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Raise standards for
Science in crisis (?)
preclinical cancer research
controversy is seen across the range of
research designs, from clinical trials
and traditional epidemiological studies
[1–3] to the most modern molecular
research [4,5]. There is increasing
concern that in modern research, false
findings may be the majority or even
the vast majority of published research
claims [6–8]. However, this should
not be
surprising. It can be proven
Essay
that most claimed research findings
are false. Here I will examine the key

As has been shown previously, the
probability that a research finding
is indeed true depends on the prior
probability of it being true (before
doing the study), the statistical power
of the study, and the level of statistical
significance [10,11]. Consider a 2 × 2
table in which research findings are
compared against the gold standard
of true relationships in a scientific
field. In a research field both true and
false hypotheses can be made about
the presence of relationships. Let R
be the ratio of the number of “true
relationships” to “no relationships”
among those tested in the field. R

Copyright: © 2005 John P. A. Ioannidis. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and
reproduction in any medium, provided the original
work is properly cited.
Abbreviation: PPV, positive predictive value
John
P. A.access,
Ioannidisfreely
is in theavailable
Departmentonline
of Hygiene
Open
and Epidemiology, University of Ioannina School of
Medicine, Ioannina, Greece, and Institute for Clinical
Research and Health Policy Studies, Department of
Medicine, Tufts-New England Medical Center, Tufts
University School of Medicine, Boston, Massachusetts,
United States of America. E-mail: jioannid@cc.uoi.gr

C. Glenn Begley and Lee M. Ellis propose how methods, publications and
Why Most
incentives must change if patients
are toPublished
benefit. Research Findings
Are False
2 9 8 | NAT U R E | VO L 4 8 5 | 1 7 M AY 2 0 1 2

E

The Essay section contains opinion pieces on topics
of broad interest to a general medical audience.

John P. A. Ioannidis

fforts over the past decade to
characterize the genetic alterations
in human cancers have led to a better
understanding of molecular drivers of this
complex set of diseases. Although we in the
cancer field hoped that this would lead to
more effective drugs, historically, our ability
to translate cancer research to clinical success has been remarkably low1. Sadly, clinical
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concern that in modern research, false
findings may be the majority or even
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the vast majority of published research
claims [6–8]. However, this should
not be surprising. It can be proven
that most claimed research findings
are false. Here I will examine the key

of the study, and the level of statistical
significance [10,11]. Consider a 2 × 2
table in which research findings are
compared against the gold standard
of true relationships in a scientific
field. In a research field both true and
false hypotheses can be made about
the presence of relationships. Let R
be the ratio of the number of “true
relationships” to “no relationships”
among those tested in the field. R

Open access, freely available online
Abbreviation: PPV, positive predictive value
John P. A. Ioannidis is in the Department of Hygiene
and Epidemiology, University of Ioannina School of
Medicine, Ioannina, Greece, and Institute for Clinical
Research and Health Policy Studies, Department of
Medicine, Tufts-New England Medical Center, Tufts
University School of Medicine, Boston, Massachusetts,
United States of America. E-mail: jioannid@cc.uoi.gr

Why Most Published Research Findings
Are False
The Essay section contains opinion pieces on topics
of broad interest to a general medical audience.

John P. A. Ioannidis
PLoS Medicine | www.plosmedicine.org

Summary

There is increasing concern that most
current published research findings are
• false. The probability that a research claim
is true may depend on study power and
bias,
• the number of other studies on the
same question, and, importantly, the ratio
of true
• to no relationships among the
relationships probed in each scientific
field.
• In this framework, a research finding
is less likely to be true when the studies
conducted in a field are smaller; when
effect sizes are smaller; when there is a
greater
• number and lesser preselection
of tested relationships; where there is
greater flexibility in designs, definitions,
outcomes, and analytical modes; when
there
• is greater financial and other
interest and prejudice; and when more
teams are involved in a scientific field
in chase of statistical significance.
Simulations
show that for most study
•
designs and settings, it is more likely for
a research claim to be false than true.
Moreover, for many current scientific
fields, claimed research findings may
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the field and can
vary a lot depending on whether the
field targets highly likely relationships
or searches for only one or a few
true relationships among thousands
and millions of hypotheses that may
be postulated. Let us also consider,
for computational simplicity,
circumscribed fields where either there
is only one true relationship (among
many that can be hypothesized) or
the power is similar to find any of the
several existing true relationships. The
pre-study probability of a relationship
being true is R⁄(R + 1). The probability
of a study finding a true relationship
reflects the power 1 − β (one minus
the Type II error rate). The probability
of claiming a relationship when none
truly exists reflects the Type I error
rate, α. Assuming that c relationships
are being probed in the field, the
expected values of the 2 × 2 table are
given in Table 1. After a research
finding has been claimed based on
achieving formal statistical significance,
the post-study probability that it is true
is the positive predictive value, PPV.

Research findings are
less likely to be true:
Several methodologists have
pointed out [9–11] that the high
The smaller the studies
conducted in a scientific field
rate of nonreplication (lack of
confirmation) of research discoveries
The smaller the effect
sizes in a scientific field
is a consequence of the convenient,
yet ill-founded strategy of claiming
The greater the number
and the lesser the selection of tested
conclusive research findings solely on
the basis of a single study assessed by
relationships in a scientific
field
formal statistical significance, typically
for a p-value less than 0.05. Research
The greater the flexibility
in designs, definitions, outcomes,
is not most appropriately represented
and summarized by p-values, but,
and analytical modes
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unfortunately, there is a widespread
notion that medical research articles
The greater the financial
and other interests and prejudices
in a scientific field It can be proven that
most claimed research
The hotter a scientificfindings
field (with
more scientific teams
are false.
involved)
should be interpreted based only on
p-values. Research findings are defined
here as any relationship reaching
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each relevant region(see Figure B2 below). FSL’s Featquery computes for each voxel the
% BOLD change in the data within the masks.

What are realistic eﬀect sizes for fMRI?

Figure B2: The distributions of the observed effect size estimates
and BOLD signal change
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Estimated from HCP task data
estimates for common experimental paradigms. The boxplot inside the
violins represent the
ScanningTheHorizon
using combined anatomical + neurosynth ROIs
interquartile range (first quartile to third quartile) and the white dot shows the median value.
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to pass a certain threshold — such as reaching statistical

•

“My result isn’t significant, so I need to add more
subjects…”

poldracklab.org

Percentage of False-Positive Results

4
Sample size
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Table 2. Simple Solutio
Publications

Minimum Sample Size
n ≥ 10
n ≥ 20
22.1%

20
17.0%

16.3%
15

14.3%

13.3%

12.7%
10.4%

11.5%

10
5
0
1

5

10

20

Number of Additional Per Condition
Observations Before Performing Another t Test
Fig. 1. Likelihood of obtaining a false-positive result when data collection
ends upon obtaining significance (p ≤ .05, highlighted by the dotted line). The
figure depicts likelihoods for two minimum sample sizes, as a function of the
frequency with which significance tests are performed.
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Contradicting this intuition, Figure 1 shows the false-positive rates from additional simulations for a researcher who has
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Data from Shine et al. (2013): fMRI changes associated with freezing in
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neuropowertools.org

ropower (www.neuropowertools.org)

Joke Durnez
poldracklab.org

Threats to reproducibilty: high dimensionality
Correlation between random simulated behavioral variable
and activation across 28 subjects
~220,000 voxels
p < 0.001
10 voxels cluster threshold

https://github.com/poldracklab/ScanningTheHorizon
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Need for statistical corrections
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Improvement: Insist on proper corrections

•

Nonparametric approaches are generally best
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Threats to reproducibility: Methodological flexibility

•

Using standard FSL
analysis options

•

69,120 possible
analysis workflows

Poldrack et al., submitted

Processing step

Reason

Options

Number of
plausible
options

Motion correction

Correct for head motion
during scanning

Interpolation [linear vs. sinc]
Reference volume [single vs.
mean]

4

Slice timing
correction

Correct for differences in
acquisition timing of
different slices

No/before motion
correction/after motion
correction

3

Field map
correction

Correct for distortion due
to magnetic susceptibility

Yes/No

2

Spatial
smoothing

Increase SNR for larger
activations and ensure
assumptions of Gaussian
random field theory

FWHM [4/6/8 mm]

3

Spatial
normalization

Warp individual brain to
match a group template

Method [linear/nonlinear]

2

High pass filter

Remove low-frequency
nuisance signals from data

Frequency cutoff [100, 120]

2

Head motion
regressors

Remove remaining signals
due to head motion via
statistical model

Yes/No
If Yes: 6/12/24 parameters or
single timepoint “scrubbing”
regressors

5

Hemodynamic
response

Account for delayed nature
of hemodynamic response
to neuronal activity

Basis function [singlegamma, double-gamma]
Derivatives
[none/shift/dispersion]

6

Temporal
autocorrelation
model

Model for the temporal
autocorrelation inherent in
fMRI signals.

Yes/no

2

Multiple
comparison
correction

Correct for large number of
comparisons across the
brain

Voxel-based GRF, Clusterbased GRF, FDR,
nonparameteric

4

Total possible
workflows

69,120

poldracklab.org
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On the plurality of (methodological) worlds: estimating the
analytic flexibility of fMRI experiments
Analytic flexibility in fMRI res
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How likely are published findings in the functional neuroimaging literature to be false?
According to a recent mathematical model, the potential for false positives increases with
the flexibility of analysis methods. Functional MRI (fMRI) experiments can be analyzed
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using a large number of commonly used tools, with little consensus on how, when, or
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maps from each pipeline were corrected for multiple comparisons using five thresholding
approaches, yielding 34,560 significance maps. While some outcomes were relatively consistent across pipelines, others showed substantial methods-related variability in activation
strength, location, and extent. Some analysis decisions contributed to this variability more
than others, and different decisions were associated with distinct patterns of variability
across the brain. Qualitative outcomes also varied with analysis parameters: many contrasts yielded significant activation under some pipelines but not others. Altogether, these
results reveal considerable flexibility in the analysis of fMRI experiments. This observation,
when combined with mathematical simulations linking analytic flexibility with elevated false
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Multiple comparison correction

•

Assessed latest 100 papers matching query for fMRI
activation studies

•
•
•

65 reported whole-brain activation data
Good news

•

only 3 papers reported uncorrected results

Bad news

•

11% of papers analyzed data using SPM/FSL but then
corrected for multiple comparisons using AFNI’s
alphasim/3dclustsim

•

Why is this a problem?
Poldrack et al., submitted
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Communal p-hacking?

•

smoothness differently compared to SPM and FSL. Also note
that AFNI uses higher order interpolation for motion correction and spatial normalization, which leads to a lower
smoothness compared to more common linear interpolation.
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Eklund et al. (2016, PNAS)

•

•

“a 15 year old bug was found in
3dClustSim while testing the
three software packages (the bug
was fixed by the AFNI group as of
May 2015, during preparation of
this manuscript). The eﬀect of the
bug was an underestimation of
how likely it is to find a cluster of a
certain size (in other words, the pvalues reported by 3dClustSim
were too low). “
AFNI also underestimated
smoothness due to long tails
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Fig. 11: Cluster extent thresholds (in cubic millimeters) for
SPM, FSL FLAME, AFNI and a permutation test, for a cluster
defining threshold of p = 0.01 and a familywise cluster error
rate of p = 0.05. The thresholds originate from two sample ttests (10 subjects per group) using the Beijing data (analyzed
with the E2 paradigm and 6 mm smoothing). Note that the
permutation threshold can only be directly compared with the
threshold from the FSL software, as first level results from
FSL were used for the non-parametric analyses.
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The garden of forking paths

Bishop, 2016
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Improvement: Study pre-registration

•
•

Register sample size and analysis plan up front
This does not prevent exploratory analysis

•

But planned and exploratory analyses must be clearly
delineated in the paper

http://www.russpoldrack.org/2016/09/why-preregistration-no-longer-makes-me.html
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Improvement: Mapping the garden
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Tracking every analysis
allows a full characterization of exploration
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Improvement: Quantifying “vibration of eﬀects”
Imaging
data

High-performance computing

Metadata

Dataset
Workflow 1
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Workflow 2

OpenfMRI
Workflow n

Test

Test
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reproducibility

Focusing on finding generalizable results,
rather than hitting the p<0.05 jackpot
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X-ray Structure of the EmrE
Multidrug Transporter in Complex
with a Substrate

Structure of MsbA from E. coli:
A Homolog of the Multidrug
Resistance ATP Binding Cassette
(ABC) Transporters

The increasing incidence of multidrug resistance
is a significant health problem
that
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has profoundly impacted the treatment of
infectious diseases and cancer. The World
Health Organization has recently reported
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Retraction

caused and, in particular, subsequent research efforts that were unproductive as a result of our original findings.

GEOFFREY CHANG, CHRISTOPHER B. ROTH,
CHRISTOPHER L. REYES, OWEN PORNILLOS,
YEN-JU CHEN, ANDY P. CHEN

Department of Molecular Biology, The Scripps Research Institute, La Jolla, CA 92037, USA.
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Small errors can have big eﬀects
# 23-class classification problem
skf=StratifiedKFold(labels,8)
if trainsvm:
pred=N.zeros(len(labels))
for train,test in skf:
clf=LinearSVC()
clf.fit(data[train],labels[train])
pred[test]=clf.predict(data[test])

Results:
93% accuracy

data[:,train]
data[:,test]

Results:
53% accuracy

http://www.russpoldrack.org/2013/02/anatomy-of-coding-error.html
poldracklab.org

CORRECTION

Correction: The Role of Conspiracist Ideation
and Worldviews in Predicting
ofConspiracist Idea
Correction:Rejection
The Role of
Science
and Worldviews in Predicting Rejection of
CORRECTION

Science

Stephan Lewandowsky, Gilles E. Gignac, Klaus Oberauer
Stephan Lewandowsky, Gilles E. Gignac, Klaus Oberauer

The dataset
included
two notable
age
outliersregarding
(reported
5 and
This Correction
is being published
to provide
a clarification
ethicalages
approval
for the32757).

inclusion of minors in this study, and to address concerns regarding the inclusion of age outliThis Correction is being published to provide a clarification regarding ethical approv
ers in the dataset and some analyses that were discovered by a reader. The authors thank the
Specifically, the statement on page
9 “age
turned
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not
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with any
of
inclusion
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to address
concerns regarding
the inclusion
of a
reader for drawing this problem to our attention. In addition, the authors discovered a slight
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is
incorrect.
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3 latent
indicator
(Vaccinations:
.219,
< .0001;
necessitatedwith
an update
of the fit
statisticserror
forvariables
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version
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article
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< .0001,
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that none of the conclusions in the article are affected by these changes. The authors a

Market: .08, p%.05).”

for these errors.

Ethics Statement addendum regarding inclusion of minors:

Ethics
Statement
inclusion of minors:
Several minors (age 14–17) were included
in the data
set for thisaddendum
study becauseregarding
this population
Several
minors (age
14–17)
included
in the This
data set for this study because this po
contributes to public opinions on politics
and scientific
issues
(e.g.were
in the
classroom).
contributes
to public opinions
onHealth
politicsand
andMedical
scientific issues (e.g. in the classroom).
project was conducted under the guidelines
of the Australian
National

In [1]: age=32757

In [2]: assert age>12 and age<120
-----------------------------------------------AssertionError
Traceback (most recent call last)
<ipython-input-2-37de876b5fda> in <module>()
----> 1 assert age>12 and age<120
AssertionError:

Improvement: The principle of assumed error

•

Whenever you find a seemingly good result (e.g. one
that fits your predictions), assume that it occurred due
to an error in your code

•

“The first principle is that you must not fool yourself and
you are the easiest person to fool” - R. Feynman

poldracklab.org

Improvement: Software testing and validation

•

Smoke tests and unit tests may be useful but are not
suﬃcient

•

For complex analyses:

•

Parameter recovery: Generate data for which the true
answer is known, and assess ability of code to recover
the correct answer

•

Randomization: Generate data for which the null
hypothesis of no relationship should be true on
average, and ensure that the observed false positive
rate is accurate (cf. Eklund et al., 2016, PNAS)

http://www.russpoldrack.org/2016/08/the-principle-of-assumed-error.html
poldracklab.org

Threats to reproducibility: Study reporting and transparency

•

In 22 of the 65 papers we analyzed for multiple
comparison procedures, it was impossible to identify
precisely which correction technique was used

•

beyond generic terms such as “cluster based
correction”

poldracklab.org

Improvement: Better study description

•

OHBM Committee on Best Practices in Data Analysis
and Sharing (COBIDAS) report

•
•

www.humanbrainmapping.org/cobidas/

In the future, tools may be able to automatically
generate standards-compliant methods text from a
nipype workflow

poldracklab.org

Improvement: Data Sharing

Potential for reuse

Included
in most papers
Aggregated and
annotated by NeuroSynth,
BrainMap, BrainSpell

NeuroVault

More

d
or
e

Less

y

REVIEW

OpenfMRI, fMRIDC, INDI, NKI
HCP, ADNI

Peak coordinates
Statistical maps
Raw data
Raw + preprocessed data

Scale of data/cost of sharing

s.

he

be found to be statistically significant23. The knowledge that data will
Poldrack & Gorgolewski, 2014
ultimately be shared provides an incentive for researchers to ensure
poldracklab.org
that they engage in research practices that will stand up to further

Improvement: Brain Imaging Data Structure (BIDS)

http://bids.neuroimaging.io
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Open sharing is associated with better science

Willingness to Share Research Data Is Related to the
Strength of the Evidence and the Quality of Reporting of
Statistical Results
Jelte M. Wicherts*, Marjan Bakker, Dylan Molenaar
Psychology Department, Faculty of Social and Behavioral Sciences, University of Amsterdam, Amsterdam, The Netherlands

Abstract
Background: The widespread reluctance to share published research data is often hypothesized to be due to the authors’
fear that reanalysis may expose errors in their work or may produce conclusions that contradict their own. However, these
hypotheses have not previously been studied systematically.
Methods and Findings: We related the reluctance to share research data for reanalysis to 1148 statistically significant results
reported in 49 papers published in two major psychology journals. We found the reluctance to share data to be associated
with weaker evidence (against the null hypothesis of no effect) and a higher prevalence of apparent errors in the reporting
of statistical results. The unwillingness to share data was particularly clear when reporting errors had a bearing on statistical
significance.
Conclusions: Our findings on the basis of psychological papers suggest that statistical results are particularly hard to verify
when reanalysis is more likely to lead to contrasting conclusions. This highlights the importance of establishing mandatory
poldracklab.org
data archiving policies.

Won’t I get scooped?

•

Maybe…

•
•

Howard Aiken

•
•

But online publication documents priority

“Don't worry about people stealing an idea. If it's
original, you will have to ram it down their throats.”

Gary King

•

“The thing that matters the least is being scooped.
The thing that matters the most is being ignored.”
poldracklab.org

Improvement: Sharing of analysis platforms

•

“an article about a computational result is
advertising, not scholarship. The actual scholarship is
the full software environment, code and data, that
produced the result.” - Buckheit & Donoho, 1995

•

The tale of myconnectome

poldracklab.org

Virtual machines as tools for reproducible science

poldracklab.org

Container computing: Docker

Virtual machines

Docker containers
poldracklab.org

Conclusions

•

We need to redesign the choice architecture of fMRI
methods so that it prevents rather than aﬀords
fooling ourselves

•

We will almost certainly have fewer successes and
more failures

•

But the resulting discoveries will have a greatly
likelihood of being true

poldracklab.org
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