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Environmental standardization: cure or
cause of poor reproducibility in animal

experiments?

S Helene Richter!2, Joseph P Garner® & Hanno Wiirbel!

It is widely believed that environmental
standardization is the best way to guarantee
reproducible results in animal experiments. However,
mounting evidence indicates that even subtle
differences in laboratory or test conditions can lead
to conflicting test outcomes. Because experimental
treatments may interact with environmental
conditions, experiments conducted under highly
standardized conditions may reveal local ‘truths’ with
little external validity. We review this hypothesis here
and present a proof of principle based on data from

a multilaboratory study on behavioral differences
between inbred mouse strains. Our findings suggest
that environmental standardization is a cause

of, rather than a cure for, poor reproducibility

of experimental outcomes. Environmental
standardization can contribute to spurious and
conflicting findings in the literature and unnecessary
animal use. This conclusion calls for research

into practicable and effective ways of systematic
environmental heterogenization to attenuate these
scientific, economic and ethical costs.

Reproducibility is crucial to all laboratory research, espe-
cially in animal research where the lives of the animals are
highly valuable. For example, the US animal care and use
regulations require scientists not to “unnecessarily dupli-
cate previous experiments” 2. This explicitly assumes
that results of animal experiments are reproducible in
different laboratories and that duplication therefore
represents unnecessary animal use. To guarantee repro-
ducibility of experimental outcomes, laboratory animal
science textbooks advise experimenters to standardize
the conditions of their experiments. Standardization
here refers to “the defining of the properties of any given
animal (or animal population) and its environment”
and is recommended to “increase the reproducibility of
group mean results from one experiment to another”,

thereby “improv[ing] comparability of results within
and between laboratories”. Although ‘the defining of
the properties’ does not necessarily implicate identi-
cal environmental conditions for all animals within an
experiment, environmental standardization is generally
equated with such environmental homogenization. Thus,
standardization renders animals within experiments
more homogenous.

Standardization, test sensitivity and reproducibility
By reducing variation in the data, environmental stan-
dardization increases test sensitivity’. Because higher test
sensitivity allows a reduction of sample size, standard-
ization is promoted for ethical reasons also in view of
reducing animal use*>. That environmental standard-
ization also increases the reproducibility of results has
never been formally tested and can be repudiated on two
counts. First, test sensitivity alone does not guarantee
reproducibility of a result, not least because increasing
test sensitivity increases the risk of false positive results®.
Second, reproducibility is not determined by variation
within experiments (as measured by sensitivity) but by
variation between experiments.

Environmental standardization between experiments
and laboratories aims to avoid such between-experiment
variation®”8, But many environmental factors (for exam-
ple, staff, room architecture and noise) cannot be equal-
ized between laboratories so that different laboratories
inevitably standardize to different local environments’.
To be reproducible across laboratories, experimental
results would therefore have to be applicable to at least
the range of environmental conditions covered by such
inherent laboratory differences. The “applicability of
a result to other conditions, populations or species” is
termed ‘external validity’!®!!. It refers to the robustness
of a causal relation outside the narrow circumstances in
which it was established!? and thus defines the extent to
which a result can be generalized. The same authors that
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recommend standardization to increase reproducibility of results
state that experimental results only hold for the conditions under
which the experiment has been carried out, and that one can therefore
not be sure whether the results can be generalized®!3. Nonetheless,
rigorous standardization is reccommended because any limitation of
generalization of results owing to standardization is considered to
be negligible®®,

Several studies on behavioral differences between inbred or mutant
mouse strains cast serious doubt on this view. Thus, despite extraor-
dinary efforts to equalize husbandry and test conditions across three
laboratories, one study’ found that some strain differences in com-
mon behavioral tests were poorly reproducible. Similar results were
found in several other multilaboratory studies'4!° and in multifac-
torial analyses of large datasets within laboratories?»?! and between
laboratories?? as well as in many single-laboratory studies>*=’. These
findings indicate that even very subtle differences between laboratory,
housing or test conditions can lead to conflicting test outcomes and
raise the question as to whether standardization is the appropriate
approach to resolve this problem.

Is standardization really the answer?

Conflicting findings between replicate studies have led to an extensive
debate about standardization from which two opposing views have
emerged, namely (i) that more rigorous environmental standardiza-
tion will resolve the problem of poor reproducibility®?#-3% and (ii)
that standardization itself is the cause of this problem®3! (see also
H. Wiirbel and J.P. Garner, Refinement of rodent research through
environmental enrichment and systematic randomization; http://
www.nc3rs.org.uk/news.asp?id=395).

The latter is supported by the study of phenotypic plasticity. Most
biological traits exhibit environment-dependent plasticity®?, result-
ing in different phenotypic expressions (or states) depending on an
animal’s environmental background (its life history). The interaction
between an experimental treatment and the animals’ environmental
background may therefore result in treatment effects that are idiosyn-
cratic to that environmental background”-?4?*, This is illustrated by
the analysis of a large data archive on differences in thermal nocicep-
tion between 40 strains of mice, which showed that only 27% of the
variation in the data was due to strain (that is, genotype), whereas
42% was due to environment and 18% to interactions between strain
and environment?’. Therefore, the external validity of experimental
outcomes inevitably decreases with increasing environmental stan-
dardization, that is, when the range of phenotypes represented in the
study population becomes narrower.

Because many environmental factors resist standardization
between laboratories®, animals within laboratories will be more
homogenous than animals between laboratories when environmen-
tal conditions are standardized. We therefore predict that increasingly
rigorous environmental standardization within laboratories will pro-
duce results that are increasingly distinct between laboratories and
hence less reproducible. This has been referred to as the ‘standard-
ization fallacy’>!. Environmental standardization could therefore
be a major cause of spurious results and conflicting findings in the
scientific literature. Instead of environmental standardization, we
propose that systematic environmental variation would improve the
reproducibility of results, as long as the animals are ‘matched’ such
that for each treatment animal, a control animal is selected from the
same microenvironment (such as ‘matched pairs’ designs typical in
human research). Thus, systematic environmental variation renders
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the animals within experiments more heterogeneous, which should
increase the external validity of the results, without confounding that
variation with variation owing to treatment. This prediction is par-
ticularly powerful because it contradicts current dogma in laboratory
animal science, but it is difficult to test because the same experiment
cannot be performed twice with the same animals.

Testing standardization against heterogenization

To solve this problem, we adopted a subsampling approach, essen-
tially simulating two different experimental designs using data from
the same real animals. We used previously published data'® from 432
female mice of two inbred strains (C57BL/6], DBA/2) and one hybrid
strain (B6D2F1) that had been tested for behavioral strain differences
in a multilaboratory study involving three different laboratories. Each
laboratory had ordered three independent batches of mice that were
housed in either enriched or unenriched cages (balanced across strain
and batch). The resulting 18 cohorts (1 = 8 mice per strain and per
cohort) were each standardized for a unique combination of labora-
tory, batch and housing condition (Fig. 1), reflecting usual differences
between replicate studies. They were thus treated as 18 replicates of a
standardized experiment. These were compared with 18 replicates of
a heterogenized experiment, each composed of 8 matched triplets of
mice of the three strains that were pseudo-randomly selected from 8
different standardized replicates to mimic systematic environmental
heterogenization (Fig. 1). Thus, we selected mice to either minimize
(‘standardized’ replicates) or maximize (‘heterogenized’ replicates)
environmental variation within replicates. To ensure that any effect
was due to how, rather than which, mice were sampled, we assigned
each mouse to one standardized and one heterogenized replicate,
and we performed identical statistical analyses on standardized and
heterogenized replicates. For the analysis, we selected five typical
measurements from each of four behavioral tests that are commonly
used, for example, in drug screening or behavioral phenotyping of
mouse mutants (elevated O-maze test, open-field test, novel-object
test and Morris water maze; for details, see ref.16).

To examine the reproducibility of the results, we first determined
how variable the results were across the 18 replicate experiments. We
separately analyzed each of the two experimental designs (standard-
ization versus heterogenization) using the general linear model

y = strain + replicate + strain X replicate

to determine the Fratios of the ‘strain X replicate’ interaction term for
each of the 20 behavioral measures. The Fratio of the ‘strain X repli-
cate’ interaction is the test statistic for the null hypothesis that there
is no interaction effect. Under the null hypothesis that the effect of
strain is consistent across replicates, the F ratio should equal 1. Thus,
we analyzed these F ratios using the general linear model

y = experimental design + behavioral measure

(without an interaction term) to compare between-replicate variance
between standardization and heterogenization across all 20 behav-
ioral measures. To meet the assumptions of parametric analysis, we
graphed and examined residuals of all behavioral measures for nor-
mal distribution, homoscedasticity and outliers, and transformed the
data using angular, square-root or logarithmic transformations as
necessary. The variance between replicate experiments was signifi-
cantly greater in standardized replicates compared to heterogenized
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replicates (P < 0.001), indicating that stan-
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ity of the results (Fig. 2).

To examine further whether this finding
was associated with a higher incidence of
spurious results in standardized replicates,
we assessed the rate of ‘false positive’ (type
I error rate o) results. Thus, we established
the ‘true’ strain differences by pooling all 432
mice (1 = 144 mice per strain), regardless of
laboratory, batch and housing condition.
The pooled data reflected the ‘true’ strain
differences in the sense that they provide the
best estimate of what on average different
laboratories would have found. Considering
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Figure 1 | Study design. In this study, 432 female mice (represented by squares) of three strains
(C57BL/6J, DBA/2, B6D2F1), distributed across three laboratories, three batches per laboratory and two
housing conditions (U, unenriched cages and E, enriched cages), were allocated to 18 standardized and
18 heterogenized replicate cohorts. Examples of one standardized (red squares) and one heterogenized
replicate (blue squares) are displayed. Note that the heterogenized cohorts were selected such that
each mouse was matched with two mice of the other two strains from the same environment.

that results of animal experiments should be
reproducible across different laboratories,
this was the best way of estimating the ‘true’ strain differences for
the purpose of testing our hypothesis. Thus, we used the pooled data
to calculate the overall strain differences for all 20 behavioral mea-
sures. Strain differences in the pooled data and in each standardized
and heterogenized replicate were calculated using one-way ANOVA
with strain as fixed factor and Tukey’s honestly significant difference
post-hoc test. Of the 60 strain comparisons, 47 yielded significant
differences (P < 0.05), whereas the remaining 13 comparisons were
not significant. We considered a result to be a ‘false positive’ when
two strains differed significantly (P <0.05) in a replicate where there
was no significant difference in the pooled data. A ‘false positive’
result therefore reflects an idiosyncratic outcome of a single replicate
experiment. Indeed, we found that standardized replicates produced
9.4% ‘false positive’ results (22/234 results), compared to only 1.3%
(3/234 results) among heterogenized replicates (Fig. 3a), indicat-
ing that standardization increases the rate of idiosyncratic results.
Moreover, in contrast to heterogenized replicates, the rate of ‘false
positive’ results in standardized replicates was significantly higher
than expected by chance alone (P < 0.001) (Fig. 3a), indicating that
standardization may introduce a systematic source of false positive
results. We thus examined whether this was merely a statistical arti-
fact or a biologically meaningful effect.

The likelihood of obtaining a ‘false positive’ result depends on the
statistical power of the analysis®. Because we expected environmental
heterogenization to increase variation in the data within replicates, we
also expected statistical power to be lower in heterogenized replicates.
We therefore needed to make sure that the above finding was not an
artifact caused by the lower statistical power in heterogenized repli-
cates. Thus, we determined the rate of ‘false negative’ results (type I
error rate, 3), which is inversely related to statistical power (1 —[3). We
considered a result to be a ‘false negative’ when two strains failed to
differ significantly in a replicate when there was a significant differ-
ence in the pooled data (P < 0.05). Owing to the small sample sizes of
individual replicates (# = 8 mice per strain) compared to the pooled
data (n = 144 mice per strain), the rate of ‘false negative’ results was
relatively high. As expected, we found 58.2% ‘false negative’ results
(492/846 results) among standardized replicates, compared to 69.6%
(589/846 results) among the heterogenized replicates (Fig. 3b), indi-
cating that statistical power was higher in standardized replicates.
This could mean that the lower rate of ‘false positive’ results among
heterogenized replicates indeed reflects the reduced probability of
detecting significant differences.

Therefore, we reanalyzed all heterogenized replicates using a
relaxed significance level of P < 0.1 (instead of P < 0.05) to equal-
ize statistical power between standardized and heterogenized repli-
cates. The relaxed significance level reduced the rate of ‘false negative’
results to that found in standardized replicates, confirming equal sta-
tistical power (Fig. 3b). Despite equalizing statistical power, however,
the rate of ‘false positive’ strain differences remained significantly
lower in heterogenized replicates and was not higher than expected
by chance alone (Fig. 3a), confirming that these findings were not
artifacts produced by lower test sensitivity. This demonstrates that
environmental standardization introduces a systematic source of
idiosyncratic results above that expected by chance alone and thus
inherently fails to guarantee reproducible results.

The importance of environmental heterogenization

Our findings are based on three specific strains of female mice
and 20 specific measures of behavior. House mice (from which
laboratory mice are derived) are known for their remarkable
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Figure 2 | Variance between replicate experiments. Variance is displayed
in terms of the mean F ratio (+s.e.m.) of the strain x replicate interaction
terms for all 20 behavioral measures, and was calculated separately for
the two experimental designs (standardization versus heterogenization).
Standardization resulted in significantly higher between-replicate variance
compared with heterogenization (f, ;4 = 40.331, ***P < 0.001). Each
replicate was based on n = 8 mice per strain.
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phenotypic plasticity>?, which allowed them to successfully follow
humans around the globe** and also predestined them to become
laboratory animals. Moreover, behavioral traits are naturally more
plastic than most other phenotypic traits. Whether our findings
generalize to other populations and species, and to other outcome
measures, are empirical questions. As a proof of principle, however,
these findings demonstrate that environmental standardization may
compromise the reproducibility of behavioral strain differences by
systematically increasing the incidence of results that are idiosyncratic
to study-specific environmental conditions. This is likely due to non-
additive interactions between genotype and environment resulting
in local ‘truths’ with little external validity®3!. Our results may even
underestimate the true extent of the problem as test sensitivity of
individual replicates was rather low because of small sample sizes.
Furthermore, our findings demonstrate that the reproducibility of
results may be improved, and spurious results avoided, by introduc-
ing adequate environmental heterogenization into the experimental
design. A recent literature survey on the stability of inbred mouse
strain differences in behavior and brain size between laboratories and
across decades underscores the importance of our finding. Although
strain differences in some measures (for example, alcohol preference
and locomotor activity) were fairly robust, others (such as social
behavior and measures of anxiety) varied inconsistently between lab-
oratories and across decades?. The latter represent spurious results
that could possibly have been avoided by systematic environmental
heterogenization, without compromising the detection of robust
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Figure 3 | False positive and false negative rate. (a) False positive rate (%)
with respect to ‘true’ strain differences in the pooled data was significantly
lower in heterogenized replicates (Wilcoxon signed-rank test, one-tailed, Z
=-2.24, *P =0.016), even with a critical o of o = 0.01 for heterogenized
replicates to equalize statistical power (Z=-1.80, *P = 0.033). Moreover,
false positive rate in standardized replicates was significantly higher

than expected by chance (binomial test, c.i. > 95%, P < 0.001). Dashed
lines denote the expected false positive rate derived from the binomial
distribution, whereby the probability of false positives was corrected for
multiple testing (three strain comparisons per test measure) using the
formula 1- (1 - 0)1/3 to maintain family-wise error rates of 0.05 or 0.1,
respectively. The light, wide bars mark the upper bounds of the confidence
intervals above which the false positive rate was significantly higher than
the expected rate. (b) False negative rate (%) was significantly lower in
standardized replicates (Wilcoxon signed-rank test, two-tailed, Z=-3.56,
***P < 0.001), indicating higher statistical power (power = 1 - B).
Statistical power was equalized by using a relaxed critical o of oo = 0.01 for
heterogenized replicates (Z=-0.45, P = 0.333, not significant).

strain differences. Systematic environmental heterogenization might
therefore greatly reduce the incidence of conflicting findings in the
literature.

Notably, exactly the same proposal has been made with respect to
genetic variation; the Banbury Conference on genetic background in
mice recommended introducing systematic genetic variation into the
analysis of mutant mice to increase the reproducibility of phenotypic
effects®. Similarly, van der Staay suggested'® “an alternative approach
to increase reproducibility and generalizability, but not necessarily
intragroup variation®, is to use samples from a heterogeneous stock
or from a mosaic population.” Based on theoretical considerations as
well as our present findings, we propose to extend the same logic to
environmental variation and replace environmental standardization
by systematic and controlled environmental heterogenization.

Future directions

Our findings have important implications for behavioral screening
studies such as mutant mouse screens, drug screening and toxicology
tests. However, as a proof of principle, their importance may reach far
beyond behavioral animal research. Poor reproducibility and a lack
of external validity owing to site-, study- and sample-specific idiosyn-
crasies occur throughout laboratory research from mass spectrom-
etry proteomic profiling®” to the social and behavioral sciences®®°.
By increasing the risk for spurious results, standardization may cre-
ate scientific uncertainty in many areas of laboratory research. This
generates a need for replicate studies, which causes unnecessary
economic costs and, with respect to animal research, undermines
the ethical goal of reducing animal use by increasing test sensitivity.
Systematic heterogenization of study populations or samples could
attenuate these scientific, economic and ethical costs.

Further research is needed, however, to transfer the principle pre-
sented here into practice. It would be neither practicable nor effi-
cient to design all animal experiments as multilaboratory studies.
What is needed are methods for within-laboratory heterogenization
resulting in populations that better represent the range of environ-
mental variation between laboratories. The age of the animals and
various aspects of their housing conditions (for example, cage size,
type of enrichment and group size) are promising variables in this
respect. Systematic variation of these variables is practicable and
compatible with most studies, and all variables mentioned above
have demonstrated effects on a wide range of potential outcome
measures??440-47 Combined with targeted experimental designs
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(for example, matched-pairs, split-plot or randomized block designs)
and adequate analytical techniques (for example, matching, block-
ing, stratification and partialling), environmental heterogenization
may be implemented in systematic and controlled ways, and with-
out reducing test sensitivity and statistical power®¢. Environmental
heterogenization might thus contribute to the refinement of animal
experimentation in the best of meanings of the three ‘R’ (reduction,

refinement and replacement) concep

48,
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