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In October 2013, the biomedical research community was startled 
by the latest issue of The Economist running the headline “How 
science goes wrong”. In a short briefing, modern scientists were 
accused of doing “too much trusting and not enough verifying”, 
followed by a list of problems, pitfalls, and mistakes that currently 
limit the validity and reproducibility of research findings, mostly in 
the context of animal-based research1. However, this is not the first 
time that criticism has been expressed about common practices in 
the field of biomedical research. Already in 2005, John Ioannidis 
published a paper provocatively entitled “Why most published 
research findings are false”2, in which he pointed out that most 
studies are more likely to report a false finding than a true one. So, 
what is behind this criticism? Are these just alarming claims, or 
are there indeed problems with the translational value, the validity, 
and/or the reproducibility of research findings?

How self-correcting is science?
The scientific literature of animal-based research is indeed full of 
publications reporting or discussing poor reproducibility, as well 

as failures to translate results from preclinical animal experiments 
to clinical trials in humans3–9. In a 10-year review of drug develop-
ment, for example, Kola and Landis pointed out that the success 
rate from first-in-man to registration for different therapeutic areas 
between 1991 and 2000 was on average 11%, indicating that only 
one in nine compounds made it through the complete development 
process and were approved by the regulatory authorities4. Notably, 
the success rate was even worse for trials in specific research areas, 
such as oncology or women’s health4. Similarly, in a systematic eval-
uation of how well mice mimic human inflammatory responses, 
fundamental disparities in genomic responses between mice and 
men were detected. Among genes that changed significantly in 
humans, the murine orthologs were close to random in matching 
their human counterparts, questioning the translational value of 
current mouse models for severe inflammation10. Thus, despite 
the overall and widely recognized improvement in scientific and 
technological tools over the last years, novel compounds have been 
criticized to fail more often in clinical development today than in 
the 1970s11.
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The scientific literature is full of articles discussing poor reproducibility of findings from animal 
experiments as well as failures to translate results from preclinical animal studies to clinical trials in 
humans. Critics even go so far as to talk about a “reproducibility crisis” in the life sciences, a novel 
headword that increasingly finds its way into numerous high-impact journals. Viewed from a cynical 
perspective, Fett’s law of the lab “Never replicate a successful experiment” has thus taken on a completely 
new meaning. So far, poor reproducibility and translational failures in animal experimentation have mostly 
been attributed to biased animal data, methodological pitfalls, current publication ethics and animal 
welfare constraints. More recently, the concept of standardization has also been identified as a potential 
source of these problems. By reducing within-experiment variation, rigorous standardization regimes 
limit the inference to the specific experimental conditions. In this way, however, individual phenotypic 
plasticity is largely neglected, resulting in statistically significant but possibly irrelevant findings that 
are not reproducible under slightly different conditions. By contrast, systematic heterogenization has 
been proposed as a concept to improve representativeness of study populations, contributing to improved 
external validity and hence improved reproducibility. While some first heterogenization studies are indeed 
very promising, it is still not clear how this approach can be transferred into practice in a logistically 
feasible and effective way. Thus, further research is needed to explore different heterogenization 
strategies as well as alternative routes toward better reproducibility in animal experimentation.
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However, translational failures are not the only challenge the 
scientific community has to face. There is also an increasing  
concern about the rate at which published findings are reproducible.  
The current debate even goes so far as to generate a novel  
headword, i.e. “reproducibility crisis”, that increasingly finds its way 
in to numerous high-impact journals11–15. Against this background, 
it is not surprising that 90% of 1,576 interviewed life scientists 
believe that they are currently facing either a slight or a significant  
reproducibility crisis12.

By definition, “reproducibility” refers to the degree of accord-
ance between results of the same experiment performed independ-
ently in the same or in a different laboratory16 (Table 1). Results 
that cannot be reproduced cast serious doubts on the quality of 
experiments and hinder scientific progress. In the context of ani-
mal experimentation, poor reproducibility is also an ethical issue, 
as the need for additional follow-up studies undermines the aim 
of reducing animal use. In that respect, it is an extremely serious 
matter that reproducibility problems seem to be most prevalent 
in those research areas that work with animal model systems17,18, 
although recent surveys indicate that they also occur in other fields, 
such as psychology, chemistry and physics12,19,20. Current esti-
mates for irreproducibility in biomedical research are alarmingly 
high, ranging from 50 to 90%15,21. Begley and Ellis, for example, 
reported that only 6 out of 53 “landmark studies” in oncology could 
be replicated22, and Prinz and colleagues detected inconsistencies 
in 75 to 80% of 67 in-house projects in oncology, women’s health 
and cardiovascular diseases18. From an economic perspective,  
these high irreproducibility rates have been associated with  
costs of approximately US$28 billion per year in the United States 
alone21. As indicated by these examples, basic science has lost a 
great deal of credibility over the last years, emphasizing the need 
for fundamental changes in the conduct and analysis of experi-
ments. However, the causes of current limitations to translation 

and reproducibility need to be identified first, before changes can 
be adequately addressed.

Threats to translation and reproducibility
Besides possible shortcomings in the clinical trials that may con-
tribute to high attrition rates, translational failures have been attrib-
uted to biased research approaches, overoptimistic conclusions, 
or the lack of external validity in preclinical studies5,23 (Table 1). 
Similarly, to explain poor reproducibility in animal experimenta-
tion, most explanatory approaches have concentrated on methodo-
logical issues, such as the inadequate choice of experimental designs 
and control groups or different types of biases5,24–26 (Table 1).  
Knowledge of treatment assignment, for example, may consciously 
or unconsciously affect the outcome assessment, a phenomenon 
recognized for the first time at the beginning of the 20th century. 
Here, a horse named Hans drew worldwide attention as the first 
animal with “numeracy skills”. By tapping its hoof, the horse seemed 
to solve arithmetic operations, read the clock, or recognize play-
ing cards. A few years later, however, it turned out that the horse 
was only able to respond correctly to these tasks in the presence of 
the questioning person. If this person was absent or did not know 
the answer, the horse suddenly seemed to lose these skills. Thus, 
instead of being able to solve math problems, the horse was simply 
receptive to subtle cues present in the human questioners. Today, 
known as “Clever Hans Effect” or “Experimenter Bias”, this simple 
example illustrates how non-conscious cues from experiment-
ers can introduce bias into testing. Similarly, so-called “Selection 
Biases” (i.e., biased allocation to treatment groups) may lead to 
selective exclusion or inclusion of animals to treatment groups, 
resulting in systematic differences in the baseline characteristics 
between groups3,5.

Steps can be taken to reduce the risk of bias. But, where risks of 
bias have been systematically assessed in reviews of in vivo studies, 
an alarmingly low reporting rate of measures against risks of bias 
has been found. For example, a systematic review of studies report-
ing on functional outcome in animal models of acute ischemia 
found that random treatment allocation was reported in only 42% 
of the studies, blinded administration of the treatment in 22%, and 
blinded assessment of outcome in 40% (ref. 27). Similarly, a meta-
analysis published in 2015 revealed that out of 2,671 publications 
reporting drug efficacy in eight different disease models, rand-
omization was reported in only 662 publications (24.8%), blinded 
assessment of outcome in 788 (29.5%), and a sample size calcula-
tion in 20 cases (0.7%) (ref. 25). Notably, reporting rates of such 
quality criteria are not only low at the publication level, but also 
at the level of applications for animal experiments, (i.e., before the 
studies have been conducted). A recent meta-analysis published 
in PLoS Biology indicated that out of 1,277 applications for animal 
experiments in Switzerland, only 3.2% included a statement about 
blinding, 12.6% about randomization, and 7.9% about a sample size 
calculation28. Reporting guidelines have therefore become a major 
tool in overcoming risks of bias29.

As one important step toward improved reporting standards 
in animal experimentation, the ARRIVE guidelines (Animal 
Research: Reporting of In Vivo Experiments) have been introduced 
in 2010 (refs. 30,31). Based on a 20-item checklist of information 

Table 1 | Definitions of key terms (adapted from refs. 3,5,16,52)

Bias Systematic deviation from the true value of the esti-
mated treatment effect caused by failures in the exper-
imental design, conduct, and/or analysis of a study

Reproducibility The ability of a result to be reproduced by an inde-
pendent experiment in the same or different laboratory

Internal validity The extent to which the design, conduct, and analy-
sis of the experiment eliminate the possibility of 
bias so that the inference of a causal relationship 
between an experimental treatment and variation in 
an outcome measure is warranted

External validity The extent to which the results of an experiment can be 
generalized across other populations of animals and/or 
other environmental and experimental conditions

Standardization Strict homogenization of the properties of any given 
animal (or animal population) and its environment, 
together with the subsequent task of keeping the 
properties constant or regulating them

Systematic  
heterogenization

Controlled and systematic variation of the properties 
of any given animal (or animal population) and its 
environment within a single experiment
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to be reported in publications, the guidelines aim at maximizing 
the availability and utility of the information gained from every 
animal and every experiment. However, although the ARRIVE 
guidelines have been endorsed by over 1,000 journals since their 
introduction, little improvement in reporting standards has been 
observed28,32. Nevertheless, overall awareness seems to have risen, 
as Macleod and colleagues showed that reporting rates in at least 
specific research areas in the biomedical sciences have increased 
over time25.

Poor reproducibility has also been linked to manifold failures 
in the statistical analyses and the choice of the experimental unit 
(i.e., the smallest physical unit that can be randomly assigned to a 
treatment condition)33–36. If, for example, a pregnant female animal 
is subjected to an experimental treatment, but the scientific interest 
is in the individual offspring, analyses are often based on individual 
pups37. Because pups within a litter represent highly dependent 
entities, treating each pup as an independent experimental unit 
results in artificially large sample sizes associated with a substan-
tial inflation of the nominal 0.05 alpha level38. In fact, simulation 
studies have shown that an increase of the sample size by treating 
two pups per litter as independent measurements can almost triple 
the nominal 0.05 alpha level39. Referred to as “litter or cage effects”, 
such misconceptions contribute to an overrepresentation of false 
positives in the scientific literature and, hence, hamper reproduc-
ibility33,40. Similar problems arise in multiple testing situations. If 
more than one statistical test is performed on a given data set, the 
chance of drawing at least one false conclusion increases rapidly 
with the number of tests applied. Thus, failures to control the family 
wise error rate and adjust the p-value adequately also contribute 
to poor reproducibility by increasing the chance of producing and 
publishing false positive findings41.

Apart from these methodological issues, animal welfare con-
straints, poor training of researchers in experimental design and 
conduct17,42, as well as current publication ethics5,43,44, have all 
been linked to poor reproducibility and translational failures in 
animal experimentation. In particular the first point has been 
aptly summarized at a very early stage by Trevor Poole with his 
article “Happy animals make good science”45. The idea here is 
that it is not only better for the animal to be in a good welfare 
state, but also for the quality of the scientific results derived from 
experiments with animals of “normal” behavior and physiol-
ogy46,47. Furthermore, current teaching standards have been 
criticized, because only few scientists get formal training in 
experimental techniques and statistical analyses. Many experi-
ments are therefore planned and conducted on the basis of “lab 
traditions” rather than “good laboratory practices”, resulting in 
wrong and irreproducible findings42. Regarding publication 
ethics, key words like “publication bias”, “selective reporting”, 
or “p-hacking” have dominated the debate48,49. Particularly, the 
overweighting of positive results leads to a subsequent overesti-
mation of effect sizes in meta-analyses and systematic reviews. 
Sena and colleagues, for example, came to the conclusion that 
publication bias accounts for one third of the effect observed 
in animal stroke studies43, and Simmons and colleagues argued 
that even before publication, researchers are remarkably adept 
at reaching those conclusions that mesh with their desires50. 

Current publication standards that emphasize positive results 
are thus likely to further exacerbate the reproducibility problems 
described in the life sciences.

Standardization in animal experimentation: necessity  
or fallacy?
More recently, the concept of standardization has gained atten-
tion as an additional source of irreproducible findings, especially 
in the context of behavioral phenotyping studies13. Standardization 
within experiments aims at reducing variation in the data, thereby 
increasing test sensitivity and reducing animal use51. Furthermore, 
standardization between experiments aims at reducing between-
experiment variation, thereby improving the comparability and 
reproducibility of results between studies52. In light of the repro-
ducibility crisis, however, the question arises, whether standardiza-
tion really is a prerequisite for good reproducibility.

In practice, the concept of standardization has led to rigorous 
homogenization of the animals’ genotype (for example, by inbreed-
ing), the laboratory environment (for example, by using uniform 
cage enrichment), the daily routines (for example, by standard-
ized handling procedures), and the test situation (for example, by 
defining the time of testing). The idea here is to isolate the vari-
ables of interest, minimize the background noise, and maximize 
the detection of even subtle treatment effects. However, while this 
approach may indeed allow for exploring condition-restricted hits 
effectively, it can reduce information gain at the same time. Fully 
effective homogenization would thus decrease inter-individual 
variation within a study population to zero, leading to statistically 
significant, but possibly irrelevant results that lack generalizability 
to slightly different conditions (referred to as the “standardization 
fallacy”53,54, Fig. 1).

Ironically, this standardization fallacy can be best demonstrated 
by poor reproducibility in the scientific literature. In a ground-
breaking study involving three different laboratories, Crabbe and 
colleagues conducted a series of common behavioral tests in eight 
different mouse strains that were delivered, housed, reared, handled 
and tested under highly homogenized conditions. Notwithstanding 
this extreme level of standardization between facilities, the authors 
observed interactions between genotype and laboratory (i.e., genet-
ically identical mice behaved differently depending on site). Based 
on these results, the authors hypothesized that “experiments char-
acterizing mutants may yield results that are idiosyncratic to a par-
ticular laboratory”55. Subsequently to these initial findings, several 
other multi-laboratory studies confirmed difficulties in reproduc-
ing behavioral strain differences across labs56–58, clearly showing 
that reproducibility problems arise despite rigorous standardiza-
tion regimes. Because different laboratories inevitably standardize 
to different local constellations of experimental conditions (i.e., 
many factors, such as the experimenter, room architecture, or daily 
routines, cannot be standardized between laboratories), within-
laboratory standardization will always exceed between-laboratory 
standardization. It is therefore not surprising that increasingly rig-
orous standardization within labs produces results that are increas-
ingly distinct between laboratories (Fig. 1).

Previous approaches to solve the issue of poor reproducibil-
ity in behavioral phenotyping studies have focused on the search 
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for tests yielding robust results across experiments and labora-
tories59,60. Suggestions for improving the situation range from 
establishing one “golden standard” test for each domain, to using a 
battery of tests all believed to measure the same construct to assess 
the robustness of measures61. Other approaches have focused on 
the experimenter as a major source of experimental noise, leading 
to the development of human-free testing environments, such as 
the SmartCube, the IntelliCage62 or modern touchscreen-based 
procedures63,64. Automated testing minimizes the need for human 
intervention and its accompanying stress and is therefore believed 
to reduce inter-individual variation65. However, because home cage 
testing is still under way, currently existing test systems are often 
too complex for high-throughput approaches.

Systematic heterogenization rather than rigorous 
standardization?
A central fact in biology is that living organisms do vary. Such 
phenotypic plasticity relies on complex gene-by-environment 
interactions that shape the individual phenotype. With the aim of 
reducing such variation, standardization neglects individual phe-
notypic plasticity, thereby counteracting the widely adopted idea of 
“reaction norms”13 (i.e., pattern of phenotypes produced by a given 
genotype under different environmental conditions66,67). Instead 
of spiriting this biological variation away, however, inter-individual 
differences may be key to making study populations more repre-
sentative13. Thus, it may be advantageous, rather than detrimental, 
to use samples varied across genetic and/or environmental condi-
tions to increase the external validity of the results, and improve 
the reproducibility of research findings. So, how can this logic be 
transferred into practice?

Common practice to identify idiosyncratic results is to run inde-
pendent replicate experiments16,68. Ideally, a replicate experiment is 
not a mere repetition of the original experiment, but should extend 
the scope by varying a particular set of factors16. If a replication 
study then fails to confirm the results, either the replicate study, 
the original study (or both) may have produced false or spurious 
results of limited external validity69. Although this method indeed 
provides information on the robustness of a finding, it raises prac-
tical and ethical questions, because the need for replicate studies 
may easily inflate the number of animals needed to confirm a “true” 
effect. It thus seems to be preferable to incorporate such a “robust-
ness check” directly in the experimental design. In this respect, the 
concept of “systematic heterogenization” has been proposed to be 
a powerful tool to extract robust and hence reproducible findings 
in animal experiments70–72.

The underlying idea of systematic heterogenization is to intro-
duce variation systematically into a single experiment to make 
study populations more representative and findings more robust 
across the variation that inevitably exists between experiments. In 
line with this idea, a recent simulation study revealed greater varia-
tion of treatment effects between different single-laboratory studies 
in comparison to different multi-laboratory studies. Furthermore, 
reproducibility was improved from less than 50% to over 80% in 
studies involving as few as three labs7. These findings clearly indi-
cate that the inevitable increase in environmental variation in a 
multi-laboratory situation benefits the external validity and hence 
the reproducibility of treatment effects. Since it is unlikely, however, 
that all single experiments will be replaced by multi-laboratory 
approaches in the near future, systematic heterogenization aims 
at transferring this logic to a single-lab situation by increasing the 
variation within each single experiment.

Including variation in a non-systematic and uncontrolled way 
may bear the risk of inflating the number of animals needed for 
each experiment. It is thus important to combine the approach 
with adequate analytical techniques and experimental designs, 
such as split-plot, factorial, or randomized block designs that con-
trol for the introduced variation without reducing test sensitiv-
ity and statistical power70,73,74. The potential value of split-plot 
designs, for example, has recently been demonstrated by a study 
investigating mixed-strain housing. Co-housing individuals of 
different strains increased the external validity of the experiment, 
without exerting negative effects on the data variability and the 
statistical power74. Originally, these designs derived from agricul-
tural research, where the experimental area was divided into het-
erogeneous blocks of land73. However, such techniques are likely 
to have a much wider applicability in laboratory animal science, 
since they allow combining animals of, for example, different ages, 
batches, strains, litters, cages, or environmental conditions within 
a single experiment75.

Overall, such systematic and controlled forms of heterogeniza-
tion may replace or at least complement many of the conventionally 
used standardized approaches in animal experimentation. While in 
some cases a highly standardized experiment can be useful to iden-
tify single condition-restricted treatment effects, a heterogenized 
approach may help to detect more universally applicable conclu-
sions. The best approach, however, clearly depends on the specific 
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FIGURE 1 | Simplified schematic illustration of the standardization fallacy. 
Usually, an animal experiment is conducted in a specific laboratory that 
narrowly standardizes the environmental conditions to an arbitrary local 
constellation of environmental factors (indicated by the dashed lines and 
the colored background). Because experimental treatments (indicated by 
the solid lines) can interact with some known or unknown environmental 
background variables, standardization to a specific environmental 
window leads to significant, but possibly irrelevant findings that cannot 
be reproduced in a second laboratory that standardizes the conditions 
to slightly different environmental conditions. By reducing within-
experiment variation, standardization thus limits the inference to the 
specific environmental conditions, thereby counteracting the concept of 
phenotypic plasticity.
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research goal. From an animal-ethical point of view, systematic 
heterogenization contributes to the refinement and reduction of 
animal experimentation by either reducing the number of experi-
ments needed to detect a meaningful result or by increasing infor-
mation gained based on the same number of animals.

Toward better reproducibility: applying a heterogenization 
strategy
Some first heterogenization studies are indeed promising. In a 
series of three experiments, standardization was found to increase 
the incidence of spurious results in behavioral tests, accounting for 
poor reproducibility, while systematic heterogenization attenuated 
spurious results, thereby improving reproducibility71,72,76. Here, 
systematic heterogenization was achieved by varying two defined 
environmental factors that are known to interact with mouse geno-
type: (1) cage enrichment and (2) test age. According to a 2 × 2 
factorial design, each factor was varied across two factor levels A 
and B, resulting in four different factor combinations (1A, 1B, 2A, 
2B). Each heterogenized experiment was thus composed of mice 
that were kept and tested in four different ways.

Interestingly, this simple form of systematic environmental vari-
ation was sufficient to guarantee almost perfect reproducibility of 
behavioral strain differences between replicate experiments within 
a single laboratory72 (but see also refs. 77–79). Between labora-
tories, however, the observed improvement was not as strong as 
in the single-lab situation76. Although heterogenization improved 
reproducibility compared to standardization, differences in the 
size and direction of strain effects occurred in both experimental 
approaches. Thus, despite the increasing awareness of reproduc-
ibility problems, the experimental design of animal experiments 
is still in need of refinement. While the strict homogenization of 
experimental conditions obviously does not cure poor reproduc-
ibility and translational failures, it is still not clear which types of 

systematic heterogenization may improve the situation and how 
this approach can be transferred into practice

Richard Paylor suggested splitting experiments into small 
batches of animals that are tested some time apart instead of test-
ing them all at once in just one large batch80. The underlying idea 
here is very close to the proposed concept of systematic hetero-
genization. Because each single small batch is supposed to rely 
on a unique time-dependent constellation of environmental and 
testing conditions, combining several “mini-experiments” in one 
big experiment is assumed to mimic a multi-laboratory situation 
within a single experiment and therefore to result in findings that 
are more robust. The approach reflects a kind of “systematic hetero-
genization over time” or “batch heterogenization” (Fig. 2). This is 
also in line with findings from computational approaches that have 
identified and ranked sources of variability in nociceptive responses 
in mice, showing that both season and time of day greatly influ-
ences the outcome measures81,82. Similarly, Karp and colleagues 
conducted an analysis of data from phenotyping studies, showing 
that batch (i.e., the time point of testing) explains about a quarter 
of the observed variation in mouse phenotypes83.

Furthermore, the experimenter has been shown to be one of 
the most important factors influencing the outcome of an experi-
ment57,81,82. Precisely what differentiates the experimenters 
between studies remains unknown, but recent work has shown that 
even the gender of the experimenter can affect baseline responses 
in behavioral testing to a significant extent84. Involving multiple 
experimenters for testing, instead of using only one, may suffice 
to make the study populations more representative and therefore 
less prone to variation between studies. Alternatively, genetic 
rather than environmental variation may represent a promising 
strategy to increase the external validity and the reproducibility of 
research findings. Because genetic background has been found to 
strongly modulate mutant phenotypes85, the systematic variation of  
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FIGURE 2 | Systematic heterogenization over time (“batch heterogenization”). Batch heterogenization aims to split experiments into small batches of animals 
that are tested some time apart (heterogenized design) instead of testing them at once in just one large batch (standardized design). Combining these 
“mini-experiments” in one big experiment is then assumed to increase representativeness of the whole study population, resulting in findings that are more 
reproducible between experiments and laboratories.
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different strains or genotypes within a single study may also con-
tribute to increased generalizability. Testing these different strate-
gies will reveal whether such minor variations are indeed sufficient 
to significantly improve the reproducibility of research findings, 
especially in the context of behavioral phenotyping studies3.

Conclusions
Poor reproducibility and translational failures in animal experi-
mentation can be attributed to deficiencies on many different levels. 
While most researchers have linked these problems to poor experi-
mental design and conduct, poor reporting standards, and animal 
welfare constraints, they may also result from strict homogenization 
regimes that are widely practiced in biomedical research. Instead, 
a systematically heterogenized experimental approach that takes 
biological variation into account might help to improve representa-
tiveness of study populations and contribute to improved external 
validity and reproducibility of research findings. However, despite 
some first efforts toward heterogenized experimental strategies, 
there is still no “golden solution” for the conduct of single labora-
tory experiments, highlighting the need for further improvement 
strategies and innovative research approaches.
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