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Abstract

Cogpnitive control, the ability to engage in goal-related behavior, is linked to frontal, parietal, and
cingulate brain regions. However, the underlying function(s) of these regions is still in question,
with ongoing discussions about their specificity and/or multifunctionality. These brain regions are
also among the most variable across individuals, which may confound multi-functionality with
inter-individual heterogeneity. Precision fMRI—extended data acquisition from single individuals
—allows for reliable individualized mapping of brain organization. We review examples of recent
studies that use precision fMRI to surmount inter-individual variability in functional
neuroanatomy. These studies provide evidence of interleaved specialized and multifunctional
regions in the frontal cortex. We discuss the potential for these techniques to address outstanding
controversies on the neural underpinnings of cognitive control.
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Cognitive control is the set of processes responsible for guiding complex behavior in the
pursuit of a goal, allowing us to behave in an adaptive manner. These processes are relevant
to important life functions, including emotion regulation, action-planning, and decision-
making [1]. Neuroimaging, animal physiology, and human lesion research have made
tremendous strides in the search for the neural substrates of cognitive control, linking
prefrontal cortex, anterior cingulate cortex, the anterior insula, and parietal regions to
control-related functions [2-8]. Interestingly, the brain regions linked to cognitive control
exhibit correlated activity patterns, even at rest, which can be detected with functional
connectivity MRI (fcMRI, see Box 1; [9-11]) However, the umbrella term “cognitive
control” covers a variety of processes ranging from maintenance of a goal representation to
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inhibition of task-irrelevant inputs. Thus, a deep understanding of cognitive control requires
identifying its precise neural substrates, decomposing this complex domain into distinct
neural processes and their interrelationships.

A major obstacle to understanding the neural correlates of cognitive control is variability in
functional brain organization across individuals. Most fMRI studies of cognitive control
assume functional correspondence between anatomical locations across subjects (e.g.,
creating group average maps based on anatomical alignment), but recent research has
demonstrated that individuals can differ substantially in their functional architecture [12,13],
particularly in frontal and parietal cortex [14,15]. In this review, we will first discuss the
fundamental issue that cross-subject heterogeneity poses to the study of cognitive control.
We will then present a potential solution: use of a “precision” approach based on the
collection of extended datasets [12-14,16,17] to reliably identify functionally-matched brain
regions within individual subjects. We review recent studies that have used this approach to
help address ongoing debates on specificity and generality of function in frontal lobe brain
regions, and suggest avenues for fruitful future applications of this work to improving our
understanding of cognitive control.

The fog of heterogeneity: how variability in brain organization degrades our

understanding of cognitive control

It is well established that there are inter-individual differences in the anatomical organization
of brain regions, activation maps, and network profiles [13-15,21-24]. Recently, a number
of studies have used fcMRI to compare patterns of variability in systems-level brain
organization across people [13-15,21,22,25]. These studies have consistently demonstrated
that lateral frontal and parietal regions exhibit the highest degree of inter-individual
variability in the cortex [14,15]. Importantly, these regions overlap with the locations most
consistently implicated in cognitive control [4,8,19] (Figure 1). This leads to an important
limitation in group studies of cognitive control: regions that vary across people will be
averaged together in the group, leading to the proverbial mixing of “apples and oranges”.

Compounding this issue, many of the questions regarding the neurobiology of cognitive
control concern the degree of functional specialization of control regions. For example, one
long standing argument in the cognitive control literature concerns the dorsal anterior
cingulate cortex (dACC), which has been ascribed many functions including error detection
[26], conflict monitoring [2,27], task set maintenance [19], time on task [28], tracking the
value of behavioral changes [29], updating internal models of the environment [29], and pain
perception [30]. There are a number of explanations for the scope of functions associated
with the dACC (and extended areas of the medial frontal cortex, mFC): 1) The dACC/mFC
may be responsible for many separate cognitive functions; 2) there may be an underlying
common function/process to the diverse set of tasks that have been associated with
dACC/mFC activation in which these regions are involved; or 3) the dACC/mFC may be
composed of multiple sub-regions with diverse functions that are mixed together across
subjects and studies due to heterogeneity in brain organization. FCMRI shows that many
distinct networks can be identified in this sub-region (Figure 2), suggesting that there may
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be multiple sub-components to the dACC/mFC. This heterogeneity is increased when
looking at individual data, where a given anatomical location may be in different networks
across people (Figure 3). Studies examining functional activations in the dACC/mFC using
group-average maps will then necessarily mix task signals from different sub-regions. This
heterogeneity may underlie some of the diverse accounts of multifunctionality and
specificity linked to the dACC/mFC (Figure 2).

Another major debate concerns whether lateral frontal cortex contains multiple sub-systems
specialized for different processes [24,32], or if single regions contribute to generalized
aspects of cognitive control (e.g., constituting a “multiple demand” system [7]). Support in
favor of a single generalized system for cognitive control came from an early meta-analysis,
which showed common activations across many cognitive control tasks [7] (Figure 1).
However, counter arguments have suggested the presence of at least two distinct sub-systems
for cognitive control based on evidence that fcMRI correlation patterns separate into at least
two separate control networks (cinguloopercular and frontoparietal [9,19]), that also exhibit
some differences in their task activations, linking them to sustained task set maintenance and
adaptive control, respectively (reviewed in [33] Figure 1). However, a detailed understanding
of functional differentiation among these networks requires overcoming variability in control
network locations across subjects (e.g., Figure 3, purple and yellow).

In both cases, theoretical arguments rely on determining the extent to which a single brain
region is specialized or exhibits multi-functionality. However, individual variability in brain
organization means that simply aggregating across subjects based on spatial location can
lead to averaging signals from different functional regions across subjects, producing a
distorted picture of the neural substrates of cognitive control.

Light Through the Fog: using precision fMRI to address issues of

heterogeneity

A firm understanding of the neural underpinnings of cognitive control requires
individualized approaches that can identify the same functional sub-region across subjects.
“Precision” (or “deep”) fMRI methods, which focus on collecting high-quality
measurements in single participants through extended data collection and phenotyping, are
ideally suited to this endeavor.

One version of this approach is to use task “localizer” scans to individually map brain
regions of interest based on their activations in response to a task. There is a long history of
vision scientists employing independent localizer scans to identify a visual region based on
its functional properties (e.g., for retinotopy or category selectivity [34,35]) separately
within each participant. This method allows researchers to bypass cross-subject
heterogeneity in anatomical location and focus on functionally-consistent regions across
people, and then interrogate the properties of those regions as stimuli or task demands
change. An individualized task-localizer approach has also been used to identify higher-level
regions with sensitivity to more complex stimuli, for example to identify language-related
areas in the frontal cortex [17]. These studies highlight the advantages of accounting for
individual variation in anatomical location when investigating functional specificity of brain
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regions. However, one concern with using this approach in cognitive control research is that,
given the diversity and flexibility of control processes, there is little consensus on what
task(s) should be used as a localizer to identify control regions (potentially requiring a large
number of very diverse tasks for complete mapping).

A different approach is to use fcMRI to identify separate regions or systems based on
correlations in their spontaneous activity (Box 1), including those putatively specialized in
cognitive control (e.g., the frontoparietal and cinguloopercular networks [9,19]) Relative to
task localizers, this approach is appealing as many different networks can be simultaneously
extracted from spontaneous resting-state activity, rather than requiring diverse specialized
task localizers. While most fcMRI studies are based on group-average data, recently
researchers have extended these techniques to define networks and regions in individual
subjects through the collection of extensive precision-fMRI datasets [12,13,16,36-38]. With
a large amount of data, functional connectivity measures can achieve high within-subject
reliability (test-retest r > 0.85 with over 30 min. of low motion data in the cortex [13]),
producing detailed individualized maps of brain systems [12,13,16,38-40]. Regions
identified with precision fMRI approaches have been shown to match individualized visual
[16] and motor areas [13] identified based on more traditional task localizer approaches.
Importantly, individualized resting-state maps do better at matching motor and visual task
activations than do the group-level networks [13]. Thus, these findings highlight the
potential that fcMRI has to map individually-specific functional regions without the
experimental constraints of a task.

Precision fcMRI has also been used to map higher-level association regions. For example,
Braga and colleagues used precision fcMRI to identify and separate closely juxtaposed
networks associated with “default mode” locations of the brain, which mapped onto
differences in task activations associated with episodic projection and social cognition,
respectively [39]. This work was recently extended to map a third network associated with
language [40]. These studies suggest that precision fcMRI may fruitfully be applied to the
study of higher-level functions related to cognitive control due to its ability to produce
reliable individualized network measures that map onto individualized differences in task
function.

Light through the fog: The potential of precision fMRI in cognitive control

Using task localizers or fcMRI measures, reliable individual-specific functional brain
regions can be defined, combating the issue of cross-subject variability in control-related
brain regions. A handful of recent studies exemplify this potential. Assem and colleagues
recently asked whether the apparent domain generality of the multiple demand system could
stem from heterogeneity in the boundaries of functionally-specific regions across subjects
[41]. They created individual-specific regions (defined partly based on fcMRI) to
demonstrate that a core set of regions in lateral frontal and parietal cortex exhibited common
activations across diverse tasks in the Human Connectome Project, suggestive of domain
generality. However, the individualized data also demonstrated that these locations were
more spatially constrained than previously indicated, suggesting that the original approach
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had been affected by cross-subject heterogeneity, and refining the view of a multiple demand
system.

Others have also used individualized fMRI approaches to provide examples of functional
specificity within the lateral prefrontal cortex. Fedorenko and colleagues used language task
localizers to provide evidence that language-selective regions lie separated but closely
adjacent to domain-general regions of lateral frontal cortex [42] — regions that were likely
mixed together in previous group studies due to heterogeneity across subjects. Similarly,
individualized mapping has uncovered visually-selective and auditory-selective attention
regions in the frontal lobe [24], in addition to multiple demand regions [32]. These findings
suggest that multifunctional cognitive control regions may lie interspersed with regions that
have specific modality or domain specialization. Importantly, the interspersed nature of these
regions, and their variability across subjects, suggests that individualized approaches are
necessary to tease these regions apart.

The benefits of individualized brain maps are not restricted to the study of distributed
cortical territories, but can also help illuminate the function of specific sub-regions in
cognitive control. For example, Suda and colleagues individually defined six sub-regions
within the right inferior frontal cortex (rIFC) and demonstrated that these sub-regions differ
in their involvement in response inhibition [43]. As with the previously described sensory
and motor functional sub-divisions, the relationships between the six rIFC sub-regions and
cognitive inhibition were generally stronger for individual vs. group-level parcels. Thus,
individualized measures can add important information to our understanding of cognitive
control at a finer, sub-regional resolution.

These recent studies all demonstrate the power of an individualized approach to improve our
understanding of the specialization or multifunctionality of regions involved in cognitive
control. A similar approach might be taken to help resolve debates on the function(s) of the
dACC/mFC. Network maps suggest that this part of cortex is home to multiple closely
abutted networks, which vary in position across subjects (Figure 3). Reliable individualized
mapping, enabled by precision fMRI, can help determine if the wide array of functions
mapped to the dACC/mFC are reflective of closely interposed but distinct sub-regions or if
there are single dACC/mFC locations that show multifunctionality. To address these
questions, information from individual-level network maps could be combined with task
data to probe the differential role of dACC/mFC sub-regions in error monitoring, response
conflict, and task set maintenance, among many other proposed functions [2,19,28,44].

Similarly, questions regarding the putative task set and adaptive control specialization of the
cinguloopercular and frontoparietal networks [13,23] could be clarified by using a precision
approach to map these networks in single participants. This would overcome heterogeneity
driven by differences in anatomical localization of these systems across participants (Figure
3, purple and yellow) and may help to reveal functional specialization, much as Fedorenko
and Michalka have done for language and sensory related processes in the frontal cortex
[21,24]. By combining precision fcMRI mapping with richly-phenotyped task measures, we
will be able to refine our models of task control systems of the brain.
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As these examples demonstrate, the study of the neural bases cognitive control is likely to
benefit substantially from individualized precision fMRI. While much of our discussion here
has centered on the potential of these techniques to resolve questions of anatomical
heterogeneity, these techniques are also well-positioned to enhance our understanding of
within and between-person variation in cognitive control abilities (Box 2).

Summary

An improved understanding of cognitive control rests on discerning its neural
underpinnings, which requires accounting for variability in functional neuroanatomy across
subjects. Precision datasets allow researchers to employ robust individualized mapping
techniques to shed light on neural heterogeneity across subjects. This added precision makes
it possible to weigh multifunctionality accounts of cognitive control regions against
specialized function accounts, thereby reducing the uncertainty regarding the role of control-
related regions like the dACC/mFC. Preliminary individualized work has already begun to
identify functionally distinct but spatially intertwined sub-systems with different degrees of
generality. The enhanced precision of individual-level data is a necessary step to better
understanding the functional-neuroanatomical bases of cognitive control.
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Highlights

1. Cognitive control areas show high cross-subject variation in functional
organization

2. Cross-subject variability can confound reports of control area
multifunctionality

3. Precision fMRI can identify individualized functional regions linked to
control

4, This approach may help disambiguate functional accounts of regions such as
the dACC

We review the use of individualized methods to elucidate the neurobiology of control
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Box 1
Functional Connectivity MRI

Functional connectivity MRI (fcMRI) is a technique that measures temporal correlations
in the blood oxygen level dependent (BOLD) signal between different brain regions.
Functionally-related regions not only co-activate during a relevant task, but also exhibit
synchronous spontaneous fluctuations during rest. Thus, resting-state fcMRI can be used
to identify separate systems based on correlations in their patterns of activity [18].

Biswal and colleagues [18] first observed that the spontaneous activity in primary motor
cortex was highly correlated with the homotopic primary motor cortex as well as other
cortical and subcortical motor system regions. Since this seminal study, many other
canonical systems have been identified [10,11], including ones putatively specialized in
cognitive control (the frontoparietal and cinguloopercular control networks [9,19]) and
attention (the dorsal and ventral attention networks [3]). These approaches have also been
extended to mapping not only networks, but single brain regions [16,20] based on abrupt
changes in functional connectivity patterns between spatially neighboring locations.

FcMRI is advantageous relative to traditional task fMRI activation studies, as it allows
the measurement of many networks at once, without necessitating a separate task to
identify each separate network. Despite their unconstrained nature, the patterns of
spontaneous activity appear to be functionally relevant as they align closely with task-
evoked BOLD responses [13,16]. Moreover, network maps derived from rest data across
multiple independent datasets have been fairly consistent, suggesting these patterns of
fcMRI are robust and reflect a common, stable functional architecture [10,11]. These
findings indicate that fcMRI is a powerful method that can provide detailed descriptions
of the network topology in the brain that is both stable and relevant to function.
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Box 2

Future Directions: Shedding Light on Within and Between Participant
Variability in Cognitive Control

When regions are defined at an individual level, precision fMRI approaches - which are
fundamentally based on extended individual measurements - are also easily amenable to
address questions of how these regions respond across different contexts and over time
[23]. The transition from controlled to automatic processing is a prime example of a
domain of intra - individual variation in control that would benefit from precision fMRI.
Most fMRI studies of practice have relied on unpracticed vs. practiced comparison [45—
47]. With a large number of within-subject measurements, different time courses of
transition from controlled to automatic processing can be observed. Past observations
suggest that practice leads to decreased activation in the dACC [45]; a precision fMRI
approach can help investigators determine the temporal nature of reduced dACC
activation and if previously observed practice effects are driven by dACC sub-regions.

Addressing heterogeneity in individual anatomy can also add more power to our
understanding of cross-subject variations in cognitive control. There are significant
differences in cognitive control performance across individuals [4,48]. The improved
reliability and specificity of individualized maps enabled by precision fMRI will provide
more power to search for brain-behavior relationships that have been obscured in the past
by inter-individual variability (Figure 3). This approach can also provide researchers the
ability to refine mechanisms that may contribute to brain-behavior relationships, for
example probing more deeply into the types of functional or topographic differences in
brain organization that may contribute to differences in performance. In this vein,
individual-specific brain network topography has been demonstrated to predict cognitive
performance [36]. The frontoparietal control network has been suggested to be
particularly good at both differentiating individual subjects and predicting fluid
intelligence [22]. A recent study by Cui and colleagues used high-data individualized
mapping to demonstrate that subtle differences in brain topography in association cortex
is predictive of differences in executive function in youth [49]. Although the study of
inter-individual variability requires larger datasets than most past precision fMRI studies
[38,50], ongoing and future studies (such as the DMCC Project [51]) that collect
precision fMRI data in larger samples will be ideally positioned to help fulfill these
needs. This work has substantial promise for improving our understanding of the neural
bases of within- and between-subject variations in cognitive control performance.
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Figure 1:

Locations of variation across individuals overlap with locations associated with cognitive
control. (A) Locations of the cortex where individuals differ strongly from the typical group
architecture (adapted from Seitzman and colleagues [14]; warmer colors represent more
common sites of variation, with regions in yellow representing sites that vary in at least 33%
of individuals. (B) Coordinates reported by Duncan and Owen [7] for sites with cognitive
control related task activations. (C) The group-level cinguloopercular (purple) and
frontoparietal (yellow) “control” networks originally identified by Gordon and colleagues
from resting-state fMRI data [13]. Note the overlap between cognitive control regions/
networks and locations of individual variability.
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Figure 2: Diversity of functional activations in the dACC/mFC.
The top left inset shows the functional networks typically identified in the dACC/mFC based

on group-average data. Other subplots show Neurosynth [31] uniformity images, focused on
terms that have been associated with dACC/mFC functions in past literature (black lines =
borders of functional networks from inset as identified by Gordon and colleagues [13]). Note
that many activations overlap with multiple networks and cross network boundaries.
Moreover, note also that these group-average networks show substantial variability across
individual subjects in Figure 3.
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Figure 3:
Inter-individual variability in dACC/mFC networks. Functional networks (different colors)

in the dACC/mFC on average across a group of individuals in the Midnight Scan Club (top,
MSC) or for each individual separately (bottom), derived from resting-state fMRI data [13].
Note the heterogeneity in network assignments across subjects, such that a given position in
the group average can be associated with alternate networks in particular subjects.
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