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1 | INTRODUCTION
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Abstract

Background: Animal models are widely applied in medical research for different pur-
poses. In particular, results from translational experiments may be used for subse-
quent clinical development. However, transferability of these findings to the human
organism is controversial. Among other factors, this may be traced back to a lack of
clear differentiation of the evidence (explorative vs. confirmatory) provided by such
experimental results. In general, inferential statistics (i.e. p values) should not be inter-
preted in as confirmatory unless crucial methodological requirements are met.
Methods: Therefore, we propose a phase model which reflects the well-established
process of clinical research, and we discuss its potential to improve decision making in
translational research. The model aims to clarify the reliability of results derived from
animal models.

Results: The phase model proposes subdividing translational, pre-clinical research
into pilot, exploration, and confirmation phases. Experiments for which there is no
valid estimation of the expected effect size are designated as pilot studies. Based on
these data, experiments in subsequent phases may be planned using both appropriate
design and statistical methods.

Conclusion: Separating the entire process of translational animal research into three
phases could contribute to improved transparency of the evidence derived from such

experiments.
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for translational animal studies. The latter focus aims at exploring

Despite progress in technical developments of in vitro and in sil-
ico experimental approaches, animals are still commonly used in
medical research, e.g. in basic research experiments, for toxicolog-
ical screenings, for mechanistic studies using genetically modified

organisms with gain/loss of functions or functional knock-ins, or

novel approaches (derived from basic science) for either treating
or preventing diseases. It is commonly acknowledged that this will
remain unchanged anytime soon,-? although transferability of re-
sults is often called into question.® Debate regarding this problem of
transferability is associated with insufficient information provided

by published authors, poorly planned experiments, and inconsistent
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implementation of available guidelines for reporting on in vivo
«.=:xperiments.4‘8

Utilization of translational animal models is often indispensable
due to the complexity of living organisms and the resulting need for
in vivo evaluation. All studies, including those with a different re-
search focus as outlined above, follow the 3R principle (reduction,
replacement, and refinement of animal studies) of Russell and Burch.?
Further, it is standard practice (e.g. due to the EU directive 2010/63/
EU)© to justify the number of experimental animals during the appli-
cation process. At the same time, however, there is no consensus yet
on the general validity of statistical results in animal studies,** which
leads to the following dilemma.

In order to maximize gain of knowledge, a large number of end-
points are usually assessed in animal trials, but, in contrast to clinical
studies, no primary endpoint leading to a confirmatory interpreta-
tion needs to be defined. Thus, from the strict perspective of infer-
ential statistics one could argue that the results of animal studies
should be interpreted in an explorative manner only. Otherwise,
the overall type 1 error (‘a-level’) is likely to be inflated by multiple
hypothesis testing if no adjustment is applied. However, this could
contradict the reduction aspect of the 3Rs if standard methods of
a-adjustment are used (e.g. Bonferroni) during sample size estima-
tion. On the other hand, translational animal trials should meet the
requirements for interpretation as confirmatory results because of
their role as a ‘bottleneck’ in translational research, i.e. selection of
the most promising hypotheses for clinical development. Regarding
pharmaceutical compounds, only those with the best risk-benefit
profile (safety and efficacy) should be applied to the human organ-
ism. Hence, translational animal studies should go beyond the aspi-
ration of just generating new hypotheses.

It is not appropriate to determine the validity of statistical results
principally in animal experiments.* If it is not possible to guess the
expected effect in advance, e.g. due to a lack of preliminary data,*?
no formal calculation of the required animal numbers can be done, so
all findings of such ‘pilot studies’ are fully explorative. Confirmatory
hypothesis testing is only possible in prospective studies that include a
valid sample size estimation, as well as an appropriate approach to mul-
tiple hypothesis testing, if necessary. This is analogous to the situation
in clinical research, which also involves studies with diverse results in
terms of validity of statistical analysis (e.g. single arm phase | trials vs.
randomized controlled phase Ill trials [RCTs]). A comparable approach
seeking a transparent structure of interpretation of results has also
been implemented for diagnostic studies, defining and explaining the
different phases of development of diagnostic measures.*® However,
the current lack of clear guidance on when animal trial results may
be interpreted in a confirmatory manner, and which key requirements
with regard to experimental design need to be fulfilled, poses a frus-
trating problem that gets in the way of the translational process.**
A phase model for translational animal research based on the corre-
sponding model from clinical research could help researchers to better
evaluate and delimitate the findings of animal studies. Thus, the aim of
this article is to propose such a model that takes into consideration the
demands of practical translational animal research.

2 | METHODS

2.1 | Persisting challenges of translational animal
research

The proposed phase model for translational animal research pro-
vides a theoretical framework to handle two major challenges in to-
day's practice, and so is able to help improve the quality of results.

First, there is no consensus yet which methodological presump-
tions must be met in order to reach confirmatory significance in
animal trials. Current German, and also European, legislation differ-
entiates between experiments to ‘generate new hypotheses’ and
those to ‘prove (established) hypotheses’,'° though adequate consid-
eration of a possibly inflated type 1 error due to multiple hypothesis
testing is actually not implemented, as it is for instance in clinical
studies.’® However, this multiplicity issue is common in animal trials
because of the large number of endpoints that are usually assessed.
Standard approaches to multiplicity adjustment, like Bonferroni,¢
conflict with the 3R reduction aspect of the trials since smaller type
1 error rates per hypothesis would raise the required sample size.*®

Further, availability of preliminary data varies a lot. For some
translational studies there are data with high transferability that can
be used for sample size estimation. In contrast, other experiments
are considered to be fully exploratory pilot studies since no data are
available to calculate the required sample size. The possibility and
application of sample size estimation are key presumptions of con-
firmatory results interpretation, which is why it seems unreasonable
to interpret results from translational projects uniformly.

Finally, translational animal studies may launch subsequent re-
search in humans. The most promising findings from such trials in
terms of both efficacy and harmlessness may lead to a first-time
use of the tested substances in humans. In contrast, the U.S. Food
and Drug Administration (FDA) primarily relies on toxicity studies.'’
Thus, translational animal studies should go beyond the aspiration of
simply generating novel hypotheses. However, this presumes that a
primary endpoint (or a set of primary endpoints) is defined, for which
the experiment is specifically planned. Compared to the current situ-

ation, this corresponds to a paradigm shift to some extent.

2.2 | Benefit of a phase model

In summary, studies in the field of translational animal research rely
on different conditions (data availability, research hypothesis, overall
goal of the trial) to those in clinical research. This is why it is difficult
generally to interpret the results of these studies in either a confirm-
atory or explorative manner, and this points to the need for a phase
model for preclinical research. An outstanding characteristic of clini-
cal research is the separation of the whole development process.
The single phases put emphasis on different aspects of both efficacy
and safety of the treatment of interest (phase 1: efficacy and safety
in healthy volunteers; phase 2: efficacy and safety in well-selected
patients; phase 3: efficacy and safety in large patient populations
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using RCTs for approval; phase 4: long-term safety after approval).*®
Most important, the application of this phase model enables direct
assessment of the value of the findings, especially with respect to
the question of whether the results will either generate or prove the
underlying hypotheses.

The major benefit of implementing such a theoretical phase
model in animal research will be an increase in transparency, involv-
ing interpretation of experimental results as well as requirements
to be met for study planning. The particular characteristics of each
phase in the proposed model (Figure 1) and the dissociation of the
phases from each other enable the principal investigator to clearly
define the responsibilities that must be complied with. The charac-
teristics of each phase will also imply the most appropriate way to
interpret results. With regard to stronger adherence to the ARRIVE
guidelines,” it would be worthwhile establishing the popularly ac-
cepted study design features that need to be described when results
are published. Well-designed experiments are also indispensable for
the development of appropriate replacement methods.

3 | RESULTS

The proposed phase model for translational animal research needs,
of course, to adequately describe all possible scenarios that may

occur when planning such trials. The single phases have to be clearly
dissociated, leaving no scope for discussion about which phase a
particular study shall be assigned to. To our knowledge, there has as
yet been no attempt to separate the different objectives of transla-
tional animal studies systematically, although the statistical results
validity from pilot studies and experiments that have been planned
properly using statistical methods obviously differs. A more rigorous
differentiation between explorative and confirmatory experiments
has already been proposed in the past.**'%2° Essentially, the pro-
posed phase model suggests distinguishing between pilot studies,
explorative studies, and confirmatory trials (Figure 1).

3.1 | Pilotphase1

The effect size is a key parameter for statistical sample size cal-
culation. It may be estimated based on preliminary data or, if not
available, medical as well as biological considerations can be used to
calculate a minimally relevant effect size. If this is information is not
available, a statistical sample size calculation cannot be performed.
Thus, experiments in this pilot phase 1 are not able to generate con-
firmatory results, i.e. they need to be interpreted as fully explorative.
The pilot phase 1 is however able to reveal new research hypotheses
to be addressed in subsequent phases. Usually, these experiments

Animal experiments
(pre-clinical research)

* Generation of hypotheses
* Wide scope

No statistical sample size
calculation possible

J

* Mostbasicproperties
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* Number of experimental groups
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FIGURE 1 Phases of translational animal research
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include both a large number of experimental groups and endpoints,
but the sample size per group is typically very small. Since standard
calculations are not possible, the sample size is commonly chosen
pragmatically. Alternatively, simulation approaches can be used. In
practice the group size chosen depends on the scale level of the
endpoint(s) of interest: commonly used groups sizes range from 5 to
6 animals in the case of continuous endpoints, 7 to 8 animals in case
of categorical endpoints, and 10 to 12 animals for time-to-event
analyses. These numbers turned out to be reasonable choices when
using a Markov Chain Monte Carlo (MCMC) simulation approach for
verification.’> However, in practice group numbers of as little as 3
animals are often reported.

3.2 | Explorative phase 2

If an effect size of interest can be defined, i.e. statistical sample size
estimation is possible, but the number of endpoints is still large and
the primary focus is on hypothesis generation, studies should be
viewed as part of the exploration phase. Findings from pilot phase
1 studies, among others, may be used to statistically plan such ex-
periments. Usually research questions are more focused compared
to the pilot phase 1, but are still broad in scope, e.g. due to a large
number of experimental groups or endpoints of primary interest.
With regard to statistical hypothesis testing, studies in the explora-
tive phase 2 do not involve the need to adjust the type 1 error level
addressing the multiplicity issue. As a consequence, the regular two-
sided a-level may be applied to all hypotheses, which leads to com-
paratively small group sizes. If appropriate, further methodological
approaches may be implemented in the process of sample size cal-
culation, e.g. resampling methods,? to estimate the group size cor-

rectly and in accordance with the 3Rs.

3.3 | Confirmatory phase 3

The final phase 3 focuses on a confirmatory proof of pre-specified
research hypotheses and a well-defined scope of the experiment.
This phase can fall back on extensive findings from both preceding
phases, so a prioritization of the most relevant endpoints is feasible.
Statistical estimation of the required sample size is possible, as well
as mandatory, in order to ensure confirmatory results interpretation.
Moreover, in the case of multiple research hypotheses the type 1
error level requires adjustment in order to meet confirmatory de-
mands. At this stage, the application of the most commonly used
a-error adjustment methods, like Bonferroni,’® should be avoided if
possible because of their tendency to decrease the a-error applied
to statistical sample size estimation. In order to adhere to the 3R
principle aiming at small group sizes, alternative measures that deal
with the multiple comparisons problem without explicitly adjusting
the a-level (e.g. hierarchical testing, gatekeeping22) may be applied.
Moreover, further standard elements of clinical studies, e.g. rand-
omization and blinding, should be implemented as far as possible in

final phase 3 animal research studies to obtain the highest possible

level of statistical results validity.2%%*

3.4 | Application example

In order to demonstrate the consequences of the proposed phase
model, one may consider an example animal trial following a 3x2
design. It is assumed that there are three interventional groups
treated with different substances (experimental substance 1 (ES1),
experimental substance 2 (ES2), and control substance (CS)) in mice
of two different genotypes (mutant and wild-type) with the aim of
assessing their impact on a continuous outcome variable (cytokine
concentration [CC]).

In the case when there are no preliminary data on CC (and also
no relevant effect size can be defined from a medical perspective),
a statistical calculation of the required sample size is not possible.
Therefore, in accordance with the proposed model in Figure 1, this
study needs to be treated as a pilot phase 1 experiment. Since sta-
tistical calculation of the required sample size is impossible in this
situation, group sizes must be determined in accordance with the
suggestions for continuous endpoints from MCMC simulation, i.e. a
group size of n = 5 animals could be an initial guess.*?

If a CC-related effect size can be reasonably defined, statistical
sample size estimation is possible. According to the phase model it
is crucial to decide whether the focus is still on hypotheses genera-
tion (phase 2) or confirmation (phase 3). The latter would require (i)
defining which hypotheses require a confirmatory result, and thus
(ii) the measures to be taken to address the issue of multiple testing,
if necessary. To demonstrate the importance of distinguishing be-
tween the explorative and the confirmatory phase, it should be as-
sumed that there is some information on CC data for the underlying
3x2 design (Table 1). Assuming normally distributed data, either an
ANOVA-based plan or a series of t tests covering all relevant pair-
wise comparisons may be used. In the case of the ANOVA approach
either a one- or two-factorial setting is possible. This depends on the
primary objective of the study, i.e. showing differences in treatment
groups, genotypes, or a combination of both.

In any case it is mandatory to allocate the trial either to the ex-
plorative phase 2 or the confirmatory phase 3, since this has a major
impact on the assumed type 1 error during the sample size estima-
tion process. In Table 2 the resulting sample sizes are summarized.
All calculations relied on common assumptions of a two-sided type 1
error of 5% and a power of 80%, whereas a possible required adjust-
ment of the overall 5% a-level would follow a Bonferroni approach. If
the underlying 3 x 2 study design had been planned as a pilot exper-
iment, group sizes probably would not have exceeded n = 5 animals
resulting in 30 animals in total. Assuming this study belongs to the
explorative phase, group sizes would range fromn=4ton =13 an-
imals using a two-way ANOVA approach, with an even higher range
of sample sizes required in the case of a one-way ANOVA and t test-
based planning. If the aim is to demonstrate a treatment effect it
seems reasonable to apply for n = 10 animals per group in order to
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get a significant result for both pairwise comparisons ES1 vs. CS and
ES2 vs. CS, respectively. Using the one-way ANOVA approach, i.e.
n = 4 animals per group, would very likely lead to a power problem
for the pairwise comparisons. Therefore, the total sample size for a
phase 2 animal trial would be around 60 animals. Finally, the group
size would be slightly increased if this sample study aimed to achieve
confirmatory proof of both treatment-related pairwise comparisons.
Using a Bonferroni adjustment of « = 0.025 would lead to a reason-
able group size of n = 12 animals. Thus, the overall sample size would

increase to 72 animals.

4 | DISCUSSION

Animal experiments are still an indispensable component of basic
medical research, although on the one hand transferability of results
from animal models to research in humans has been questioned
and on the other the need for more stringent criteria of statistical
results validity has been emphasized.?>"?” Thus, improvements in
the methodological strategy of planning translational animal trials
are urgently required. These concerns both general study design as-
pects as well as appropriate statistical methods for data analysis.24
Despite the fact that according to the ARRIVE guideline it is actually

TABLE 1 Group means (standard deviations) of cytokine data in
different treatment groups and genotypes

Genotype
Treatment group Wildtype Mutant )
ES1 6.1(1.7) 7.5(2.4) 6.8(2.1)
ES2 5.3(1.5) 5.9 (1.5) 5.6 (1.5)
CS 9.1(0.9) 13.4(2.9) 11.3(3.1)
3 6.8(2.1) 8.9 (4.0) 7.9 (3.3)

Abbreviations: CS, control substance; ES1, experimental substance 1;
ES2, experimental substance 2.

Calculation approach Treatment group

ANOVA Two-way? 4
One-way 4
t test No a-adjustment® ES1 vs. CS
ES2 vs. CS
ES1 vs. ES2
Including ES1vs. CS
a-adjustment®
ES2 vs. CS
ES1 vs. ES2

10

120
12

8
120

not essential to focus on reporting p values when interpreting the
results from animal studies, this is still the most common way to pre-
sent results. Although the usage of p values is controversial, they
are a well-accepted and established measure of statistical analysis.28
However, with the aim of more comprehensive planning and analysis
of animal studies there has to be even more emphasis on differenti-
ating between explorative and confirmatory data analysis. Only the
latter provides a statistical proof of predefined research hypotheses,
and requires the use of statistical sample size estimation techniques
beforehand. In particular, appropriate adjustment methods to ad-
dress the multiple testing problem have to be implemented in the
case of multiple endpoints of primary interest.

The proposed phase model for translational animal research is
meant to provide a conceptual framework which may help to in-
crease clarity when interpreting results. It must not be understood
as an additional regulatory obstacle in practice. Applying the pro-
posed phase model could lead to a more transparent dissociation
of findings, involving different levels of statistical results validity.
This might help mediate the existing disagreements about the sci-
entific value of animal studies. The phase model could also help to
define more precisely the unique standards and requirements of
the experiments involved - as well as their implementation in daily
routine. Researchers would be able directly assess the most import-
ant requirements of each singe phase using the scheme presented
in Figure 1. Referencing reported results of an animal trial to the
phases presented here would help to clearly appraise their value.
With respect to the aim of reducing the number of animals used in
medical research, the limitation of smaller sample sizes in the first
two phases might have an indirect effect on the whole research pro-
cess. As in the case of early phase 1 trials in humans focusing on
pharmacokinetics, one might consider dispensing with adherence to
common criteria of clinical studies, e.g. a strict type 1 error level of
5%, in order to save additional animals. 24230

With respect to adhering to the proposed phase model in practice,
one might call into question whether it is mandatory to always run

TABLE 2 Estimated group sizes

Genotype for cytokine data with respect to the
13 independent variables “treatment group”
40 and “genotype”

Abbreviations: CS, control substance; ES1, experimental substance 1; ES2, experimental substance

2.

2a-adjustment following the Bonferroni method, whereas the confirmatory focus is on superiority
of any experimental substance against control substance (two pairwise comparisons), so a = 0.025
for ES1 vs. CS and ES2 vs. CS; « = 0.05 for ES1 vs. ES2 in an explorative setting;

PAt least 80% power for both treatment group as well as genotype.
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through all 3 phases of the framework, or whether e.g. the explor-
ative phase 2 might be skipped. This would, of course, decrease the
total sum of experimental animals and consequently contribute to the
reduction aspect of the 3R principle as well as accelerating the devel-
opment process. Although this seems worthwhile in some situations
with a precisely defined research goal (e.g. identification of an effec-
tive vaccination approach for Sars-CoV-2), it would be contrary to the
aim of increasing reproducibility in animal research as requested by,
among others, the ARRIVE 2.0 update.31 The reproducibility crisis is, of
course, multifaceted and also concerns other aspects of transparency
(e.g. omitting data) and trial design (e.g. double-blinding, randomiza-
tion). On the other hand, the proposed phase model is intended to as-
sist researchers in sharpening their project aims with the overall aim of
increasing transparency. Thus, the phase model must not be misinter-
preted as an additional obstacle in the process of animal experiments,
and for particular projects it could be sufficient to run only selected
phases of the proposed model.

Based on the example of the ARRIVE initiative, it is obvious that
implementation of proposed guidelines can hardly be realized if not
challenged consequently in practice.” The actual implementation of
the proposed phase model in daily practice can only be enforced and
promoted with the help of approving authorities. Thus, should the
presented phase model be accepted, as a first and most important
consequence, the model needs to be considered in the official ap-
plication forms and regulation processes. Researchers will need to
be encouraged to assign their projects to a particular phase. At the
same time, the benefits of the proposed model have to be explained
to researchers and relevant journals in the field, as has been success-
fully done in promoting the ARRIVE guidance7 for animal research or
the CONSORT statement®? for clinical studies. The implementation
of the proposed concept also needs to be accompanied by an evalua-
tion of the strengths and limitations of its current version. Given this
outcome, the proposed phase model could help to increase trans-
parency in animal trials, and to better structure the whole process of
pre-clinical research.
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