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Abstract

Background: Functional magnetic resonance imaging (fMRI) studies have reported multiple activation foci associated with a
variety of conditions, stimuli or tasks. However, most of these studies used fewer than 40 participants.

Methodology: After extracting data (number of subjects, condition studied, number of foci identified and threshold) from
94 brain fMRI meta-analyses (k= 1,788 unique datasets) published through December of 2011, we analyzed the correlation
between individual study sample sizes and number of significant foci reported. We also performed an analysis where we
evaluated each meta-analysis to test whether there was a correlation between the sample size of the meta-analysis and the
number of foci that it had identified. Correlation coefficients were then combined across all meta-analyses to obtain a
summary correlation coefficient with a fixed effects model and we combine correlation coefficients, using a Fisher's z
transformation.

Principal Findings: There was no correlation between sample size and the number of foci reported in single studies
(r=0.0050) but there was a strong correlation between sample size and number of foci in meta-analyses (r=0.62, p<<0.001).
Only studies with sample sizes <45 identified larger (>40) numbers of foci and claimed as many discovered foci as studies
with sample sizes =45, whereas meta-analyses yielded a limited number of foci relative to the yield that would be
anticipated from smaller single studies.

Conclusions: These results are consistent with possible reporting biases affecting small fMRI studies and suggest the need
to promote standardized large-scale evidence in this field. It may also be that small studies may be analyzed and reported in
ways that may generate a larger number of claimed foci or that small fMRI studies with inconclusive, null, or not very
promising results may not be published at all.
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Introduction

Since the early 1990s, the use of functional magnetic resonance
imaging (fMRI) has become one of the best imaging instruments to
assess i vivo brain activity. Because the procedure does not require
contrast or expose the participants to radiation, the same
individual can be scanned repeatedly which alleviates ethical
concerns about giving research participants unnecessary scans and
safety concerns about repeated scans in clinical populations [1,2,3]
and resolves many practical issues associated with older functional
imaging techniques such as single photon emitted computed
tomography or positron emission tomography. This wide accep-
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tance has resulted in a proliferation of fMRI research studies and
elucidated regional activation networks associated with a variety of
behaviors, neuropsychiatric conditions and brain functions.
Consequently, in the last decade there has been an increasing
body of meta-analyses looking at these {MRI studies [1,2] with the
aim of reconciling contrasting or inconclusive results across each
finding. In particular, the availability of new whole-brain
techniques such as Activation Likelihood Estimation (ALE) [4]
or Signed Differential Mapping (SDM) [5] has prompted
researchers to test the significance of individual findings at the
meta-analytical level. Many fMRI research studies find significant
assoclations between activation of a large number of selected foci
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and the assigned stimuli or condition [6,7,8,9,10,11,12,13]. While
it is reasonable that particular regions of the brain are indeed
activated during a given task, it is also possible that positive
findings are more likely to be reported, either because investigators
are more likely to report them or because journals are more likely
to publish positive findings [14,15,16]. Our study probes whether
there is evidence of such bias in this important and rapidly
expanding literature.

A previous empirical evaluation of bias in region of interest
(ROI) studies of brain volume abnormalities [16] used an excess
significance test based upon observed and expected number of
studies with statistically significant results. It found that excess-
significance bias was present in this literature, i.e. too many single
studies had reported statistically significant results, beyond what
would be expected given their small, underpowered sample size,
even if brain volume abnormalities did exist. In the present
Investigation, we sought to examine potential bias in whole-brain
fMRI studies. Whole brain imaging studies rely on automated
analytical techniques and thus tend to be considered less affected
by selective reporting of results or publication biases. However this
has never been tested a priori. To evaluate bias in whole-brain
fMRI studies and the extent of potential over-reporting of
significant results we adopted an alternative approach as
compared to the previous study based on structural literature. In
contrast to the common unit of measurement in structural MRI
studies of brain volume, effect sizes for fMRI studies are reported
in a variety of ways (e.g., signal change, contrasts of parameter
estimates, < scores, and voxel counts, etc.) with limited data
repositories of standardized effect sizes for given paradigms.
Consequently, our approach was to first examine whether sample
size was correlated with the number of foci detected across 1,778
studies that had been included in 94 meta-analyses of whole-brain
fMRI. Our first hypothesis was that larger studies would be
expected to detect more foci than smaller studies, unless biases
tended to inflate the number of foci reported from published
smaller studies. Our second hypothesis was that the number of foci
would be smaller in single studies than in meta-analyses, unless
biases were present, in which case single studies would report more
foci than one would expect given their underpowered sample sizes.
Finally, we examined whether the use of different thresholds for
claiming the discovery of a focus may affect the number of claimed
foci, to determine if meta-analyses that used more lenient
thresholds identified a larger number of foci.

Methods
Search Strategy

We conducted a two-step literature search. First, we searched
on PubMed using the Boolean terms “functional magnetic
resonance imaging” and “brain” and “meta-analysis”. All papers
listed in PubMed English language papers prior to December 31,
2011 were included. In a second step we also searched the
bibliographies of Brain Map (http://brainmap.org/pubs/) and
SDM databases (http://sdmproject.com) (last search performed
on March 7, 2012). All eligible papers were included regardless of
date of publication. After an initial culling of ineligible and
duplicate articles, full texts were pulled for all potentially eligible
articles. These articles were then hand searched for inclusion
criteria and selected by two analysts independently (SPD & PFP),
with any discrepancies adjudicated until 100% rater agreement
was achieved. To achieve a high standard of reporting we have
adopted ‘Preferred Reporting Items for Systematic Reviews and
Meta-Analyses’ (PRISMA) guidelines [17] (see Figure 1 below).
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Many of the included papers conducted meta-analyses for more
than one condition (sub-meta-analyses). These sub-meta-analyses
were cach considered separately for inclusion in our study. In the
case where the same paper included both an overall meta-analysis
and separate sub-analyses for different conditions, the sub-analyses
were preferentially included (with the overall meta-analysis being
considered a duplicate and excluded). To further avoid inclusion
of overlapping data, when two meta-analyses included the same
subjects observed doing the same or very similar condition (e.g.,
included the same published study), we retained only the more
recent meta-analysis. The unique DOI or PMID was then pulled
for each individual study included in these meta-analyses and
compiled and compared a second time to eliminate overlapping
data sets. If an individual study was included in two meta-analyses
where the task performed was judged to be the same (or very
similar), this individual study was excluded from the older of the
two meta-analyses to insure that no individual study was double
counted for the same subjects and task.

Inclusion Criteria

Meta-analyses were included in our empirical evaluation if: (i)
they were whole brain meta-analyses of blood-oxygen-level-
dependent (BOLD) fMRI response of human brain; (i1) had listed
both the number of subjects and number of foci identified in each
individual fMRI study included. Meta-analyses were eligible
regardless of the stimuli (i.e. active task or resting state) or
neuropsychiatric condition investigated.

Meta-analyses including positron emission topography or other
functional brain imaging modalities were included only if they
included fMRI studies as well. Exclusion criteria were meta-
analyses of Regions of Interest (ROI, not whole brain) - unless
these were meta-analyses of whole-brain voxel-based data focusing
on large regions (e.g., cerebellum), other fMRI modalities (e.g.,
diffusion tensor imaging, functional connectivity techniques), or
non-human or non-brain studies. If a meta-analysis did not report
the number of subjects or foci identified in each individual study it
was not included.

Data Extraction

The total number of study subjects, the condition associated
with each of the foci identified, the number of foci identified both
for individual studies and the number of foci identified at the meta-
analysis level were extracted. We also recorded the threshold used
(false discovery rate, p-value, or other) for highlighting foci in each
meta-analysis.

Statistical Analyses

We used a Spearman correlation coefficient to evaluate the
association between individual study sample sizes and number of
significant foci reported in the study. We expected to see a positive
correlation, as studies with larger sample size would mean greater
power to detect relevant foci. However, this correlation may be
close to zero if small studies discover a spuriously large number of
foci. This analysis may also be affected by the fact that the
individual studies belong to many different meta-analyses focusing
on a wide variety of conditions. Therefore we also performed an
analysis where we evaluated each meta-analysis to test whether
there was a correlation between the sample size of the meta-
analysis and the number of foci that it had identified. These
correlation coefficients were then combined across all meta-
analyses to obtain a summary correlation coefficient with a fixed
effects model [13]. To combine correlation coefficients, we used
the Fisher’s z transformation [13].
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Figure 1. PRISMA Flow chart of literature search and data extraction. Flow chart of literature search, selected meta-analyses papers,
selection of sub-analyses and selection of final data sets.
doi:10.1371/journal.pone.0070104.g001

We also used Spearman correlation analyses to test whether
more foci were identified in a meta-analysis when that meta-
analysis had accumulated a larger amount of evidence. We used
the number of individual studies and the total number of subjects
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(Figure 2).
Next, we examined
claiming the discovery

reported in each of these as measures of the amount of evidence

whether the use of different thresholds for
of a focus may affect the number of claimed
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Figure 2. Relationship Between Number of Meta-Analytic Foci, Sample Size and Number of Studies per Meta-Analysis. 2A - Scatter
plot of foci (per meta-analysis) and studies per meta-analysis. 2B - scatter plot of foci (per meta-analysis) and sample size per meta-analysis.

doi:10.1371/journal.pone.0070104.g002

foci to determine if meta-analyses that used more lenient
thresholds identified a larger number of foci. Meta-analyses
generally did not report the thresholds for individual studies.
Given that thresholds for individual studies were rarely reported in
meta-analyses, we sampled 2% of the datasets and examined the
thresholds used in these studies to understand and describe the
caveats about thresholds which may lead to flexibility in the
number of foci identified and may be a contributing factor to a
large number of foci identified in small individual studies. For
meta-analyses, the threshold used in the analysis was almost always
reported, and in the large majority this was a p-value rather than
false discovery rate (FDR) g-value. Thus we could assess whether
the number of foci identified in a meta-analysis was larger when
the most lenient threshold had been used (p<<0.05) versus when a
more stringent threshold (p<<0.001 or p<<0.0001) had been used.
The number of foci identified in the two groups of meta-analyses
was compared using a t-test and was also evaluated as the
dependent variable in a linear regression with group (0 if p<<0.05,
1 if p<0.001 or p<<0.0001) and total sample size of the meta-
analysis as the independent variables. All analyses were conducted
using Stata™" version 12.

Sensitivity Analysis

To investigate the possibility that our finding was driven by the
convention of reporting only the first three foci in a large cluster

PLOS ONE | www.plosone.org

we selected 30 papers with fewer than 45 participants and 10
papers with 45 or more participants at random and noted the
statistical software used, the number of clusters identified and how
many foci per cluster were reported.

Simulations

It must be noted that some particularities in the way authors
report voxel-based fMRI results could conceal the expected
positive relationship between the sample size and the number of
reported foci. Statistically significant voxels are usually grouped in
clusters of spatially contiguous voxels, and only the local maxima
(i.e. foci) are reported. Importantly, an increase of the sample size
helps non-significant voxels between two close clusters to achieve
statistical significance, thus sometimes converting the two close
clusters into a single larger one. The number of foci should not be
affected by this conversion, but some authors use to report only
three foci per cluster. In other words, these authors would report
six foci when describing the two close clusters, whilst only three
when describing the single larger cluster obtained after an increase
of the sample size. In that case, the relationship between the
sample size and the number of foci could be downwards biased. A
simulation framework was therefore used to assess whether such
potential bias could significantly affect the expected relationship.
First, 42000 individually-fitted BOLD datasets were simulated by
adding normally distributed noise to the gray matter of a brain

July 2013 | Volume 8 | Issue 7 | e70104



template of the regions known to activate during a working
memory task [18]. Second, these data were smoothed with a
relative large Gaussian kernel (6 =4mm, FWHM = 9-10mm), thus
simulating both the spatial covariance observable in raw data and
the narrower smoothing usually applied in fMRI pre-processing.
Finally, individuals were grouped in 400 simulated studies with
different numbers of participants (from n=10 to 200), and
standard group-level voxel-based statistics were performed (un-
corrected p=0.001, 10 voxels extent).

Results

Eligible Meta-analyses and Datasets

The initial search in PubMed returned 403 papers. The search
into the SDM and ALE databases contained 167 and 24 papers
respectively for a total of 594 articles. After eliminating ineligible
articles by abstract, full texts were then pulled for 163 articles and
after hand searching for inclusion criteria a final sample was
extracted from 42 eligible published papers.

After removal of duplicate meta-analyses, the final sample
consisted of 94 separate meta-analyses, which included 1,778
unique data sets (individual whole brain fMRI studies). Appendix
Table S1 summarizes data from the 94 meta-analyses. The search
strategy for meta-analyses and datasets is summarized in Figure 1.
Overall, the median IQR) was 12.5 (8 to 20) for the number of
individual studies per meta-analysis, 13 (10 to 17) for the sample
size per individual study, 191 (123 to 355) for the total sample size
per meta-analysis, 8 (4 to 15) for the number of foci identified per
individual study, and 12.5 (7 to 18) for the number of foci
identified per meta-analysis.

Correlation of amount of Evidence with Number of
Identified Foci in Single Studies

There was no correlation between the sample size of individual
studies and the number of foci identified. This was true both when
all 1,778 individual studies/datasets were considered indepen-
dently (»r=0.0027, 95% CI, —0.045 to 0.050, p = 0.86, Figure 3) as
well as when correlations were first calculated within each meta-
analysis and then combined across all 94 meta-analyses
(r=0.0050, 95% CI, —0.165 to 0.175, p=10.95). Only six of the
94 meta-analyses showed a within-meta-analysis correlation be-
tween individual study sample size and number of foci that was
greater than 0.500. This implies that sample size is not a significant
determinant of foci detected, and that small individual studies
report, on average, a similar number of foci as larger studies. This
finding is counterintuitive to power considerations as one would
expect the power to detect an increasing number of foci with an
increasing number of study participants. Also from Figure 3, it is
worth noting that the individual studies that detected the highest
number of foci (>40) are typically studies with very small sample
sizes (n<25), while the individual studies with the largest sample
sizes (n>45) always identified fewer than 25 foci and most
identified fewer than 10. Such irregularities suggest that smaller
individual fMRI studies may be subject to selective analysis and
reporting biases.

Correlation of amount of Evidence with Number of
Identified Foci in Meta-analyses

As shown in Figure 2, there was a strong correlation between
the number of foci identified in a meta-analysis and the total
number of individual studies per meta-analysis (r= 0.67, p<<0.001,
Figure 2a) as well as cumulative sample size of the meta-analysis
(r=0.62, p<0.001 Figure 2b). In contrast to the situation with
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individual studies, the more information included in a meta-
analysis, the greater the number of foci it detected.

When comparing Figure 2b (meta-analysis sample size) with
Figure 3 (individual study sample size), in the case of meta-
analyses, the largest numbers of identified foci correspond to the
largest sample sizes, while the pattern was neutral and even
reversed in individual studies where the largest number of foci
were detected in smaller studies. In the single study plot (Figure 3),
16.77% of the individual fMRI studies with sample size <40
(median n =12) claimed to identify more than 20 foci. However,
in the meta-analysis level plot (Figure 2b), a similar proportion
(20%) detected more than 20 foci even though the median sample
size was 16-times larger (n=191). When we compared all meta-
analyses to all individual studies, the former had significantly
larger sample sizes (mean n=288.3 vs 15.2, p<<0.001), and
identified slightly more foci (mean 15.60 vs 10.71, p=0.001).
However, the ratio of foci divided by sample size was markedly
smaller (mean.0521 versus 0.8732, p<<0.001).

Given that statistical packages and analytic techniques for
whole-brain statistical parametric mapping (SPM) may have
changed over time, we examined the effect of publication year
on the relationship between number of reported foci and sample
size. However, there was no correlation between the number of
foci per sample size and publication year for single studies
(r=—0.0198, p=0.767) (n<<45: r=0.0165, p=0.2890; n=45:
r=0.02100, p=0.9881) or meta-analyses (r=0. 0250, p=0. 346).

Selection of Thresholds

As stated in the methods, meta-analyses do not usually report
the thresholds used for inclusion of individual studies. Across the
94 meta-analyses, only two reported individual thresholds for
included studies. Three of the 94 meta-analyses reported a
minimum acceptable threshold for study inclusion, but in two of
these cases, a range of acceptable values was given rather than the
exact threshold. In the remainder of cases (k= 89), no clear cut-off
for study inclusion was given.

In 2% of studies sampled (k=36 individual fMRI studies) the
thresholds were generally p<<0.001 for individual foci (28 of 36
studies). Three of the individual studies did not give a specific
threshold cut-off. Almost all individual studies gave a study-wide
correction value of p<<0.05 (k=22) or p<<0.01 (k=5). In the
remaining 9 studies a study-wide error threshold was not given.

All the meta-analyses gave a study-wide correction threshold.
Most studies (85 of 94) gave this as a p-value, most frequently
<0.05 (47 of 94 meta-analyses) but also <0.01 (16 meta-analyses),
=0.001 (17 meta-analyses) or <<0.0001 (2 meta-analyses). The
remaining 9 meta-analyses expressed the threshold as an FDR (¢
value). The p-values (or FDR values) for the 94 meta-analyses are
given in Appendix Table S1.

The median ratio of foci claimed divided by sample size for the
47 meta-analyses that used a study-wide corrected p-value <0.05
threshold was 0.06 (IQR, 0.04 to 0.08). Conversely, the median
ratio of foci divided by sample size for the 22 sampled individual
studies that used a study-wide correction value of p<<0.05 was 0.40
(IQR, 0.22 to 1.10). Thus, even with the standardization of the
threshold, the meta-analyses have a significantly smaller foci to
sample size ratio compared to individual studies (p<<0.001 by the
Mann-Whitney U test).

In multivariable linear regression, the number of foci claimed by
a meta-analysis increased with increasing sample size (coefficient
+0.323 [p<<0.001], per 10 additional subjects included in the meta-
analysis), while there was no significant impact from the use of a
more lenient threshold (coefficient +0.419 [p=10.88] with study-
wide p<<0.05 than with study-wide p<<0.001 or <0.0001).
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Figure 3. Relationship Between Number of Foci and Sample Size per Study. Scatter plot of foci and sample size from all data sets (N=1778)

within all meta-analyses.
doi:10.1371/journal.pone.0070104.9003

Sensitivity Analysis

Twenty-two (73%) of the smaller studies (n<<45) and six of the
larger (n=45) (60%) papers used SPM. The remaining studies used
a variety of other software packages. In 2 cases (I in each strata)
the software was not given. There was considerable heterogeneity
in the way clusters and foci (Talairach coordinates) but we did not
find evidence of widespread reporting of only the top three local
maxima per clusters according to sample size. In the 12 smaller
study papers where it was clear how many foci per cluster had
been reported, 9 reported only 1 focus per cluster. The remaining
three studies reported 2 to 6 foci/cluster with the number of foci
largely dependent on the size of the cluster. Among the larger
studies, 5 reported 1 focus per cluster, in the remaining five papers
it could not be determined how many foci/cluster were reported.
These analyses did not indicate that there are fewer clusters in
larger studies with more statistical power and that the converse
was the case for smaller studies. We did not find evidence of
differential reporting methods for small and large studies. When
more than one foci per cluster was reported, the number of foci
per cluster was largely driven by cluster size.

Simulation Analysis

As shown in Figure 4, the number of clusters followed a clear
positive relationship with the sample size. The relationship would
be the same if each cluster were substituted by 3 reported foci. The
results demonstrated that the number of clusters were 4, 4, 6, 7,
10, 18, 16, 25, 21 and 24, corresponding simulations for 10, 20,
30, 40, 50, 60, 70, 80, 90 and 100 participants, respectively.

Discussion

Despite the large body of fMRI literature, most published
studies have samples sizes that would be considered small by
conventional standards. Nevertheless, the number of foci claimed
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to be discovered by small studies is relatively large and we found
absolutely no correlation between the sample size of a study and
the number of foci that it claims. This is counterintuitive to power
considerations and it suggests that biases that inflate the number of
claimed foci may affect disproportionately the smaller studies in
the literature. Consistent with this picture, meta-analyses identified
only slightly more total foci than single studies, despite having
sample sizes that were almost 20 times larger; thus studies with
n<45j identify far more foci per subject than meta-analyses do.
This picture persisted when we compared only single studies and
meta-analyses that used the same study-wide corrected p-value
threshold.

This evidence is consistent with the presence of selective
reporting biases causing an excess of significance in the published
literature. We cannot exclude the possibility that larger studies and
even large meta-analyses are also affected by such biases. Different
mechanisms may contribute to this excess significance.

First, smaller fMRI studies may be underpowered and inflate
the number of reported foci. The average sample size of the
retrieved studies was 13 subjects and the vast majority (94%) of
individual studies included in the meta-analyses we examined had
fewer than 30 patients. FMRI is a powerful technique to
investigate subtle neurophysiological brain changes and the
adequate sample size depends on the nature of statistical inference
requested [19]. An average sample size of 13 subjects is probably
well below the optimal sample size for an fMRI study, especially
when variability across measurements and patients are considered.
Some authors have proposed optimal sample sizes of 16-32
subjects per group [19,20,21], suggesting that between-subject
comparison studies of <30 are too small even by liberal estimates.
A recent commentary by Friston posed “Ten Ironic Rules” that
claimed several fallacies to the application of classical inference to
sample size and power for functional neuroimaging studies
whereby studies with smaller sample sizes generate more reliable
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number of clusters in simulated fMRI data.
doi:10.1371/journal.pone.0070104.g004

data because they are less likely to report findings with trivial effect
sizes. Friston’s assertions have been challenged on the basis that
weak statistical power comes with lower positive predictive value,
increases the likelihood of false positive results [22,23]. Moreover,
a recent paper by authors of the present paper (MM & JPAI)
reported power analyses of single studies included in 49 meta-
analyses and found that almost 50% of studies had an average
power lower than 20% [24].

On the other hand, the presence of many underpowered studies
in the available literature may be due to the technical and logistic
complexity of fMRI and the cost involved. In theory the field
would thus benefit from the conduct of collaborative studies where
many centers join forces and generate large sample sizes with
standardized data collection, analysis and reporting plans [13].
However, the use of different scanners in multicenter fMRI studies
may introduce additional significant heterogeneity [25,26].

Second, small fMRI studies with inconclusive, null, or not very
promising results (e.g. very few foci identified) may not be
published at all. For example, recent voxel-based meta-analyses of
structural studies in early psychosis [27,28] uncovered only one
study reporting no significant between-group results [29]. Peer-
reviews should be as strict when assessing the methods of a study
reporting abnormalities in expected brain regions, as when
assessing the methods of a study not finding any expectable
finding. Similarly, acceptance or rejection of a manuscript should
not depend on whether abnormalities are detected or not, or on
the specific brain regions found to be abnormal. Publication bias is
very difficult to detect in meta-analyses done after the fact,
especially when all the published studies are small [30,31]. Bias is
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sometimes further extenuated by the fact that some available
voxel-based packages can only analyze sets of x, y, z spatial
coordinates excluding studies reporting null results.

Third, small studies may be analyzed and reported in ways that
may generate a larger number of claimed foci. The analysis option
that would cause such an increased number of foci is to use more
lenient statistical thresholds for claiming a discovery in smaller
studies. In fact, the meta-analytical approach adopted by most
packages does not correct the number of foci entered for their
statistical significance nor for the sample size of the single study. In
other words, foci reported in small studies with liberal statistical
threshold are directly compared with foci reported in large studies
adopting more stringent thresholds. Only in the most recent years
this problem has been recognized and partially overcome in the
current version of the two most widely used voxel-based packages
(i.e. ALE and SDM) [5,32]. Additionally, it is not uncommon in
neuroimaging studies that the statistical threshold for some regions
of interest is rather more liberal than for the rest of the brain. The
use of inconsistent and erratic statistical threshold in the same
study can affect the number of foci detected. Although we were
unable to test this at the level of the individual study, this problem
is well recognized in the imaging literature. A recent voxel-based
packages such as SDM require the user to carefully check that the
same statistical threshold is used throughout the whole brain to
avoid biases toward liberally thresholded brain regions [33]. At the
level of the meta-analyses, our empirical analysis showed that there
is heterogeneity in the selection of statistical thresholds, but this
heterogeneity is unlikely to explain the whole bias. In fact, we did
not find that meta-analyses with more stringent thresholds (p<<0.01

July 2013 | Volume 8 | Issue 7 | e70104



or p<<0.001) reported significantly fewer foci than those with more
lenient thresholds (p<<0.05). The results of our simulation suggest
that for a given set of analysis choices for a given task (degree of
spatial smoothing, statistical thresholds, etc), increased sample size
should increase the number of significant clusters — each
containing one or more local maxima (foci). If, however, arbitrary
analysis choices account for the larger number of reported foci in
smaller studies, it would be consistent with the statement that our
conclusion that biases that inflate the number of claimed foci may
affect disproportionately the smaller studies in the literature.

Fourth, analyses can be built post-hoc on the basis of the
researchers’ hypotheses or on the basis of the most significant
result. Although whole-brain analyses are considered less affected
by this potential bias than region of interest (ROI) analyses, this
has not been explicitly tested. The use of Small Volume
Clorrection (SVC) techniques in addition to standard whole-brain
analyses may be used to alter the statistical threshold in selected
ROIs, thus impacting on the number of foci reported. For
example, insignificant results at the standard whole-brain levels
may be published as significant results after SVC. Most of the
meta-analyses included in this study did not clarify whether the
individual studies performed whole brain analyses or whether they
also included SCV coordinates. Recent recommendations in the
field (http://sdmproject.com/) [34] clearly indicate that prior to
conducting the voxel-based meta-analysis, there should be strict
selection of the reported peaks by only including those that appear
statistically significant at the whole-brain level (no SVCs). To
overcome these problems, authors may also be encouraged to
blind the statistical analyses of the imaging datasets to avoid
analyses be built post-hoc on the basis of the results. Similarly, all
individual studies should explicitly acknowledge the number of
analyses performed giving a clear rationale for each, to control for
conducting exploratory analyses and reporting the most significant
result.

Some limitations should be acknowledged. First, we used the
data presented in already available meta-analyses and some of
these may have data or analysis errors. However, it would have
been prohibitively resource intensive to repeat from scratch
94 meta-analyses and to extract the requisite data in detail from
almost two thousand papers. The availability of large-scale
evidence from such a large number of meta-analyses offers an
excellent launching point for assessing the big picture in this
important research field. Second, it is possible that some large
studies may be of poor quality and thus to find fewer foci than
smaller studies simply because of poor study design and poor
measurements. However, this is unlikely to be a systematic
problem with large studies, and if anything one would expect
higher quality criteria in larger investigations that are typically
performed by more experienced teams. Third, the number of foci
identified in meta-analyses may also be biased. For example, they
can report only activation and not deactivation clusters and it is
not an absolute gold standard, since meta-analyses carry with

References

1. Faro SH, Mohamed FB (2010) Functional MRI: Basic Principles and Clinical
Applications: Springer.

2. Poldrack RA, Mumford JA, Nichols TE (2011) Handbook of Functional MRI
Data Analysis. New York, NY: Cambridge University Press.

3. McGuire P, Howes OD, Stone J, Fusar-Poli P (2008) Functional neuroimaging
in schizophrenia: diagnosis and drug discovery. Trends Pharmacol Sci 29: 91—
98.

4. Turkeltaub PE, Eden GF, Jones KM, Zeffiro TA (2002) Meta-analysis of the
functional neuroanatomy of single-word reading: method and validation.
Neuroimage 16: 765-780.

5. Radua ], Mataix-Cols D (2009) Voxel-wise meta-analysis of grey matter changes
in obsessive-compulsive disorder. Br ] Psychiatry 195: 393-402.

PLOS ONE | www.plosone.org

Bias in fMRI Studies

them many of the biases of the studies that they combine.
However, it is generally agreed that the findings form meta-
analyses have a higher level in the hierarchy of evidence than
findings from isolated individual studies. Fourth, there are a
number of other factors reflecting a range of potential arbitrary
choices in analyses that could affect the number of activation foci
generated (e.g., inter-study variation in the degree of spatial
smoothing, use of fixed-effects instead of mixed-effects analyses,
use of cluster extent-based correction, etc.), but there is no reason
to expect that variation in these and other analytic methods would
vary by sample size. Fifth, as many studies incorporate repeated-
measures designs and/or multiple between-subject groups and
others do not, the numbers included in our analyses represent
some heterogeneity in study designs with different implications for
statistical power. However, the sample sizes included in our
analyses represented the number of subjects per group for first-
level analyses (within-subject task/stimulus contrasts) that were
incorporated into meta-analyses. While we can not definitively
exclude the possibility that some repeated-measures analyses were
included in the foci counts, we have no reason to expect that larger
sample sizes would not improve positive predictive value for group
comparisons or higher-level, repeated-measures analyses.

Finally, while it is possible that our finding is partially driven by
the likelihood that larger studies identify fewer clusters due to
smoothing, and thus, are likely to report fewer foci, this would still
support our finding that that smaller studies are likely to report
more foci. Whether this is the result of smoothing or because of a
number of analysis choices that may be influenced by sample size
is difficult to determine.

Conclusions

Acknowledging these caveats, the emerging picture is consistent
with the presence of excess significance biases in the literature of
whole brain fMRI affecting predominantly smaller studies. Similar
biases have been identified in a large number of other fields with
different methods [16,35,36]. Improvements in standardization of
research in this field with delineation of acceptable and optimal
practices may be useful. Efforts at generating large-scale systematic
evidence may be instrumental in improving the vyield of
information in this important research field.

Supporting Information

Table S1 Meta-analysis papers included in correlation-
al analyses

(DOCX)

Author Contributions

Conceived and designed the experiments: SPD JJW MRM JPAIL
Performed the experiments: IMC PDL MRM. Analyzed the data: PDL
JPAI SPD JR. Contributed reagents/materials/analysis tools: SPD PDL
JR. Wrote the paper: SPD IMC JJW MRM PFP JPAIL

6. Albrecht J, Kopietz R, Frasnelli J, Wiesmann M, Hummel T, et al. (2010) The
neuronal correlates of intranasal trigeminal function-an ALE meta-analysis of
human functional brain imaging data. Brain Research Reviews 62: 183-196.

7. Amanzio M, Benedetti F, Porro CA, Palermo S, Cauda F (2011) Activation
likelihood estimation meta-analysis of brain correlates of placebo analgesia in
human experimental pain. Human Brain Mapping.

8. Arsalidou M, Morris D, Taylor MJ (2011) Converging evidence for the
advantage of dynamic facial expressions. Brain Topography 24: 149-163.

9. Brooks SJ, Savov V, Allzén E, Benedict C, Fredriksson R, et al. (2012) Exposure
to subliminal arousing stimuli induces robust activation in the amygdala,
hippocampus, anterior cingulate, insular cortex and primary visual cortex: a
systematic meta-analysis of fMRI studies. Neurolmage 59: 2962-2973.

July 2013 | Volume 8 | Issue 7 | e70104



20.

21.

23.

. Brown S, Gao X, Tisdelle L, Eickhoff' SB, Liotti M (2011) Naturalizing

aesthetics: brain areas for aesthetic appraisal across sensory modalities.
Neurolmage 58: 250-258.

. Bzdok D, Langner R, Caspers S, Kurth F, Habel U, et al. (2011) ALE meta-

analysis on facial judgments of trustworthiness and attractiveness. Brain Struct
Funct 215: 209-223.

. Caspers S, Zilles K, Laird AR, Eickhoft SB (2010) ALE meta-analysis of action

observation and imitation in the human brain. Neuroimage 50: 1148-1167.

. Eickhoff' SB, Laird AR, Grefkes C, Wang LE, Zilles K, et al. (2009) Coordinate-

based activation likelihood estimation meta-analysis of neuroimaging data: a
random-effects approach based on empirical estimates of spatial uncertainty.
Hum Brain Mapp 30: 2907-2926.

. Easterbrook PJ, Berlin JA, Gopalan R, Matthews DR (1991) Publication bias in

clinical research. Lancet 337: 867-876.

. Dwan K, Altman DG, Arnaiz JA, Bloom J, Chan AW, et al. (2008) Systematic

review of the empirical evidence of study publication bias and outcome reporting
bias. PLoS ONE 3.

. loannidis JPA (2011) Excess significance bias in the literature on brain volume

abnormalities. Archives of General Psychiatry 68: 773-780.

. Moher D, Liberati A, Tetzlaff J, Altman DG (2009) Preferred reporting items for

systematic reviews and meta-analyses: the PRISMA statement. PLoS Med 6:
¢1000097.

. Madre M, Pomarol-Clotet E, McKenna P, Radua J, Ortiz-Gil J, et al. (2012)

Brain functional abnormality in schizo-affective disorder: an fMRI study.
Psychol Med 43: 143-153.

. Friston KJ, Holmes AP, Worsley KJ (1999) How many subjects constitute a

study? Neuroimage 10: 1-5.

Friston K (2012) Ten ironic rules for non-statistical reviewers. Neuroimage 61:
1300-1310.

Desmond JE, Glover GH (2002) Estimating sample size in functional MRI
(fMRI) neuroimaging studies: statistical power analyses. ] Neurosci Methods

118: 115-128.

. Ingre M (2013) Why small low-powered studies are worse than large high-

powered studies and how to protect against “trivial” findings in research:
Comment on Friston (2012). Neuroimage.

Lindquist MA, Caffo B, Crainiceanu C (2013) Ironing out the statistical wrinkles
in “ten ironic rules”. Neuroimage.

PLOS ONE | www.plosone.org

27.

28.

29.

30.

31.

32.

34.

36.

Bias in fMRI Studies

. Button KS, Toannidis JP, Mokrysz C, Nosek BA, Flint J, et al. (2013) Power

failure: why small sample size undermines the reliability of neuroscience. Nat
Rev Neurosci 14: 365-376.

5. Brown GG, Mathalon DH, Stern H, Ford J, Mueller B, et al. (2011) Multisite

reliability of cognitive BOLD data. Neuroimage 54: 2163-2175.

Gountouna VE, Job DE, McIntosh AM, Moorhead TW, Lymer GK, et al.
(2009) Functional Magnetic Resonance Imaging (fMRI) reproducibility and
variance components across visits and scanning sites with a finger tapping task.
Neuroimage 49: 552-560.

Fusar-Poli P, Borgwardt S, Crescini A, Deste G, Kempton M], et al. (2010)
Neuroanatomy of vulnerability to psychosis: a voxel-based meta-analysis.
Neurosci Biobehav Rev 35: 1175-1185.

Fusar-Poli P, Radua J, McGuire P, Borgwardt S (2011) Neuroanatomical Maps
of Psychosis Onset: Voxel-wise Meta-Analysis of Antipsychotic-Naive VBM
Studies. Schizophr Bull.

Ziermans TB, Durston S, Sprong M, Nederveen H, van Haren NE, et al. (2009)
No evidence for structural brain changes in young adolescents at ultra high risk
for psychosis. Schizophr Res 112: 1-6.

Sterne JA, Sutton AJ, IToannidis JP, Terrin N, Jones DR, et al. (2011)
Recommendations for examining and interpreting funnel plot asymmetry in
meta-analyses of randomised controlled trials. BMJ 343: d4002.

Lau J, Ioannidis JP, Terrin N, Schmid CH, Olkin I (2006) The case of the
misleading funnel plot. BMJ 333: 597-600.

Eickhoft SB, Bzdok D, Laird AR, Kurth F, Fox PT (2012) Activation likelihood
estimation meta-analysis revisited. Neuroimage 59: 2349-2361.

Radua J, Mataix-Cols D (2012) Meta-analytic methods for neuroimaging data
explained. Biol Mood Anxiety Disord 2: 6.

Radua J, Mataix-Cols D, Phillips ML, El-Hage W, Kronhaus DM, et al. (2011)
A new meta-analytic method for neuroimaging studies that combines reported
peak coordinates and statistical parametric maps. Eur Psychiatry.

. Kavvoura FK, McQueen MB, Khoury MJ, Tanzi RE, Bertram L, et al. (2008)

Evaluation of the potential excess of statistically significant findings in published
genetic association studies: application to Alzheimer’s disease. Am J Epidemiol
168: 855-865.

Ioannidis JP, Trikalinos TA (2007) An exploratory test for an excess of significant
findings. Clin Trials 4: 245-253.

July 2013 | Volume 8 | Issue 7 | e70104



