect
size supporting the toxicologists inmaking 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
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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 processing, statistical evaluations and
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
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.
• Usage of Wistar HAN rats.

• Age of rats between 6 and 9 weeks (at the beginning of the
respective study).

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

• The route of administration was “oral gavage”.
• A mixture of Ethanol, Kolliphor®HS15, and water served as
treatment vehicle.

• The initial body weight was between 100 g and 250 g.
• All endpoints were measured in Bayer’s laboratory in
Wuppertal, Germany.

• 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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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.

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

FIGURE 1
Data selection flow diagram.
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with the CCG one, this sample was classified as “consistent”,
otherwise as “inconsistent”. Inconsistent results were further
classified into following categories:

•When the statistical outcome of the VCG leads to a significant
result while the original distance was not significant, the result
was classified as “inconsistently significant”.

FIGURE 2
Workflow of assessing the performance of VCGs.
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• 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 CO2. 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.e., the sentinel animals) were
selected using the initial body weight values of the CCGs, i.e., 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 bodyweight distribution. Of n sentinel animals, the
n/2 heaviest and the n/2 lightest animals remained in the control group,
while the remaining animals were replaced with VCG data. In addition,
when n 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

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 samedesign as described above and shown inFigure 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
employingDunnett’s tests leads to no significant difference betweenCCG
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 ± 0.19mmol/L (Figure 3B), i.e., considerably
higher inmean 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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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

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 CO2 subset (grey) has higher calcium values
and shows a higher/larger standard deviation (2.87 ± 0.14) mmol/L.

Finally, aWelch-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, whichwas 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 CO2. 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
CCGmean is (2.57 ± 0.06) mmol/L while themean 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.

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 Ca2+ 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.

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.
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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.

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

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).

Mean value of
the CCG
[mmol/L]

Scenario Mean value of the VCG
sample population
[mmol/L]

Sub-scenario DG 1 consistency DG 2 consistency DG
3 consistency

2.57 ± 0.06 1: Confounder is
unknown

2.69 ± 0.20 1a: Replace all
CCG animals

52% consistently non-
significant

2% consistently
significant

5% consistently
significant

83% inconsistently
non-significant

92% inconsistently
non-significant

15% inverted
significant

3% inverted
significant

48% inconsistently
significant

1b: Keep
2 sentinel animals

90% consistently non-
significant

100% consistently
non-significant

100% consistently
non-significant

10% inconsistently
significant

1c: Replace half of
the CCG animals

100% consistently
non-significant

100% consistently
significant

100% consistently
significant

2: Confounder is
known

2 54 ± 0.08 2a: Replace all
CCG animals

74% consistently non-
significant

97% consistently
significant

100% consistently
significant

26% inconsistently
significant

3% inconsistently non-
significant

2b: Keep
2 sentinel animals

87% consistently non-
significant

100% consistently
significant

100% consistently
significant

13% inconsistently
significant

2c: 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.
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FIGURE 4
(A) Selection range of virtual control values and concurrent control values which are removed. (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.

FIGURE 5
(A) Calcium value distributions of male Wistar-rats (B) Box plots of these calcium levels with respect to the study year. The CO2-group is colored
grey, and the isoflurane-group is colored violet.
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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 S1.

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 CO2 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

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

FIGURE 6
(A) Selection range of virtual control values along with concurrent control values which are removed. (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.

Frontiers in Pharmacology frontiersin.org31

Gurjanov et al. 10.3389/fphar.2023.1142534

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


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

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

FIGURE 7
(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.
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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 theHCD 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

values of CCG and Dose group 3 would have to be greater than the
one between the extreme values fromHCD. In the legacy study, the 95%
confidence interval for the difference of means between the CCG and
Dose group 3 (i.e., 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 t-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

FIGURE 8
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.
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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
et al., 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
CO2 or isoflurane is required by animal welfare ordinance
(Parasuraman et al., 2010). While CO2 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 CO2 as an anesthetic can
artificially increase blood serum electrolyte levels, as high levels of
CO2 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 CO2 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 bothmethods, 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

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 S1). 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/O2 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, CO2 was mixed with room air in a 6:4 ratio (60 % CO2 and 40 % O2). In some 

studies however, a mixture of 80 % CO2 and 20 % O2 was used insted. In order to ensure 

that these additives to the CO2 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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Figure S 1: (A) Calcium value distributions of male Wistar-rats (B) Box plots of these calcium 
levels with respect to the anesthetic. The CO2/air-group is colored grey, and the CO2/O2-
group is colored violet. 

Figure S 2: (A) Potassium value distributions of male Wistar-rats (B) Box plots of these 
potassium levels with respect to the anesthetic. The CO2/air-group is colored grey, and the 
CO2/ O2-group is colored violet. 
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Figure S 3: (A) Sodium value distributions of male Wistar-rats (B) Box plots of these sodium 
levels with respect to the anesthetic. The CO2/air-group is colored grey, and the CO2/ O2-
group is colored violet. 

Figure S 4: (A) Phosphate value distributions of male Wistar-rats (B) Box plots of these 
phosphate levels with respect to the anesthetic. The CO2/air-group is colored grey, and the 
CO2/ O2-group is colored violet. 



3.1 Supplementary Material 

41 

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. 

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. 

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. 
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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. 

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 CO2 to isoflurane. 

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 CO2-group is colored grey, and the isoflurane-group is colored 
violet. 

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. 



3.1 Supplementary Material 

48 

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 CO2-group is colored grey, and the isoflurane-group is colored 
violet. 



3.1 Supplementary Material 

49 

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). 

DG 3 
consistency 

4 % consistently 
significant 
93 % inconsistently 
non-significant 
3 % inverted 
significant 

66 % consistently 
significant 
34 % inconsistently 
non-significant 

82 % consistently 
significant 
18 % inconsistently 
non-significant 

83 % consistently 
significant 
17 % inconsistently 
non-significant 

97 % consistently 
significant 
3 % inconsistently 
non-significant 

100 % 
consistently 
significant 

DG 2 
consistency 

18% consistently 
non-significant 
82 % inconsistently 
significant 

99 % consistently 
non-significant 
1 % inconsistently 
significant 

100 % 
consistently non-
significant 

80 % consistently 
non-significant 
20 % inconsistently 
significant 

100 % 
consistently non-
significant 

99 % consistently 
non-significant 
1 % inconsistently 
significant 

DG 1 
consistency 

11 % consistently 
non-significant 
89 % inconsistently 
significant 

95 % consistently 
non-significant 
5 % inconsistently 
significant 

100 % 
consistently non-
significant 

62 % consistently 
non-significant 
38 % inconsistently 
significant 

99 % consistently 
non-significant 
1 % inconsistently 
significant  

100 % 
consistently non-
significant  

Sub-
scenario 

1a: Replace 
all CCG 
animals 

1b: Keep 2 
sentinel 
animals 

1c: Replace 
half of the 
CCG 
animals 

2a: Replace 
all CCG 
animals 

2b: Keep 2 
sentinel 
animals 

2c: Replace 
half of the 
CCG 
animals 

Mean value 
of the VCG 
sample 
population 
[mmol/L] 

2.30 ± 0.65 

1.94 ± 0.31 

Scenario 

1: 
Confounder 
is unknown 

2: 
Confounder 
is known 

Mean value 
of the CCG 
[mmol/L] 

1.52 ± 0 28 
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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). 

DG 3 
consistency 

100 % consistently 
non-significant 

100 % consistently 
non-significant 

100 % consistently 
non-significant 

100 % consistently 
non-significant 

100 % consistently 
non-significant 

100 % consistently 
non-significant 

DG 2 
consistency 

100 % consistently 
non-significant 

100 % consistently 
non-significant 

100 % consistently 
non-significant 

95 % consistently 
non-significant 
5 % inconsistently 
significant 

99 % consistently 
non-significant 
1 % inconsistently 
significant 

100 % consistently 
non-significant 

DG 1 
consistency 

94 % consistently 
non-significant 
6 % inconsistently 
significant 

95 % consistently 
non-significant 
5 % inconsistently 
significant 

100 % consistently 
non-significant 

76 % consistently 
non-significant 
24 % inconsistently 
significant 

96 % consistently 
non-significant 
4 % inconsistently 
significant  

100 % consistently 
non-significant  

Sub-scenario 

1a: Replace 
all CCG 
animals 

1b: Keep 2 
sentinel 
animals 

1c: Replace 
half of the 
CCG animals 

2a: Replace 
all CCG 
animals 

2b: Keep 2 
sentinel 
animals 

2c: Replace 
half of the 
CCG animals 

Mean value 
of the VCG 
sample 
population 
[g] 

303 ± 23 

295 ± 21 

Scenario 

1: 
Confounder 
is unknown 

2: 
Confounder 
is known 

Mean 
value of 
the 
CCG [g] 

319 ± 24 
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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-
name) 

Selected value Rationale 

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 

(ROUTE) 

ORAL GAVAGE Different routes of administration 

may alter the outcome of 

parameters (e.g., skin findings 

after intravenous injections)(Gad, 

1994). 

Dosing duration 

(DOSDUR) 

at least 28 d Studies shorter than 4 weeks 

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. Ion-

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) 

100 g – 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. 
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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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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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Short Communication 
The Road to Virtual Control Groups and the Importance of 
proper Body-Weight Selection 
Alexander Gurjanov1, Lea Vaas2, Thomas Steger-Hartmann1 
1Bayer Research & Development, Pharmaceuticals, Investigative Toxicology, Berlin, Germany; 
2Bayer Research & Development, Pharmaceuticals, Research & Pre-Clinical Statistics Group, 

Berlin, Germany 

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 trials (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 line plot where mean body weight values are displayed with 

respect to the study day; the figures for males and females respectively can be found in Figures 

S4-S31 in the supplementary material. The initial body weight, i.e., the body weight measured 

on day 1 prior to the first application of the test substance is shown as box plots with the body 

weight values for each group (control and dose groups); the respective plots are shown in the 

Figures S32-S59 in the supplementary material. 
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Selection of historical control data 
Data was selected as described in Gurjanov et al. (2023) and extracted from Bayer’s internal 

repository. From a total of 1609 rat studies, 14 studies with similar criteria regarding species, 

strain, route of administration, treatment vehicle, number of treatment groups, animal supplier, 

food and water supply, caging conditions, and study length were used for this report. To avoid 

potential impact of genetic drift, studies were selected from within a 5-year timeframe. All 

selected studies were performed at Bayer’s test facility in Wuppertal, Germany between 2017 

and 2022 according to European and national animal protection regulations. The details for 

selection and data filtering can be found in chapter 1.2 of the supplementary material. 

Studies were numbered according to ascending initial body weight of male animals (Study-01 

to Study-14), i.e., Study-01 having animals with the lowest mean initial body weight and Study-

14 having animals with the highest. The studies’ initial body weights and mean weight gains 

are shown in Table 1. 

Table 1: Virtual control group (VCG) performance of body weight reproducibility of legacy 
studies for male and female animals. VCGs were generated from historical control data (HCD) 
followed by statistical reanalysis of body weight values between VCG and dose groups across 
all time points (day 1-28). The sampling was repeated 1000 times and the subsequent 
performance is the percentage of cases where VCGs reproduced the original statistical 
outcomes (significant vs. non-significant) of the legacy study with the concurrent control. VCGs 
were created from the HCD in three approaches, (i) sampled from HCD not matched to legacy 
study dose groups’ weight distribution, (ii) sampled from HCD matched to legacy study dose 
groups’ initial body weight, (iii) weighted sampling with weights assigned to HCD to match the 
probability density of legacy study dose groups. 

Legacy 
study 
number 

VCG performance in males [%] VCG performance in females [%] 
Sampling 
on un-
filtered 
HCD 

Sampling 
on HCD 
matched to 
legacy 
study’s 
dose-
groups' 
initial body 
weight 

Weighted 
sampling 

Sampling 
on un-
filtered 
HCD 

Sampling 
on HCD 
matched to 
legacy 
study’s 
dose-
groups' 
initial body 
weight 

Weighted 
sampling 

Study-01 15 0 45 14 75 88 
Study-02 27 77 79 31 72 71 
Study-03 66 69 76 72 78 79 
Study-04 83 77 87 48 97 94 
Study-05 90 89 91 36 69 89 
Study-06 63 40 64 78 90 89 
Study-07 99 99 99 93 95 97 
Study-08 83 88 91 39 77 79 
Study-09 66 87 83 8 60 87 
Study-10 96 99 98 95 92 92 
Study-11 71 83 81 81 82 77 
Study-12 74 91 91 94 97 97 
Study-13 87 94 93 93 97 93 
Study-14 36 55 56 94 94 95 
Mean 68 75 81 63 84 88 
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Each study consists of a concurrent control group and three treatment groups (later on called 

dose groups: low dose (LD), mid dose (MD), and high dose (HD)). Body weight was measured 

prior to application of the test item daily throughout the study from day 1 to day 28. To assess 

the differences between control and treatment groups, a Dunnett’s exact homogenous test 

(Dunnett, 1955) was computed for each day, and the resulting p-values serve as classifiers 

into “significantly different to the control” (p ≤ 0.05) and “non-significantly different to the 

control” (p > 0.05). In the subsequent sections of this article, these terms will be abbreviated 

as “significant” and “non-significant”. 

Creation and evaluation of virtual control groups 
From the selected 14 studies, the HCD consisted of 165 male and 157 female control group 

animals. VCGs representing a drawn sample of the HCD pool were created using a resampling 

approach introduced by Steger-Hartmann et al. (2020) and further explored in recent 

publications (Gurjanov et al., 2023; Gurjanov et al., 2024). The underlying idea is that forming 

VCGs by drawing animals from the HCD pool ensures that all body weight measurements over 

the 28-day period are assigned to the respective subject. VCGs substituted then the CCG in 

the legacy study whereas the number of animals drawn is equal to the number CCG animals 

originally used in the respective legacy study. The objective of this study is to assess how well 

the replacement of the CCG with virtual controls reproduces the original statistical outcomes 

(significant and non-significant). The entire approach was performed iteratively for all studies 

with each single study serving as a legacy study once, while the control data of the remaining 

studies were used as HCD for generating corresponding VCGs. VCGs were created from HCD 

in three different approaches: 

Approach 1: VCGs were created by randomly sampling animals without replacement from the 

respective HCD animal pool. The respective legacy study’s initial body weight information was 

not considered for the sampling. A representative sampling is given in Figure 1A. The sampled 

animals and their respective body weight values replaced the CCGs in the legacy study 

throughout the entire time-course of the study. 

Approach 2: the initial body weight value ranges of the legacy study’s dose groups are 

extracted and used to match the HCD, i.e., HCD animals not falling within the range of dose 

groups’ initial body weights were discarded. A representative example is shown in Figure 1B. 

The black dashed lines illustrate the weight ranges used for matching the HCD. Animals were 

then randomly sampled without replacement from this initial-body-weight matched set of HCD. 

Approach 3: aiming for a selection of animals in a way that virtual controls reproduced the 

initial body weight distribution in the legacy study, a weighted sampling method was 

implemented assigning statistical weights to the HCD animal pool. This increased the 
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probability of selecting animals that matched the dose groups’ distribution. To form this 

distribution, a kernel density estimation (KDE), i.e. a non-parametric method for estimating a 

density curve representing the probability distribution, was computed for the initial body 

weights of legacy study’s treatment-naïve dose groups. As an output, each initial body weight 

value of HCD was assigned with a numerical value indicating frequency of occurrence within 

the distribution estimated by the KDE. This information was then used to assign statistical 

weights to each initial body weight value of the HCD corresponding to the probability density 

on the dose groups’ KDE curve. Afterwards, a weighted sampling was conducted on the HCD 

where animals within the dose groups’ initial body weight distribution were more likely to be 

drawn than animals outside. This approach allowed for sampling with replacement, 

consequently, one animal may be represented several times in a VCG. This approach is shown 

exemplary for one iteration in Figure 1C where the black line illustrates the original probability 

distribution of the HCD, and the black line shows the newly assigned weighted probability 

distribution used for weighted sampling. 

After sampling the animals, Dunnett’s tests were re-calculated, and the test results were 

compared to the original result. Each sampling and subsequent statistical evaluation was 

repeated 1000 times independently. The resulting performance is expressed as the 

percentage of reproduced original statistical outcomes, summarized across all time points, and 

dose groups over all iterations.  

Results 
Mean body weight development 
Rat (males and females, respectively) mean body weight development for each study are 

illustrated in Figures S4-S31 of the supplementary material. The mean initial body weights and 

weight gains per sex are shown in Table S2 of the supplementary material. The studies are 

sorted by ascending mean initial body weight of male rats. The mean body weight gain 

correlates negatively with the mean initial body weight, i.e., a low initial body weight leads to a 

high weight gain within the observed timeframe of 28 days (males: r = -.085, p = 1.08E-4; 

females: r = -.082, p = 2.54E-4)). Two studies are present (Study-01 and Study-02) where the 

initial body weight of males is markedly lower than in the remaining studies and, subsequently, 

their weight gain is respectively higher. 

Finally, a noteworthy observation is the marked decrease in mean body weight which may 

occur in the last week of dosing (day 22-26), followed by strong increases on the following day. 

Four studies with such prominent transient decreases are highlighted in Figure S2 in the 

supplementary material. This phenomenon is caused by urine measurement procedures: 
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animals were placed in metabolic cages and fasted to ensure that feces do not contaminate 

the collected urine. 

Resampling process 
After replacing the CCG of a legacy study with VCGs and subsequent statistical reanalysis, 

the percentage of all reproduced statistical outcomes (significant vs. non-significant) for body 

weight out of 1000 iterations was calculated. Table 1 summarizes the performance-evaluation 

of VCGs generated by the three tested approaches. 

The first approach generates VCGs by randomly sampling animals from the entire HCD 

without taking initial body weight into consideration and resulted in a rather low performance. 

Only about 65% (68% males, 63% females) of all statistical outcomes of body weights from 

day 1 to 28 were reproduced by VCGs. In only 6 out of 14 studies a consistent reproducibility 

of 80% or higher could be achieved. In Study-01, only 15% of the results for males and in 

Study-09, only 8% of all results for females were reproducible. The reason for the poor 

reproducibility for Study-01 is illustrated in supplementary Figure S4: the body weight values 

of the CCG are far outside of the 2 x standard-deviation range of the HCD which in turn is used 

to create VCGs. Subsequentially, a high difference between VCG and dose-group was 

classified as significant while there was no statistically significant difference between CCG and 

dose groups. Hence, the original results were not reproduced. Only in the last days of the 

study the CCG was close to the HCD so that the original results could be reproduced 

consistently. Figure 1A shows the VCG generation process on another study (Study-05 in 

females): the initial body weight of the CCG and dose groups (white and red boxes) are high 

in comparison to the weight distribution of the female HCD (density plot on the left). A virtual 

control (grey box in the box plot), consisting of 10 randomly sampled animals from this HCD 

distribution is therefore more likely to be lower than the CCG and a statistical reanalysis will 

lead to results inconsistent to the original one. 

Approach 2 improved the VCG performance by filtering the HCD so that it matches the initial 

body weight values of the respective legacy-study dose-group animals. Thus, the 

reproducibility of statistical outcomes increased compared to the first approach with 79% (75% 

for males and 84% for females) of all statistical outcomes being reproducible. Further, the 

reproducibility was above 80% for 8 out of 14 studies. However, this approach had 

shortcomings: a prerequisite for sampling animals without replacement is that the HCD pool 

has at least the same number of animals as the legacy study. This could not be achieved for 

the male group in Study-01 where the initial body weight was outside of the HCD distribution. 

Further, as shown in Figure 1B on the example of females in Study-05, the initial body weight 

values of the dose groups have been used as filter ranges to remove body weight values of 
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HCD outside of these borders (dashed lines). This, however, resulted in HCD with body weight 

distribution heavily skewed to the left side. Thus, derived VCGs are more likely to be at the 

lower end within the body weight boundaries, which still results in many inconsistencies to the 

original results. 

Approach 3: the above limitations could be addressed by conceptualizing a weighted-sampling 

approach (shown in Figure 1C) where the kernel density of the dose-group body weights (red 

line) was mapped to the density distribution of the HCD. This increases the probability of 

generating VCGs with a similar weight distribution as the respective legacy-study’s dose group 

animals. The weighted-sampling approach improved the reproducibility of the original 

statistical outcomes to 85% in all cases (81% in males, 88% in females). Out of 14 studies, 9 

studies with males and 10 with females showed a consistency above 80% regarding their 

statistical outcomes. In Study-01 in males—the study with the animals having very low initial 

body weights—45% consistency was reached. 

Figure 1: Exemplary virtual control groups for female animals of Study-05. Box plots show the 
VCG (red box) and the legacy study’s concurrent control group (CCG) (grey box) and dose 
groups (low dose (LD), mid dose (MD), and high dose (HD)) (white boxes). The black dashed 
lines represent the ranges (min and max body weight) of the dose groups. Adjacent on the left, 
the histogram shows the probability density distribution of historical control data (HCD) pool 
used to generate virtual control groups (VCGs): 1A) VCG was sampled from HCD not matched 
to legacy study weight distribution. 1B) VCG was sampled from HCD matched to legacy-study-
dose groups’ initial body weight range. 1C) VCG generated by weighted sampling with weights 
assigned to HCD to match the probability density of legacy study dose groups (black solid line 
on the histogram). 
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Discussion 
This article presents the performance of virtual control groups assessed on their ability to 

reproduce statistical outcomes of a legacy study’s body weight values. Body weight is of 

particular interest in the context of VCGs since it serves as a surrogate for age for HCD 

selection particularly for rodent species (McCutcheon and Marinelli, 2009). Although matching 

by age would be preferrable as age is the most influencing factor for all animal physiology, 

animal birth dates in rodents may be missing or documented imprecisely (cross-company 

study directors, personal communication, December 2023). This study shows that statistical 

outcomes comparing body weight parameters can be reproduced with virtual control groups 

at an average rate of 66%–85%, depending on the sampling approach. Establishing reliable 

and well performing VCGs requires that certain conditions are fulfilled: 

1) Historical control data should be selected based on study-design parameters of a

planned study.

It was discussed in previous works (Gurjanov et al., 2023; Golden et al., 2023) that HCD should 

consist of animals from studies performed under conditions closely comparable to the 

concurrent study. Animal data from different strains, or study-design parameters such as sex, 

route of administration or study length should not be mixed as this would increase the 

experimental variability of endpoints decreasing sensitivity towards a test-substance (Howard, 

2002). 

2) The resulting HCD pool should have a substantial number of animals for proper

resampling.

If the number of available HCD animals is smaller than the CCG size, the resulting VCGs 

become biased leading to limitations in the reproducibility of the original study design. While 

technically a statistical evaluation with a Dunnett’s test is possible with only two animals per 

group, a small group size limited to certain values leads to biased variance estimators and 

lower statistical power and thus, less robust results. 

3) The distribution of the legacy-study’s initial body weights should ideally be placed well

within the HCD distribution.

Even when study-design parameters are similar, VCGs should only be generated from HCD 

which was matched to the initial body weight distribution of the study. Our results show that 

the VCG performance was below 60% if the CCG body weight mean value was outside the 1 

x standard deviation range of the HCD, while sampling from an initial-body-weight matched 

HCD led to superior performance. For legacy studies, where initial body weights were are at 
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the far ends of the HCD distribution (Study-01, 02, and 14 in males, and Study-01, 05, 08, and 

09 in females), VCGs performed best when generated from HCD in a weighted-sampling 

approach. 

However, the weighted-sampling approach should be taken with caution: assigning weights to 

a resampling process may lead to bias as (i) the VCGs may become unrepresentative of the 

true population, and (ii) individual animals may be over-represented resulting in overfitting 

phenomena. For instance, one iteration in males of Study-01 resulted in an animal represented 

5 times. On the other hand, a weighted-sampling approach may be suitable for cases where 

the initial-body-weight distributions of the HCD and the studies are largely different, since this 

approach creates VCGs similar to the legacy study’s initial body weights’ distribution (see 

Figure 1C). This is not achievable through initial-body-weight matching (Figure 1B). Future 

research should seek to establish clear decision criteria that can suggest the most appropriate 

sampling methodology for specific situations. 

It should be noted that the reproducibility of statistical outcomes here is made exclusively on 

body weight values. While our study shows that VCGs can be generally used to reproduce the 

original body-weight statistical outcomes, reproducibility of the entire studies comprising all 

quantitative and qualitative parameters needs to be investigated as recently done by Gurjanov 

et al. (2024). However, given the fact that many physiological parameters are correlated with 

body weight (Jacob Filho et al., 2018), a thorough understanding of body weight matching is 

of key importance for the further assessment of the VCG concept. 
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cannot be shared. 
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1 Methods 
1.1 Software 

Data gathering, statistical calculations, model development, evaluation, and visualization was 

performed using the statistical programming software R version 4.1.2 (R Foundation for 

Statistical Computing, Vienna, Austria). The details of R packages used are listed in Table 

below. The R code can be accessed by Bayer’s open-source GitHub repository (Gurjanov, 

2024b) 

Table S1: R packages used in the VCG qualification procedure. 

Package name Usage 
data.table (Dowle and Srinivasan, 2023) Fast loading of large tables 

parallel (R Core Team, 2021) Divide calculations on several cores for faster 

computing 

tidyverse_2.0.0 (Wickham, 2017) Efficient processing and visualizing of data 

openxslx_4.2.5.2 (Schauberger and Walker, 

2023) 

Reading and writing of Excel (XLSX) sheets 

PMCRplus_1.9.6 (Pohlert, 2022) Pipe friendly computing of significance tests 

cowplot_1.1.1 (Wilke, 2020) Combining several plots together 

1.2 Selection of legacy studies 

All animal studies were conducted internally and recorded using Pristima’s laboratory 

information management system (LIMS) (Xybion, 2024). Harmonization of the study data was 

performed according to the standard for exchange of nonclinical data (SEND) (CDISC, 2022) 

controlled terminology for enabling data analysis using Amazon Warehouse System (AWS) S3 

solution. The selection criteria for the three legacy studies used for the qualification procedure 

were based on the following study design parameters: 

• Dosing duration of 4 weeks.

• Studies were initiated between 2017 or 2022.

• A control group was used along with three dose groups: low dose (LD), mid dose (MD),

and high dose (HD).

• Studies were conducted in the laboratory of Bayer Pharmaceuticals AG, Wuppertal,

Germany.

• Study was performed with Wistar HAN rats.
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• Route of administration was oral by gavage.

• The studies had been performed at the same test facility.

• Treatment vehicle contained either Kolliphor® HS 15 or polyethylene glycol 400.

• Animals were supplied by the same breeder.

• Food and water supply during the study was ad libitum.

• Animals were housed in group cages with 2-3 animals per cage.

• Body weight was measured on day 1-28.

1.2.1 Study attrition after filtering 

From a total of 1602 rat studies, 14 studies remained with a maximum similar study design. 

The attrition of studies is illustrated in supplementary Figure S1 below. 
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Figure S1: Rat-study selection and attrition. 
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2 Results 
2.1 Mean growth of selected studies 

The following Table S2 shows the age at study initiation, initial body weight, and mean weight 

gain of males and females for Study-01 to 14. The selected studies are sorted by ascending 

initial body weight of male control group animals. For calculation of the mean weight gain 

across all studies body weights from days 22-26 were removed to avoid bias due to urine 

measurements frequently taken in that time. Of note is the difference in mean initial body 

weights which varies considerably between males and females. In Study 1, there’s a difference 

of 16 g while in Study 14, males and females differ by 72 g in Study 14 in the mean initial body 

weights. The subsequent figures show the mean body weight per study with respect to time 

(Figure S2 for males and Figure S3 for females). Four studies are highlighted where urine 

measurements were taken for males resulting in strong transient body weight declines. 

Historical control data should be examined for such transient declines and data should be 

flagged accordingly. 
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Table S2: Age, mean initial body weight ± SD, and mean weight gain ± SD with relative weight 
gain [%] ± SD of male and female concurrent control group (CCG) animals for Study-01 to 14. 
Mean weight gain was cleaned of days where urine measurements were usually taken, i.e., 
day 22 to 26 were not taken for calculating weight gains. 

Study 
number 

Age of 
animals 
[weeks] 

Initial mean body 
weight of CCG [g] 
± SD 

Mean weight gain [g/day] ± SD (relative weight 
gain [%] ± SD) cleaned of urine-measurement-
days 

Males Females Males Females 

Study-01 4-7 157 ± 8 141 ± 9 5.94 ± 2.83 (3.78 ± 1.81) 2.41 ± 5.49 (1.71 ± 3.90) 

Study-02 6-7 180 ± 7 137 ± 7 5.21 ± 3.06 (2.89 ± 1.70) 2.73 ± 4.70 (1.99 ± 3.43) 

Study-03 7 199 ± 10 165 ± 8 4.21 ± 2.43 (2.12 ± 1.23) 2.03 ± 5.01 (1.23 ± 3.04) 

Study-04 7-11 206 ± 6 182 ± 8 4.52 ± 2.44 (2.19 ± 1.19) 1.69 ± 6.27 (0.93 ± 3.45) 

Study-05 7-9 206 ± 12 181 ± 11 3.65 ± 2.43 (1.77 ± 1.18) 1.10 ± 4.40 (0.61 ± 2.43) 

Study-06 7-8 210 ± 10 155 ± 8 3.45 ± 2.42 (1.64 ± 1.16) 2.41 ± 5.44 (1.55 ± 3.51) 

Study-07 7-8 212 ± 9 157 ± 10 4.14 ± 2.70 (1.95 ± 1.28) 1.67 ± 4.03 (1.06 ± 2.57) 

Study-08 6-8 213 ± 9 184 ± 10 4.05 ± 2.51 (1.90 ± 1.18) 1.57 ± 6.10 (0.85 ± 3.32) 

Study-09 7 214 ± 7 183 ± 11 4.20 ± 2.83 (1.96 ± 1.32) 1.75 ± 6.21 (0.96 ± 3.39) 

Study-10 7 216 ± 8 162 ± 7 3.77 ± 2.68 (1.75 ± 1.24) 2.30 ± 4.68 (1.42 ± 2.89) 

Study-11 7-8 219 ± 8 160 ± 8 3.92 ± 2.31 (1.79 ± 1.06) 2.35 ± 6.82 (1.47 ± 4.26) 

Study-12 7-8 222 ± 10 155 ± 12 4.13 ± 2.45 (1.86 ± 1.11) 2.03 ± 5.88 (1.31 ± 3.79) 

Study-13 6 225 ± 7 160 ± 7 4.28 ± 2.76 (1.90 ± 1.23) 2.02 ± 4.44 (1.26 ± 2.78) 

Study-14 8 229 ± 12 157 ± 10 3.49 ± 2.39 (1.52 ± 1.05) 2.07 ± 5.98 (1.32 ± 3.81) 
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Figure S2: Mean body weight growth of control-
group animals for all 14 studies (males). Four 
studies are highlighted where a transient 
decrease in body weight was observed. These 
transient decreases are caused by urine 
measurements. 

Figure S3: Mean body weight growth of control-
group animals for all 14 studies (females). The 
same studies are highlighted as for the males in 
Figure S1, where a transient decrease in body 
weight was observed. Only two studies show the 
same transient decrease in body weight. 

2.2 Mean body weight gain of legacy study control groups compared to mean body 

weight gain of historical control data 

The following 28 figures (Figure S4-S31) show the mean body weight gain of the legacy 

studies Study-01 to Study-14 of concurrent control group animals, first for males (Figure S4-

S17), then fore females (Figure S18-S31). The solid lines represent the mean body weight 

with respect to the study day and the dashed lines show the 2•standard deviation area. Of 

note is the mean growth of male animals in Study-01 in males (Figure S4). The mean initial 

body weight (on day 1) is very low compared to the historical control data while the growth of 

the animals is high compared to the growth of the historical control data animals. Generating 

virtual control groups and replacing the concurrent controls resulted therefore in poor 

reproducibility of subsequent statistical outcomes. Only the body weight values of the last week 

(day 22 and onwards) were reproduced well by historical control data. As a result, statistical 

outcomes were reproduced only in 15% of all VCG iterations. 
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Figure S4: Mean body weight growth of male 
control group animals of Study-01 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S5: Mean body weight growth of male 
control group animals of Study-02 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S6: Mean body weight growth of male 
control group animals of Study-03 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S7: Mean body weight growth of male 
control group animals of Study-04 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 
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Figure S8: Mean body weight growth of male 
control group animals of Study-05 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S9: Mean body weight growth of male 
control group animals of Study-06 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S10: Mean body weight growth of male 
control group animals of Study-07 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 

Figure S11: Mean body weight growth of male 
control group animals of Study-08 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
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the 2•sd range of the legacy study and historical 
control data respectively. 

the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S12: Mean body weight growth of male 
control group animals of Study-09 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S13: Mean body weight growth of male 
control group animals of Study-10 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S14: Mean body weight growth of male 
control group animals of Study-11 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 

Figure S15: Mean body weight growth of male 
control group animals of Study-12 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
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the 2•sd range of the legacy study and historical 
control data respectively. 

the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S16: Mean body weight growth of male 
control group animals of Study-13 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S17: Mean body weight growth of male 
control group animals of Study-14 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S18: Mean body weight growth of female 
control group animals of Study-01 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 

Figure S19: Mean body weight growth of female 
control group animals of Study-02 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
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the 2•sd range of the legacy study and historical 
control data respectively. 

the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S20: Mean body weight growth of female 
control group animals of Study-03 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S21: Mean body weight growth of female 
control group animals of Study-04 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S22: Mean body weight growth of female 
control group animals of Study-05 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 

Figure S23: Mean body weight growth of female 
control group animals of Study-06 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
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the 2•sd range of the legacy study and historical 
control data respectively. 

the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S24: Mean body weight growth of female 
control group animals of Study-07 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S25: Mean body weight growth of female 
control group animals of Study-08 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S26: Mean body weight growth of female 
control group animals of Study-09 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 

Figure S27: Mean body weight growth of female 
control group animals of Study-10 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
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the 2•sd range of the legacy study and historical 
control data respectively. 

the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S28: Mean body weight growth of female 
control group animals of Study-11 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S29: Mean body weight growth of female 
control group animals of Study-12 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S30: Mean body weight growth of female 
control group animals of Study-13 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 

Figure S31: Mean body weight growth of female 
control group animals of Study-14 (orange line) 
compared to the mean growth of historical data 
control groups (grey line) from study day 1-28. 
The dashed lines with the painted area represent 
the 2•sd range of the legacy study and historical 
control data respectively. 
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2.3 HCD histograms, exemplary VCG selection and initial body weight box plots of 

legacy studies 

In the following 28 figures, initial body weights (body weights measured on day 1 prior to the 

first substance application) of historical control data (HCD) are displayed as histograms in 

comparison to the initial body weight of the legacy study. Objective is to replace the concurrent 

control with a virtual control. Depending on the location parameters of the legacy study’s 

groups, the VCG is either close or far away from the concurrent control. The latter would result 

in poor statistical reproducibility of the body weight differences between control and dose 

groups. The studies (Study-01 to Study-14) are sorted by increasing initial body weight of male 

animals with Study-01 having the lightest animals (compared to the HCD) and Study-14 having 

the heaviest (see Figures S32-S45). Note, that the same study nomenclature has been used 

for females as well which however is not sorted by increasing initial body weight of females 

(Figures S46-S59). This means for instance, that while Study-14 has the heaviest males, it 

does not necessary mean that females are the heaviest as well. 

The figures share the same format: On the left, the histogram shows the probability density 

distribution of historical control data (HCD) used to generate virtual control groups (VCGs). 

Adjacent to the histogram, box plots show the one example iteration of a VCG in red, the 

legacy study’s concurrent control group (CCG) in grey, and dose groups (low dose (LD), mid 

dose (MD), and high dose (HD)) in white. In Panel A, VCG was sampled from HCD not 

matched to legacy study weight distribution. Panel B shows VCG sampled from HCD matched 

to legacy-study-dose groups’ initial body weight (black dashed line). Panel C shows VCG 

generated by weighted sampling with weights assigned to HCD to match the probability density 

of legacy study dose groups (black solid line on the histogram). 
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Figure S32: Virtual control groups for male animals Study-01, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S32A) Non-matched HCD. S32B) HCD matched to 
initial body weights. S32C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 

Figure S33: Virtual control groups for male animals Study-02, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S33A) Non-matched HCD. S33B) HCD matched to 
initial body weights. S33C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 

Figure S34: Virtual control groups for male animals Study-03, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S34A) Non-matched HCD. S34B) HCD matched to 
initial body weights. S34C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 
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Figure S35: Virtual control groups for male animals Study-04, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S35A) Non-matched HCD. S35B) HCD matched to 
initial body weights. S35C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 

Figure S36: Virtual control groups for male animals Study-05, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S36A) Non-matched HCD. S36B) HCD matched to 
initial body weights. S36C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 

Figure S37: Virtual control groups for male animals Study-06, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S37A) Non-matched HCD. S37B) HCD matched to 
initial body weights. S37C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 
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Figure S38: Virtual control groups for male animals Study-07, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S38A) Non-matched HCD. S38B) HCD matched to 
initial body weights. S38C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 

Figure S39: Virtual control groups for male animals Study-08, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S39A) Non-matched HCD. S39B) HCD matched to 
initial body weights. S39C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 

Figure S40: Virtual control groups for male animals Study-09, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S40A) Non-matched HCD. S40B) HCD matched to 
initial body weights. S40C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 
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Figure S41: Virtual control groups for male animals Study-10, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S41A) Non-matched HCD. S41B) HCD matched to 
initial body weights. S41C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 

Figure S42: Virtual control groups for male animals Study-11, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S42A) Non-matched HCD. S42B) HCD matched to 
initial body weights. S42C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 

Figure S43: Virtual control groups for male animals Study-12, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S43A) Non-matched HCD. S43B) HCD matched to 
initial body weights. S43C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 
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Figure S44: Virtual control groups for male animals Study-13, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S44A) Non-matched HCD. S44B) HCD matched to 
initial body weights. S44C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 

Figure S45: Virtual control groups for male animals Study-14, showing VCG (red), CCG (grey), 
and dose groups (LD, MD, HD in white). S45A) Non-matched HCD. S45B) HCD matched to 
initial body weights. S45C) VCG via weighted sampling. Detailed descriptions are provided in 
Supplementary Section 2.3. 

Figure S46: Virtual control groups for female animals Study-01, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S46A) Non-matched HCD. S46B) HCD 
matched to initial body weights. S46C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 
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Figure S47: Virtual control groups for female animals Study-02, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S47A) Non-matched HCD. S47B) HCD 
matched to initial body weights. S47C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 

Figure S48: Virtual control groups for female animals Study-03, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S48A) Non-matched HCD. S48B) HCD 
matched to initial body weights. S48C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 

Figure S49: Virtual control groups for female animals Study-04, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S49A) Non-matched HCD. S49B) HCD 
matched to initial body weights. S49C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 
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Figure S50: Virtual control groups for female animals Study-05, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S50A) Non-matched HCD. S50B) HCD 
matched to initial body weights. S50C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 

Figure S51: Virtual control groups for female animals Study-06, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S51A) Non-matched HCD. S51B) HCD 
matched to initial body weights. S51C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 

Figure S52: Virtual control groups for female animals Study-07, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S52A) Non-matched HCD. S52B) HCD 
matched to initial body weights. S52C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 
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Figure S53: Virtual control groups for female animals Study-08, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S53A) Non-matched HCD. S53B) HCD 
matched to initial body weights. S53C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 

Figure S54: Virtual control groups for female animals Study-09, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S54A) Non-matched HCD. S54B) HCD 
matched to initial body weights. S54C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 

Figure S55: Virtual control groups for female animals Study-10, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S55A) Non-matched HCD. S55B) HCD 
matched to initial body weights. S55C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 
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Figure S56: Figure S56: Virtual control groups for female animals Study-11, showing VCG 
(red), CCG (grey), and dose groups (LD, MD, HD in white). S56A) Non-matched HCD. S56B) 
HCD matched to initial body weights. S56C) VCG via weighted sampling. Detailed descriptions 
are provided in Supplementary Section 2.3. 

Figure S57: Virtual control groups for female animals Study-12, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S57A) Non-matched HCD. S57B) HCD 
matched to initial body weights. S57C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 

Figure S58: Virtual control groups for female animals Study-13, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S58A) Non-matched HCD. S58B) HCD 
matched to initial body weights. S58C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 
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Figure S59: Virtual control groups for female animals Study-14, showing VCG (red), CCG 
(grey), and dose groups (LD, MD, HD in white). S59A) Non-matched HCD. S59B) HCD 
matched to initial body weights. S59C) VCG via weighted sampling. Detailed descriptions are 
provided in Supplementary Section 2.3. 
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3.3 Replacing concurrent controls with virtual control groups in 

rat toxicity studies 
The previous chapters showed an approach to assess the VCG performance on the ability to 

reproduce statistical outcomes of legacy studies and presented methods to improve this 

performance. The article in this chapter goes beyond this assessment approach by presenting 

a method to evaluate VCG performance across all endpoints measured in rat toxicity studies, 

underscoring the notion that statistical significance does not automatically result in biological 

relevance. In this study, all parameters—both quantitative and qualitative—are taken into 

account, ensuring that the study evaluation process is faithfully reproduced in the manner 

typically employed in assessments of regulatory toxicology studies. This article presents a 

workflow to semi-systematically evaluate the performance of VCGs and lays the foundation 

for future validations in the context of nonclinical regulatory toxicity studies. 
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A B S T R A C T

Virtual control groups (VCGs) in nonclinical toxicity represent the concept of using appropriate historical control 
data for replacing concurrent control group animals. Historical control data collected from standardized studies 
can serve as base for constructing VCGs and legacy study reports can be used as a benchmark to evaluate the VCG 
performance. Replacing concurrent controls of legacy studies with VCGs should ideally reproduce the results of 
these studies. Based on three four-week rat oral toxicity legacy studies with varying degrees of toxicity findings 
we developed a concept to evaluate VCG performance on different levels: the ability of VCGs to (i) reproduce 
statistically significant deviations from the concurrent control, (ii) reproduce test substance-related effects, and 
(iii) reproduce the conclusion of the toxicity study in terms of threshold dose, target organs, toxicological bio
markers (clinical pathology) and reversibility. Although VCGs have shown a low to moderate ability to reproduce
statistical results, the general study conclusions remained unchanged. Our results provide a first indication that
carefully selected historical control data can be used to replace concurrent control without impairing the general
study conclusion. Additionally, the developed procedures and workflows lay the foundation for the future
validation of virtual controls for a use in regulatory toxicology.

1. Introduction

Preclinical toxicity studies are conducted for safety assessment of
drug candidates following strict regulatory frames regarding employed 
animals, environmental conditions, and analytical procedures (ICH, 
2009). They should characterize potential test substance-induced 
toxicity and its exposure-relationship ideally in pharmacologically 
relevant animal species, determining a safe starting dose for later clin
ical trials. In particular, the no observed adverse effect level (NOAEL) 
which describes the highest tested exposure of the test substance that did 
not cause any adverse effects in the animals, is a key parameter for 
estimating a safe starting dose in humans. 

Study standardization efforts aim to limit experimental variability 
and to increase sensitivity towards effects caused by a test substance 
(Howard, 2002; Carroll, 2016). Standardization also allows pooling data 
from control group animals performed under the same experimental 
conditions. Pooled animal control data is then used for calculating 
background incidences of histological lesions (Haseman et al., 1984), as 

reference values for organ weights or clinical pathology parameters, and 
as a general quality control (i.e., estimating expected value range in 
bioassays) (Kluxen et al., 2021). A milestone for standardization was the 
introduction of the Standard for Exchange of Nonclinical Studies (SEND) 
(Wood, 2008; CDISC, 2022) facilitating the collection and evaluation of 
nonclinical safety studies. Being aware of the potential of animal his
torical control data (HCD) in research, the European Innovative Medi
cine Initiative consortium eTOX (Sanz et al., 2017) and the follow-up 
consortium eTRANSAFE (Sanz et al., 2023) developed a database for 
animal toxicity studies, also collecting large sets of control animal data. 

Previously, we proposed to explore the extension of the use of his
torical control data to construct virtual control groups (VCGs) (Steg
er-Hartmann et al., 2020). VCGs would allow to replace concurrent 
control group (CCG) animals and potentially reduce the number of an
imals used in animal toxicity studies for safety assessment by up to 25%. 
VCGs shall be built from selected control animals from the HCD pool 
matching animals in the treatment groups by age or initial body weights, 
route of administration, vehicle, study duration and further study design 
parameters (Steger-Hartmann et al., 2020). A previous study has 
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explored the use of control data from the shared eTOX data base to 
analyze the impact of replacing concurrent control groups with VCGs on 
treatment-related findings (Wright et al., 2023). This study identified 
study design parameters (referred there as covariates) significantly 
influencing toxicological study outcomes when CCGs are replaced by 
VCGs and demonstrated that the best VCG performance was achieved if 
these covariates were kept at a high level of similarity. This study was, 
however, limited by the use of only aggregated animal data (i.e., mean 
and standard deviation). 

In our recent study (Gurjanov et al., 2023), the collection of histor
ical control data (HCD) at the level of individual animals served as basis 
for investigating the influence of animal handling procedures, particu
larly anesthesia protocols, on blood electrolyte measurement. Although 
we showed that generating VCGs from the wealth of accumulated HCD is 
generally possible, if influencing factors are strictly controlled, the 
impact of replacing CCGs on the overall toxicity study outcome has not 
yet been investigated. 

After initial statistical analyses of the numerous quantitative pa
rameters (e.g., body weights, organ weights, clinical pathology param
eters), the entirety of quantitative and qualitative (e.g., in-life 
observations, gross and microscopic pathology) endpoints of a study are 
holistically assessed by the study director. There is currently no auto
mated or generalized workflow for the directors to interpret in-life phase 
data (Baird et al., 2019; Baldrick et al., 2020). Consequentially, it is not 
sufficient to compare the results of original studies using a CCG to the 
re-analyzed results using VCGs merely on a statistical basis. Comparison 
of matching statistical results (Wright et al., 2023) does not necessarily 
provide full insight in the usability of VCGs, as changes in statistical 
significance are also observed when studies are repeated under 
maximum similar conditions (Poland et al., 2014). Experimental vari
ability is expected in toxicity studies, but the conventional study design 
per se is another factor causing this lack of reproducibility of statistical 
results. Preclinical animal studies are usually statistically underpowered 
when assessing the null hypothesis for the multitude of parameters 
measured in such studies (Poland et al., 2014; Sena et al., 2014; Kluxen 
et al., 2021). While higher animal numbers would be desirable from a 
statistical point of view, the group sizes are set forth in international 
guidelines taking into account economical and ethical considerations. In 
this context, a difference in the statistical outcome between CCG and 
VCG might be of minor relevance or even irrelevant, if the affected 
parameter is not biologically related to the observed adversity (Kluxen 
et al., 2021). Therefore, a more comprehensive process for assessing the 
impact that a replacement of CCGs with VCGs might have on the toxicity 
study outcome is necessary. Such a process needs to recapitulate the way 
a toxicological study is assessed by the study director (Golden et al., 
2023; Steger-Hartmann and Clark 2023). The statistical analysis of the 
collected data forms the basis for a further assessment performed by the 
study director or a subject matter expert (e.g., a clinical pathologist), 

who identifies the dose-response relationship, evaluates biological 
relevance or plausibility of findings while taking reference values into 
account and also considering prior knowledge on the test substance in 
order to differentiate between desired pharmacological effects or 
off-target findings. 

In this article, we present a pilot process for a systematic validation 
for the feasibility of VCGs. This is done by re-assessing key study findings 
after substituting CCGs by VCGs in three legacy studies. The VCG per
formance, that is, the impact of replacing CCGs for VCGs in the outcome 
of a 4-week repeat dose systemic toxicity study in rats, was assessed in a 
three-step procedure as recently recommended (Golden et al., 2023). 
First, differences between VCG and dose groups were re-analyzed sta
tistically for quantitative parameters. Study directors then assessed 
whether observed findings in the re-analyzed studies are to be attributed 
to the test substance treatment. Finally, based on the test-substance 
related findings study directors derived the no observed (adverse) ef
fect level (NO(A)EL) or severely toxic dose affecting 10% of the animals 
(STD10), identified target organs and relevant clinical pathology bio
markers (monitorability) and assessed the reversibility of adverse 
effects. 

2. Materials and methods

This section provides an explanation of the creation process of VCGs
and how we assessed their performance. An overview of the process is 
given in Fig. 1. For a better understanding, a definition of the used 
terminology is given below.  

• Legacy study: toxicity study performed in the past. Contains data of
concurrent control groups (CCGs) and dose groups. The written re
sults of the study are used as a benchmark. Our goal is to reproduce
the results with VCGs.

• VCGs (virtual control groups): a set of control group animal data
derived from HCD applying appropriate filters for matching the an
imals of the treatment groups.

• HCD (historical control data): control-group data of toxicity studies
performed in the past. HCD is used for creating VCGs and for toxi
cological decision making.

• Initial body weight: Body weight of dose group animals on day 1 of the
study, prior to the first application of the test substance. Since the
animals are assigned to the different control or treatment groups
through randomization based on the initial body weight, the distri
bution of the initial body weight can be assumed to be identical
between CCGs and treatment groups.

2.1. Selection of legacy studies 

The selection criteria for the three legacy studies used for the qual
ification procedure were based on the following study design 
parameters:  

• Dosing duration of 4 weeks.
• Studies were initiated in 2021 or 2022.
• A control group was used along with three dose groups: low dose

(LD), mid dose (MD), and high dose (HD).
• Study was performed with Wistar HAN rats.
• Route of administration was oral by gavage.
• The studies had been performed at the same test facility.
• Treatment vehicle contained either Kolliphor® HS 15 or poly

ethylene glycol 400.
• Animals were supplied by the same breeder.
• Food and water supply during the study was ad libitum.
• Animals were housed in group cages with 2–3 animals per cage.
• Clinical pathology and histopathology parameters were measured on

day 28 ± 7.

Abbreviations 

VCG Virtual Control Group 
HCD Historical Control Data 
CCG Concurrent Control Group 
LD Low Dose 
MD Mid Dose 
HD High Dose 
NO(A)EL No Observed (Adverse) Effect Level 
STD Severely Toxic Dose 
GGT gamma-Glutamyl Transferase 
SEND Standard for Exchange of Non-clinical Data 
LON Limits Of Normal 
SME Subject Matter Expert  
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o In recovery groups, parameters were measured on day 42 ± 7.

Based on these criteria, three legacy studies were selected performed 
in 2021 and 2022, labeled in this article as legacy study A, B, and C, 
respectively. The severity of toxicity findings increased from A to C with 
legacy study A showing almost no effects (see Table 4 and chapter 
3.4.1.1), legacy study B showing some effects but none which were 

found to be adverse (Table 5 and chapter 3.4.2.1), and legacy study C 
showing clear toxicological effects (supplementary material E Table E1 
and chapter 3.4.3.1). 

2.2. Data sources 

Control animal data was gathered from the HCD repository for pre
clinical safety studies of Bayer AG, Germany. This repository contains 
data from animal studies completed over more than 40 years. The ani
mals used in these studies were kept and treated in accordance with the 
German Animal Welfare Act and approved by the competent state au
thorities. All data from animal studies were recorded in SEND format 
(Standard for Exchange of Non-Clinical Data) (CDISC, 2022). 

The data obtained from the legacy studies consisted of measurements 
for quantitative and qualitative parameters, plus information on the 
study design. The category of quantitative parameters included body 
weight and body weight gain, food and water consumption, hematology 
parameters (e.g., erythrocyte count), clinical chemistry parameters (e.g., 
liver transaminases, electrolytes), quantitative urine parameters, and 
organ weights which were measured after necropsy of the animals. 
Mortality of animals is technically a quantitative parameter, but since 
mortality in control groups is rare, it was considered as zero. Qualitative 
parameters consisted of clinical observations during the in-life phase of 
the study such as piloerection, increased salivation, and others. Quali
tative histopathological findings were obtained after necropsy of the 
animals, including microscopic findings and macroscopic findings. An 
overview on the workflow how HCD was collected is provided in Fig. 2. 
Table 1 summarizes data domains and how HCD was used to assess 
possible changes in the toxicity studies. 

2.3. Software 

Data gathering, statistical calculations, model development, evalu
ation, and visualization was performed using the statistical program
ming software R version 4.1.2 (R Foundation for Statistical Computing, 
Vienna, Austria). The details of R packages used, visualization methods 
for quality control, and imputation methods are listed in supplementary 
material A. The code used along with the control data is stored in Bayer’s 
GitHub repository (Gurjanov and Vieira e Vieira, 2023). Classification of 
results into test-substance related or not (see below for further expla
nation) was done using a German version of Microsoft Excel, version 
2302. 

2.4. Statistical analysis of quantitative parameters 

For the evaluation of the legacy study, validated statistical signifi
cance tests were used for each quantitative parameter. These signifi
cance tests are specified in the original report for every parameter and 
were exactly replicated for the VCG study evaluation in R. In brief, 
Dunnett’s test was used for parameters in which a normal distribution is 
empirically known. For some parameters logarithmic transformation 
was required to achieve normal distribution. For parameters assumed to 
be normally distributed but with heterogenous variances, Dunnett’s T3 
test was used. For data assumed to be non-normally distributed, the 
Wilcox test with Bonferroni correction was used. A detailed description 
of all parameters tested within legacy studies A, B and C, and the 
respective statistical test used is presented in Table B1 of supplementary 
material B. A threshold of p-value ≤0.05 was used to interpret a result as 
“statistically significant”. 

To confirm that our scripts correctly recapitulate the statistical tests 
as in the original legacy study, we re-analyzed all parameters using the 
CCG and applying statistical tests with our script as described above. Out 
of the approximately 420 statistical tests—each sex and each dose group 
is compared to the respective control for an average of 70 blood and 
urine parameters—the results of only 3 parameters were not reproduced 
in legacy study A, 6 parameters in study B, and 7 parameters in study C. 

Fig. 1. Overview of the VCG creation and validation process.  
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As all the non-reproduced statistical analyses were borderline scenarios 
where the resulting p-value of the statistical test in our reanalysis was 
close to 0.05, we ignored these small deviations which in most cases 
could be assigned to rounding issues. 

2.5. VCG creation 

Prior to generating VCGs from HCD, the HCD was pre-filtered to 
match the range of initial body weight values of the dose group animals 
in each study individually (see last step in Fig. 2). Out of the selected 
HCD animal data set, n animals were randomly drawn without 
replacement, where n corresponds to the number of CCG animals. This 
random drawing of animals from the selected initial-body-weight 
matched HCD animal pool was repeated 100 times independently. For 
each drawn animal, all measured parameters were obtained and used in 

each iteration of VCG. Statistical analysis was carried out independently 
using each VCG iteration in the same fashion as with the CCGs. The 
following results for each VCG repetition were obtained:  

• p-value (for each dose group and each sex) resulting from the
respective significance test.

• Post-hoc statistical power of the significance test to correctly reject at
least one of the three null hypotheses, that the control group is not
significantly different from the low dose, mid dose, or high dose
group, respectively.

• Descriptive statistics (i.e., mean, and standard deviation of each
parameter).

2.6. Preparation of results for performance assessment by study directors 

The results of each of the 100 VCG iterations were summarized and 
presented directly to the study directors. Differences in statistical anal
ysis for each parameter per dose group and per sex were classified as 
significant based on majority vote on the re-analysis with the VCG it
erations. The percentage of iterations voting for the dominating class 
indicated the level of uncertainty. If the majority of statistical results was 
classified as significant, the results were further classified into three sub- 
categories: “*” for p ≤ 0.05, “**” for p ≤ 0.01, and “***” for p ≤ 0.001. Of 
all VCG results for which the iterations resulted in significant changes, 
the predominant sub-category was shown in the final table. The final 
summarized parameter values which were presented to the study di
rector are the median over all mean values and the median over all 
standard deviations of all 100 iterations. 

In regulatory toxicology studies, HCD is used to assist in the assess
ment of test-substance related findings (OECD, 2008; Kluxen et al., 
2021). HCD indicate the limits of normal of a measured parameter, i.e., 
even if a result of a parameter indicates a statistical difference, the 
change might still be within the limits of normal and therefore be of 
minor biological relevance. To replicate this established procedure also 
for our VCG studies, HCD reference ranges were calculated. Limits of 
normal ranges were displayed and calculated as follows: the lower limit 
of normal represented the 5th percentile of the HCD range, while the 
upper limit of normal represented the 95th percentile of the HCD for 
each parameter. The number of animals outside of the limit-of-normal 
range in each dose was also indicated. This procedure was applied to 

Fig. 2. Historical control data (HCD) selection flow diagram. Kol®HS15: Kol
liphor® HS 15, PEG400: polyethylene glycol 400. 

Table 1 
Data domains and how HCD was used to compare the study outcomes after 
replacing the CCG with VCGs.  

Data domain Quantitative or 
qualitative 

How the HCD was used 

Mortality Quantitative Assumed to be zero for control 
animals. No reference to HCD 
was made. 

Body weight and body 
weight gain 

Quantitative VCGs generated for each body 
weight per day and statistical 
outcome was compared to 
original result. 
Plots of BW and BG with respect 
to study day were created to 
assess changes over time. 

Clinical observations Qualitative HCD was used to calculate 
background incidences for 
findings reported for treatment 
groups 

Clinical pathology: 
laboratory parameters 

Quantitative VCGs generated for each 
parameter, significance tests 
calculated, and statistical 
outcome compared to original 
result. 

Histopathology: 
macroscopic findings and 
microscopic findings 

Qualitative HCD was used to calculate 
background incidences for 
findings reported for treatment 
groups.  
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each numerical parameter. The resulting values support study directors 
deciding the biological relevance of the statistically significant result 
(test-substance-relatedness) (Kluxen et al., 2021). 

2.7. Calculation of background incidences for qualitative parameters 

VCGs were not created to simulate qualitative animal data such as 
histopathological findings and clinical observations since no statistical 
evaluation was done in the legacy studies. Instead, HCD was used to 
calculate background incidences. For every noteworthy qualitative 
finding (see Table 4, Table 5 and Table E1 of supplementary material E 
for legacy study A, B, and C respectively), we have calculated the 
background incidence based on the HCD. 

2.8. VCG overall performance assessment 

The overall performance of the VCGs was assessed by the three-step 
approach described in this section. A graphical abstract of the assess
ment is shown in Fig. 3. 

2.8.1. Reproducibility of statistical results 
After calculating the statistical significance of differences between 

dose groups and controls for each parameter and sex over all 100 iter
ations, the VCG results were compared to the results of the legacy study. 
The statistical results of a parameter consist of 6 significance-test results 
(low, mid, and high dose, males and females, respectively). The statis
tical results of a parameter were classified as “reproduced” (i.e., 
consistent to the legacy-study result) if all statistical significance classes 
were correctly reproduced. Statistical results were classified into the 

following categories.  

• Consistently significant: at least one dose group was significantly
different to the CCG and the reanalysis with VCGs resulted in sig
nificant differences for the same group(s) and the differences showed
the same direction, i.e., a significant increase or a significant
decrease, respectively.

• Consistently non-significant: all dose groups in both the original
study report and the reanalysis with VCGs found no statistically
significant differences towards the control groups.

• Inconsistently significant: the reanalysis with VCGs found statisti
cally significant differences between at least one dose group and the
control group while there were none in the original study report.

• Inconsistently non-significant: the original study report found sta
tistically significant differences between control and at least one dose
group, but the group(s) were not significantly different after rean
alysis with VCGs.

• Inversely significant: both the original study report and the rean
alysis with VCGs found statistically significant differences between
control and the same dose group(s), but the direction of the differ
ence was dissimilar. For instance, this was the case when a significant
increase was seen between a dose group and the CCGs, but the ma
jority of the VCG iterations showed a significant decrease.

2.8.2. Reproducibility of test-substance-relatedness 
All statistical results were presented to study directors or subject 

matter experts (SME) to assess test-substance-relatedness of statistically 
significant differences (Kluxen et al., 2021). When study directors or 
SMEs classified statistically significant differences as not related to the 

Fig. 3. VCG performance assessment flow diagram. CCG: concurrent control group; VCG: virtual control group.  
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test substance, we requested that at least one reason for this decision was 
provided. The most frequent reasons were collected from in-house 
toxicology reports and provided to study directors as a dropdown menu.  

• Non-monotonic dose-response correlation: a value of a parameter of
a lower dose group is significantly different to the control while the
higher doses show no significant differences.

• Within the limits of normal (LON): while the effect in the treatment
group was statistically significant, the values of the determined
parameter of the treatment-group animals were still within the limits
of normal of the HCD.

• No effect in correlating parameters: a parameter value was increased
but since this parameter is usually highly correlated with another
one, which was not affected, the change was considered implausible.
For instance, a statistically significant decrease in food consumption
may be disregarded if the body weight gain has not been reduced in
parallel.

• Transient effect: a significant change was observed in a specific time
point and disappeared over time. This is often seen in body weight or
food intake.

• Only increase of parameter value is of toxicological relevance: some
parameter values may be significantly decreased compared to con
trol, but only the increase is known to be of toxicological concern.
This may occur e.g., for liver damage biomarkers (FDA, 2009).

• Small effect size: the difference between control and dose may be
significant but was too small to be of toxicological concern. This
reason is often accompanied with other reasons, such as “within the
LON” (in clinical chemistry parameters), “transient effect” (in body
weight).

• Different deviations of the two sexes: a significant increase in males
occurred while females showed a significant decrease or vice versa.

• Only one sex affected: effect was only visible in one sex. This reason
is usually accompanied by the argument of a “small effect size”.

• Others: if none of the reasons above were suitable, the SME could
provide other reasons as free text into another column of the Excel
sheet.

2.8.3. Reproducibility of the study conclusion 
Statistically significant differences classified as test-substance related 

were considered as noteworthy findings (see results section Table 4, 
Table 5, and Table E1 of supplementary material E). The goal of a 4- 
week repeated dose toxicity study in rodents is to set a dose limit for 
upcoming clinical trials (ICH, 2009). SMEs derived the overall study 
conclusion, in a non-blind setup, from noteworthy findings based on:  

• NOAEL: no observed adverse effect level, i.e., the highest dose where
no adversity is detected (Palazzi et al., 2016; Baird et al., 2019).

• Maximum tolerated dose: defined as the highest dose of a test sub
stance that does not cause death or other unacceptable side effects or
toxicities by causes other than carcinogenicity (Gad, 2023)

• Target organs: organs are adversely affected by the test substance.
Identifying target organs is an integral part of a toxicity study (EMA,
2010).

• Monitorability: Identification of biomarkers for early detection of
adverse effects available in the clinical setting (EMA, 2010).

• Reversibility: the ability of an organ, tissue, or a measured parameter
to recover and return to the normal state after withdrawal of the test
substance. Assessed using recovery groups in toxicity studies (EMA,
2010).

3. Results

The aim of this study was to investigate the impact of replacing CCG
animals of 4-week repeated dose toxicity studies in rats (i.e., legacy 
studies) by VCGs. The performance of VCG was evaluated based on their 
capacity to replicate the findings and results of the legacy studies. 

Repeated dose studies were chosen as they are the most common type of 
study in toxicological safety assessment. This section presents the re
sults, structured as follows: 

First, we present the HCD resulting from our data-selection process. 
HCD were used to derive VCGs. Our objective was to faithfully repro
duce the entire decision-making process of a toxicologist. We summa
rized this process into three main steps: statistical validation, 
interpretation of statistical results, and deriving a conclusion based on 
these results. Hence, the following sections comprise three parts: (i) we 
present the results of the statistical analyses comparing CCGs with VCGs; 
(ii) we present the findings classified as toxicologically relevant by
subject matter experts, and compare them to the toxicologically relevant
findings of the legacy study; and (iii) based on the test-substance related
finding, we discuss whether the changes in the findings resulted in a
change of the study conclusion from a toxicologist’s perspective.

Additional information can be found in the provided supplementary 
material. An overview of the material is provided below.  

• Supplementary material A describes data curation and validation
procedure (see methods section 2.3, 2.4, and 2.5).

• Supplementary material B lists all quantitative parameters with the
corresponding statistical significance test for detection of significant
differences (see methods section 2.8.1).

• Supplementary material C shows the missing data counts for each
parameter (see results section 3.1).

• Supplementary material D shows the post-hoc statistical power re
sults for each parameter (see results section 3.2.1).

• Supplementary material E shows the table of noteworthy findings for
legacy study C (see results section 3.4.3).

3.1. Generating VCGs from HCD 

To generate VCGs, we first built a matched HCD pool of animals by 
collecting animal data from legacy studies with the same filtering 
criteria used to select legacy studies A, B and C (see section 2.1). In brief, 
we selected animals in the HCD pool used for generating VCG animals 
who closely resemble the animals used in the respective legacy study. 
They share the same genetic background of the species, strain, and 
breeding facility, were treated for the same duration, using the same 
route of administration and vehicle, and were handled following the 
same procedures, in the same laboratory. To limit the effect of a po
tential genetic drift between animals in the CCG in the legacy studies A, 
B and C and the animals selected from the HCD for the VCGs (Steg
er-Hartmann et al., 2020), we also limited the study starting date in the 
HCD to 2017. In total, individual subject data from 126 male and 119 
female animals from 14 legacy studies were extracted and form the HCD 
pool (Fig. 2). Additionally, 12 male and 12 female animals were used as 
VCG for analyzing the recovery group of legacy study B. 

Body weight is the only quantitative parameter measured in the dose 
group animals prior to test substance application since body weights are 
usually used for animal purchase (as a surrogate for animal age), for 
randomizing animal allocation among experimental groups, and for 
calculating the amount of test substance to be administered per animal 
(OECD, 2008). Therefore, before building the VCG for a legacy study, we 
further filtered the HCD to match the initial body weight range of the 
dose group animals by animal sex. Therefore, no animal in the HCD pool 
was lighter or heavier than the lightest and heaviest animal in the dose 
groups of each legacy study, respectively. This reduced the animal pool 
to 125, 191, and 116 animals for legacy study A, B, and C respectively 
(see Fig. 2). From this pool of animals, the same number of animals of 
each sex as in the CCG in the original study were randomly sampled 
without replacement. All parameter measurements per animal were 
extracted into the VCG to ensure that possible correlations between 
different parameters were kept. 

Not all parameters were measured in all animals leading to missing 
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data in VCG. Most parameters exhibited less than 20% of missing values. 
For the parameters which exceeded 20% of missing values, we were able 
to provide explanations. The number of missing data as well as the 
rationale for observed data gaps can be found in supplementary material 
C. 

To increase the robustness of our analysis with VCGs, the animal 
sampling process was repeated 100 times and we computed the signif
icance test p-value of the comparison between each dose group and VCG 
controls using the same statistical methods as in the original study report 
using CCG. Results from all 100 iterations were summarized in an 
ensemble-method fashion which has been described in method section 
2.6 (Opitz and Maclin, 1999). 

3.2. Reproducibility of statistical results 

To test whether results and conclusions from the original study re
ports can be reproduced when legacy studies using a CCG are re- 
analyzed using VCGs, we implemented a three-step process that simu
lates the analysis process commonly performed in animal toxicity 
studies. 

As a first step, we evaluated the performance of the reanalysis with 
VCGs in reproducing statistical significance and the direction of 
changes, i.e., decrease or increase observed in the original study report 
between dose and control groups on quantitative parameters. The 
reproducibility of statistical results is shown in Table 2. Each parameter 
provides 6 statistical results for low, mid, and high doses for both males 
and females. We have defined the statistical results of a parameter as 
correctly reproduced only if all statistical results in each dose group and 
sex were consistent between legacy study and VCG. In legacy study A, B 

and C, we were able to reproduce the results of 69%, 60%, and 51% of 
the quantitative parameters with VCGs. We have further separated this 
number in “consistently significant” and “consistently non-significant”. 
If at least one dose group was significantly different to the CCG for a 
parameter, we classified this result as “consistently significant” only if 
all significant differences were reproduced exactly the same way as 
observed for the CCGs. We were able to achieve this only in 22% of all 
cases. This means that in 78% of all parameters, statistically significant 
differences either appeared in new dose groups—apart from the groups 
which were significantly already in the legacy study—or significant 
findings were non-significant after replacing CCGs with VCGs. A 
“consistently non-significant” result means that neither the original re
sults nor our replicated ones with VCGs showed any statistically sig
nificant differences. In average this was achieved for 77% of the non- 
significant results. In the remaining parameters, at least one group 
was significantly different to the control after replacing the CCG with 
VCGs. In summary, the statistical results from the original analysis with 
CCG were not fully reproducible in the reanalysis with VCGs. 

The performance in reproducing CCG statistical results was not 
affected by missing data in VCGs animals, as imputation of missing 
values did not improve reproduction of statistical results (results shown 
in supplementary material A). 

3.2.1. Post-hoc power calculations 
To expand our statistical investigation on the performance of 

replacing CCG by VCGs as control groups, we performed post-hoc power 
calculations for the statistical tests of all quantitative parameters 
measured in the legacy studies. Calculating power for statistical analysis 
determines the sample size needed to correctly reject the null hypothesis 
at a given effect size. Low statistical power thus reduces the reliability of 
a bioassay (Ioannidis, 2005; Bonapersona et al., 2021). There are two 
types of statistical power in tests which account for multiple compari
sons: the statistical power needed to correctly reject the null hypotheses 
of all groups, and the statistical power needed to correctly reject the null 
hypothesis of at least one group. We computed the latter since one sta
tistically significant result suffices to raise awareness of the SME and 
triggers the next step of assessing the finding for 
test-substance-relatedness. 

Our post-hoc statistical power analysis identified the statistical tests 
to be markedly underpowered (see Figure D1-D3 in supplementary 
material D). In at least one sex group more than 95 out of the 100 an
alyses with VCG iterations a statistical power of 0.8 or lower was found. 
While some statistical tests for parameters were sufficiently powered in 
one study, they were still underpowered in the other two studies. 
Consequently, no statistical test for any parameter consistently achieved 
a sufficient power of ≥0.8 across all studies. These results suggests that 
for non-significant results there is an over 20% probability that the null 
hypothesis was incorrectly accepted. Similar results were observed 
when statistical power calculations on the original analysis using CCG 
were done. 

3.3. Reproducibility of test-substance-relatedness 

Identifying statistically significant differences between dose and 
controls is not sufficient to determine biological relevance and expert 
knowledge is needed to correctly define test-substance-relatedness of 
findings. Therefore, we presented the statistical results from the rean
alysis of the legacy studies after replacing CCG with VCGs to an SME, 
who assessed test-substance-relatedness of findings. The goal of the SME 
when preparing the assessment is to identify possible reasons to why a 
statistically significant difference between groups is not relevant and can 
therefore be disregarded. In average, 44% of all parameters where 
values found to be statistically significant were classified as not related 
to the test substance (66% for study A, 40% for study B, 29% for study 
C). The reasons for these decisions are summarized in Table 3. 

In the following section, we highlight parameters where statistical 

Table 2 
Summary of statistical results after replacing CCGs with VCGs. A parameter 
consists of up-to 6 statistical results (control vs low, mid, and high dose for males 
and females respectively). The percentage of inconsistent classes may overlap 
since parameters may contain both inconsistently non-significant as well as 
inversely significant classes. “Consistently significant” is defined as “at least one 
dose group is significantly different to the control in the legacy study and the 
VCG was able to reproduce the same significant classes while non-significant 
differences remained non-significant”. “Consistently non-significant” is 
defined as “none of the dose groups in both legacy-study results and VCG results 
have any statistically significant differences to the control”. “Inconsistently 
significant” is defined as “there is at least one statistically significant difference 
between VCG and dose groups while there was none in the legacy study”. 
"Inconsistently non-significant” is defined as “there was at least one statistically 
significant class between CCG and dose group which was not reproduced after 
replacing the CCG with VCGs”. “Inversely significant” is defined as “there was at 
least one statistically significant difference between CCG and dose group which 
was reproduced by VCGs, however the direction of the difference differs”.   

Legacy study 
A 

Legacy study 
B 

Legacy study 
Ca 

n parameters 108 107 115 
n significantly different 

parameters (p ≤ 0.05) 
24 33 51 

n not-significantly different (p 
> 0.05) 

84 74 64 

Reproducibility by VCGs 
Consistently significant 3 out of 24 

(12%) 
10 out of 33 
(30%) 

13 out of 51 
(25%) 

Consistently non-significant 71 out of 84 
(85%) 

54 out of 74 
(73%) 

46 out of 64 
(72%) 

Inconsistently significant 13 out of 84 
(15%) 

20 out of 74 
(27%) 

18 out of 64 
(28%) 

Inconsistently non-significant 21 out of 24 
(88%) 

23 out of 33 
(70%) 

38 out of 51 
(75%) 

Inversely significant 0 out of 24 
(0%) 

0 out of 33 
(0%) 

1 out of 51 
(2%)  

a The female high-dose group of legacy study C was prematurely sacrificed. 
Therefore, blood values were not measured in the specified time window and 
body weight values are only partially available. 
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results were not reproduced by the analysis with VCGs and their 
assessment by the SME. We especially focus on inconsistently significant 
parameters found to be test-substance related by the SME. We also focus 
on inconsistently non-significant parameters that were found to be test- 
substance related in the original study report. 

3.3.1. Study A 
Out of the 108 parameters examined, 34 parameters were inconsis

tent with the statistical results of the original data. 13 parameters had 
inconsistently significant statistical findings compared to the original 
result and 5 of them were found to be test-substance related (GGT, 
glucose, relative liver weight, absolute liver weight, food consumption 
on week 1). 15 parameters had inconsistently non-significant results 
compared to the original result and 4 of these parameters were consid
ered as test-substance related in the original result (bilirubin and water 
consumption on week 2, 3, and 4). In summary, the table of noteworthy 
findings for legacy study A in our reanalysis with VCGs is significantly 
different than that from the original study report (Table 4). 

3.3.2. Study B 
Out of the 107 parameters examined, 43 discrepancies were found. 

From these 43 discrepant parameters, 20 were inconsistently significant 
in the statistical results and in 11 of these parameters test-substance- 
relatedness could not be excluded (alanine aminotransferase, baso
phils, bilirubin, chloride, GGT, glucose, urine protein/creatinine ratio, 
and body weight on several days). Notably, two noteworthy new find
ings were observed in the recovery group: glucose and protein/creati
nine ratio. Similarly, 20 of the 43 discrepant parameters were 
inconsistently non-significant in their significance tests, out of which 
test-substance-relatedness for one parameter was not disregarded in the 
original study report (serum protein). Therefore, our table of note
worthy findings for legacy study B after our reanalysis with VCGs shows 
significant differences to the original study report where CCG was used 

for analysis (see Table 5). 

3.3.3. Study C 
In this study, 115 different quantitative parameters were monitored 

and 57 of them had inconsistent statistical results after replacing CCG 
with VCGs. From these inconsistent parameters, 18 were inconsistently 
significant in the statistical results, from which 9 were considered test- 
substance related (chloride, glucose, relative liver weight, serum pro
tein, body weight on day 2 and 6, food consumption on week 1, 3, and 
4). Also, 38 parameters showed inconsistently non-significant in their 
statistical results, from which test-substance-relatedness for 5 parame
ters were not disregarded in the original study report (absolute thymus 
weight, urine protein/creatinine ratio, serum protein, absolute liver 
weight). In summary, we found significant changes in the table of 
noteworthy findings after reanalyzing legacy study C with VCGs. Due to 
large size, this table is not shown in the main body of the article. Please 
refer to Table E1 in supplementary material E. 

3.4. Study conclusions 

The tables of noteworthy findings for each study reanalyzed with 
VCGs were again submitted to the study director or SMEs. The note
worthy findings were used by the study director to draw the conclusion 
for the study after reanalysis with VCGs. It is important to stress, that the 
subsequent comparison between the assessment based on CCGs and the 
subsequent based on VCGs was performed in a non-blinded fashion. 
Prior knowledge on the test substance, particularly the pharmacological 
mode of action, is essential to differentiate excessive pharmacological 
effects and off-target toxicity (Baird et al., 2019). 

3.4.1. Legacy study A 

3.4.1.1. Original study conclusion. In the 4-week toxicity study with 
daily oral gavage, no mortality, no clinical observations during the in- 
life phase, and no histopathological findings were noted that were 
regarded as test-substance related. Changes of four quantitative pa
rameters (water intake, blood glucose, total bilirubin, and absolute plus 
relative liver weights) were found to be noteworthy (Table 4). While 
these findings were associated with the treatment, they were not 
regarded to be adverse. Therefore, the highest dose was determined as 
NOAEL. 

3.4.1.2. Study conclusion after replacing the CCG with VCGs. While the 
increased water intake was not detected after replacing the CCG animals 
with VCGs, the findings in glucose were additionally visible in females 
starting from the lowest dose. Regarding relative liver weight, only mid 
dose group and high dose group showed an increase whereas with VCGs 

Table 3 
Frequency of reasons provided to explain why a statistically significant finding 
was classified “not related to test substance”. Note that the percentages do not 
add up to 100% since multiple reasons may apply.  

Reasons why test-substance-relation was discarded Frequency 

Non-monotonic dose-response correlation 42% 
Small effect size 31% 
Within limits of normal (LON) 30% 
Only one sex affected 19% 
Transient effect 19% 
Others 9% 
Only increase of parameter value is of toxicological relevance 7% 
No effect in correlating parameters 3% 
Different direction of deviation in the two sexes 1%  

Table 4 
Legacy study A table of noteworthy findings (original and with VCG/HCD). CCG: concurrent control group, VCG: virtual control group, M: males, F: females, HCD: 
historical control data. LD: low dose, MD: mid dose, HD: high dose.  

Mortality 
None 
Clinical findings 
None 
Quantitative parameters 
Original noteworthy findings with CCG Noteworthy findings after replacing CCG with VCGs 
Parameter name Increase (+) decrease (¡) Sex (M/F) Starting dose Compared to CCG Increase (+) decrease (¡) Sex (M/F) Starting dose 
Water consumption + M + F HD not reproduced    
Glucose (whole blood) – M HD already at LD – M/F HD/LD 
Total bilirubin + F LD not reproduced    
gamma-Glutamyl 

transferase    
new + M + F LD 

Absolute liver weight + F MD consistent + F MD 
Relative liver weight + F MD already at LD + F LD 

Noteworthy pathological findings 
None  
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the low dose animals were affected, too. Of note is that the significant 
change in bilirubin in female high dose was not reproduced with VCGs. 
However, a noteworthy new finding was observed: a significant increase 
in GGT was now present throughout all doses in all sexes. GGT is a 
sensitive—but not specific—marker for cholestatic drug induced liver 
injury (Trost, 2014; Robles-Diaz et al., 2015). The GGT values in all 
doses however were only slightly above the 1 x upper limit of normal. 
Given the small increases and the lack of concomitant histological 
findings, the increases in GGT were not considered as relevant. The 
conclusion of the legacy study A therefore remains unchanged: the 
NOAEL was still considered to be the highest dose of the study but some 
potential changes in liver parameters were seen. 

3.4.2. Legacy study B 

3.4.2.1. Original study conclusion. Study B investigated possible effects 
of a potential anti-cancer drug. Unlike the other two legacy studies, this 
study included a 2-week recovery phase to assess the reversibility of 
potential noteworthy findings. Cancer therapy is often accompanied 
with marked side effects resulting frequently in poor general condition 
of the animals. Therefore, instead of a NOAEL usually the severely toxic 
dose (STD10) is the threshold of interest in rodents, i.e., the dose at 
which 10% of animals show marked clinical findings and/or body 
weight loss leading to premature sacrifice (Maziasz et al., 2010; ICH, 
2010; FDA, 2020; Hukkanen et al., 2023). 

In study B, no such effects on mortality or clinical findings were 
observed after repeated dosing. Some in-life parameters were affected, 
such as a decreased body weight gain during the first week of dosing 
accompanied by transiently reduced food consumption and an increased 
water intake. Several parameters of clinical chemistry (total bilirubin 
and protein), and urinalysis (protein/creatinine ratio) showed de
viations from control means. Histopathological evaluation revealed 
findings of the spleen, thymus, thyroid and Harderian gland. Taking the 
test-substance related changes and findings into account, the STD10 was 
considered to exceed the highest dose (Table 5). 

3.4.2.2. Study conclusion after replacing the CCG with VCGs. Replacing 
CCGs with VCGs altered the list of noteworthy findings only slightly. 
While the effects in body weight, food consumption and water con
sumption were consistent, the increase in total bilirubin, the decrease in 
chloride, and the increase in urine protein/creatinine ratio was now 
detectable at the lowest dose. Further, the decrease in protein was not 
reproduced by VCGs. New findings in alanine aminotransferase, baso
phils, GGT, and glucose were detected. However, neither of the findings 
changed the STD10 determined in this study as none of the findings were 
found severe. The conclusion of the study remained therefore un
changed: the STD10 was considered to be above the highest administered 
dose. 

3.4.3. Legacy study C 

3.4.3.1. Original study conclusion. In this study, high dose animals 
showed clinical findings, a decreased body weight development and 
food intake resulting in the need of premature sacrifice of several ani
mals (see Table E1 in supplementary material E). The mid dose group 
also showed some clinical findings of less severity and lower incidence 
accompanied by changes of food and water intake, several changes of 
clinical pathology parameters, organ weights, and histopathological 
findings. There was one mid dose-animal which was prematurely nec
ropsied. However, in the histopathological examinations of this animal, 
no finding was detected which would conclude a connection to the test 
substance. Low dose animals still revealed some clinical findings at low 
incidences as well as an increased water intake in females. Based on the 
clinical and histopathological findings, the NOAEL was set to the mid 
dose group in this study. 

3.4.3.2. Study conclusion after replacing the CCG with VCGs. Replacing 
the CCG with VCGs did not change the conclusions made for clinical 
observations, these were rather further strengthened using the back
ground incidents for salivation, change in feces, and high stepping gait. 

The test-substance related changes of several quantitative 

Table 5 
Legacy study B table of noteworthy findings (original and with VCG/HCD). CCG: concurrent control group, VCG: virtual control group, M: males, F: females, HCD: 
historical control data. LD: low dose, MD: mid dose, HD: high dose.  

Mortality 
None 
Clinical findings 
None 
Quantitative parameters 
Original noteworthy findings using the CCG Noteworthy findings after replacing CCG with VCGs 
Parameter name Increase (+) decrease 

(¡) 
Sex (M/ 
F) 

Starting dose Compared to CCG Increase (+) decrease 
(¡) 

Sex (M/ 
F) 

Starting dose 

Body weight gain (1st week) – M + F HD consistent – M + F HD 
Food consumption (1st week) – M/F HD/MD consistent – M/F HD/MD 
Water consumption + M + F LD consistent + M/F MD/LD 
Total bilirubin + M + F MD now in LD (M) + M/F LD/MD 
Chloride – M MD now in LD – M LD 
Protein/Creatinine ratio + M + F MD now in LD + M + F LD 
Protein – M HD not reproduced    
Alanine aminotransferase    new + F MD 
Basophils    new + M + F LD 
gamma-Glutamyl transferase    new + F LD 
Glucose (whole blood)    new + M + F LD  

Noteworthy pathological findings 

Organ/tissue Finding Sex (M/F) Starting dose Background incidences in CCG Background incidences in HCD 

Thyroid gland Follicular cell hypertrophy M + F LD M: 0 out of 10 (0 %) M: 11 out of 116 (9 %) 
F: 0 out of 10 (0 %) F: 2 out of 109 (2 %) 

Thymus Tingible body macrophages, increased M + F HD M: 0 out of 10 (0 %) M: 0 out of 116 (0 %) 
F: 0 out of 10 (0 %) F: 0 out of 109 (0 %) 

Harderian gland Degeneration/regeneration M + F HD M: 0 out of 10 (0 %) M: 1 out of 116 (1 %) 
F: 0 out of 10 (0 %) F: 1 out of 109 (1 %) 

Spleen Extramedullary hematopoiesis M + F LD M: 0 out of 10 (0 %) M: 22 out of 116 (19 %) 
F: 1 out of 10 (10 %) F: 35 out of 109 (32 %)  
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parameters present in the original study were not reproduced using 
virtual controls: the decrease in food intake was only reproduced for 
males, not for females. The increase in serum protein in females was not 
reproduced. Rather, a decrease in protein was seen in both males and 
females (monotonic dose-response correlation was only seen in males). 
Of note is that a significant increase in protein/creatinine ratio was seen 
in the high dose in males in the original study which was, however, not 
reproduced using virtual controls. The finding in calcium was not 
reproduced. The significant decrease in chloride observed in female 
animals in the original study was now also present in male animals of all 
dose groups. The increase in absolute liver weight in females was not 
reproduced after replacing CCGs with VCGs but relative liver weight 
increases were still observed. However, assessing the whole picture of all 
findings including the histopathology and the clinical observations, the 
altered clinical pathology in the table of noteworthy findings did not 
change the conclusions of the study director, i.e., the NOAEL remained 
at the mid dose. 

4. Discussion

As shown in our analyses, the reproducibility of statistical results of
the measured endpoints after replacing the CCGs with VCGs is low to 
moderate. While 72%–85% of all results which were not significant in 
the original study could be reproduced using VCGs, parameter values 
with statistically significant findings, were only reproducible in 12%– 
30% of the cases. One possible reason could be the sensitivity to 
handling stress of certain parameter values (e.g., glucose, lactate de
hydrogenase, alanine aminotransferase, aspartate aminotransferase, 
creatine kinase) which might result in higher variability in the HCD 
(Ohta et al., 2009). Another probably more important reason might be 
related to the statistical evaluation itself. Generally, the statistical tests 
are underpowered in animal studies (Sena et al., 2014; Munoz-Muriedas, 
2021) and no adjustment for multiplicity is applied (i.e., an α-error of 
0.05 for roughly 100 parameters x 2 sexes may lead to up to 10 pa
rameters showing a significant change just by chance) (Kluxen et al., 
2021). To address the former problem, HCD could be used to increase 
statistical power in animal studies (Bonapersona et al., 2021; Gurjanov 
et al., 2023). This would improve detection of rare findings, especially in 
lower dose treatment groups. But the benefits of high-powered studies in 
the context of regulatory toxicology remain to be assessed. The latter 
problem—a lack in multiplicity-adjustment for statistical out
comes—has been addressed with the proposal of shifting the interpre
tation from p-values towards effect sizes (Schmidt et al., 2016; 
Gigerenzer, 2018; Kluxen, 2020). Currently, the use of effect sizes is 
done only partly when the study directors assess a toxicological rele
vance of a significant effect against reference values from HCD. 

The reproducibility of statistical results might be improved by a se
lection of suitable animals matched by more relevant endpoints such as 
blood parameter values, rather than initial body weight alone. However, 
with the current design of sub-chronic studies in rodents this is not 
feasible. To select suitable animals by matching blood values, blood 
sampling prior to start of test substance would be required, and the 
relatively small blood volume in rodents does not allow for sampling 
blood twice within such a short period. However, the concept of 
selecting animals by matching blood values could be explored for larger 
animal species, where usually pre-values are analyzed before the start of 
the study. 

Despite the inconsistencies in the statistical evaluations, the changes 
in parameter values that were considered test-substance related in the 
original study were generally well reproduced by the VCGs. Those sta
tistical changes in the parameter values that were not reproduced ulti
mately did not change the core conclusion of the toxicological test. In 
none of the three studies which were analyzed, the study conclusion 
changed after replacing the concurrent controls with the virtual con
trols, i.e., the NOAEL, the STD10, the target organs, and the relevant 
clinical pathology markers for monitoring remained unchanged. The 

determination of the threshold doses takes all findings into consider
ation: quantitative changes usually need to be dose-dependent and sig
nificant, and if non-significant, these changes need to have a causal 
relationship with the test substance (Park and Cho, 2011). The p-values 
obtained from significance tests for quantitative parameters alone—
while being a useful tool—should not be used as single criteria for de
cision making and for scientific reasoning (Gigerenzer, 2018; Kluxen, 
2020). 

A recent paper by Mecklenburg et al. (2023) confirms our observa
tion that the threshold doses (NOAEL, STD10) are relatively insensitive 
to changes in the controls because they are mainly determined based on 
severe toxicological findings in the next higher dose groups. The authors 
showed that the reproduction of the NOAELs in 20 analyzed 90-day 
toxicity studies in non-human primates was even possible after 
completely omitting control-group animals (Mecklenburg et al., 2023). 
The authors state that a limitation in their approach was the difficulty to 
distinguish between effects caused by the treatment vehicle from those 
which were caused by the test substance itself, an issue which could be 
addressed by using VCGs with matching vehicles. 

Historical control data was identified as being useful to calculate the 
background incidences of qualitative parameters such as histopatho
logical findings. For instance, the extramedullary hematopoiesis 
observed in legacy study B was classified as non-adverse because this 
phenomenon is often seen in younger rats, and more often in females 
than in males (Suttie, 2006; Hobbie et al., 2013). This could be already 
confirmed based on 245 historical control animals. More rare findings 
may be further confirmed by increasing the number of HCD animals. 

The currently small number of animals in our HCD pool (126 male 
animals and 119 female animals) admittedly limits the generalization of 
our conclusions particularly with regard to background incidences for 
histology findings. The number even decreased after further filtering the 
animals down to match the initial body weight values of the legacy 
studies’ dose groups, especially for females. This issue should be 
addressed by further analyses of how far certain study parameters could 
be grouped together. E.g., whether the use of certain vehicles with 
comparably physicochemical constitution result in similar changes or 
lack of changes of the parameters measured in animals. If this is 
confirmed, certain vehicles could be grouped together. 

A sustainable implementation of VCGs will require a continuous 
update of the control animal data pool to avoid a genotypic or pheno
typic separation of the HCD from the animals used in future studies. This 
might be achieved by either conducting experiments with a full set of 
CCGs once in a while (Golden et al., 2023), or by replacing control an
imals only partially (i.e., keeping sentinel animals) (Gurjanov et al., 
2023). Sentinel animals might additionally alleviate the uncertainty of 
the study director to attribute effects to the treatment, while they might 
have actually been caused by sudden unnoted changes in the environ
ment, undetected infections or handling stress through less experienced 
animal care takers. 

Our results of the VCG performance need to be interpreted in the 
light of lacking data regarding general reproducibility of systemic 
toxicity studies. Whereas the robustness of individual analytical pa
rameters is determined in ring trials, ethical consideration prevent the 
systematic analysis of intra- and interlaboratory variability for the entire 
study with the same test substance. For less complex studies like the 
local lymph node assay performed in mice to determine the hazard of 
skin sensitization (OECD, 2010) the variability of results for an indi
vidual test substance tested in several laboratories spans over a con
centration range of three orders of magnitude (Dumont et al., 2016). 
Given this high variability already seen in less complex in vivo studies 
we reckon, that the replacement of CCGs with VCGs will contribute if at 
all only to a minor extent to lowering the reproducibility of study 
outcome. 

In summary, we were able in our study to reproduce the overall study 
conclusions of the three 4-week rat toxicity legacy studies after replacing 
VCGs with CCGs. As stated above, we are aware of the limitations of our 
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analyses regarding data size both in terms of the number of studies 
analyzed as well as the size of the HCD pool, i.e., we consider our study 
as exploratory mainly providing a path forward in the validation of the 
VCG concept. 

We are aware that the unblinded process where the study directors or 
SMEs had full knowledge of the legacy studies and the pharmacological 
mode of action of the respective test substances introduced a certain 
level of subjectivity in the overall assessment of VCG feasibility. How
ever, we considered this procedure to be necessary in order to fully 
recapitulate the process by which toxicological study reports are pre
pared. Prior knowledge of the test substance and safety assessment is 
required to truly differentiate an observed effect from an observed 
adverse effect. 

5. Conclusion

This study explored the ability to reproduce the analysis results of
three 4-week rat toxicity studies after replacing concurrent control an
imals with virtual control groups (VCGs). Though, when using VCGs 
statistical results of around 60% of the quantitative parameters were 
reproducible, biological reasoning and expert knowledge used to further 
classify whether the statistical results can be attributed to the test sub
stance, resulted in overall good concordance with the original study 
results in term of NOAEL, STD10, identified target organs and relevant 
clinical pathology biomarkers. Future work is needed to increase the 
pool of HCD which can be used for VCG. Of particular interest regarding 
generalization of our results will be the assessment of non-rodent studies 
with considerably smaller group sizes. Additionally, a larger pool of 
HCDs may facilitate the transition from relying on p-values from sig
nificance tests to employing effect sizes as a criterion for test-substance 
relatedness. 
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1 Methods 
1.1 Software 

Data gathering, statistical calculations, model development, evaluation, and visualization was 

performed using the statistical programming software R version 4.1.2 (R Foundation for 

Statistical Computing, Vienna, Austria). The details of R packages used are listed in Table 

below. 

Table A1: R packages used in the VCG qualification procedure. 

Package name_version Usage 
parallel (R Core Team, 2021) Divide calculations on several cores for faster 

computing 

data.table_1.14.8 (Dowle and Srinivasan, 

2021) 

Fast loading and writing of large tables 

tidyverse_2.0.0 (Wickham, 2017) Efficient processing and visualizing of data 

openxslx_4.2.5.2 (Schauberger and Walker, 

2023) 

Reading and writing of Excel (XLSX) sheets 

PMCRplus_1.9.6 (Pohlert, 2022) Pipe friendly computing of significance tests 

rstatix_0.7.2 (Kassambara, 2023) Pipe friendly calculation of the Wilcox test 

effsize_0.8.1 (Torchiano, 2020) Computing the effect size 

pwr_1.3-0 (Champely, 2020) Post-hoc power calculations of significance tests for 

sensitivity analysis 

gt_0.9.0 (Iannone et al., 2023) Visualization of tables 

webshot2_0.1.0 (Winston, 2019) Exporting of gt-tables as static images 

mice_3.15.0 (van Buuren and Groothuis-

Oudshoorn, 2011) 

Imputation of missing data 

janitor_2.2.0 (Firke, 2023) Cleaning corrupt table entries 

grid (R Core Team, 2021) Adding text elements to plots 

gridExtra_2.3 (Auguie, 2017) Combining plots with plot titles 

cowplot_1.1.1 (Wilke, 2020) Combining several plots together 

1.2 Data visualization 

To characterize the data and to test for the presence of subjects with unusually high or low 

parameter values, each quantitative parameter of the HCD was visualized as a histogram and 

as a boxplot (numeric value of the parameter with respect to the study, sorted by the study 
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year). Values whose median value were outside of the threshold (i.e., outside of the 1.5 • 

interquartile range (IQR) across all studies) were highlighted in color. 

1.3 Missing data imputation 

1.3.1 Methods 

The number of missing data in the HCD was calculated for each quantitative parameter 

separately. A subject in a study might miss the quantification of a parameter for several reasons 

related to sample and animal handling, including clotted blood samples or premature sacrifice 

of the animals. However, parameters could also be missing simultaneously in several subjects 

in a study. Reasons for multi-subject missing data might include the omission of a particular 

parameter in the study per decision of the study director given the test substance’s mode of 

action and the required standard test batteries (OECD, 2008; 2018a). Since missing values in 

HCD are unavoidable, various imputation methods were tested and the performance of the 

VCGs in their ability to reproduce statistical results of the legacy study was used as a 

benchmark to select the most suitable imputation method: 

• Available cases (i.e., no imputation): Missing data were ignored accepting the

potentially smaller sample size for some parameters.

• Median imputation: missing values were replaced with the median of the non-missing

values.

• Random sampling: missing values were replaced with randomly drawn non-missing

values.

• Predictive mean matching (PMM): missing values were imputed with the PMM function

(Kleinke, 2018).

1.3.2 Imputation results 

To assess the benefits of imputing missing data, the change of VCG performance in its ability 

to reproduce statistical results was taken as a benchmark. For the studies the performance 

was as follows: 

Legacy study A: 

• Available cases: Statistical results of 73 out of 108 parameters (68 %) reproduced.

• Imputation median: Statistical results of 69 out of 108 parameters (64 %) reproduced.

• Imputation RS: Statistical results of 72 out of 108 parameters (67 %) reproduced.

• Imputation PMM: Statistical results of 72 out of 108 parameters (67 %) reproduced.

Legacy study B 

• Available cases: Statistical results of 63 out of 107 parameters (59 %) reproduced.
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• Imputation median: Statistical results of 63 out of 107 parameters (59 %) reproduced.

• Imputation RS: Statistical results of 57 out of 107 parameters (53 %) reproduced.

• Imputation PMM: Statistical results of 61 out of 107 parameters (57 %) reproduced.

Legacy study C 

• Available cases: Statistical results of 61 out of 115 parameters (53 %) reproduced.

• Imputation median: Statistical results of 57 out of 115 parameters (50 %) reproduced.

• Imputation RS: Statistical results of 55 out of 115 parameters (48 %) reproduced.

• Imputation PMM: Statistical results of 60 out of 115 parameters (52 %) reproduced.

The performance of VCGs did not change substantially in any of the imputation methods used. 

Therefore, further performance tests (i.e., “test-substance relatedness” and “study 

conclusions”) were only assessed for the HCD of the “available cases” scenario. 

Table B1: List of statistical tests used for each parameter. dunnett: Dunnett’s Exact 
Homogeneous Test; het_dunn: Dunnett’s Exact Heterogeneous Test; u_test: Bonferroni 
adjusted Mann Whitney U-test; log_trans_dunnett: Dunnett’s Exact Homogenous Test after 
logarithmic transformation; no test: no statistical test performed. 

Parameter 
Parameter 
short name Specimen 

Significance 
test used 

Body weight day n BW_Dn Body weight dunnett 

Food consumption week n FC_Wn Food and water 
consumption u_test 

Water consumption week n WC_Wn Food and water 
consumption u_test 

Carnitine acetyl transferase ECOD Liver Bio Chemie het_dunn 
Glutathione S transferase GST Liver Bio Chemie het_dunn 
UDP Glucuronosyltransferase UGC Liver Bio Chemie het_dunn 
Weight organ X WEIGHT_X Organ weight dunnett 
Organ weight to body weight 
ratio X OWBW_X Organ weight to 

body weight ratio dunnett 
Activated partial 
thromboplastin time APTT Plasma u_test 
Atypical lymphocytes ATYP Plasma u_test 
Basophils BASO Plasma u_test 
Eosinophils EOS Plasma u_test 
Erythrocytes ERY Plasma dunnett 
Fibrinogen FIBRINO Plasma u_test 
Hematocrit HCT Plasma dunnett 
Hemoglobin HGB Plasma dunnett 
Lymphocytes LYM Plasma u_test 
Mean corpuscular 
hemoglobin MCH Plasma dunnett 
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Mean corpuscular 
hemoglobin concentration MCHC Plasma dunnett 
Mean corpuscular volume MCV Plasma dunnett 
Monocytes MONO Plasma u_test 
Neutrophils NEUT Plasma u_test 
Prothrombin time PT Plasma u_test 
Reticulocytes RETCULOCYTES Plasma u_test 
Thrombocytes THROMNUC Plasma dunnett 
Alanine aminotransferase ALT Serum het_dunn 
Albumin ALB Serum dunnett 
Alkaline phosphatase ALP Serum het_dunn 
Aspartate aminotransferase AST Serum het_dunn 
Bilirubin BILI Serum u_test 
Calcium CA Serum log_trans_dunnett 
Chloride CL Serum dunnett 
Cholesterin CHOL Serum log_trans_dunnett 
Creatine kinase CK Serum het_dunn 
Creatinine CREAT Serum dunnett 
Gamma glutamyl transferase GGT Serum u_test 
Glutamate dehydrogenase GLDH Serum het_dunn 
Inorganic phosphates PHOS Serum het_dunn 
Lactate dehydrogenase LDH Serum het_dunn 
Potassium K Serum log_trans_dunnett 
Protein PROT Serum dunnett 
Sodium SODIUM Serum dunnett 
Thyroid stimulating hormone TSH Serum u_test 
Thyroxine T4 Serum u_test 
Total bilirubin BILI Serum u_test 
Triglycerides TRIG Serum dunnett 
Triiodothryonine T3 Serum u_test 
Urea UREA Serum dunnett 

7-Ethoxycoumarin deethylase ECOD Liver 
Biochemistry het_dunn 

7-Ethoxyresorfurin
deethylase EROD Liver 

Biochemistry het_dunn 
Creatinine excretion rate CREATEXR Urine het_dunn 
Protein PROT Urine u_test 
Protein creatinine ratio PROCRC Urine het_dunn 
Protein per sampling period 
urinary volume PROUVOC Urine het_dunn 
Urinary volume VOLUME Urine u_test 
Urine creatinine CREAT Urine u_test 
Urine osmolality OSMLTY Urine u_test 
Glucose GLUC Whole blood dunnett 
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2 Results 
2.1 Missing data 

The same parameter is not measured in all studies, leading to missing data in the VCGs (see 

Fehler! Verweisquelle konnte nicht gefunden werden.). For quantitative values in general, 

more than 80% of most values were present while body weight was the only parameters 

without any missing data. The following parameters had more than 20 % of missing data: 

• Hormones (T3, T4, TSH) since hormones are not regularly measured and are not

included into regulatory test battery.

• Organ weights specific to animal sex (epididymis, prostate gland, testis, seminal

vesicles, uterus, ovary) as an approx. 1:1 ratio of males and females is present, 50 %

of missing data is a given.

• Body weight after day 28 since after termination of the dosing period, body weights are

only measured on the day of sacrifice.

• Liver biochemistry parameters (CARNITAT, EROD, ECOD, GST, UGT) since these

parameters are not regularly measured and are not included into regulatory test battery.

Macroscopic findings and microscopic findings have only data from 225 of 322 animals in. The 

reason for this is that the remaining 97 HCD animals belonged to recovery groups whose 

histopathology measurements were taken after day 35 (which is the cutoff for our data). Clinical 

observation data, i.e., data which was taken during the in-life phase of the study was included. 

Table C1: Missing values of quantitative parameters. 

Parameter and specimen Missing 
values 

Total 
population 

Available 
data [%] 

Alkaline phosphatase in serum 0 245 100 

Alanine aminotransferase in serum 0 245 100 

Aspartate aminotransferase in serum 0 245 100 

Body weight day 1-28 0 245 100 

Calcium in serum 0 245 100 

Cholesterin in serum 0 245 100 

Creatinine kinase in serum 0 245 100 

Chloride in serum 0 245 100 

Creatinine in serum 0 245 100 

Glutamate dehydrogenase in serum 0 245 100 

Glucose in serum 0 245 100 
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Potassium in serum 0 245 100 

Lactate dehydrogenase in serum 0 245 100 

Inorganic phosphate in serum 0 245 100 

Sodium in serum 0 245 100 

Triglycerides in serum 0 245 100 

Urea in serum 0 245 100 

Bilirubin in serum 3 245 99 

Atypical lymphocytes in plasma 5 245 98 

Basophils in plasma 5 245 98 

Body weight day 29 5 245 98 

Eosinophils in plasma 5 245 98 

Hematocrit in plasma 5 245 98 

Hemoglobin in plasma 5 245 98 

Lymphocytes in plasma 5 245 98 
Mean corpuscular hemoglobin concentration in 
plasma 5 245 98 

Mean corpuscular volume in plasma 5 245 98 

Monocytes in plasma 5 245 98 

Neutrophils in plasma 5 245 98 

Erythrocytes in plasma 5 245 98 

Thrombocytes in plasma 5 245 98 

Lymphocytes in plasma 5 245 98 

gamma-Glutamyl transferase in serum 12 245 95 

Albumin in serum 20 245 92 

Protein in serum 20 245 92 

Kidney relative weight 21 245 91 

Liver relative weight 21 245 91 

Spleen relative weight 21 245 91 

Thymus relative weight 21 245 91 

Adrenal glands absolute weight 22 245 91 

Kidney absolute weight 21 245 91 

Liver absolute weight 21 245 91 

Spleen absolute weight 21 245 91 

Thymus absolute weight 21 245 91 
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Mean corpuscular hemoglobin in plasma 24 245 90 

Reticulocytes in plasma 24 245 90 

Osmolality in urine 26 245 89 

Brain relative weight 27 245 89 

Heart relative weight 27 245 89 

Protein creatinine ration in urine 26 245 89 

Protein in urine 26 245 89 

Urinary volume 26 245 89 

Brain absolute weight 27 245 89 

Heart absolute weight 27 245 89 

Activated partial thromboplastin time in plasma 40 245 84 

Food and water consumption week 2-4 40 245 84 

Fibrinogen in plasma 40 245 84 

Prothrombin time in plasma 40 245 84 

Creatinine excretion rate in urine 46 245 81 

Food and water consumption week 1 60 245 76 

Body weight day 30 81 245 67 

Creatinine in urine 86 245 65 

Triiodothryonine in serum 85 245 65 

Thyroxine in serum 85 245 65 

Thyroid stimulating hormone in serum 106 245 57 

Epididymis relative weight 135 245 45 

Prostate gland relative weight 135 245 45 

Testis relative weight 135 245 45 

Epididymis absolute weight 135 245 45 

Prostate gland absolute weight 135 245 45 

Testis absolute weight 135 245 45 

Uterus relative weight 137 245 44 

Uterus absolute weight 137 245 44 

Seminal vesicles absolute weight 145 245 41 

Body weight day 31 153 245 38 

Carnitine acetyl transferase in liver biochemistry 168 245 31 

Carnitine acetyl transferase in liver biochemistry 168 245 31 
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7-Ethoxyresorfurin deethylase in liver biochemistry 168 245 31 

Glutathione S transferase in liver biochemistry 168 245 31 

UDP Glucuronosyltransferase in liver biochemistry 168 245 31 

Ovary relative weight 187 245 24 

Ovary absolute weight 187 245 24 

Body weight day 32 202 245 18 

Food and water consumption week 5 225 245 8 

Protein per sampling period urinary volume 225 245 8 

Body weight day 33 231 245 6 

Body weight day 34-35 240 245 2 

2.2 Note to supplementary material D and E 

Supplementary material D illustrates the statistical power of each significance test from every 

iteration. The corresponding abbreviations used in the figures are available in supplementary 

material E. However, due to large size of the supplementary figures D1-D3, and the 

corresponding Table E1, they were not included in the version of this thesis. Nevertheless, they 

are accessible online in the Elsevier data repository associated with this publication: 

Supplementary material D: https://ars.els-cdn.com/content/image/1-s2.0-

S0273230024000333-mmc4.docx.  

Supplementary material E: https://ars.els-cdn.com/content/image/1-s2.0-

S0273230024000333-mmc5.docx.  
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4Discussion 

The aim of the virtual control group (VCG) concept is to replace concurrent control group 

(CCG) animals in studies and by that contribute to the 3R concept (Russel and Burch, 1959). 

Within the scope of this work, the objective was to assess the capability of reproducing 

outcomes of nonclinical toxicity studies after substituting CCGs with VCGs. The results of 

legacy studies served as benchmarks comprising statistical results, test-substance-

relatedness, and overall study conclusions. 

The objective of the VCG consortium is to create VCGs out of historical control data (HCD) 

from both the respective companies’ own laboratories as well as external data. However, this 

thesis focused on VCGs generated from Bayer AG internal HCD only, as the intention was to 

establish a proof of concept with data which is assumed to be the most similar to the legacy 

studies (Grevot et al., 2023). 

The VCG performance was tested on rat studies being the type of study with the most data in 

the internal data set. Furthermore, this work was limited to creating VCGs by resampling 

methodologies, i.e. randomly sampling animals from the HCD set. This was done for two 

reasons: (i) endpoints were measured in animals and stored in data repositories under GLP 

conditions. In contrast to VCGs created by simulation approaches (Steger-Hartmann et al., 

2020), sampling animals directly from such repositories would still preserve the GLP status. 

(ii) Extracting endpoints on an animal-by-animal basis ensures the preservation of potential

correlations between endpoints.

A prerequisite for evaluating the VCG performance is that harmonized data and a code

framework for assessing the VCG performance is provided and that a benchmark system for

evaluating the performance of VCGs against a reference is established. The results of this

work suggest that study results can be well-reproduced after substituting CCGs with VCGs

given that HCD resembles the legacy study in study design and value distribution to achieve

good VCG performance.

4.1 The set up for assessing the VCG performance 
This work aims to set a cornerstone for future development and validation of different VCG 

concepts. Therefore, all harmonization tools, R-software, and the statistical evaluation process 

used in all publications presented in the results-section were published on respective GitHub 
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repositories (Gurjanov et al, 2023; Gurjanov et al., 2024a; Gurjanov et al., 2024b) to ensure 

maximum transparency and reusability of the results. 

4.1.1.1 Data harmonization 

Ensuring reproducibility of the systematic VCG-performance validation requires a harmonized 

data set and accessible code for creating and assessing VCGs. Nonclinical toxicity data is 

stored under SEND structure (standard for exchange of nonclinical data) ensuring a well 

harmonized data structure similar across different companies. Nevertheless, the parameters 

themselves show a high variability in their naming, abbreviations, and units of measurement, 

even if only internal data sets were taken into account. Large harmonization efforts were 

undertaken to create a data set usable for VCG creation and evaluation and “dictionaries” 

created consisting of a large variety of different names, abbreviations, and units which are 

mapped to one parameter term respectively. They were created on the shared VCG data 

collection provided by the VCG consortium so that their applicability and sustainability is 

ensured for external data as well.  

4.1.1.2 Statistical test battery set-up 

Another requirement for VCG-performance-validation is the assessment of the reproducibility 

of the statistical evaluation procedure, which was performed by in-house GLP-approved 

software provided by Xybion Digital Inc (Xybion, 2024). As this test battery is not accessible to 

the public it was reproduced using R software environment. For each endpoint, a specific 

statistical test was assigned ensuring the comparability across companies by standardizing 

the methodology. While alternative statistical tests could be employed (see 4.2.2.1) the 

objective of this work was to closely mirror the established internal test battery. Statistical 

outcomes reproduced with R were compared to the original results shown in study reports. 

These statistical outcomes of the internal test system were reproducible in 96% of all cases 

by the test system created with R. A small fraction of the resulting p-values deviated slightly 

from the original result, which is assumed to be caused by rounding issues. 

4.1.1.3 Missing values 

Setting up a framework for VCG-performance assessment revealed many missing values in 

the data set in both, study design parameters and endpoints. If data points are missing 

completely at random it might be reasonable to fill the gaps through imputation methods 

(Donders et al., 2006) some of which were examined in the supplementary material of section 

3.3. The results of this section suggest that the VCG performance was not influenced notably 

after imputing missing values in HCD, although imputation could still be beneficial if applying 

more advanced analysis and simulation methods that can face challenges with missing data 

(Emmanuel et al., 2021). 
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VCGs might not be suitable for studies with specific design covering parameters which are 

rarely measured in other studies. For instance, some liver enzyme endpoints (EROD, ECOD, 

GST, CAT) were measured in only 31% of all studies. If such rarely measured parameters are 

missing or were only measured in a small number of historical studies the number of available 

HCD animals might be insufficient for any further statistical analyses. Therefore, study 

directors and data scientists should check a priori whether all endpoints that are planned to be 

examined in a study are well covered by HCD before deciding whether VCGs should be used. 

4.2 Evaluating the performance of VCGs against a reference. 
Assessing the VCG performance requires the use of a benchmark for comparison, and legacy 

toxicity studies were chosen as the benchmark in this thesis. Reproducing the study results 

after substituting CCGs with VCGs is a straightforward proof of concept confirming the 

approach’s viability. This approach comprises three parts representing the study assessment 

workflow of a regulatory study as shown in Figure 2 in the introduction section. In short, 

substituting CCGs with VCGs should result in: 

• reproduced statistical results,

• reproduced test-substance-relatedness,

• and reproduced study conclusions.

4.2.1 Statistical reproducibility 

The first step of the VCG performance assessment was to test the ability of VCGs to reproduce 

the statistical outcomes of the original toxicity study. This validation method is straightforward, 

easily interpretable, unbiased and is amenable to systematic high-throughput VCG validation. 

The statistical test-battery which was adapted from the internal GLP validated internal 

evaluation framework consists of univariate inferential statistical tests with one respective test 

being assigned to each endpoint. 

VCGs were created by randomly sampling animal values from HCD. Randomly sampled 

values from a certain distribution result in a subset with a similar distribution as the set which 

was sampled from, and therefore, the closer the HCD-value distribution resembled the CCG, 

the better VCGs reproduced the original legacy study results. Thus, to achieve good 

reproducibility of statistical outcomes, HCD should either be selected in a way that they closely 

resemble the legacy study in its endpoint distributions, or a sampling methodology should be 

selected which leads to VCGs having value distributions similar to the study. The following 

section summarizes the approaches for improving the VCG performance which were 

evaluated in this thesis. 



Discussion 

121 

4.2.1.1 Select “more suitable” HCD 

Section 3.1 describes—based on the example of different anesthesia protocols—that 

confounding factors can heavily distort the HCD distribution and negatively affect the VCG 

performance. Anesthetizing animals with CO2 results in elevated serum-electrolyte values 

compared to animals anesthetized with isoflurane, and subsequentially, removing CO2-

anestetized animals from the HCD resulted in improved VCG performance for legacy studies, 

where isoflurane was used. Additionally, the results of section 3.2 show that matching HCD to 

the initial body weight of the legacy-study dose groups improve the VCG performance to 

reproduce statistical body-weight results. Matching by body weight is often a surrogate for age 

for small animals, where the exact date of birth is often not available. Matching by age—given 

that this information is provided—is advisable as many physiological parameters correlate with 

this parameter (Wolford et al., 1987; McCutcheon and Marinelli, 2009). 

Understanding the underlying structure of HCD and the study-design parameters affecting 

animal parameters should be a constant strive in the VCG-project. Aligning HCD to a study by 

design parameters is a non-biased way for obtaining VCGs which truly represent the study-

animal population and improves the performance of VCGs in reproducing statistical results 

(Wright et al., 2023). To reduce the frequency of mismatches—such as using animals 

anesthetized with CO2 or using excessively young/old animals—and to enhance the validity of 

HCD in future studies, a collaborative verification process between study directors, subject 

matter experts and data scientists should be established. For instance, an automatic screening 

process to select suitable HCD followed by manual review by the involved parties could ensure 

the alignment of study data with suitable historical controls and therefore refine the accuracy 

and relevance of findings. 

Aside from age, body weight and study design, which were discussed as matching parameters 

in this thesis, other parameters might be explored for HCD matching in future, such as blood 

and urine parameters. This matching procedure requires however that the respective 

endpoints are taken prior to study initiation. The results presented in this thesis are based on 

rodent data and due to small volume, blood is not drawn from rodents at the beginning of a 

sub-chronic study. Nevertheless, larger animals do not have this restriction (dogs, non-human 

primates, pigs), allowing for additional matching possibilities. Matching by physiological 

parameters might result in animals being more similar to those used in the study and lead to 

better statistical reproducibility. One possible drawback here could be the large multitude of 

blood parameters compared to a potentially relatively small number of animals obstructing 

further matching procedures. It needs to be tested whether HCD animals can be found which 

truly match legacy-study animals in all endpoints or whether only a selected subset of relevant 

endpoints should be used for matching. Another possibility would be to match animals using 
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machine-learning methods—such as k Nearest Neighbors (Peterson, 2009)—to find the 

closest neighbors to the study animals in the feature space. 

4.2.1.1.1 Limited data availability problem 

A disadvantage of rigorous matching of HCD to the study may carry the risk of reducing HCD 

size to a point where no VCGs can be created anymore. Section 3.2 shows a case where 

matching HCD by body weight left only one animal in the HCD set, preventing any further 

statistical analyses showing that VCGs fail if the HCD is too small. Additionally, Figure 2 of 

section 3.3 shows that, even with 1612 in-house studies at hand, most were found not eligible 

for HCD because they were outside of the time frame of interest (studies older than 5 years 

were discarded) or performed in a design different to the legacy study, leaving 14 studies (126 

male and 119 female animals) as HCD. This small number of data might be especially 

problematic for larger animals (e.g., dogs): a quick analysis revealed that already applying 

relatively lenient filter criteria on 400 internal dog studies (strain, study year, study length, test 

facility location, route of administration) resulted in only 12 studies applicable for HCD, i.e., 36 

dogs per sex—note, in regulatory studies in non-rodents, 3 animals per group per sex are 

required (ICH, 2009). HCD did not benefit from introducing data from external companies as 

each performed studies in a somewhat unique design. For instance, Bayer used predominantly 

a mixture of ethanol, Kolliphor®HS15, and water as a vehicle in rat studies while data from 

other companies suggest a predominant use of methyl cellulose. Using additional parameters 

such as initial body weight or blood values (if available) as matching criteria might reduce the 

available HCD even more. 

Overcoming this obstacle would require combining data from studies of different designs. For 

instance, studies with varying routes of administration might be summarized into two 

categories: enteral (oral, oral gavage), and parenteral (intravenous, inhalation, subcutaneous, 

etc.).  

This approach was not pursued in this thesis as the goal was to create a proof of concept 

using data from studies performed under maximum similar conditions. Combining data of 

different study designs might be controversial, as small deviations from study design and 

environment can lead to distorted endpoints (Vandenberg et al., 2020). Moreover, 

incorporating data from external companies might partially violate guideline requirements 

stating that HCD should originate “from the same laboratory” (OECD, 2018). Nevertheless, 

statistical evaluation methods exist that account for HCD being “not as good as CCG”. For 

instance, clinical studies frequently incorporate external data through propensity score, meta-

analysis, and Bayesian methods (Rosenbaum and Rubin, 1985; Austin, 2011; Sawamoto et 

al., 2022). The impact of study-design parameters is analyzed and weighted accordingly so 
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that historical data does not impact the statistical outcomes as much as more relevant 

concurrent controls (Ghadessi et al., 2020). Ultimately, expert judgement by statisticians, study 

directors, and SMEs in dialogue with regulatory bodies might be needed to determine which 

study design parameters can be combined without significantly impairing endpoint variability. 

Another possibility to overcome the problems of little data availability, which was out of scope 

in this thesis, is the introduction of simulated endpoints (Steger-Hartmann et al., 2020). Future 

studies might explore simulation methodologies, for VCGs which might address the missing 

value problem, and could be beneficial for studies falling outside of the HCD value ranges, i.e., 

situations where resampling methods fail. A wide array of methods can be considered for 

simulating VCG values, from straightforward random number generators producing normally 

distributed values with specified location parameters to advanced generative neural networks 

possibly capable of accounting all potential correlations among endpoints. The large 

collaboration of members of the VCG project facilitates the data gathering necessary for this 

purpose. 

4.2.1.2 Keeping sentinel animals. 

Beside rigorous HCD matching, a method to improve the performance of VCGs is presented 

in section 3.1: keeping a fraction of CCG animals in the set (called sentinel animals). This 

publication highlighted the reproducibility of electrolyte parameters, and using sentinel-animal 

electrolyte values as additional parameters to match HCD increased the VCG performance to 

100%. Having sentinel animals is essential for a bioassay as this ensures its validity. For 

instance, distinguishing a test-substance related effect from a possible infectious disease 

would not be possible with virtual controls only, therefore, at least a small number of concurrent 

controls is indispensable (SOLAS, 1999; Steger-Hartmann et al., 2020).  

Another advantage of sentinel animals is that they can counter the impact of potential 

confounders. In the case of electrolyte values, even in the presence of animals anesthetized 

with CO2, the VCG performance was high. Still, it should be kept in mind that the goal of VCGs 

is to reduce the number of animals and to contribute to the 3R-concept. Therefore, future 

studies should aim to determine the minimum number of animals needed in a study to preserve 

the integrity of the assay, while VCGs can be used to replace the removed animals. 

4.2.1.3 Weighted sampling 

Matching HCD by initial body weight does not always lead to normally distributed HCD similar 

to the legacy study. Figure 1B of section 3.2 shows one such example, where body-weight 

matching resulted in a skewed distribution. After reflecting on potential ways of improving the 

VCG performance it became apparent that the already available body-weight density 
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distribution might be used for assigning statistical weights to the HCD, and by that, refine the 

resampling procedure. 

Section 3.2 presents the performance of VCGs not sampled from HCD purely at random, but 

instead, where HCD data points were assigned a statistical weight based on the probability 

density distribution of the legacy study’s dose groups. This sampling method proved to have 

a superior average VCG performance compared to the other methods, in particular for cases 

where the legacy study was on the far-ends of the HCD-distribution. This method ensures 

VCGs having a distribution similar to that of the legacy study in its initial body weight. 

Furthermore, statistical weights are adjustable so that the resulting distribution of virtual control 

groups can be fine-tuned. Nonetheless, this approach may lead to biased results since the 

VCGs are not sampled at random from the HCD anymore, possibly resulting in animals not 

representative to the HCD population. Additionally, this procedure allowed for repeated 

sampling, which means that certain animals might be overrepresented in the VCG set. 

4.2.1.4 Summary 

Summarizing these results, all methodologies bear potential advantages in terms of VCG 

performance. A prerequisite of HCD is that it should have at least as much available animals 

as the study. Further, HCD which closely resembles the CCG in value distributions is the main 

driver for good VCG performance. Matching HCD by body weight (and other blood parameters 

if possible) is advisable as it is an effective, non-biased way to improve the VCG-performance 

and keeping a small fraction of CCG animals is essential to ensure the validity of the bioassay. 

Weighted sampling in turn, while being effective for studies which are dissimilar to the HCD in 

their values, should be considered with caution as it might introduce bias. 

4.2.2 Beyond statistical reproducibility: test-substance-relatedness and 

study conclusion 

The performance of VCGs created in ways mentioned above was assessed on statistical 

reproducibility alone, but judging the VCG performance only by the reproducibility of univariate 

inferential statistical results is not sufficient. It is widely accepted in life sciences that statistical 

significance does not inherently mean biological relevance or evidence for treatment-related 

changes (Kluxen et al., 2021; Steger-Hartmann and Clark, 2023). 

The legacy studies used in section 3.3 showed that from all parameters with a significant 

difference between control and dose group, only 50%-70% were classified as test-substance 

related. This thesis introduced a method to recapitulate the decision-making process of a study 

director in a semi-systematic way, allowing them also to provide the corresponding rationale 
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of their decisions. This approach was introduced with the aim of replicating the decision-

making process regarding relevance of findings as accurately as possible. 

Moving even further, an effect caused by the test substance is not necessarily an adverse 

effect (Baird et al., 2019). Defining a NOAEL is based on a holistic assessment comprising 

qualitative (histopathology, clinical observations) findings as well as quantitative (blood, urine, 

body/organ weight). Qualitative findings are often the main drivers in determining adversity 

due to their pivotal role in the assessment process, i.e., they provide the most evidence for 

damage caused by a test substance. Quantitative parameters in contrast can suggest adverse 

effects, but these indications often require additional evidence for a conclusive assessment of 

adversity, i.e., quantitative parameters often contribute to the adversity determination when 

they are a part of an interaction of several changes and/or are associated with qualitative 

findings (Palazzi et al., 2016; Baird et al., 2019). The results in this thesis are in line with this 

observation showing that most findings in quantitative parameters were likely to be seen as 

non-adverse if they were not associated with histopathological ones. Historical control data 

was used to calculate background incidences for qualitative findings and therefore, their 

influence is rather limited compared to the impact of HCD on quantitative findings—through 

the usage of VCGs—explaining the high reproducibility of the studies. Future evolvement of 

the VCGs might include histopathological slides of HCD for which might support pathologists 

in the evaluation of findings compared to the background incidences (Grevot et al., 2023), yet 

the necessity and applicability of this needs further exploration (Golden et al., 2023). 

4.2.2.1 Alternative data-driven evaluation methods 

The goal of the presented benchmark system was the careful reproduction of a toxicological 

evaluation process, including statistical testing and further interpretation and conclusion 

drawing from toxicologists, so that the original toxicity-study results can be used as a 

benchmark. But in future, the implementation of VCGs might also open doors for alternative 

statistical evaluation frameworks (Ioannidis, 2005; Kluxen, 2020; Fornacon-Wood et al., 2022). 

The good VCG performance on the reproducibility of study conclusions, even though only 

approximately 60% of statistical results could be reproduced, highlights the challenges of 

applying univariate inferential tests on a large number of endpoints. As discussed in section 

3.3, the complexity of a sub-chronic animal study and a biological variability of endpoints 

measured in animals limits the ability to achieve an absolute reproduction of toxicological 

results. Moreover, computing significance tests for each parameter and sex leads to the so-

called “multiple comparison problem”, i.e., can result in an inflated α error rate (Pocock et al., 

1987; Kluxen, 2020). While alternatives to traditional univariate inferential statistics exist, such 

as selecting a primary endpoint for a study (Pocock et al., 1987), adjusting for multiplicity 
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across all tests (Pocock et al., 1987; Benjamini and Hochberg, 1995), global statistics (Pocock 

et al., 1987) or mixed-effect models (Hoffman et al., 2002; Huang and Walker, 2019), none of 

the proposed statistics have been adapted in regulatory toxicity studies. 

Since it is realistic to expect some discrepancies in statistical outcomes between the original 

study and the study using VCGs it is important to have these results interpreted by study 

directors and SMEs to determine test-substance-relatedness of effects and subsequently a 

study conclusion. It needs to be mentioned however that the study conclusions were drawn in 

a non-blinded fashion, i.e., full knowledge of the previous study outcome and the test 

substance mode of action was given. This is an unavoidable requirement as the knowledge of 

the test substance is necessary to robustly distinguish NOEL from NOAEL (Baird et al., 2019). 

Nonetheless, this level of subjectivity might be partially addressed by introducing alternative 

data-driven evaluation models. 

For instance, distinguishing an irrelevant statistical effect from a relevant one could be 

facilitated through the incorporation of effect sizes in the regulatory test framework (Schmidt 

et al., 2016) as they provide additional information on the difference of values between control 

and dose groups (Kluxen et al., 2021). In the context of the VCG project, HCD could be used 

to estimate effect sizes, i.e., ranges of HCD endpoint values could define a “normal” range, 

and effects higher than the observed range could then be interpreted as a toxic effect. This is 

already informally done by study directors (Kluxen et al., 2021), as seen in section 3.3, where 

out of all reasons for discarding a statistically significant finding, a “small effect size” was 

provided 31% of all cases (i.e., the values of dosed and control groups were within the 

relevance limits of HCD). Nonetheless, integrating HCD into an effect-size estimation could 

open a path for regulated standardized effect sizes and reduce the potential bias introduced 

by subjective decision making. 

Alternatively, decision making might be supported by data-driven Bayesian models. Numerous 

studies recommend a shift from inferential to Bayesian statistics in nonclinical settings 

highlighting possible benefits (Kramer and Font, 2017; Lim et al., 2018; Kluxen, 2020; 

Fornacon-Wood et al., 2022; Ruberg et al., 2023): 

• Introducing HCD into the statistical evaluation, the number of control-group animals

could be reduced while preserving statistical power (Kramer and Font, 2017).

• Prior knowledge in form of historical control data could be integrated into the statistical

evaluations directly (Kramer and Font, 2017; Lim et al., 2018; Ruberg et al., 2023).

• Different types of data (including qualitative histopathology data) can be implemented,

and correlations can be accounted for. Bayesian statistics can be created as a holistic
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model comprising all information in one, and by that addressing the multiple-

comparison problem (Ruberg et al., 2023). 

In the end, choosing an optimal statistical framework for nonclinical studies is subject to a 

broad discussion within the scientific community (Kluxen, 2020), but this aspect is beyond the 

scope of the current thesis. The statistical test battery followed by a subsequent study 

conclusion as presented in this work mirrors a well-established process in regulatory 

framework. Introducing novel data-driven models for decision-making might reduce bias 

introduced by subjective decision making but this shift means that the original study results 

can no longer serve as a benchmark. Thus, the manner in which VCGs were evaluated in this 

work is best suited to validate this research’s hypothesis. 

Replicating legacy studies in the evaluation process presented in this thesis is a logical initial 

step, but for further validation of the VCG concept, VCGs might run in parallel to CCGs on 

ongoing studies, allowing to assess the VCG performance on real-life and real-time conditions 

(Golden et al., 2023). 
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5Conclusion 

Within the scope of this work, the performance of virtual control groups (VCGs) has been 

tested in its ability to reproduce the results of nonclinical toxicity studies. While it was shown 

that VCGs generated from HCD by a resampling approach generally can reproduce the 

results—in particular the conclusions of toxicity study reports—the performance of VCGs to 

reproduce statistical results is largely dependent on the provided historical control data (HCD). 

Legacy studies who highly resemble the HCD in their parameters have a higher performance 

in reproducing statistical results. Therefore, well-performing VCGs require HCD which 

optimally mirrors the study at hand in study-design parameters (strain, route of administration, 

age, initial body weights, etc.). Apart from statistical reproducibility it was shown that VCGs 

generally can reproduce the overall conclusions of toxicity study reports. This was confirmed 

on three legacy studies, each representing one of a spanning spectrum from “no test-

substance related findings”, over “some findings which were not seen as severe”, to “severe 

findings including premature sacrifice of animals”. This range of outcomes highlights the good 

performance and robustness of VCGs across varying scenarios, but future research should 

explore the limitations of the applicability of VCGs further to define boundaries of the VCG 

applicability. 

This work was performed with Bayer AG internal data of sub-chronic rat studies. Collaborative 

data collection efforts ensure that control data from external companies will be implemented 

and harmonized so that potential benefits from a large set of historical control data can be 

explored. Ultimately, this work aims to set the cornerstone for the adaptation of VCGs in future 

regulatory toxicity studies. 
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