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Abstract

Clinical translation from bench to bedside often remains challenging even despite promising preclinical evidence.
Among many drivers like biological complexity or poorly understood disease pathology, preclinical evidence often
lacks desired robustness. Reasons include low sample sizes, selective reporting, publication bias, and consequently
inflated effect sizes. In this context, there is growing consensus that confirmatory multicenter studies -by weeding out
false positives- represent an important step in strengthening and generating preclinical evidence before moving on
to clinical research. However, there is little guidance on what such a preclinical confirmatory study entails and when it
should be conducted in the research trajectory. To close this gap, we organized a workshop to bring together statisti-
cians, clinicians, preclinical scientists, and meta-researcher to discuss and develop recommendations that are solution-
oriented and feasible for practitioners. Herein, we summarize and review current approaches and outline strategies
that provide decision-critical guidance on when to start and subsequently how to plan a confirmatory study. We
define a set of minimum criteria and strategies to strengthen validity before engaging in a confirmatory preclini-

cal trial, including sample size considerations that take the inherent uncertainty of initial (exploratory) studies into
account. Beyond this specific guidance, we highlight knowledge gaps that require further research and discuss the
role of confirmatory studies in translational biomedical research. In conclusion, this workshop report highlights the
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need for close interaction and open and honest debate between statisticians, preclinical scientists, meta-researchers
(that conduct research on research), and clinicians already at an early stage of a given preclinical research trajectory.

Keywords: Confirmatory preclinical studies, Confirmatory preclinical multicenter studies, Preclinical multicenter
studies, Robust evidence, Reproducibility, Clinical translation, Translational biomedical research, Multi-stakeholder

workshop

Background

The decision to start a clinical trial to investigate a new
drug or medical device is informed by preclinical studies
to evaluate efficacy and safety. Depending on the medici-
nal product, some types of testing like toxicology studies
are regulated and mandatory before moving from bench
to bedside; others are specific to the disease, drug, and/
or (animal) model. Here, we focus on preclinical effi-
cacy studies where fewer regulatory prescriptions apply.
The ultimate goal of such studies is to make knowledge
claims [1]. Articulated on different effect levels, these
include for example the claim of a specific role for a pro-
tein in a physiological process, or that an intervention
will cure or slow the progression of a disease. To arrive
at a knowledge claim, preclinical studies are performed
in a stepwise approach. Hypothesis-generating explora-
tory studies evolve along a continuum through within-lab
replications to knowledge-claiming confirmation. During
this process, investigators need to continuously re-evalu-
ate premises and refine study designs to increase validity
and reliability. This includes defining Go/No-Go criteria
for further studies already in the early stages [2]. When
it comes to detailed guidance for this transition process,
information on planning, conducting, analyzing, and
evaluating confirmatory studies in preclinical research
is scarce. The need for such guidance is emphasized by
recent initiatives investigating evidence from single stud-
ies, for example in cancer biology, that find a substantial
number of experiments that do not replicate. That is,
effect sizes are substantially lower than in the original
study and results are no longer significant [3]. Whereas
this is not unexpected, and science has the potential to
self-correct, efficient strategies need to be devised to fos-
ter translation into the clinic and generate patient bene-
fit. This includes the essential questions of when and how
to conduct a confirmatory study.

To close this gap, biostatisticians, preclinical scientists,
clinicians, and meta-researchers held a workshop to dis-
cuss the aforementioned issues for preclinical multicenter
confirmatory studies (see Figure S1 for the composition
of workshop participants). Whereas the collaborative
conduct of a study by more than one independent study
site using shared protocols is common practice in clini-
cal trials, this is a rather recent approach in the preclini-
cal context [4]. Herein, most participating researchers

currently conduct confirmatory studies funded by the
German Federal Ministry of Education and Research
[5]. Importantly, investigators aim to confirm their own
previous exploratory research findings and underlying
knowledge claims in a preclinical multicenter setting.
Generated evidence should inform decisions to start a
clinical trial. To develop guidance for conducting con-
firmatory studies, we have reviewed and discussed cur-
rent approaches to identify what strength of evidence is
needed before engaging in a confirmatory study and how
evidence generation can be optimized in a confirmatory
study concerning the knowledge claim. In this report,
we will present suggestions from a transdisciplinary per-
spective and highlight open questions and opportunities
for further research.

Main text

Towards robust evidence

For the decision to proceed to confirmatory experiments,
criteria need to be defined a priori. These criteria reflect
the evidence gathered so far and address the necessarily
high uncertainty and possible bias of exploratory experi-
ments. To evaluate robustness of evidence, two factors
are of main importance: reliability and validity. Reliabil-
ity refers to the characteristics of a result that reflect the
level of replicability measured for example by effect size
precision or statistical significance. Importantly, a relia-
ble experiment is not necessarily valid as results might be
replicable and still not reflect the underlying postulated
mechanism. For this, experiments also need sufficient
validity to substantiate the knowledge claim. Here, we
recommend minimum criteria for validity and reliability
to support the decision to conduct a confirmatory study.

Minimum reliability and validity criteria

In exploratory studies, low sample sizes often threaten
the reliability of results. Two factors contribute to this.
First, significant results do not necessarily reflect the
existence of a biologically relevant effect. Second, even if
they do the estimated effect size will be an overestima-
tion of the actual effect. To understand the first issue, one
must look at a set of scientific hypotheses that are experi-
mentally tested. Some of these will reflect an underlying
biologically relevant effect whereas others do not. The
probability to detect a relevant effect is closely correlated
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with the sample size. Low sample sizes as frequently seen
in preclinical experiments and with that low statistical
power will have decreased detection rates for these rele-
vant effects [6, 7]. Additionally and inherent to statistical
test procedures, experiments also produce false positives,
usually 5% of all cases in which a biologically relevant
effect does not exist. This results in a dilution of the small
number of identified relevant effects by several false posi-
tives. That is, a significant finding derived in a low sample
size experiment is at an increased risk of not reflecting
a true cause-effect relationship. The second effect caused
by low sample sizes is inflation of effect sizes for signifi-
cant results. This so-called winner’s curse is elicited by
the applied p-value filter wherein only large experimen-
tal effect sizes yield significant results in low-powered
experiments [8]. That is, even if experiments detect rel-
evant effects the effect estimate carries a risk of inflation.
Consequently, when deciding whether to conduct
a confirmatory study, the inflation of effect sizes and
limitations of the p-value [9] need to be considered. If
uncertainty about effect estimates is still high, within-
lab replications could be a viable way to substantiate
exploratory findings (see section Within-lab replications
as a road to rigorous evidence). Alternatively, and simi-
lar to clinical trials, investigators can a priori determine
a smallest effect size of interest that reflects biological
or clinical relevance to argue for a specific mechanism
of action or to predict the efficacy of an intervention,
respectively. Such a lower bound could be informed by
published effect size distributions, discussion with cli-
nicians about viable clinical effects, and/or available
resources that will only allow for a certain minimal effect
size to be detected [10]. This discussion should involve
biostatisticians and biomedical researchers who need to
set decision-critical a priori criteria (e.g. smallest effect
within confidence interval (CI) of exploratory study esti-
mate) for progression to the next phase of experiments.
Regarding validity, the minimum set of criteria [11, 12]
spans mainly three domains; internal, external, and trans-
lational validity. A high degree of internal validity is nec-
essary already in the early stages. This not only includes
measures to reduce the risk of bias such as randomiza-
tion [13] and blinding [14], but also the use of validated
methods that measure outcomes with low bias and high
accuracy [15] (Table 1). To promote generalizability of
results beyond the single experiment, external validity
needs to be increased for example by investigating or
systematically introducing sources of variation through
systematic heterogenization. This can be achieved by var-
ying genetic and/or environmental conditions, for exam-
ple, by testing immune-competent animal models instead
of specific pathogen free (SPF) immunocompromised
strains [16, 17] or by the introduction of environmental
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variation in a multicenter approach. To what extent this
is necessary and feasible already in exploratory stages is
an open question. Another powerful tool that adds to
external validity is triangulation where different methods
and approaches are combined to support the same claim.
If different methods yield converging evidence, valid-
ity of generated evidence increases at the potential cost
of adding complexity to a study design [18]. Addition-
ally, within-lab replications potentially increase external
validity (see section Within-lab replications as a road to
rigorous evidence). As the ultimate goal of these experi-
ments is clinical translation, factors that are diagnostic
for the human case need to be considered and outcomes
defined to facilitate interpretation in the clinical con-
text (translational validity). Particularly, (animal) mod-
els should reflect targeted aspects of human disease and
converging evidence from different methods and con-
texts. We also recommend investigating the bioavailabil-
ity of the drug before or very early in the confirmatory
stage, which ideally includes pharmacokinetics. Here,
dose-finding experiments should be performed before a
large multicenter confirmation to either start with a pre-
defined dose, or at least narrow it down to a minimum
range. Other factors are less concerting for the decision
to continue with a confirmatory study. For example, test-
ing clinically relevant biomarkers and route of adminis-
tration can be part of complementary experiments in the
confirmatory phase. Those complementary experiments
might be exploratory or considered flanking experiments
to strengthen the evidence.

Within-lab replications as a road to rigorous evidence
If the minimum criteria (as presented in Table 1) are not
met with the first exploratory study, replication experi-
ments potentially serve as a powerful validation tool
before conducting a larger (multicenter) study. In this
context, within-lab replications or also mini-experiments
[23] with refined experimental design and improved
internal as well as external (by considering batch effects)
validity will be valuable. Moreover, refined animal models
generate evidence to assess translational potential in this
early-stage replication e.g., from a low complex cell line-
based xenograft cancer mouse model to a patient-derived
xenograft model [24]. Using material from varying
donors (if available) patient-derived models might enable
the evaluation of different responses by better mimicking
the clinical heterogeneity of the disease [25, 26]. In this
context, companion diagnostics might be used to quan-
tify the accumulation of a molecule at the target site or
assess a hormone or receptor status to predict treatment
outcomes or stratify subjects [27, 28].

Exact within-lab replications might also be used
to increase the reliability of the results via increased



Page 4 of 13

(2022) 7:24

Drude et al. Translational Medicine Communications

(paiiajaid) awi SS0I0D
10 J3jJbibd Ul uaddpy upd UoHDIIIAI GDJ-UIYIIM

popaau jI SJUDINSUOD [DI11S1ID]S O] 1NO YODa3Y

orys0 bioAnsibalApnisiewiue
EER [V 2RI [REY]

suonDIpsUN( 63| 1UBIaKIP SSOIDe
PaULIOYSd $3IPNIS J91USD-NWI Ul 1BJ[SM [PUIUR
Buipiebas syuswaiinbas A101eNH3J 1URI241J

(aspasip Jo abpis

‘adfjouayd ‘adAouab) ;apow Y1 Jo $21351212DIDYD
U0 10 (S sawil 33441 '6'3) aWwo231n0 dY13U3I3s UO
‘(quiodpua upuiny pup JUaWISSass A1112A35S) 31D} |aM
[DWIUD UO paspq 3q Ub2 DL} UOISN|2X3,/uoisnjouj

[0¢ '61] suondo uon
-ezjuopues Hwi| Aew ured 63 Jo 19jsuel) [RIDOS

(si0j0d

JNJIUI2YIP YHM 201U payipow Ajjesiauab
'£'9) JusWILISAXS 9Y3 JO 1IBIS BY} WOJ) SDUISYIP
1dAouayd snojAgo ue o3 payul| A3Da1Ip S| UoK
-eD0| [ JUBWILaI} 33 YDIYM Ul SpuswILIdX]

uolsidaid s1enbepe Yim 871 109}y S1PWNSS
0} uoied||das gel-ulyum el 9z1s 9|dules asealdu|

[c7] sylodas paiaisibay
‘[17] uonensibalald

uonoafal /aoueidadde
10} BLIS1LID PUE (SWIeD 9bpajmouy) sasayiodAy
Jo uonedynads buipnpul uonesibassid

s1a)uawWRdXe Jo Bujurel|

[(CEREIEN)

JO UOREDYIIUSPI) APNIS J23USD[3NW 3y} 03 Joud
$31101RIOCR| $SOIDR $|020104d JO UOIRZIUOWIRH

psuysp
A|Jea|2 2. S3UW02IN0 A1BPUOISS PUR Alewilid

u0Seal YUM S[ewiue
pPapN|oXa ||e Lodal pue s19se1ep ||y Loday

(1ybramApoq
1) e1ens bunoipaid Juenodu (>oy-1s0d jou)
UMOU3| UIYIIM UOIIBDYIIRAIS pUB UBISIP %D0|g

S9SAPUR PUR 1UBWISSISSe SWODINO
‘(S)1uaWILIAXD ‘UOIRDO||R JUSWIea) Jo Bulpullg

suolje|na|ed
9IS 9|dwies WIojul 0} AJUIB1ISOUN P3IRDOSSE S
pue 1092 [nybutueaw Aj[es1bojolq 1o Ajjediuld
dY3 SS3SSE 03 S|WIUE JO J2GUINU JUSPLYNS
uolended azis ajduies bulpn|pul (Spew usaq
suondwinsse ydlym pue pawioiad aq 03 aJe
SPOYIaW UDIYyM) 9DUBAPE Ul PaULap a4 O} PIaN

uopedydads wie abpajmous|

(s21101RIOQR| SSOIDR

SaINseaUl aul|aseq 6'9) pauysp ale sjppow

pUE SPOYI2W JO Alljenb aInsse 01 SINSealn
9oe|d ul sainpadoid Hujesado

pJePUPIS JO/PUB SUOIDNIISUI HIOM/ $|02010)d
(UBIIUI B BUIAJOAUI PRUYSP SB) JUPAS3)
95e3sIp pue (Julod aull} PUB 1UN JUUISINSEIW)
pauyap A|1ea|d 3¢ 01 SPaauU 2W02IN0 Alewlld

|020101d pauysp-aid

e 01 buipiodde Bulpuliqun 310§9q PaWIO)
-1ad 9 1sNW 11 ‘paAoWal ale syuiod elep J|
uonume

|ewiue Jo/pue a1el Ino-doup Jo buiioday
eLISLID

uoIsN|axa/uoisn|aul pauyap 1omud e Alies)d

[€1] paziwopuel Aj213)dwiod)

JUBISSISSE SWOINO Papullg

Jusainspowl b Ul \chgm.\mCQU
Aunqensy

SPOY1aW [eDN1SIIe1S

uonedynads wiepd

§/020301d JO
(uonbzjuowIby pup) UOIILZIPILPUDIS bulpNiU|
90URINSSY /AUsWwabeuey AljenD

2WOodINO

JuaWabbUDW J31j3N0 (DIDP) PUD

1N0-doJp JO UOIILID [DLIUD UdaMIDq d1D1IUIYIT
UOISN|IX3/UoISN|dU|

uonnquisip Aujiqoqoid pauyap Alipajo

D 0] bUIPIOIID JUBLWIDAI) JO/PUD UOIUSAIDIUI

03 5123/qns 21020jp 01 SPoYIAW OUDYD buIs)
uoljezjwopuey

Apnis [po1uip2id D Ul paAjoAul (5)i01pbisaaul 210w
10 2UO WO1J UONDIOJID dNoIb JO JUL[DIOUOD)
buipuig

Aupijen [eusaiu]

SUOIRIBPISUO)) /SUOIIDLIISAY

ad11oeId IS99

juswaiinbas wnwiuipy

eLaNI)

uoljez|WopUel 1o Bulpul|g “6'3 Japuly 18y} UoIIRWI| [BD3dRId ¢ UBD 31343 ISASMOH "UOIIBNYS (B3PI 3} UYD1aXS pue sauljapinb
(Buiiodal) Bupsixs U paseq aie sadIdeId 159G |ell JaIUSdAINW Aloleuwllyuod [edjuldaid e Buinels S10ja0 PaJapisuod/pajlyiny 8¢ O} Pau Jeyl euaiD WNWIUlA L djqel



Page 5 of 13

(2022) 7:24

Drude et al. Translational Medicine Communications

(uonenbuell]) soispIORIRYD ARIUsWR|dWOoD
UM 3NSS} /S|9PpOoU (Paseq |92 uewny 4o [ew
-Jue) JuaJaIp Buisn uswWiadXxe wiogad Jo/puy
SolIsLIIDRIRYD 35RaS|P AuRW

Sa111eD pue JueA3|RI AlYBIY SI [9POW [euliuy

AMjigejieAeolq
uonejsuell  JO/PUB UOINGLISIPOIQ :1oNPOsd [BUIDIPSW 104
[eD1Ul]2 18 APDalIp Wik 10U op 1ey) buipuelsiapun sonsoubelp

snsiueydaW B3 UO Buisnd0) sjuswadxg  JO/pue (S)IdJeulolg JURAS[RI A|ed1ul|d Spnjdu|

SUOHDIIWI| [BPOW JO 2IDMD 3
(sayoeoidde onsou

-Beipsuely 1o eua3d [ed1I0H31ed pue sjenueul
JlsoubeIp) 92UBAR|RJ JO 1X3IU0D BulIedIpU|
SJ13s1i93dRIRYD S)I JO BWOS S)I3|Ja)

PUB 353SIP 10} JUBAS|J SI [SPOU [eUIUY

SIX21U0 (UDWINY) [DUJJ3 03 [DIIUIJ224d LIOL) PaID]
-SUDI} 8Q UD2 bUIpUY DYIIUSIDS D YIIYM 03 JUSIXT
Aupijep [euonejsuely

SUOIIRIAPISUOD) /SUOIIDLISIY 2d1deId 1s9g

JuUsWIBIINbaI wnwiuly

eLdN)

(panunuod) L ajqey



Drude et al. Translational Medicine Communications (2022) 7:24

sample size and/or increasing the number of (smaller)
batches [29]. This will decrease outcome uncertainty
and aid in sample size planning for confirmatory stud-
ies. Ethical constraints, e.g. regarding studies including
large animals, potentially prohibit stand-alone exact
replication experiments. However, a replication study
might be integrated as a positive or negative control
group into the experimental design of a new explora-
tory study.

Ideally, exploration and within-lab replication stud-
ies have the potential to reveal effect modifiers, con-
founders, and colliders. This may require adjustment of
experimental design, for example by including an esti-
mate of drop-out rate either due to the animal model
or due to the intervention that affects sample size plan-
ning. Information on such covariates can then lead to
a refinement of e.g. the randomization scheme if body
weight is affecting the outcome of a study. In this exam-
ple, to control for the variation in body weight, the
experiment could be split up into smaller blocks and
interventions would be randomized to experimental
units within each weight block. It can also support the
selection of Go/No-Go decision points before confir-
mation. Finally, the decision about the transition from
exploration to confirmation needs to include all stake-
holders including preclinical and clinical researchers as
well as biostatisticians.

Engaging in a confirmatory multicenter study -reality
check

Irrespective of the generated evidence from an explora-
tory study, feasibility needs to be evaluated to decide
whether a multicenter decision-enabling experiment
should be conducted. This evaluation includes practical
constraints such as available resources (can increased
animal numbers be handled?) or ethical approval (rep-
lication experiments as area of tension [30, 31]), and
medical need. According to the animal welfare act and
Directive 2010/63/EU of the European parliament [32],
an animal experiment can only be justified if it gener-
ates new knowledge and if that knowledge outweighs the
harm for the animals [33]. Thus, confirmatory studies
need to go beyond exact replications and generate diag-
nostic (= decision enabling) evidence about a knowledge
claim [30, 34, 35]. In general, exploratory studies provide
only preliminary evidence. Building on such initial find-
ings, confirmatory studies allow generalization beyond
specific experiments gathering support for the under-
lying knowledge claim. For this, investigators need to
ensure that validity and scientific rigor are preserved at a
high level throughout the preclinical research trajectory
(Fig. 1).
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Optimization of evidence generation during confirmation
The goal of the (multicenter) confirmatory study is to sup-
port a knowledge claim and potentially inform the deci-
sion to move to the clinic. Again, a clear a priori definition
of Go/No-Go decision points and clearly defined primary
and secondary outcomes are indispensable. Other parts of
the planning process are less generalizable (Fig. 2). Some
of these aspects are beyond the scope of this manuscript
and we will solely focus on biometry related issues or
practical constrains/aspects (v-vii) (Fig. 2).

Protocols, standardization and systematic
heterogenization

One important step in conducting multicenter studies is
harmonization of protocols (Fig. 2 (i, v)). In this process,
involved laboratories need to decide on which aspects
of the experimental protocols need standardization and
which will systematically vary between centers. Impor-
tant aspects that need to be standardized and quality
controlled include the treatment scheme to ensure com-
parable dosage and the same quality of the drug. Addi-
tionally, quality control measures identified through
initial baseline studies are recommended. A comparison
of outcomes from control groups for example can identify
potential problems between centers early on. Knowledge
about center variability and information on factors that
influence variance of results can be gained by introducing
systematic heterogenization. This includes comorbidities
and the use of both sexes [36, 37]. The latter is consid-
ered a minimum requirement in a confirmatory approach
except for sex-related diseases like prostate cancer or in
case of well-grounded arguments.

Heterogeneity will also be introduced by each study
center. One naturally occurring source of variation is the
different experimenters themselves. However, the latest
literature indicates that this is less of an issue, particularly
if all involved parties are well trained [38, 39]. To assess
replicability of results across centers, a low number of
centers already is sufficient. A minimum of two par-
ticipating laboratories may already be sufficient and the
added value of additional laboratories decreases rapidly
[37]. A small number of centers precludes, however, esti-
mation of between center heterogeneity. Here, strategies
need to ensure that centers actually can be jointly ana-
lyzed. Concerning animal experiments, husbandry con-
ditions including food, temperature and cage mates will
most likely vary between centers and laboratories and
need to be considered if those affect the outcome [20].

Primary outcomes should be complemented by evi-
dence from other sources. Here, selection of partner
laboratories can also be based on such complementary
methods and approaches. When developing drugs to
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Fig. 1 Simplified illustration of a preclinical research trajectory, starting from exploration towards confirmation considering robust study design,
minimum validity criteria to finally engage in a confirmatory multicenter study. At some steps a decision is required (loupe) whether to proceed
with the study (check mark, blue), whether refinement of i.e, experimental design or (animal) model (question mark) is needed or whether (a priori
defined) No-Go criteria were met to stop an experiment completely (red X). A robustness check after exploration should be used to decide if a
within-lab replication is required before the multicenter confirmation. If minimum validity and reliability criteria are already met during exploration,
a multicenter study might be planned without further in-house replication. Icons in dark blue (Generated evidence, within-lab replication, and
study plan of the multicenter confirmatory study) highlight the focus areas of this review
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Fig. 2 Steps involved in planning a confirmatory study. Highlighted (pink) aspects (v — vii) are discussed in more detail. Whereas other aspects (grey,
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treat a symptom associated with multiple diseases, addi-
tional animal models can increase the external validity
and predictability of translational success. Including but
not limited to numerous existing animal models of neu-
ropathic pain that can e.g., be chemotherapy-induced,
emerge from cancer pain, or be mechanically introduced
(sciatic nerve injury) [40, 41]. Another example are
patient derived 3D cell cultures to gain a deeper under-
standing about underlying mechanisms and to capture
effects only seen in human cells. By increasing the num-
ber of donors or models to support a research claim, the
validity of an observed effect can be increased (triangu-
lation [42]). For studies that aim at clinical translation,
translational validity should be improved by including
(several) biomarkers or other diagnostic tools [43, 44] in
the analysis and/or experimental design. For drug effi-
cacy testing, control groups in the confirmatory study
should include a competitor drug i.e., clinical standard
treatment and/or other negative and/or positive control
groups. Researchers should be in close, early on contact
with regulatory authorities to ensure that experiments
already incorporate requirements for approval. To avoid
increasing the sample size by additional positive and neg-
ative control groups, it can be feasible to consider histori-
cal cohorts [45, 46] or an unbalanced design [47, 48] with
smaller but more control groups (multi-arm design) that
can be pooled. The latter two points led to extensive dis-
cussions between the authors and should thus be viewed
as controversial [49].

Sample size calculation for confirmatory studies

The basis for sample size calculation is the anticipated
effect size that is defined in various ways [50, 51]. Herein,
we refer to effect size as a mean difference divided by a
measure of spread. In a typical preclinical efficacy study,
that could be the difference between the mean of the pri-
mary outcome measure of an intervention group and of
the control group divided by the pooled standard devia-
tion [52]. As already mentioned earlier, the effect size
estimate from exploratory studies tends to be inflated
(“winners curse”) [8]. Basing a sample size calculation
of a confirmatory study on such an inflated effect size
results in an underpowered study that runs the risk to
miss an existing effect. This is aggravated in experiments
with low internal validity [8, 53]. Sample size calculations
for confirmatory studies should take this potential effect
inflation into account and apply a shrinkage to explora-
tory effect size estimators to avoid underpowered stud-
ies. This also applies to effect sizes from published studies
that are exploratory. This needs not necessarily be stated
in the published study, but we recommend treating all
research that does not explicitly state its confirmatory
nature as exploratory. In case several prior studies are
available (pilot, exploration, mini-experiments), effect
sizes can be pooled via meta-analyses if heterogeneity
between experiments is limited. Moreover, effect sizes do
not typically extrapolate from animals to humans and are
potentially smaller in humans [54]. It is thus necessary to
apply shrinkage to effect sizes from exploratory studies,
the exact magnitude, however, is still a matter of debate.



Drude et al. Translational Medicine Communications (2022) 7:24

An alternative approach is to define a smallest effect
size of interest as outlined above. This will set a lower
bound under which results are no longer considered
worthwhile exploring. Choosing such a threshold needs
to reflect knowledge of the human disease, biology, effect
size distribution in previous studies using similar model
systems, available resources, and feasibility considera-
tions [10]. That is, if the smallest effect size of interest is
set too high the experiment will not be able to detect an
actually existing effect. Contrary, an unnecessarily low
smallest effect size of interest potentially requires a sub-
stantial number of resources and animals threatening the
reduction principle of the 3R. In this context, in progres-
sive diseases, clinicians can inform early treatment time
points and evaluate how closely models reflect disease
progression.

Once an effect size is chosen, this has an implication
on the statistical power. With discussions on the utility
of p-values and standard threshold of p<0.05, the plan-
ning of a confirmatory trial can have a stricter bound
such as a threshold of p<0.005 or an increased power of
for example 0.9 [55-57]. Again, this has to be weighed
against the increased effort and cost—benefit calculations
are necessary to avoid spending resources that could be
used for other complementary studies [57, 58]. In con-
firmatory studies, strict correction for multiple compari-
sons should be applied to preserve the pre-specified false
positive rate. As there is considerable uncertainty about
the true effect, power could be calculated across a range
of plausible effect sizes [59], instead of a point estimate to
illustrate limitations for investigators. Particularly when
confirmatory studies are conducted in a sequential man-
ner [60], this may increase efficiency. Moreover, as the
exploratory study has already registered the direction of
the effect, sample size calculations and subsequent analy-
sis can be based on one-sided tests. However, in case of
an underpowered exploratory study aiming at mechanis-
tic understanding confirming a prior knowledge claim, a
sign error (type-S error) can occur where the replication
detects an effect estimate in the opposite direction of the
initial experiment or the actual effect size [61].

Multicenter considerations

A balanced design, where each center is allocated
the same number of animals, is considered ideal as it
increases the precision of estimates under between-
center heterogeneity. One advantage over clinical tri-
als here is that recruitment differences can be held to a
minimum. Heterogeneity between centers is not due to
different patient populations with different comorbidi-
ties but as outlined above most of the heterogeneity is
systematically implemented in advance. The randomi-
zation to centers should take these previously planned
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factors into account in a block randomization scheme
across centers. That is, factors need to be stratified and
centers should for example test equal numbers of male
and female animals, or animals from similar weight
categories should be allocated to treatments similarly
across centers. For this, a small number of additional
animals may be needed to ensure a balanced design
over all centers. Noteworthy, the impact on statistical
efficiency with unequal or equal numbers of subjects in
different centers also depends on the type of estimator
used (e.g., fixed vs random effects). Finally, unbalanced
numbers are not necessarily a sign of poor planning but
a consequence of varying capacities or breeding of ani-
mals [62].

It is important to consider which experiments need
to be performed by the initiating institute and which
experiments by the partner laboratories. If a within-
lab replication already indicated within-lab replicabil-
ity of a result within the initiating institute, then this
lab potentially does not need to perform the analogous
experiment, but instead proceeds with triangulating
evidence, a different strain, a different (large) animal
model or flanking ex vivo experiments. In agreement
with the initiating lab, partner labs can consider only
selectively replicating core results to save on resources.
Core results refer to assessment of the primary and
important secondary outcome variables. If a costly
method like single cell sequencing has been conducted
in the initiating lab, a replication across all labs could
lead to an undue increase in costs with little genera-
tion of additional insights. With respect to the ani-
mal model, subsequent designs are recommended
(rodents—> non-rodents—>non-human primates). As
sample sizes in large mammals including non-human
primates typically need to be smaller due to ethical
constrains, a smaller number of centers may be accept-
able. It is an open question to which extent evidence
from rodent experiments can be extrapolated to large
animals and inform sample size planning. The effect
size magnitude in rodents may neither translate to
larger animals nor to the human case.

Reporting of confirmatory multicenter studies

Next to standard guidelines in preclinical research like
ARRIVE [11], there are few points that are especially
relevant when reporting a confirmatory study. This
includes the provision of raw data to enable meta-anal-
ysis. Meta-analysis can help to cumulate evidence, find
commonality, and develop guidance for best practices.
In this context, it is crucial to transparently include and
report outliers (data) as well as dropout rates (i.e., animal
attrition). Standardization (or normalization) of all data
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to one control group should be avoided. For better and
transparent visualization of data, for example forest plots
are suitable to show center specific data. With the a priori
definition of No-Go decision points and potential failure
of confirmation studies, it should be common practice to
publish also null results.

Conclusion

Summarizing remarks and limitations

Even though confirmation studies are seen as essential
part of preclinical research, so far little guidance exists on
how to conduct such a confirmation. Here, we mapped
out strategies to conduct such studies (see Table 2 for
summary points and open questions). We acknowledge
that no one size fits all; rather a broad set of recom-
mendations applies that need to be adjusted to individ-
ual research fields and specific questions. Importantly,
our recommendations are based on a scenario where
an initial finding or exploratory study prompts the very
same investigators to initiate a replication. This deviates
from recent attempts where initial findings from other
researchers were replicated on a larger scale [3, 63, 64].
These studies revealed that in many cases a replication
could not even be attempted due to missing protocols or
other aspects of reporting. In contrast, here we explore
the scenario where researchers team up to confirm a
knowledge claim. That is, confirmation in this case is not
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about an exact replication but rather to efficiently gen-
erate evidence to substantiate the knowledge claim and
enable a decision to start a clinical trial.

Towards this goal, we described criteria to decide
when to start a confirmation study, how to use within
lab replications to arrive at or reinforce such evidence,
and how to plan a multicenter study. This guidance is,
however, based on the authors’ and workshop partici-
pants’ experiences and fields of expertise and is con-
sequently focused on drug development and efficacy
studies. While some of the ideas might be applicable for
diagnostic and biomarker development, this is beyond
the scope of this manuscript and requires further
consideration.

Moreover, we have not addressed one important aspect
in confirmatory multicenter studies. That is, has the con-
firmation been successful or not. Previous replication
projects have shown there are numerous ways to define
replication success [55, 63, 65, 66]. It is, however, unclear
which of these criteria apply to confirmations and how
they can guide decisions towards clinical trials.

As additional limitation, we foremost see that confirm-
atory projects are resources intense, and funders are less
inclined to fund confirmatory research. Current develop-
ments with a funding line particularly for confirmatory
studies in Germany and NIH initiatives [67] show that
funding opportunities exist and probably will arise more

Table 2 Summary points and recommendations for the conduct of a confirmatory multicenter study including open questions that
require further discussion and will be subject matter of future research

Summary points

Open Questions

Minimum validity and reliability criteria need to be fulfilled before engag-
ing in a confirmatory multicenter study (Table 1)

If uncertainty is still high, optimization of evidence via (within-lab, in-
house) replication studies to (i) increase sample size, (i) improve internal
validity, (iii) introduce systematic homogenization and/or (iv) flanking
experiments

(Standardized) protocols should be in place before starting a confirmatory
study

(Animal) Model(s) should be disease relevant and limitations be acknowl-
edged

Depending on the experimental objective control groups should include
positive, negative controls and/or in case available a comparator from
standard clinical care

For planning a confirmatory study, sample size calculation should be
based on smallest effect (size) of interest (clinical/biological relevant) or a
shrinkage of the effect size(s) from exploratory studies should be consid-
ered

Flanking experiments (triangulation) might be performed early on and are
highly recommended for confirmatory studies

Introduction of sources of variation like sex or strain (systematic hetero-
genization)

Multicenter considerations include (i) harmonization of protocols, (ii) skills
and expertise of partner lab(s), (iii) balanced design and (iv) block randomi-
zation across centers

Are dose-response effects a prerequisite for the confirmation?

What if evidence from pilot, exploration and within-lab replication are
contradictory (positive and negative results)?

What requirements need to be fulfilled to use historical control groups?

Field specific effect sizes distributions are scarce, how can the situation
be improved?
What is the optimal approach to calculate the sample size?

How can in vitro studies be integrated in the confirmatory study design
and sample size calculation?

How to best balance standardization and systematic heterogenization?

Which experiments should be confirmed in several laboratories?
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frequently in the future. With such funding also recogni-
tion for confirmatory research will grow in a similar way.
Broader funding of specific confirmatory projects will
open opportunities to reevaluate and refine the presented
recommendations. Moreover, field specific strategies may
evolve that will ultimately contribute to translation as a
science with strong theory building at its core.
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