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Central Limit Theorem: 
Given sufficiently large random samples from a population with 
a finite level of variance, the mean of all samples from the same 
population will be approximately equal to the mean of the 
population. 

https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwj6oLS68rXgAhUNfFAKHUFZDRMQjRx6BAgBEAU&url=https://en.wikipedia.org/wiki/Francis_Galton&psig=AOvVaw2zCvewJG93LDhvwI0fYMkE&ust=1550050555770384
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjoiO3sybbgAhUF4YUKHeBiBuoQjRx6BAgBEAU&url=https://en.wikipedia.org/wiki/Aleksandr_Lyapunov&psig=AOvVaw2IAnULtTeSf12Ot2kC4YNp&ust=1550073903338822
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwij3IWs8rXgAhWLZVAKHVTODjcQjRx6BAgBEAU&url=https://fineartamerica.com/featured/abraham-de-moivre-granger.html&psig=AOvVaw1IiP_QPCUeYOmSz0SdBLDC&ust=1550050512496523


Inference about Population Parameters 

E(Y) 

Y 

Popolation 

Sample 

Central Limit Theorem: 
Given sufficiently large random samples from a population with 
a finite level of variance, the mean of all samples from the same 
population will be approximately equal to the mean of the 
population. 

https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwj6oLS68rXgAhUNfFAKHUFZDRMQjRx6BAgBEAU&url=https://en.wikipedia.org/wiki/Francis_Galton&psig=AOvVaw2zCvewJG93LDhvwI0fYMkE&ust=1550050555770384
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjoiO3sybbgAhUF4YUKHeBiBuoQjRx6BAgBEAU&url=https://en.wikipedia.org/wiki/Aleksandr_Lyapunov&psig=AOvVaw2IAnULtTeSf12Ot2kC4YNp&ust=1550073903338822
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwij3IWs8rXgAhWLZVAKHVTODjcQjRx6BAgBEAU&url=https://fineartamerica.com/featured/abraham-de-moivre-granger.html&psig=AOvVaw1IiP_QPCUeYOmSz0SdBLDC&ust=1550050512496523


Bias: where does it come from? 
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Genotype × Environment 

Popolation: «Laboratory Mice» 
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Genetics of Mouse Behavior: Interactions with Laboratory Environment 
Crabbe et al. (1999): Science, 284, 1670-1672. 

G × E Interactions: Lab differences despite standardization 

Standardization: 
«We went to extraordinary lengths 
to equate test apparatus, testing 
protocols, and all possible features 
of animal husbandry» 
 
Variables explicitly equated across laboratories included: 
apparatus, exact testing protocols, age of shipped and 
laboratory-reared mice, method and time of marking 
before testing, food, bedding, stainless steel cage tops, 
four to five mice per cage, light/dark cycle, cage changing 
frequency and specific days, male left in cage after births, 
culling only of obvious runts, postpartum pregnancy 
allowed, weaned at 21 days, specific days of body weight 
recording, and gloved handling without use of forceps. 
Unmatched variables included local tap water, 
requirement of filters over cage tops in Portland only, 
variation of physical arrangement of colonies and testing 
rooms across sites, different air handling and humidity, 
and different sources of batches of cocaine and alcohol. 
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Bias: where does it come from? 
 
Genotype 
 
Environment 
 
Genotype × Environment 

Trait 

Environmental parameter X 

E(Y)X1 

E(Y)X2 

Trait 

Environmental parameter X 

Reaction Norm: 
 
Function describing the relationship between 
a specific environmental parameter and the 
expected value for a specific trait for one 
genotype. 
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Multi-Laboratory Studies: Incorporating environmental variation 

N=20 
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Multi-Laboratory Studies: Incorporating environmental variation 

total N=20 
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Multi-Laboratory Studies: Incorporating environmental variation 
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Multi-Laboratory Studies: how much can we gain? 

Voelkl et al. (2018). PLoS Biol, 16: e2003693. 

Simulated sampling from 
real-world data: 

Set Treatment Measure # Studies Disease 

1 tPA Infarct Volume 57 Stroke 

2 Trastuzumab RX since Xmm3 58 Breast Cancer 

3 FK506 Infarct Volume 31 Stroke 

4 Rosiglitazone2 Infarct Volume 21 Stroke 

5 IL1-RA Infarct Volume 36 Stroke 

6 Hypothermia Infarct Volume 98 Stroke 

7 Cardiosphere DC EF (%) 35 Myocard Infarct 

8 Tirilazad Infarct Volume 17 Stroke 

9 Estradiol Infarct Volume 24 Stroke 

10 Human MSC Infarct Volume 26 Stroke 

11 MK801 Infarct Volume 30 Stroke 

12 TMZ Volume 26 Glioma 

13 Ckit CSC EF (%) 25 Myocard Infarct 

14 Rat BMSC Infarct Volume 25 Stroke 
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Multi-Laboratory Studies: how much can we gain? 

N=12 

N=24 

N=48 

Multi-laboratory designs including as few as 2 to 4 laboratories increased coverage 
probability by up to 42 percentage points without a need for larger sample sizes. 

Result: 



Voelkl & Würbel (2016): Trends Pharmacol. Sci. 37, 509-510. 

Lab Environment 

E(Y) 

X1 X2 

CIHeterogenized 

CIStandardized 
CIReplicateStudy 

X1(Heterogenized) 
X1(Standardized) 

The Standardization Fallacy 

Resultst of highly standardized studies are less likely to be reproduced 
than results of heterogeneous (diversified) studies. 

«Excessive standardization of every 
aspect of the testing environment 
will lead to idiosyncratic results 
that cannot be reproduced under 
even slightly different conditions.» 



 
Highly standardized single-laboratory studies are a source of poor reproducibility 
because they ignore biologically meaningful variation. 
 
Multi-laboratory studies (and other ways of creating more heterogeneous study 
samples) provide an effective means of improving the reproducibility of study 
results. 
 
This is crucial to prevent wasting animals and resources for inconclusive research. 
 

Multi-center trials, heterogeneity of study samples and 
external validity 

Conclusion: 
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