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Rigor
Scientific rigor is the "strict application of the scientific method to ensure robust 
and unbiased experimental design, methodology, analysis, interpretation and 
reporting of results".

“Rigor does not guarantee that a study can be replicated [or reproduced and verified] 
but conducting a study with rigor - with a well-thought-out plan and strict adherence 
to methodological best practices - makes it more likely.”

National Institutes of Health. 2019. Rigor and Reproducibility in Grant Applications. 
https://grants.nih.gov/policy/reproducibility/guidance.htm
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Reproducibility and Replicability 
A National Academies of Sciences report utilizes the following working definition for 
reproducibility and replicability: 

"Obtaining consistent results using the same input data; computational steps, 
methods, and code; and conditions of analysis. This definition is synonymous with 
'computational reproducibility’”.

“Disqualifying reproducibility criteria include nonpublic data and code, inadequate record 
keeping, nontransparent reporting, obsolescence of the digital artifacts, flawed attempts to 
reproduce others’ research, and barriers in the culture of research.”

““Replicability” refers to instances in which a researcher collects new data to arrive at the 
same scientific findings as a previous study.”

National Academies of Sciences, Engineering, and Medicine. (2019). doi.org/10.17226/25303.
Yu et al. (2024) eLife. doi.org/10.7554/eLife.82268. 



INDIANA UNIVERSITY BLOOMINGTON

Verifiability
Verifiability subsumes, but goes beyond, reproducibility. 

That is, a study is said to be verifiable, and to have been verified, when: (a) the 
study is reproducible, and the results have been reproduced; and (b) a 
determination is made that the methods used to generate the results are valid 
methods and that the interpretations validly and logically follow from the 
obtained results.
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Stability
Stability reflects an aspect similar to sensitivity analysis but focuses more on 
the methodological approach. It examines whether a reasonable minor alteration 
in the analytic approach yields a markedly different answer. 

For example, this includes assessing how outlier removal affects conclusions; the 
effects of using transformations or non-parametric statistics if model residuals do not 
seem normal; using different adjustment variables, and so on.
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Transparency
Complete disclosure of the methods used, the 
procedures for selecting those methods, and the 
results obtained, including the underlying data, to 
reveal the ‘whole truth’.

Transparency encompasses sufficient clarity that 
enables a competent investigator to both reproduce 
and replicate the study.

Siddique … & Allison. Hidden: A Baker's Dozen Ways In Which The Scientific Community Falls Short Of And Can Better Fulfill 
Einstein's Principle of The Whole Truth (manuscript in preparation)
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An example of improving rigor: Developing a 
valid statistical test for “maximum lifespan”

• Comparing “average” (mean or median) lifespan vs. 
"maximum" lifespan

• Conditional t-test, which is often used to compare 
means is invalid in terms of Type I error rate.

• We have proposed more rigorous tests based on 
quantile regression to compare maximum lifespan:
o Wang-Allison test: compares the proportion of animals 

reaching the threshold (e.g., 90th percentile of life 
span) between treatment groups.

o Gao-Allison maximum lifespan test: Compares the 
treatment groups on the likelihood to live past the old age 
threshold and the magnitude of how long the individuals 
lived past the threshold.
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Example of poor rigor
Using a single example as "proof of principle" without considering the 

stochastic component of statistical analysis.

o High-profile journals’ need to include real data examples in 
manuscripts in general, particularly those with desirable findings, is 
not always necessary (scientifically unsound) and may have adverse 
implications.

o Researchers might selectively publish examples that show their 
method in the most favorable context, ignoring less favorable 
findings.

o Simulation: Haseman-Elston (HE) vs. weighted Haseman-
Elston (wHE) tests.

• Both tests are valid under H0 but wHE is more powerful than HE under 
H1 ([wHE = 68% power] > [HE = 53% power] at 5% level of significance).

• HE test produced a lower p-value: more significant result than wHE test for at least 
29% of the generated data sets.

“These data suggest that had Wang and Elston been required to vet their new method by showing 
that it produced more significant results than the older method, with realistic data sets, there 
would have been roughly a 30% chance of finding that the newer method produced less 
significant results, perhaps leading a naive reader to conclude that the new method was not 
really more powerful.” (Williams K.Y. et al (2011)) Figure: Results (p-values) from analysis of 1,000 simulated data sets analyzed 

with the original Haseman-Elston (HE) method and a newer weighted Haseman-
Elston method.

• Jiang, N., Gelfond, J., Liu, Q., Strong, R., & Nelson, J. F. (2024). The Gehan test identifies life-extending compounds overlooked by the log-rank test in the NIA Interventions 
Testing Program: Metformin, Enalapril, caffeic acid phenethyl ester, green tea extract, and 17-dimethylaminoethylamino-17-demethoxygeldanamycin hydrochloride. bioRxiv, 
2024-02.

• Williams, K. Y., Yoo, Y. J., Patki, A., & Allison, D. B. (2011). Real data examples in statistical methods papers: Tremendously valuable, and also tremendously 
misvalued. Statistics and its interface, 4(3), 267.
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Failures and Successes in Research 
Rigor and Transparency

Methodological Errors:

Excellence in Transparency and 
Data Sharing:
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Exploring the Effects of Clustering and Cage 
Mate on Survival Time in the Interventions 
Testing Program (ITP) Effect of Clustering on Results

• We highlight that cages and clustering by cage 
were not accounted for in the original analysis, 
potentially leading to biased results.

Impact of Number of Cage Mates on Survival 
Time

• We used frailty Cox models with a time-
varying  covariate for the number of cage 
mates alive at any point.

• The number of cage mates alive was a highly 
significant predictor of survival time (p < 0.001).

https://doi.org/10.1007/s11357-023-01011-0
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Rigor in Lifespan Extension Intervention Studies
"Although differences in genetic background, age of 
treatment onset, husbandry, and dosing between 
the original study and the ITP cohorts may explain 
the failure to replicate, another potential factor is 
methodological rigor."

Questions are being raised about studies with 
control groups having shorter than average 
lifespans, whether these can exaggerate the 
perceived benefits of interventions and lead to 
irreplicable results.

https://doi.org/10.1101/2023.10.08.561459
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Classified research that generated data into 
categories
• Data are available in a repository 
• Data are available in a supplementary/supporting file(s) 

(e.g., a csv file)
• Data are included in the paper
• Data are available upon request
• There is an explicit statement that data will not be 

made available
• There is no statement about data in the paper
• Other
(Similar classification system for code)

Data Code
No statement 45% 90%
In repository 30% 6%
In supplemental files / in 
paper

35% 0.8%

On request 13% 1.3%
Not available 0.3% 0.5%
Other 1.8% 1.3%

135

68

Data

26

10

Code
2. Are data and code actually available?

Available

Not available

1. Are there data and code availability statements?Data and Code Sharing Practices in 
Research Funded by Nathan Shock 
Centers of Excellence in the Basic 
Biology of Aging

Vorland, Kramer, Hultquist, Escobar Velasquez, Allison, Brown. In Preparation.



INDIANA UNIVERSITY BLOOMINGTON

Pair-Feeding

Mean 
Food Intake 

Ad libitum Pair-feed Ad libitum Pair-feed

Group Pair-Feeding Individual Pair-Feeding

• Pair-feeding violates the independence assumptions, that the independent variable and 
the covariate must be independent from each other.

Work in progress
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Compression of Morbidity
Curve Squaring vs Compression of Morbidity Healthspan vs Compression of Morbidity

4- Extension of Health Span with No Compression or Expansion of Morbidity

Squaring of Group Survival Curve

Group Survival Curve
Averaged Within-subject Individual 
Health or Function Decline Curve

Squaring of Averaged Within-subject 
Individual Health or Function Decline Curve
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Additional Gaps & Topics We are Thinking About
1. Reliable biomarkers that predict lifespan and healthspan 

are needed.

2. Standardization of frailty measures is a big need.

3. Best methodologic practices for looking at mediation 
effects of variables that can only be measured with 
terminal measurements.

4. How to identify (separately estimate) how effects of 
interventions on longevity are affected by age at which 
the intervention is first received, duration for which the 
intervention is received, from age at which the effect on 
mortality rate is studied. https://www.cartoonstock.com/cartoon?searchID=CS136373 

https://www.cartoonstock.com/cartoon?searchID=CS136373
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Opportunity for More Rigor in Aging and Senescence 
Research
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“…let us take this path through the 
woods…”

~ Jean-Jacques Rousseau
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