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Brain-behavior correlations: Two paths toward
reliability
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In a recent issue of Nature, Marek et al. (2022) demonstrate that cross-sectional brain-behavior correlations
are often small and unreliable without large samples. This observation pushes human neuroscience toward
study designs that either maximize sample sizes to detect small effects or maximize effect sizes using

focused investigations.

Neuroscience is centered on understand-
ing how the nervous system relates to
behavior and using this knowledge to
guide clinical care in neurological and
psychiatric disorders. One common
approach used to attack this core ques-
tion is to examine brain-behavior associa-
tions across people—that is, to examine
how variation in some brain measure
across individuals (e.g., dorsolateral pre-
frontal cortex activity) relates to variation
in some behavior (e.g., depression symp-
toms). This approach contrasts with study
designs that examine links between brain
and behavior using theoretically focused,
controlled, within-subject approaches
(e.g., how does prefrontal cortex activity
change in a person across experimental
conditions?). Given its link to clinical vari-
ation, research that includes descriptions
of cross-sectional brain-behavior rela-
tionships is often published in high-
impact journals and improves chances
of grant funding. As a result, researchers
may feel systematic pressure to search
for such relationships.

However, both the human brain and
behavior are complex. The likelihood of
finding a strong, direct mapping between
any given brain region and behavioral
measure across the general population
is small. For example, depression has
numerous symptoms, which can appear
in different combinations, and are each
likely driven by many brain areas and their
intertwined functions. Perhaps it is unsur-
prising that the degree to which a complex

behavioral measure tracks a single brain
measure across people is typically small.

A new paper by Marek et al. (2022)
quantifies this issue, demonstrating that
many cross-sectional brain-behavior cor-
relations in the general population are far
smaller than previously acknowledged.
The authors correlated brain and behav-
ioral measures across people from three
large consortia datasets (the Adolescent
Brain Cognitive Development [ABCD]
study, the Human Connectome Project
[HCP], and the UK Biobank). Brain
measures included structural MRI,
resting-state fMRI, and (in supplemental
analyses) task fMRI activations. Behav-
ioral data included demographic, cogni-
tive, and mental health/personality
measures collected outside of the
scanner to assess trait-like characteris-
tics of each person. These brain and
behavioral measures are common indices
used across many papers in human
neuroscience.

When examined inthe ABCD (N = 3,928),
brain-behavior associations were very
small, topping out at |r| = 0.16 (mean |r| =
0.01, first percentile || = 0.06). These
findings were irrespective of multiple com-
parisons correction, suggesting that tar-
geted, hypothesis-driven searches with
these measures are unlikely to find bigger
effects. A similar distribution of effect sizes
was seen in the HCP (N = 1,200) and UK
Biobank (N = 33,735). Given these
effect sizes, standard power analyses sug-
gest that very large samples (N > 1,000) are
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needed toreliably correlate brain measures
and behavior across the general popula-
tion. Thanks to sampling variability, Marek
et al. (2022) demonstrate that smaller
samples produce a wide variety of
(often incorrect) results, including appar-
ently large-magnitude but non-replicable
relationships.

Although a primary focus of this paper
was on brain measures from resting-
state fMRI, the findings do not indicate
that resting-state fMRI is uniquely or
even particularly poor in this regard.
Indeed, effect sizes were generally larger
for functional than structural MRI, larger
for cognitive measures relative to mea-
sures of psychopathology, and larger
for multivariate relative to univariate ap-
proaches. However, even the strongest
multivariate effects found between
resting-state fMRI and cognition required
sample sizes of several hundred—more
MRI data than many single investigators
can feasibly afford to collect. Of course,
even this massive investigation could
not examine all possible measures em-
ployed in human neuroscience. It is
possible that unexamined brain mea-
sures (e.g., from EEG recordings) and/
or behavioral measures (e.g., from other
cognitive tasks) could demonstrate su-
perior effect sizes. However, Marek
et al. (2022) found such ubiquitously
small effects across such a broad range
of measures that, in our view, we should
assume that novel, unexamined cross-
sectional associations will also be small

««««««






Neuron

Consortium Studies
(N>1000 sampling the general population)

Measure population-level variation
in brain function/anatomy and
behavior to understand cross-
sectional brain-behavior links

Findings inform us about
population tendencies.

Useful for guiding social policy

High SNR
| ]

Focused Studies
(Small N, maximize signal and minimize noise)

Deeply characterize brain
function/anatomy and behavior to
understand brain-behavior links
within people

Findings inform us about
effects in individuals.

Useful for guiding clinical care

Figure 1. Two paths forward for reliable human neuroscience

Human neuroscience can move forward by embracing alternate study designs to identify replicable brain-
behavior associations. We can sample broad trait-level effects in very large numbers of subjects (left path)
to uncover low-magnitude but robust population-level associations that will inform social policy. Alter-
nately, we can conduct small, focused designs that maximize signal and minimize noise through
controlled, theoretically driven, repeated measures that deeply characterize individuals (right path) to
describe larger-magnitude changes in brain and behavior induced by experimental interventions, devel-

opment, or injury, which will inform clinical care.

unless well-powered and replicable evi-
dence to the contrary is presented.

Alarmingly, these results, combined
with publishing and funding incentives
to include data with significant brain-
behavior relationships, suggests that the
literature (where typical sizes range from
N = ~25-100) is likely enriched in under-
powered, questionable, cross-sectional
associations. Notably, this is true without
presuming ill intent by researchers.
Even when research groups eschew
problematic data analysis practices (e.g.,
p-hacking, circular statistics, etc.), the
simple mathematics of sampling vari-
ability prevent low-N cross-sectional
brain-behavior correlations in the general
population from replicating.

Continuing along the path of con-
ducting underpowered cross-sectional
research using similar measures to Marek
et al. (2022) appears to be a dead end. In
our view, the implications of this work
leave us with two contrasting paths for-
ward in finding reliable brain-behavior
links (Figure 1): one based on consortia
and the other based on smaller focused
designs that maximize signal and mini-
mize noise.

If we wish to continue using cross-
sectional approaches as a primary means
of understanding associations between
brain and behavior, the findings of Marek
et al. (2022) suggest that we should join

forces across research groups to do con-
sortium-level work. This approach, led by
endeavors like the UK Biobank and
ABCD, mimics the model of genomics or
astrophysics, where large amounts of
data are collected through joint en-
deavors. Single labs can then analyze
public data from these large consortia.
This approach is likely our best option
for identifying broad cross-sectional
brain-behavior associations generalizable
to the population.

The Marek paper suggests that the ef-
fect sizes we find with well-powered con-
sortium-level approaches will likely be
small. This may be disheartening, and
some may ask why we should care about
(or fund efforts to discover) effects that
explain so little variance in individual
behavior. However, these effect sizes
are still generally larger than those
observed with well-established genome-
wide association study approaches (e.qg.,
Sniekers et al., 2017). Further, even small
effects can have substantial impact at the
population level. The strongest effects
observed by Marek et al. (2022) are of a
similar magnitude to associations be-
tween 1Q and childhood lead exposure
(Searle et al., 2014)—an effect that has
driven substantial changes in public
health policy. A consortium-level study
that identifies effects of, for example, so-
cio-economic status, stimulant use, or
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physical activity on brain function could
have a similarly critical impact on policy
decisions, even if the observed effect
sizes are small.

However, consortium-level work also
presents challenges and inherent limita-
tions to the types of scientific questions
that can be asked. As large consortia
studying thousands of participants cost
hundreds of millions of dollars to
execute, consortia can be too risk averse
to address novel experimental questions.
A consortium will shy away from scienti-
fic approaches that have not been rigor-
ously validated to avoid the risk of costly
mistakes. Instead, emphasis is likely to
be placed on common and well-estab-
lished behavioral and brain measures,
leaving entirely new questions without a
path forward. Measures that require
additional training for study personnel
may also be de-emphasized—a trend
seen in the preponderance of structural
and resting-state MRI data collected
in extant consortia compared to
task fMRI.

Beyond scientific limitations, a shift to-
ward large consortia raises issues
regarding the distribution and equity of
funding across the field. Consortium fund-
ing is typically awarded to established se-
nior investigators. If funding priorities are
shifted to consortium studies, it could
impair the ability of early-stage investiga-
tors to obtain funding that allows them to
establish independent laboratories, prog-
ress their careers, and achieve promotion.
In the extreme case, a shift in funding
priorities could squeeze out many junior
investigators or leave them operating
without independence within a con-
sortium headed by a senior colleague.
This could fundamentally change the
career dynamics and organization of
our field.

These possibilities are problematic.
Neuroscience must be able to explore
new scientific approaches and ask new
questions, and early-stage investigators
must be able to advance their careers
with their own independent work, or
our field will stagnate. Future funding
cannot, therefore, be concentrated solely
or even primarily on large consortia
studies. Neuroscience must jointly pursue
another, alternate path forward that asks
new questions with high-powered, repli-
cable methods.
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In our view, a second viable path for-
ward is to conduct smaller, focused
studies that maximize effect sizes. For
many readers, the take-home message
of Marek et al. (2022) is about needed
sample sizes. However, this work is really
a story about statistical power, which is
too low to identify cross-sectional associ-
ations between brain and behavior in the
general population without thousands of
participants. This doesn’t mean that small
samples should never be used or that
prior small-sample literature may be
casually dismissed. Rather, it means that
small samples require higher-powered ef-
fects. To ask questions that cannot be
studied in large consortia, neuroscience
can embrace study designs that maxi-
mize statistical power by both revisiting
methods used historically in cognitive
neuroscience and advancing new individ-
ually focused approaches.

There are two primary ways that power
can be increased via study design. The
first is to increase the magnitude of the ef-
fects being studied (in signal-to-noise or
“SNR” terms, to maximize the “signal”).
To establish clinical utility, a study may
test for cross-sectional associations be-
tween, for example, prefrontal cortex
function and depressive tendencies
among undergraduates, who are
commonly used as a sample of conve-
nience. But this approach is likely to mini-
mize the size of cross-sectional associa-
tions because differences among
healthy, nonclinical controls with uni-
formly high-normal intelligence are not
expected to be especially large for either
brain function or behavioral measures.

Effect sizes for brain-behavior associa-
tions are likely to be much larger when
there exists substantial variation in both
brain function and behavioral perfor-
mance. Alternative study designs in this
domain can maximize differences in
the measures being tested through,
for example, subject selection, experi-
mental/causal manipulations, or a focus
on theoretically motivated measures.

Between-group designs can focus on
studying populations known to have large
alterations in brain function, such as those
with acquired brain injury or neurodegen-
erative disease. Indeed, the field of cogni-
tive neuroscience began with studies of
very large behavioral effects in lesion pa-
tients such as H.M. (Corkin, 1984), which
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established brain-behavior relationships
with N = 1.

Increased signal can also be accom-
plished through within-subject designs
by studying circumstances known to
have large effects on behavior or cogni-
tion—or, even better, inducing large
effects via experimental manipulation—
and identifying brain measures associated
with those changes. Strong theoretical
frameworks can boost signals further by
improving measurements and guiding in-
terventions. Much of past task-based
fMRI employs this powerful approach, re-
sulting in foundational, well-replicated
knowledge about many aspects of brain
function. Examples include the organiza-
tion of visual areas (Engel et al., 1997)
and category selectivity in the brain
(Kanwisher et al., 1997)—notable in-
stances sufficiently powered to identify
reliable effects in sample sizes of N < 10.

The second way to increase power is to
minimize variation in brain or behavior
measures that are unrelated to the associ-
ation of interest (the “noise”). Some sour-
ces of noise (e.g., head motion; Ciric et al.,
2017) are well known in neuroimaging
research. Other sources of noise are less
well appreciated. First, the fMRI signal it-
selfis inherently autocorrelated and noisy.
As a result, fMRI-derived measures are
not reliable within subject unless
extended/repeated data acquisition stra-
tegies are employed (Gordon et al,
2017), although advances in MRI technol-
ogy may improve this issue (Lynch et al.,
2020). Simulations from Marek et al.
(2022) suggest that maximizing MRI and
behavioral reliability alone could approxi-
mately double effect sizes.

Second, cross-subject heterogeneity
confounds many behavioral and neuroi-
maging measures but can be ameliorated
through controlled designs. For example,
individuals differ in basic reaction time,
so complex reaction time measures
are compared to a baseline. A similar logic
is applied in many task fMRI designs.
However, other measures may not
have an obvious within-subject “control”
condition. MRI-derived measures also
suffer from uncontrolled variation
across subjects due to spatial variability
of human functional neuroanatomy (Gor-
don et al., 2017). The most effective way
to control for these various forms
of cross-subject heterogeneity is to
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conduct brain-behavior associations us-
ing repeated measures within-subject de-
signs and, at the extreme, focus analyses
on individual-level “precision” data (Gor-
don et al., 2017). This person-centered
approach controls for many potential
sources of unwanted variation across in-
dividuals, including variation in genetics,
experience, brain organization, and basic
behavioral or physiological properties.
With this SNR-focused framework, we
can consider the type of study best-suited
for understanding brain-behavior associ-
ations within smaller samples. Ideally,
such a study would examine brain signals
associated with large alterations in
behavior or cognition. It would use
extended and/or longitudinal sampling of
both  neuroimaging measures and
behavior. It would employ appropriate
controls for motion and other sources of
heterogeneity, and primary hypothesis
testing would be conducted with
repeated measures comparing against
baselines, ideally even entirely within
each individual. Not every research ques-
tion can be developed into a study design
that incorporates all of these features.
However, the more that are incorporated,
the larger study power one might
expect. As an example, consider New-
bold et al. (2020), in which a within-sub-
ject, repeated-scanning (>40 sessions/
subject) design conducted with N = 3
examined brain measures before, during,
and after a powerful behavioral interven-
tion (temporary arm immobilization). With
so many factors intrinsic to the study
design contributing to increase signals
and reduce noise, effect sizes of the
behavioral intervention on brain function
were massive, ranging fromd = 1.0to 3.8.
A small, focused study design that
maximizes signal and minimizes noise is
not inferior to a large consortium study.
It is an alternate approach with equally
high utility but for addressing different
questions. While a cross-sectional con-
sortium study can inform social policy,
an SNR-focused study, by nature, fo-
cuses on individuals by asking questions
about the presence, change, and manipu-
lation of effects within a person. Such
characteristics link SNR-focused designs
closely to clinical care translation, which
is inherently centered on individual pa-
tients. Consider a hypothetical con-
sortium study that identifies significant
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links between dorsolateral prefrontal cor-
tex function and depressive symptoms in
the general population, with effect sizes
of r < 0.16. Such findings, while impor-
tant, would be far from enabling improved
diagnosis or prognosis for individual
patients. In contrast, consider a hypothet-
ical within-subject design that tracks
how weekly measures of dorsolateral
prefrontal function predict depressive
mood before, during, and after transcra-
nial magnetic stimulation treatment. Suc-
cess of this study would have immediate
implications for how we determine targets
for intervention and how we understand
whether a treatment is working for a given
patient.

The findings of Marek et al. (2022)
represent a fork in the road for neurosci-
ence studies seeking to associate brain
with behavior. It suggests we should
focus our efforts on one of two extremes
of experimental design, as appropriate
for a given question—either large N to
describe broad population-level brain-
behavior associations or focused, lower-
N, high-SNR designs to describe brain-
behavior associations within individuals.
Studies that walk an intermediate road
and address both types of questions at
once are likely not well adapted to either.
Funding agencies should be wary of fund-
ing cross-sectional brain-behavior asso-
ciations with sample sizes less than
several hundred (without convincing evi-
dence that an unusually large effect size
will be achieved). Journals should be
wary of manuscripts with cross-sectional

brain-behavior correlations in smaller
samples unless out-of-sample replication
is achieved. No longer should such asso-
ciations, presented without replication or
consideration to power, be the gold stan-
dard for our field. Instead, greater value
should be placed on powerful findings
from high-signal, low-noise, within-sub-
ject designs that have consistently proven
replicable in the field and allow for flexible
testing of new findings and methods. In
the end, multiple different approaches—
based both on small, focused samples
and large consortia—are necessary to un-
derstand the full range of how the brain is
related to behavior.
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