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REPRODUCIBILITY AND REPLICABILITY OF RESULTS

The development of new therapeutic targets relies heavily on the results of preclini-
cal research. For this reason, it is of the utmost importance that preclinical findings are 
reproducible and replicable. In brief, reproducible results say about the feasibility to 
obtain consistent results using the same input data, methods, code, analysis (i.e., com-
putational reproducibility). Thus, reproducibility is closely linked to transparency and 
does not have a say about the correctness of the computation (e.g., if there is an error 
in the experimental design and the study is replicated, the same erroneous result will 
be replicated). On the other hand, replicability means obtaining consistent results after 
collecting new data by using comparable methodologies (1,2). The relevance of repli-
cable findings in preclinical studies lays on maximizing the potential of these findings 
towards the development of therapeutic strategies for the target (clinical) population. 
Specifically, replicability of results from scientific research has served as a way to opera-
tionalize truth as it suggests that the phenomenon under examination can be detached 
from the specific circumstances at which it was originally assessed (2,3). Unfortunately, 
over the past decades there have been numerous accounts of poor scientific replicabil-
ity both across and within labs, certainly preclinical research and rodent phenotyping 
studies are not the exception (4,5). For instance, the landmark multi-center study by 
Crabbe et al., (1999) (6) showed that the variability across laboratories was larger than 
within laboratories following protocol standardization and harmonization across sites. 
The consequences of this ‘replicability crisis’ impact both the scientific community as 
well as the general public. For example, researchers may be unintentionally misled by 
inconclusive and/or inaccurate findings steering research towards slow, non-efficient, 
treatment development for clinical trials. Other costs as a result of poor replicability of 
results include the waste of financial and other resources, ethical concerns that come 
with the use of animals for inconclusive/uninformative research, as well as the delay in 
development of new therapeutic treatments. Thus, there is an urgent need to identify 
the underlying causes of irreplicable scientific findings, thereby reduce variability across 
and within laboratories, and ultimately improve the scientific value of preclinical studies 
for the development of novel therapeutic strategies that could benefit patients and their 
families.

Sources and countermeasures
The possible sources for irreplicable results are numerous and differ on their potential 
to help gaining knowledge. According to this classification, irreplicable results that are 
helpful to gain knowledge are consequence of studying complex systems with imperfect 
knowledge and tools and they represent a normal part of the scientific process rather 
than mistakes. In contrast, irreplicable results that are not helpful for gaining knowledge 
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come from shortcomings in the design, performance and reporting of studies; these can 
be honest mistakes or deliberate misconduct (1).

When it comes to replicability of results, it is necessary to consider the study’s internal 
validity: a study is said to have internal/causal validity when one can assure that the 
outcome obtained was caused by the experimental manipulation and not by any other 
source of variability (7). To ensure this causal relationship, experimental designs should 
account for unknown sources of variability (i.e., noise) that could influence the effect 
of the experimental manipulation. This can be achieved by research practices that 
minimize the risk of bias (e.g., blinding of groups/treatments, randomization of subjects, 
etc.) and thus, prevent possible confounding. Hence, results from studies with internal 
validity are more likely to be accurate and replicable.

Other sources of irreplicable results and/or low interval validity that are classified as 
unhelpful to gain knowledge are: publication bias, underpowered studies, p-hacking, 
and p-HARking (Hypothesis After Results). Such suboptimal research practices are 
indeed some of the best known sources of irreplicable results (4) and have a tight link 
to research integrity. According to the national survey on research integrity (NSRI) 
performed to Dutch researchers across fields and academic ranks, 50% of responders 
have engaged in at least 1 of 11 questionable research practices (QRPs) surveyed (8). In 
addition to QRPs, falsification, fabrication and plagiarism (FFP) also affect replicability; 
these sources are associated to researcher integrity. Such researcher misconduct is more 
rare in frequency than QRPs and so its impact on the literature is smaller (9); neverthe-
less, 4% of responders engaged in data fabrications at least one time over the previous 
three years. The results of the NSRI indicate higher prevalence of QRPs than previously 
reported elsewhere (9,10), indicating that there is a need for a change in the current 
research culture. As a matter of fact, the authors of the NSRI also explored possible ex-
planatory factors to incur in QRPs and misconduct. Publication pressure was identified 
as the main driver to engage in QRPs; this pressure is likely to drive researcher towards 
‘cherry picking’ their results towards positive findings which are more easily published 
than negative ones. Selective reporting biases the body of knowledge contributing 
heavily to the replicability crisis. 

In terms of the academic rank, being a PhD student or junior researcher increased the 
likelihood of engaging in any QRPs, while scientific norm subscription decreased the 
odds of QRPs and FF. Together, these findings suggest that better training and mentor-
ing from the supervisors’ side is needed to improve the scientific performance of young 
researchers.
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Certainly, there is an urgent need to foster responsible research practices among re-
searchers; besides the integrity of the research and researcher, it is also crucial to improve 
how research in performed, thus, the work in this thesis will focus on the impact that 
experimental designs and reporting practices have on the variability of results between 
studies/laboratories.

It is important to keep in mind that although results reproducibility and replicability 
are a way to confirm scientific findings, this does not necessarily mean that results can 
be extrapolated to different contexts (i.e., results generalizability) (11). For example, if a 
study is successfully replicated across independent samples of male mice, these results 
may not be informative for female mice. Therefore, in order for results to be generalizable 
and, thus, likely replicable, they must be sufficiently robust, as will be further discussed 
in the next section.

Robustness of data
In order to replicate results, the outcomes should be consistent albeit the changes 
implied when re-running the same experiment in somewhat different times/conditions/
populations. Data that is resilient to experimental variation (e.g., environmental and 
genetic variability) will be more likely to generalize to other contexts (i.e., results will 
have external validity); thus, they will more likely be reproduced (12).

Experimental design
One way in which the robustness of data can be established is through the experimental 
design as this sets the boundaries for the contexts to which the results may be able 
to generalize. Currently, best scientific practices advocate for standardizing the animal 
subjects and their environment by keeping their properties constant overall (12). While 
standardizing environmental factors is believed to reduce background noise, when 
taken to an extreme it will provide results that are only informative for, and replicable 
under the same circumstances in which they were obtained (i.e., idiosyncratic results) 
(13–16). This is known as the ‘standardization fallacy’ (11). One of the main setbacks 
of rigorous standardization of experimental subjects and their environments is that it 
fails to incorporate the changes in the expression of a phenotype in response to the 
environmental influences (12). This makes results more likely to be replicated in the 
same/similar contexts/settings/times than in novel ones (i.e., less robust). Therefore, 
experimental designs that incorporate diversity of experimental conditions will result 
in data that is more likely resilient to diverse contexts. However empirical evidence is 
needed to support this claim.
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Representativeness of study samples
Another way to address robustness of data is to increase the representativeness of the 
study sample. Representativeness of a study population in the context of preclinical 
research implies that the study population incorporates the biological variability of the 
population of interest (3). However, rigorous standardization practices aim to reduce the 
variability of subjects within a study, which would potentially draw the experimental 
sample further from the target population. In other words, this approach may decrease 
the representativeness of the study sample and the likelihood of replicating the results 
under slightly different conditions due to compromised generalizability (2,11).

A way to improve the representativeness of study populations is by diversifying the 
rearing/husbandry conditions and/or population characteristics (e.g., age, sex, genetic 
background) within a study; in other words, creating a more heterogeneous population. 
In this way the between study variability would decrease as each individual study ac-
counts for the unavoidable differences of phenotypic expression between studies/labs 
(15,17–20).

Altogether, when aiming to produce replicable results that are informative to a target 
population, one must minimize the risk of bias and ensure the robustness of data. This 
can be achieved by practices such as blinding and randomization, and likely by diversify-
ing the experimental conditions and population.

TOWARDS RESEARCH (REPLICABILITY AND 
REPRODUCIBILITY) IMPROVEMENT 

As stated in the section above, it has become clear that the way preclinical experiments 
are usually planned and conducted should be modified if we intend to improve data 
quality and data interpretation. Specifically, there is room for improvement in the trans-
parency of reporting of studies, particularly, at the level of the experimental design and 
the representativeness of the study samples. Towards this end, there have been numer-
ous efforts contributing to improve the replicability and reproducibility of preclinical 
results by promoting rigorous research practices and informative statistical methods 
such as the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines to im-
prove the quality of reporting in animal research (21), and the development of initiatives 
like SYRCLE (Systematic Review Center for Laboratory animal Experimentation) to guide 
and provide tools to improve the appraisal of systematic reviews and meta-analyses of 
preclinical data (22). Another initiative is the most recent creation of the open-access 
Platform for the Exchange of Experimental Research Standards (PEERS) (23) that aims 
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to provide researchers with a guide on the factors that are most relevant for their 
experimental design. Overall, the improvement of preclinical studies aims to produce 
preclinical results that are more accurate, meaningful and informative for translational 
researchers. For this reason, it is sensible to explore the possible experimental factors 
affecting data variability in preclinical studies. Certainly, in this way, research practices 
and study protocols may be adapted accordingly to enhance accuracy, reproducibility 
and replicability of results across sites.

AIMS AND THESIS OUTLINE

This thesis discusses and tests different perspectives from which data quality and repli-
cability of preclinical results are affected by research practices, and possible ways how 
to counteract this.

In Chapter 2, three different labs part of the EU-AIMS (European Autism Interventions) 
consortium conducted the same pharmacological experiment in the Shank2-Knockout 
(KO) rat autism model. The approach taken was to align the apparatus, protocol and 
data analysis across sites to evaluate their effect on the variability of outcomes between 
laboratories. Towards this end, the different behavioral outcomes as well as the impact 
of a pharmacological manipulation were compared across sites. The work described in 
Chapter 3 is part of the EQIPD (European Quality in Preclinical Data) consortium aimed 
to promote research practices that enhance data quality in preclinical studies. This chap-
ter summarizes a three-stage study that evaluated the effects of experimental protocols 
that differed in the degree of standardization within-laboratory and harmonization 
across seven labs from academia and industry. The aim of this study was to evaluate 
impact of protocol harmonization in the variability of results between laboratories.

In Chapter 4 we investigate the replicability of the behavioral phenotype of the Fragile-
X mental retardation mouse model (Fmr1-KO) through a systematic review and meta-
analysis. This analysis includes a report on transparency of reporting in light of data 
quality and replicability of results. Based on the results of this meta-analysis, a study 
was carried out to assess the behavioral phenotype of the Fmr1-KO. In addition, we ex-
plored the possible influence of specific environmental factors that are in fact often not 
reported in scientific literature. We assessed whether these factors can act as a source 
of variability thereby potentially contributing to poor replicability. The results from this 
behavioral study is presented in Chapter 5.
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As mentioned above, part of the work described in this thesis was carried out as part of 
the EQIPD consortium. Related to this, in Chapter 6 we describe the implementation of 
the quality system (QS), developed by EQIPD members, in an academic lab setting. This 
chapter exemplifies how the use of this tool can promote rigorous research practices 
to boost preclinical data quality in academia and industry. More detailed information 
regarding the EQIPD-QS can be found in Appendix 1 of this thesis. Finally, Chapter 7 
discusses the overall findings of this thesis, provides conclusions and future perspec-
tives on data quality and replicability of preclinical data.
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