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Functional magnetic resonance imaging (fMRI) enables non-invasive access to the
awake, behaving human brain. By tracking whole-brain signals across a diverse range
of cognitive and behavioural states or mapping differences associated with specific
traits or clinical conditions, fMRI has advanced our understanding of brain function
and its links to both normal and atypical behaviour. Despite this headway, progress
in human cognitive neuroscience that uses fMRI has been relatively isolated from
rapid advances in other subdomains of neuroscience, which themselves are also
somewhat siloed from one another. In this Perspective, we argue that fMRI is well-
placed tointegrate the diverse subfields of systems, cognitive, computational and
clinical neuroscience. We first summarize the strengths and weaknesses of fMRI as
animaging tool, then highlight examples of studies that have successfully used fMRI
in each subdomain of neuroscience. We then provide aroadmap for the future
advances that will be needed to realize this integrative vision. In this way, we hope to
demonstrate how fMRI can help usher inanew era of interdisciplinary coherencein

neuroscience.

Interest and investment in brain science have expanded rapidly in
recent decades, rewarding us with exciting discoveries about how
nervous systems orchestrate their command over complex adap-
tive behaviour. Progress is slowed, however, by the fact that many
subdomains within neuroscience are fundamentally siloed from one
another. There are understandable reasons for this: neuroscience
researchis conductedindiverse organisms, from humans torodents
to invertebrates; on scales ranging from nanometres (for exam-
ple, single molecules) to metres (for example, socially interacting
humans); using measurement techniques that range from detect-
ing gene expression in single cells to recording electrical activity in
groups of neurons and observing complex behaviour (for example,
human speech).

This wide range of approaches raises conceptual and empirical bar-
riers that make itinherently difficult tointegrate insights or advances
across subfields. Yet, ultimately, we will need to bridge across the
domains of neuroscience to fully understand how the brain works,
as well as to identify and treat its many distinct disorders and syn-
dromes. Without these links, we are tacitly accepting our inability to
translate insights from one field (for example, circuit mechanisms
for synaptic plasticity following brain stimulation"?) into another (for
example, understanding how and where to stimulate the brain of an
individual witha particular disorder in order to confer maximal clinical
benefit?).

In this Perspective, we suggest that the technique of fMRI is
well-placed to actas anintegrative bridge to connect between differ-
ent subfields of neuroscience (Fig. 1). fMRI has a number of enviable
features, such as non-invasive access to both spatial and tempo-
ral information at the whole-brain level*, the ability to interrogate
human-level cognitive, emotional and motoric capacities® as well as

to acquire commensurate data across species, and a strong ground-
inginopenscience practices that are driving heightened validity and
reproducibility®’. Along with these strengths, fMRI also has notable
weaknesses, including the fact that the blood oxygen level-dependent
(BOLD) signal is an indirect measure of neural activity®. Crucially, these
limitations align with prominent strengths of techniques used in other
fields, such as the ability to causally drive neural dynamics in ways
that reduce ambiguity about the source of signals being measured?®.
If the unique strengths of fMRI can be leveraged while finding ways
to compensate for its weaknesses, network science shows that better
integrationacross anetwork (thatis, increasing the density or strength
of connector hubs’ ™) will help to catalyse robust progress in the field
of neuroscience in general.

Strengths and weaknesses of fMRI

Unlike structural MRI, which provides detailed anatomical images of
the brain, fMRI detects changes in blood flow dynamics that occur
while the brain is active. The most common contrast mechanism,
known as the BOLD signal, is based on the principle that there is an
increased delivery of oxygenated blood supply to regions of height-
ened neuronal activity that can be detected using MRI. fMRI is very
safe in that it is non-invasive and does not require the use of ionizing
radiation. Although fMRI is perhaps most strongly associated with
cognitive neuroscience—indeed, one of its core strengths is to pro-
vide a window into brain function as people perform specific tasks
involving, for example, perception, memory and decision making—its
applications are not limited to the cognitive domain. It has also made
key contributions to systems, computational and clinical neurosci-
ence, as discussed below.
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Fig.1|fMRIasanintegrative catalyst to dissolve modularboundariesin
the existing neuroscience network. a, At present, most subdomainsin
neuroscience are highly insular, with few studies linking across subdomains;
aco-citation network of papers published in neuroscience would appear
topologically segregated. We foresee an opportunity for fMRIstudies to help
dissolve these subdomainboundaries, whichwould integrate the field of
neuroscience in ways that will catalyse the formation of new subfields and

One key feature of fMRI that makes it well-positioned to serve as a
bridge across subfieldsis thatit can be performedin humans as well as
allmammalian model systems (for example, rodents and non-human
primates), yielding commensurate datathat openadirect translational
route between species. Another major advantage is its whole-brain
access: it can acquire a full three-dimensional brain volume at each
readout, with reasonable temporal resolution (onthe order of 1Hzor
faster; Box 1and Fig. 2) and with the highest spatial resolution of any
non-invasive imaging technique (on the order of 1 mm or less; Box 1).
Although more invasive techniques are preferable for most applica-
tions in model systems, even the state of the art in these techniques
cannot yet match this whole-brain, simultaneous, depth-agnostic
feature of fMRI-for example, in mice, wide-field calcium imaging is
typically limited to relatively superficial subsets of the cortical sur-
face, with no ability to simultaneously image subcortical structures.
Furthermore, the same safe and non-invasive nature that makes fMRI
suitable for humans also makes it more suitable for certain applications
in model systems, such as long-term longitudinal designs. Whereas
moreinvasive techniques, suchasdirect electrophysiological record-
ings and/or calcium imaging, suffer from problems with localizing
the same neurons or neuronal populations across sessions, or even
with repeated acquisitions damaging the health of the tissue, fMRI
makesit safe and easy toacquire anarbitrary number of repeated meas-
ures in the same subject (whether human or animal) and accurately
cross-register these measurements with one another. Thus, although
fMRI requires substantial technical expertise to acquire and analyse
the data, it provides unique benefits that are difficult to obtain with
otherimaging techniques.

Other imaging approaches used in humans offer complementary
strengths to those of fMRI; however, each of these has its own weak-
nesses that we argue make it less suitable to act as aninterdisciplinary
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novelinsights into how the brain works. Note that the networks depicted in this
figureare entirely conceptual. b, Illustrative example of how, by combining
studiesineach subdomain with fMRI, aricher perspective canemerge linking
acrossscalesand species. ¢, The benefit of integratingacross subfields is

that there will be stronger links between precise neural mechanisms and
idiosyncratic clinical problems, which willbe enriched with computationaland
cognitive depth (and may alsobeimportant targets of inquiry in their ownright).

bridge. Electroencephalography (EEG) provides amore direct measure
of electrical activity with millisecond temporal resolution, but the
spatial resolution is poor and largely limited to the cortical surface.
Thisimpairs our ability to draw links with systems neuroscience, since
many key structures are small and/or subcortical (for example, the
hippocampus). Collecting surface EEG in small animals is empirically
challenging, makingitapoor choice forachieving correspondencein
cross-species measurements. Magnetoencephalograhy (MEG) provides
excellenttemporal resolution and spatial resolution thatis better than
EEG (though still poor in comparison to fMRI). However, MEG requires
specialized equipment that is less widely available than MRI machines,
and is also difficult or impossible to perform in most smaller model
organisms. Positron emission tomography (PET) offers direct links
to molecular and cellular neuroscience, but both the temporal and
spatial resolution are substantially poorer than fMRI and it is inva-
sive, prohibitively expensive and limited in its availability, making it
challengingtoscale.Itisalsoinappropriate for some populations (for
example, children or pregnant women) owing to exposure to ionizing
radiation. Intracranial EEG, inwhich electrodes are placed directly on
or inside neural tissue, comes closest to a ‘gold standard’ for measur-
ing brain activity, butits availability in humans is extremely limited (to
neurosurgical patients). Furthermore, it does not offer whole-brain
coverage, and electrode placement is determined by clinical rather
thanresearch goals.

Despiteits strengths over other techniques available inhumans, fMRI
has several weaknesses worth noting (Fig. 2). First, the BOLD signal
is anindirect probe of neuronal activity, tracking instead a complex
relationship between spiking activity, local field potentials, glial cell
functionand vascular smooth muscle cells” ¢, These complex relation-
ships can make it challenging to infer the likely neuronal correlates of
localized BOLD changes, particularly as the mechanisms supporting



Box 1

Major advances in functional neuroimaging

There have been a number of major advances in the fMRI field over
the last few years, including (but not limited to):

Advances in data acquisition

In recent years, fMRI has seen substantial improvements in both
spatial and temporal resolution. Smaller voxel sizes enabled by
more powerful magnetic fields (7 Tesla and above) and/or pulse
sequences have made it possible to record meaningful signal

from distinct cortical layers and columns™*'®°, opening the door

to understanding cognitive processes in terms of directional
circuits (see fMRI in cognitive neuroscience’). Although the
temporal resolution of fMRI scans that rely on the BOLD contrast is
fundamentally limited by the sluggishness of the blood response
itself, there is evidence that signatures of much faster processes
can be recovered even from what is traditionally considered a slow
signal®. These improved acquisitions are enabling researchers to
make new progress on old questions (for example, visual sequence
detection™® and word-by-word responses in natural spoken
language'™), as well as progress on new questions not previously
accessible with fMRI (such as phenomena linked to the human
‘slow’ oscillation band at around 0.7Hz including processes of sleep,
memory and awareness®).

Advances in experimental paradigms

fMRI research has greatly expanded its repertoire of experimental
paradigms on two—in some ways opposing—fronts. First, ‘resting-
state’ fMRI, in which participants are imaged in the absence of

any explicit task, has exploded in popularity over the past 15 years.

the BOLD response canvary across regions. The BOLD responseis also
relatively slow, and the spatial resolution of the neurovasculature can
alsomake it difficult to resolve small structures, as well as distinct cell
types or sub-cellular processes. Finally, cross-species comparisons
can be challenging owing to the fact that animals typically require
anaesthesia to undergo MRI scanning.

Despite these limitations, there is reason to be optimistic, as novel
imaging sequences are continuing toimprove spatial signal to noise.
Furthermore, even invasive imaging techniques considered to capture
neuronal activity more directly cannot fully overcome these complex
transfer functions: for example, wide-field calciumimaging, arguably
fMRI's main competitor technique forinvasive studiesinanimal models,
alsorequires specialized deconvolution algorithms to separate signal
from background® and link the recovered signal back to the inferred
spike-driven events that give rise to it, and just like with the BOLD sig-
nal, the choice of algorithm can substantially impact results®. The
second main weakness of fMRlI is its relatively poor temporal reso-
lution compared to electrophysiological imaging techniques (that
is, EEG and MEG). However, especially for cross-species applications,
we believe that accurate spatial localization should be prioritized over
temporal resolution: when comparing how specific circuits give rise
tobehaviour across species, the more fundamental task is to establish
correspondence in space, to ensure that the signals are coming from
the same or homologous regions; only then can the relative timing
of events be meaningfully interpreted. Finally, although MRI-based
methods areamong the safestimaging techniques, they are expensive
and canbestillinappropriate for some populations, such as those with
certain medical implants or who cannot lay prone in the scanner for
sufficient periods of time. However, these constraints exclude amuch

The resting-state revolution both spurred the development

of several families of techniques for finding structure in these
high-dimensional datasets and provided ample opportunity to
link across species and populations. Second, the field has also
embraced rich experimental paradigms that derive their power by
being either more naturalistic (for example, films, natural spoken
language, interactive games and virtual reality'*®“°) and/or more
clever in their constraints®”*'. These new-wave paradigms often
more closely mimic what the brain does in real-world contexts.

Advances in data analysis

The field has adopted new analytical methods to detect and
characterize fine-grained activity patterns with much more
precision. These include both techniques that directly model
features of the task or paradigm such as encoding™*'** and
decoding approaches'*'*> and representational similarity
analysis™®, as well as largely model-free techniques that aim to find
structure in patterns of brain activity in a more data-driven way, such
as those that leverage signal coherence across different brains'"4®
and/or those aimed at discovering latent states that can then be
related to behaviour®™, In fact, data-driven methods applied

to complex neuroimaging data can lead to remarkable advances

in our textbook understanding of the organization of the nervous
system™?. Combined with the carefully crafted experimental
paradigms described above, these techniques are enabling
researchers to adjudicate between possible models for how the
brain performs complex tasks and test new theories of cognition
and behaviour.

smaller percentage of the population than the constraints of more
invasive techniques (for example, PET or intracranial EEG). Therefore,
given this landscape, and despite its inherent limitations, we believe
that fMRlI s the strongest candidate for integrating across subfields
of neuroscience.

fMRI in systems neuroscience

There is a historic divide between microscopic, neuronal-level and
macroscopic, whole-brain studies in neuroscience?®?. At the small
scale, precision is retained over individual elements, but how these
microscopic details factorinto the coherent whole is often overlooked.
By contrast, at the whole-brain level, we gain an appreciation for the
low-dimensional constraintsimposed on anervous systemembedded
within a corporeal body and constrained environment, but trade-off
this clarity for anincognizance regarding the precise cellular-level
composition of the signals that we track. Discovering the identity
of the transfer functions that interconnect these different scales of
analysis is a crucial missing piece for the ability to understand how
the brain works.

Although thereis ongoing debate regarding precisely whether pre- or
post-synaptic activity inindividual neurons™'¢*>* or their interactions
with astrocytes® are responsible for the BOLD signal tracked with fMRI
(Box 1), there remains little doubt regarding the fact that there is tre-
mendous spatial and temporal organization in BOLD signals recorded
across the brain. Forinstance, tracking simple patterns of zero-lagged
correlation between coarsely mapped spatial locations distributed
across the brainidentifies a set of robust groupings (often referred to
as ‘large-scale networks’) that are stable across sessions, individuals

Nature | Vol 623 | 9 November 2023 | 265



Perspective

Benefits Challenges

Active neuron

\ <— Invasiveness —>
]

Non-invasive access

Indirect, slow response

. Blood

= vessels
&5 TN

)

Tl W )
<— Field of view —> ) 2 iv~(*\J

frtee gl
1\, /“ \( (S

Regional variation

[ 7>
Oxygen —?; 9, \

N

Whole-brain signal

/"" \ <«— Information —>
)
N/

Spatial and temporal Susceptible to noise

Human performing task Anaesthetized animal

]

-/

<«— Acquisition —>

Access to cognition Anaesthetic mismatch

Fig.2|Benefits and challenges associated with fMRI. Benefitsinclude
non-invasive access to the whole brain, with both spatial and temporal
information as well as access to awide range of cognitive functions in awake
human participants. Challengesinclude theindirect nature of the BOLD
response, its sluggish temporal nature, regional variationsin the strength

and nature of the BOLD signal, its susceptibility to various forms of noise
(suchas head motion and physiological artefacts), as well as the fact that
cross-species comparisons canbe challenging owing to the typical need for
anaesthesiainanimal studies. fMRIis also well suited to within-subject designs,
butis also expensive and technically challenging (not shown).

and different MRI scanners®?, but also reconfigure as a function of
task performance?, arousal®®, learning®, across development*®and asa
function of arange of disease processes™. Tremendous recent progress
hasbeen madeinsystematically characterizing these patterns, which
have been shown to contain robust low-dimensional structure®, while
also covarying with recordings from other neuroimaging modalities,
such as the intrinsic time-scale in magnetoencephalography data®,
the approximate myelin content from structural imaging data®*>*and
the differential expression of a wide range of distinct genes based on
postmortem studies® 3%, This suggests a promising link between the
recordings made at the whole-brain level and the microscopic elements
that comprise the brain, but as yet there are no effective means for
translating between these different scales.
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Integrating across scales is a difficult problem for a variety of rea-
sons: recording techniques often trade-off micro-level precision for
macro-scale coverage, and few techniques are capable of simultane-
ously resolving signals at multiple unique scales. Thisis problematic, as
the scales at which microscopic-level neuroscience are conducted are
orders of magnitude smaller than those that can currently be detected
witheven the most powerful high-field fMRItechniques. This gapis of
course becoming ever smaller with the advent ofimproved technolo-
gies that map thousands of populations of neurons simultaneously in
awake animals, typically using invasive calcium sensors®. However, an
important issue remains: there are no currently accessible technologies
that can map these microscale dynamics at the resolution of the whole
brain, and especially without doing so invasively. However, although
whole-brain calcium imaging in mammalian model organisms or any
scale of calcium imaging in humans are not yet possible, it is possible
to record whole-brain fMRI in humans and other mammal models. In
addition, recent advances have made it possible to scan animals without
the need for anaesthesia*®, offering exciting opportunities to compare
and contrast whole-brainimaging signatures of behaviour across spe-
cies. Thus, a profitable middle-ground could therefore be to use fMRI
as atranslator between scales, particularly given recent advances in
layer-resolved fMRI" and fast fMRI* (Box 1).

The ability to state causal hypotheses about circuit-level functionin
the nervous system that then make testable predictions about macro-
scopic patterns recorded at the whole-brain scale in humansis crucial
for the advancement of the field. Importantly, simultaneously tracking
fMRI with microscopic measures of neural activity is not enough—
the notoriously difficult problems of learning the transfer functions
between signals must also be solved™, while also taking seriously
important differences in neural circuitry across species*>*, There are
several recent examples of workin this space that provide hope for the
future. By combining causal optogenetic manipulation of precise cellu-
lar populationsin the brain with recordings of whole-brain BOLD signal
inlightly anaesthetized rodents, researchers have been able tolink the
causal perturbation of neural populations to the large-scale network
signatures that can be recorded at the whole-brain level***. Analo-
gous approaches that electrically perturb the brain of humans with
implanted electrodes during fMRI recording provide similar causal
access to the brain, albeit at a coarser spatial resolution than those
provided by optogenetic methods***. Optogenetic fMRI techniques
have also been combined with gene-expression maps to shed light onto
how neuromodulators may regulate aspects of human behaviour via
large-scale receptor networks*®. Other approaches have combined
BOLD with other imaging modalities, such as calcium recordings*
or electrophysiology*®*!, to determine whether the patterns inher-
ent within each technique coincide or differ. Early progress appears
promising, although there are many idiosyncratic details inherent to
neural circuitry, including sensitivity to arousal states®>* and neuro-
chemical alterations across rostrocaudal hierarchies in the brain®**,
that remain to be effectively dealt with before the field can deliver
uponthe pressing need for a translational tool that enables mapping
across the vastly different spatial scales required to link these differ-
ent methods.

fMRIin cognitive neuroscience

Oncemorerobustlinks between the microcircuitry ofthe brainand the
macroscopic measures that we record from fMRI have been created,
that microcircuitry can be linked to the emergent capacities of nervous
systems by taking advantage of what has been alongstanding advan-
tage of whole-brain imaging in humans: the capacity to shed light on
theinternal cognitive, emotional and motivational processes that give
rise to humanbehaviour and thought. Developments in signal acquisi-
tion and novel analytic strategies (Box 1) have enabled substantial and
meaningful changes in the role of fMRI in this process.



On the data acquisition front, by acquiring depth-dependent or
‘layer-specific’ measurements using high-field fMRI, we can characterize
directional circuits viathe fact that top-down (feedback) and bottom-up
(feed-forward) activity have distinct depth profiles across the cortical
column. Critically, these layer-specific signatures of activity in humans
canalsobe compared to observations using depth-dependent probesin
animal models™**~%, thus affording opportunities to test longstanding
theories of predictive coding in human participants®. Whereas early
layer-specific fMRIwork sought to validate these methods by extend-
ing well-established findings from animal model systems into humans,
more recent studies have begun to make novel discoveries that would
be difficult or impossible to test in animal models. These studies are
now informing theories of cognition in their own right. For example,
theoretical studies comparing perception (actually experiencing an
external stimulus) with mental imagery (calling a stimulus to mind or
imagining a behaviour without performing it) suggest precise differ-
ences in the cortical circuits responsible for these two processes®’;
layer-specific fMRI studies are beginning to tease these phenomena
apartin terms of their top-down versus bottom-up profiles®*¢2, Findings
from layer-specific fMRI are also informing theories of attention®*®, the
effects of which canmarkedly change both brainactivity and behaviour
for otherwise identical stimuli. For example, one study®* was able to
dissociate multisensory interactions from top-down attention into
two distinct depth-dependent profiles, suggesting that these are two
(atleast partially) separable mechanisms by which the brain regulates
and prioritizes information flow.

The combination of incisive experimental paradigms with nuanced
approaches to data analysis has also led to rapid progress in cogni-
tive neuroscience. For example, careful task designs combined with
model-based analysis strategies have revealed that the brain uses a
grid-like code to navigate both spatial and nonspatial (that is, con-
ceptual) relationships®®®” and to organize episodic memories®, akin
to the grid cells that have been observed during spatial navigation
innon-human animals. Building on longstanding work in the field of
reinforcement learning®, recent studies have used fMRI to distinguish
between possible models of how the brain computes subjective value™,
to delineate mechanisms for learning from direct experience versus
social observation”, and to dissociate the effects of errors of action
selection versus execution on learning’. Of note, these studies depart
somewhat from earlier model-based approaches, which fit models to
behavioural data first to choose the winning model, then search for
the neural correlates of the relevant cognitive operations’. Rather, in
these cases, the models under study make similar predictions about
ultimate behaviour, meaning that it would it be difficult or impos-
sible to adjudicate between them using behaviour alone. Instead,
in these studies, models are fit directly to the neural data to search
for evidence of the hypothesized latent operations at intermediate
steps in the cognitive process. Although it is possible that the same
conclusions could have been reached using EEG, MEG, or another
technique, it is unlikely that they could have been reached with the
same spatial specificity of fMRI, given that many of the structures in
question were relatively deep (for example, striatum, thalamus and
medial prefrontal cortex). This spatial specificity inhumansisimpor-
tant for links across species, and should be especially prioritized in
the fields of reward learning and decision making, where there are
exciting opportunities to translate similar tasks and circuits between
humans and animal models. These examples thus underscore a criti-
calrole for fMRIin deepening our understanding of the mechanisms
of cognition in ways that can also meaningfully interface with other
subfields of neuroscience.

With this new wave of studies fuelled by methodological advances,
the capacity for fMRIto help integrate cognitive neuroscience with the
domains of systems, computational and clinical neuroscience offers
exciting opportunities for advancement. One example of where these
efforts are already bearing fruitis studies of the medial temporal lobe

(particularly the hippocampus; Fig. 1b) and cross-species phenomena
suchasreplay and reactivation, processes by which humans consolidate
memories and learn new information””, These processes typically
occur ‘offline’ (while individuals are not focused on a particular task,
and often without explicit awareness) and are therefore not accessible
tobehavioural probes, and also critically involve deep brain structures
inthe medial temporallobe, such that fMRI has been a critical tool for
characterizing these phenomena in humans. These phenomena are
thus a prime example of how fMRI is well-positioned to link across
scales, which requires high spatial precision which can be achieved
using both non-invasive fMRI(in humans or animal models) and invasive
recordings (in animal models”™ or occasionally, humans undergoing
intracranial recordings).

To further interface with systems neuroscience, future work could
leverage these clear links across species and scales to refine our under-
standing of the general transfer function(s) that map invasive record-
ingsinanimal models to fMRIin humans; these function(s) couldinturn
be applied tothe measurements collected in other experiments to make
more precise translational predictions and/or more precisely evaluate
the extent to which cross-species findings converge or diverge, despite
the substantial differences in recording techniques. On the computa-
tional side, a great deal is understood regarding the computational
nature of hippocampal circuitry’”’®, and these algorithmic features
canberefined through the design of sophisticated cognitive tasks that
would be difficult to performinanimals®””. Finally, many clinical disor-
ders, such as Alzheimer’s disease®® and epilepsy®, depend critically on
pathology within the medial temporallobe, suggesting that advances
in our mapping of these disorders using functional imaging® will be
reciprocally informed by links to clinical neuroscience and data from
patient populations (Fig. 1b). Importantly, this is merely one example of
abroader capacity inherent within functional neuroimaging toadvance
our understanding of how brain systems support cognitive functions
inaway that meaningfully intersects with systems, computational and
clinical neuroscience (Fig. 1c).

fMRI in computational neuroscience

Armed with functional neuroimaging access to cognitive processes,
neuroscientists are faced with the novel challenge of how to make sense
ofthe complex patternsinherent within functional neuroimaging data.
Althoughthetrade-off between functionallocalization and integration
haslongbeen appreciated®*#*, functional neuroimaging was for many
years primarily focussed on ‘brain mapping’—that s, developing links
between particular regions or networks of the brain and specific mental
functions. This approach led to major advances in our appreciation
of brain function—for instance, in the characterization of distributed
networks that are engaged consistently across different tasks® and
are predictive of cognitive capacities®®. However, the approach falls
short in explaining precisely how the different specialized regions
work together to give rise to higher cognitive functions, such as fluid
intelligence and problem-solving®. This is, of course, a difficult prob-
lem that requires a ‘birds-eye’ view of the system (that is, precisely
the vantage point offered by fMRI); however it is also challenging to
discern coherentalgorithmic order fromaset of relatively heterogene-
ousstudies. What is needed are ways to sift through the complexity of
whole-brainimaging to make sense of the principles that link patterns
of brain activity to mental functions.

A promising approach to addressing this question has emerged
through the use of artificial neural networks. Whereas previous com-
putational approaches to fMRI analysis often used relatively abstract
models of a particular computational subcomponent of a task, artificial
neural networks have inspired an alternative approach to mapping
neural computations to brain activity®®*®: namely, by training the con-
nections within astructured network of brain-inspired computational
unitsinsuch away thatthe network can performtasksinanend-to-end
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manner (that is, from stimulus to response). These models can now
perform as well as (or better) than humans on many complex tasks®.
Althoughitis clear that these network are not accurate re-creations
of detailed biological networks—for example, the commonly used
back-propagation training algorithm may be quite distinct from the
learning rules used by biological neural networks®® and artificial neural
networks fail to account for key findings from human psychology—
the key issue is that the distributed nature of the networks forces the
system to solve the computational problem using some of the same
kinds of degrees of freedom available to biological neural networks
(thatis, as distributed networks of units with varying strengths of
connections between them®). To the extent that the brain solves com-
putational problems in a similar way to artificial neural networks,
trained networks can be thought of as a type of ‘computational model
organism’ that can be interrogated in order to identify the computa-
tional components of the model that are most predictive of signals
recorded from biological brains, thus providing further insight into
the function of the brain.

Perhaps most crucially, the types of tasks performed by human par-
ticipants can tap into complex, language-based cognitive capacities
thatare essentially impossible to study using non-human models. When
the data from these human experiments is subsequently mapped to
computationalmodels, the models canbe extended beyond the reaches
of the behaviours that can be interrogated in animals, while retaining
contact with the many hard-earned facts about the nervous system
identified using the tools of systems neuroscience. That is, inspiration
can be drawn from computational models that successfully replicate
humanbehaviour to help answer the difficult ‘how’ question (the algo-
rithmic level, in the language of Marr®?), while evaluating candidate
solutions against measurements from fMRI—-and then grounding those
results with more precise measurements from systems neuroscience
with known links to fMRI-to determine whether agiven computational
solution has a plausible neuralimplementation. Thisiterative process
will afford the ability to refine existing cognitive ontologies®®* using
mechanisms and methods that are ideally suited to unpacking the
structure of cognition.

To this end, a promising area that requires further development is
determining precisely ifand how existing artificial neural network archi-
tectures map onto the functions of the human brain. For instance, pio-
neering work showed that hierarchical convolutional neural networks,
which combine many layers and filters to mimic dimensionality collapse
and expansion®, provide a robust means for modelling key features
of the mammalian visual system®®*, Precisely how these models map
onto the complexity of the visual system remains an open question®s;
however, the open release of high-quality datasets designed for just this
purpose will no doubt accelerate our progress in this sphere®. Recent
work has also demonstrated similar isomorphisms between human
brain activity related to language understanding (as measured using
invasive electrophysiology) and the autoregressive neural network
(‘transformer’) architectures that have become highly successful at
many linguistic tasks'®°.

Thisapproachholds great promise for mapping more abstract, cogni-
tive functions using the same tools—for example, by training recurrent
neural networks to perform simulacra of cognitive tasks'®'%?, after
whichtime the function of the networks canbe interrogated using the
same methods that used to analyse functional neuroimaging data'®. By
comparing signatures of neural networks performing cognitive tasks
with fMRI patterns from human participants, the similarities and dif-
ferencesinthe computational solutions to cognitive challenges canbe
identified. Conversely, one canalso use fMRItoinformthe generation
of new task-optimized neural network models'®*. Yet another promising
approach has used artificial neural networks to assess the degree to
whichstimuliare actually diagnostic with respect to specific theoretical
debates!® (in this case regarding the role of perirhinal cortex inmemory
versus perception), leading to resolution of apparentinconsistencies

268 | Nature | Vol 623 | 9 November 2023

between human and macaque lesion results'®. In short, there are of
course crucial waysin which human brains differ from artificial neural
networks®1971% yet the similarities and the differences between the
two provide anumber of avenues to potentially inform our understand-
ing of how the brain gives rise to cognition.

fMRI in clinical neuroscience

Atthe advent of fMRI, many believed that its ultimate promise would
be to develop tools for clinical and other real-world settings. Cur-
rently, fMRIis used for pre-surgical mapping to ensure that key brain
regions are not damaged during resections'’, and more recently, to
guide targeted placement of electrodes for deep brain stimulation'
as well as non-invasive stimulation techniques such as transcranial
magnetic stimulation'% However, these applications remain relatively
niche, and many agree that the full promise of fMRI for diagnosing
and/or treating psychiatric and neurological illnesses has not been
borne out™. One major challenge that has prevented fMRI from mak-
ing meaningful clinicalinroads is that while nearly all the discoveries
discussed above were based on aggregating data from multiple indi-
viduals, to develop tools with real-world value, we need to identify
biomarkers for neurological or psychiatricillnesses that are sensitive
and specific at the individual ‘n of 1’ level, which is a fundamentally
difficult statistical challenge.

The dream of fMRI-based tools that are suitable for widespread,
routine clinical use may be far fromreality, as proposed imaging-based
biomarkers have turned out to be unreliable™ or too weak to support
robust inference at the individual level'®, perhaps because they have
beenbuilt oninsufficient data™. This is not to say that fMRIin its current
state cannot make meaningful contributions to clinical neuroscience;
rather, we suggest that arenewed focus on how basic scientific discov-
eries occurring in systems, cognitive and computational neuroscience
caninform clinical neuroscience, and vice versa.

Onechallenge for nof 1biomarkersis that behaviour and brain func-
tion are marked by considerable variability both within and across
individuals. Ultimately, then, understanding links between brain,
behaviour, and clinical status will require mapping of the full space
of possible values for the measures extracted on a spectrum from
health to pathology. Although behavioural work has long recognized
within-subject fluctuations in how subjects perform a particular task
(for example, trial-to-trial variability), fMRI can reveal the neural basis
for why these fluctuations occur—in other words, how endogenous
brainstatesinfluenceif and how incoming sensory information s pro-
cessed®" ™ Such neural and behavioural fluctuations across arange
of different timescales—from seconds to years—have the potential to
inform our understanding of symptom trajectories and responses to
treatment'°. They also highlight a fundamental problem in the logic
of most current neuroimaging studies of mental health disorders: By
samplingindividuals atasingle pointintime, these studies systemati-
cally neglect the temporal variability that is known to occur in many
such conditions. Longitudinal designs that relate within-subject brain
changes to behavioural changesin the name of prognosis may be amore
fruitful avenue for clinical applications of fMRI than single-timepoint
diagnostic prediction. Similarly, while rich across-subject variability
(thatis, individual differences) is well established across many domains
(personality, affect, cognitive and motor skills, and so on), understand-
ing the brain basis of these differences can reveal how and why differ-
ent brains perform the same task or react to the same information
differently,and how this might relate to disease or risk of disease'* 1%,
Again, even in the absence of n of 1 biomarkers, basic science regard-
ing neural variability can inform clinical practice in other ways, such
as by suggesting novel interventions. For example, knowing which
features or events within a complex stimulus, such as a film, trigger
differential brain responses across individuals might suggest novel
targets for cognitive-behavioural therapy.



Body

7N

Psychology Cognition

Biophysical models

Multimodal integration

Improved recordings
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ourunderstanding of thesignalsrecorded from purely descriptive experiments;
openscience practicesto ensure that results are robust, reproducible and
generalizable; dense-sampling approaches that balanceindividual precision
withrobust statistical analyses to provide strong conclusions that retain

Another way in which fMRI can inform clinical neuroscience is
by contributing to a mechanistic understanding of symptoms. One
powerful example is hallucinations, or perceptual experiences in the
absence of external stimulation. Hallucinations are a transdiagnos-
tic phenomenon: while auditory (often verbal) hallucinations are a
hallmark of schizophrenia, they are also associated with several other
conditions and sensory domains (for example, visual hallucinations
in Parkinson’s disease). Several theories attempt to explain hallu-
cinations in terms of predictive coding and aberrant weighting of
perceptual priorsin constructing sensory experience*. Older neuro-
imaging studies were concerned with identifying loci of activity
associated with hallucinations' to understand the extent to which
hallucinations resemble true sensory experiences in their functional
neuroanatomy, whereas morerecent fMRIstudies are leveraging meth-
odological advances to build a more mechanistic understanding of
when, how and why hallucinations occur. For example, layer-specific
fMRI can provide empirical evidence to constrain predictive coding
accounts, helping to adjudicate whether aberrant prediction errors
result from impaired top-down or bottom-up signals?®, and combin-
ing fMRI with computational models of conditioned hallucination
tasks can shed light on the neural circuitry underlying latent cogni-
tive processes that give rise to hallucinations'”. In addition to having
the potential to advance clinical science (for example, by suggesting
new targets for therapies), both of these directions also strengthen
bridges between clinical and systems, cognitive and computational
neuroscience.
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heightenedinterpretability; recordings across awide array of cognitive tasks
toleverage akey strength of fMRIand mitigate the limitations of approachesin
non-human animals; using circuit-level insights to populate biophysical models
ofthenervous systemto refine our understanding of the neural mechanisms of
cognitive function; improved recording techniques, such as layer-resolved fMRI
and heightened resolutionin the subcortex, toaugment our appreciation of
patterns of whole-brain coordinated activity; and understanding the links
between differentimaging modalities.

While much attention is rightfully focused on how discoveries in
basic science can inform clinical problems, there is also a richness of
possiblereciprocal contributions that fMRI can facilitate from clinical
neuroscience back to the basic science modules of systems, cognitive
and computational neuroscience. Psychoactive medications offer away
to causally manipulate microscale phenomena—for example, by target-
ing specific neurotransmitter systems—in humans in an admittedly
blunt, yet ethically acceptable way. If it is known from animal models
how manipulating these microscale phenomena should affect more
macro-scale patterns of brain activity, pharmacological fMRI studies
canbe used tovalidate that the same principles apply in humans. With
respectto computational neuroscience, to the extent thatitis possible
to model how mental processes work and how they are instantiated in
thebrain, it will be possible to test whether disruptions at various levels
within those models yield data that match neural and/or behavioural
deficits seen in disease. As an example, pharmacological agents that
perturb dopaminergic function have been used to confirm the associa-
tion of fMRI signals in the striatum with dopaminergic reward predic-
tion errors?®. This approach is a core principle of the rapidly growing
field of computational psychiatry'?.

Aroadmap for the future of fMRI

This Perspective began by highlighting the relatively segregated
nature of the current field of neuroscience (Fig. 1). We then argued
that, despite its limitations (Fig. 2), fMRl is a tool that has a number
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Box 2

The metascience of fMRI

fMRI has seen its share of controversies, including the challenges
associated with circularities in data analysis™, multiple
comparisons problems™*'5, variability of results across analysis
pipelines™® and the stability of brain-wide associations with
behaviour™. Rather than signalling the death knell of fMRI, this
checkered history actually reflects a heightened degree

of self-criticism that has led to improved research practices.

In part as a response to the discovery of these weaknesses, the
neuroimaging community is a remarkable example of a field that
has effectively adopted open science™"*® and has been honestly
self-reflective and self-corrective.

These reckonings have spurred several best practices that
should be celebrated. Data sharing is now becoming standard,
both prospectively™®° and retrospectively®. The effectiveness
of data sharing efforts has greatly benefited from efforts to build
data standards, most notably the Brain Imaging Data Structure''.
The field also benefits from a strong culture of code sharing along
with the development of robust, standardized, validated and
widely accessible open source analysis tools, as is evident from—
for example, the rapid adoption of the fMRIPrep pre-processing
workflow'2. Further acceleration will come from the development
and adoption of community standards for software development
that will enable frictionless sharing of software components
between development teams, as is currently being developed
by the NMIND (this Neuroimaging Method Is Not Duplicated)
Consortium'. We are optimistic that these improved and
still improving research practices will accelerate discovery
for years to come, and hope that the lessons learned and
practices adopted in fMRI can be leveraged by other scientific
communities.

of positive features thatallowit to cutacross and integrate these rela-
tivelyisolated sub-disciplines. Through this integration, we envision a
futureinwhich fMRIacts as a connector hub’, bringing the pieces of our
field back together to rediscover communication between otherwise
segregated subfields.

Advances on a number of fronts will accelerate this progression
(Fig. 3). Key amongst these is a need for more precise appreciation
of how the BOLD response aligns with detailed neuronal recordings
atthe microscopicscale, which we anticipate will emerge from multi-
modalimage integration. By refining the biophysical understanding
that enables translation between different imaging modalities, pre-
dictions created in one domain (such as the causal role that a specific
cortical cell type has in a particular cognitive task®) and perhaps
more complex cognitive contexts that are difficult or impossible to
image in non-human species (such as complex social interactions™
or highly abstract, rule-based tasks™?) will be able to be tested in
other species. We also anticipate a heightened importance of the
neuroanatomical characterization of the cellular components of the
human brain, specifically so as to ensure that comparisons across
species are conducted with high precision; this aim will be greatly
facilitated by the ongoing efforts of the BRAIN (Brain Research
through Advancing Innovative Neurotechnologies) Initiative Cell
Atlas Network. Combining this cellular-level detail with the causal
techniques used in non-human model organisms' as well as BOLD
imaging will markedly improve our ability to interpret the measures
that we collect non-invasively in human subjects. The complex causal
networks identified using these approaches will further augment
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existing biophysical models that expose the mechanisms underlying
higher-level brain functions.

Progress in the field will also be catalysed by continued advances
in signal acquisition and paradigm design, particularly those that
improve our ability to discern different neuroanatomically rele-
vant signals in the brain during the performance of cognitive tasks.
By carefully considering the breadth and scope of cognitive tasks used
infMRI studies in both humans and in animal models, the wide range
of our cognitive capacities will be more effectively mapped in both
healthy and disease states. To this end, studies designed to robustly
track individual differences in whole-brain organization will enable
us to combine the power of statistical approaches with the precision
afforded by idiosyncratic cognitive and affective capacities. Finally,
from a meta-scientific perspective, in recent years the fMRIcommunity
has been at the forefront of practices such as data and code sharing
and efforts to ensure replicability and generalizability that can serve
as amodel for other scientific communities (Box 2). This, in turn, can
reinforce the integrative role of fMRI as well as help ensure overall
scientific progress within and across subfields.

The complex, multi-scale organization of the brain does not
lend itself to interrogation from a single vantage point. Overall, we
maintain that the next wave of breakthroughs in neuroscience will
be catalysed by a pluralistic approach that leverages the benefits
of particular empirical tools to bolster the weaknesses of others,
with fMRI serving as a key connector hub. In sum, there is a timely
opportunity to refine our understanding of how the coordinated
activity of the brain shapes the intrinsic processes that generate
human behaviour and thought.
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