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Introduction

he human brain is unique among other species in
its ability to accurately and rapidly learn new concepts
and switch between states, while maintaining complex
rule sets. We engage in countless goal-directed tasks
throughout a given day, adopting task sets that flexibly
The frontoparietal network is critical for our ability to |  configure information processing in response to chang-
coordinate behavior in a rapid, accurate, and flexible | ing task demands. In cognitive psychology and neuro-
goal-driven manner. In this review, we outline support |  science, this process of volitional goal-driven behavior
for the framing of the frontoparietal network as a dis- |  is referred to as cognitive control. Cognitive control is
tinct control network, in part functioning to flexibly in- | not executed by a single brain region or single brain
teract with and alter other functional brain networks. network, but rather by several largely non-overlapping
This network coordination likely occurs in a 4 Hz to13 |  brain networks, each consisting of a relatively large set
Hz 0/o. rhythm, both during resting state and task state. |  of anatomically distributed regions, including the fron-

Precision mapping of individual human brains has re- |  toparietal, cingulo-opercular, and salience networks.
vealed that the functional topography of the frontopa- | There is now abundant evidence that these networks
rietal network is variable between individuals, under- | are anatomically separate from downstream process-

scoring the notion that group-average studies of the ing or attention networks, both during task states and

frontoparietal network may be obscuring important
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the resting state. Each network plays a unique role in
cognitive control, including its implementation, main-
tenance, and updating. Networks related to attention vs
cognitive control map onto those outlined by Petersen
and Posner,'? with the dorsal and ventral attention net-
works supporting orienting and the frontoparietal and
cingulo-opercular networks supporting cognitive con-
trol. For the duration of this review, we will be focused
on the control networks, with emphasis on the fronto-
parietal control network.

We begin our review by summarizing evidence for
the frontoparietal network as distinct from other con-
trol and attention networks, including its privileged role
as a flexible hub of cognitive control. We then move into
a discussion of the oscillations underlying frontopari-
etal network interactions, during both resting and task
states. Following this, we will discuss the importance of
densely sampling individual subjects. There is compel-
ling evidence that while core regions of the frontopari-
etal network are present across individuals, critical vari-
ants in this network’s topography exist. We conclude by
briefly reviewing evidence for frontoparietal dysfunc-
tion in several forms of psychopathology that emerge
during adolescence, a time when the frontoparietal
network is refining many of its interactions with other
brain networks. Given the anatomical heterogeneity of
the frontoparietal network across individuals, we argue
a complimentary shift towards densely sampling indi-
vidual subjects in both normative and diseased states is
of paramount importance to understanding the fronto-
parietal network in typical and atypical cohorts.

Evidence for parallel, segregated
control networks

The original focus on the anatomical substrate of cog-
nitive control was within the anterior cingulate cortex
and to a lesser extent the anterior insula. This is because
the anterior cingulate demonstrates reliable activation
in response to many forms of control, including, but
not limited to, task switching, novelty detection, focal
attention, and error commission.*® This early work led
Botvinick and colleagues to conclude that the anterior
cingulate facilitates outcome monitoring by evaluating
the result of an individual’s actions, and facilitating the
resolution of conflict during task (ie, conflict monitor-
ing).” Thus, it was proposed that the anterior cingulate
acts to alert regulatory regions, such as the dorsolateral

prefrontal cortex, which in turn exert top-down control.
Since this time, the conflict monitoring hypothesis has
evolved, prescribing a role of dorsal anterior cingulate
in signaling the expected value of control.® Working
closely in conjunction with this region and comprising
the core of the brain’s salience network, the anterior
insula is thought to detect salient features for additional
processing and is thought to act as a switchboard to di-
rect other brain networks.”!!

Although the conflict-monitoring hypothesis as-
cribes the anterior cingulate a central role in control,
a separate dual network’s view holds that cognitive
control is supported by multiple, anatomically distrib-
uted brain networks."> This model is the result of stud-
ies specifically aiming to delineate distinct control sig-
nals. Though the detection of salient stimuli and conflict
resolution are essential features of cognitive control,
humans also need to maintain and adapt control. Thus,
there are three main signals related to cognitive control:
(i) a transient signal resulting from the realization of the
need to instantiate control; (ii) a sustained signal sup-
porting the maintenance of control; and (iii) a transient
signal supporting performance feedback. An early at-
tempt to disentangle brain regions supporting different
modes of control was executed by Braver and colleagues
using a mixed block/event related design in functional
magnetic resonance imaging (fMRI)."® Results from
this study concluded that the anterior prefrontal cortex
was most reliably activated during the maintenance of
control, while the superior parietal lobes were involved
in transient control. Several years later, Dosenbach
and colleagues executed a cross-studies analysis on 10
mixed block/event-related fMRI studies to tease apart
regions contributing to the main signals contributing
to cognitive control.”? These tasks included visual and
auditory stimuli, with many different decision criteria,
such as semantic, timing, and similarity judgments. They
discovered a set of regions including the anterior pre-
frontal, anterior insular, and anterior cingulate cortices
that showed preferable activation for the maintenance
of control, whereas the bilateral intraparietal sulcus and
lateral prefrontal cortex showed preferable activation
for task-set initiation. Lastly, performance feedback
seemed to be supported by the inferior parietal lobe,
dorsolateral prefrontal cortex, and lateral cerebellum.

During the mid-2000s, fMRI analysis was shifting
from a focus on regional contributions to brain func-
tion to a broader network-level focus. With respect to
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this network-level approach, a key observation is that
co-fluctuations during the resting-state largely recapit-
ulate patterns of activation during task.'* Capitalizing
on this observation, Dosenbach and colleagues imple-
mented resting-state fMRI to delineate a whole brain
network’s view of the brain’s control architecture.'>'®
During the resting state, two largely parallel control
networks emerged. These two distinct networks were
coined the frontoparietal and cingulo-opercular net-
works. The original putative role of the cingulo-opercu-
lar network was in the flexible control of goal-directed
behavior through the stable implementation of task
sets in downstream sensorimotor processors across tri-
als, while control needed to be maintained. Conversely,
the frontoparietal network was prescribed the role of
supporting control initiation and provide flexibility by
adjusting control in response to feedback.

Currently, there is an abundance of evidence for
both a unified framework of control (conflict monitor-
ing) and for parallel control networks. However, we
and others' argue that the latter is more likely. First,
investigations of lesions in lateral PFC have shown
these patients have deficits in the ability to switch tasks;
however, they retain the ability to maintain a task set.!”
Conversely, lesions of midline prefrontal cortex, includ-
ing the anterior cingulate, have resulted in the ability
to switch tasks, but not maintain a set. Second, there is
little to no evidence for any temporal lag between the
anterior cingulate cortex and lateral prefrontal cortex.
In a study by Ploran and colleagues,'® noisy images were
slowly revealed to track the rate of sensory evidence
accumulation. Activity in the frontoparietal network
slowly increased as evidence was accumulated, but the
cingulo-opercular network was activated in the peri-
response period. These data suggested that the cingulo-
opercular network has a more prominent role in mo-
tor control, rather than in higher-order control. Third,
electrophysiological studies also point to segregated
control networks, using a working memory paradigm in
which cues were presented either before the memory
array or during the maintenance period to assess pro-
spective and retrospective control of working mem-
ory.” The frontoparietal network showed increased
activity for both prospective and retrospective cues,
while the cingulo-opercular network only showed in-
creases in activity for retrospective cues during working
memory maintenance. Furthermore, a cross-correlation
analysis revealed frontoparietal network activity modu-

lated o-band activity in downstream visual association
cortices, whereas there was no evidence for top-down
modulation of the visual network by the cingulo-oper-
cular network, supporting a role for the frontoparietal
network in bias sensory information in processing net-
works.?02!

Role of the frontoparietal network:
a flexible hub for cognitive control

Humans are unique and quite remarkable in their de-
gree of flexibility and speed when instantiating cogni-
tive control. How the human brain is capable of doing
this given its rigid anatomical backbone is an area of
ongoing research. Given its role in task adaptation and
implementation, a reasonable hypothesis is that the
frontoparietal network, or at least a subset of it, is a
functional hub (ie, it engages in strong co-fluctuations
with many other brain networks). Indeed, not only
does the frontoparietal network share a high degree of
functional connectivity without considering functional
network organization,”>? but it also demonstrates a
large degree of connectivity to many diverse brain net-
works, meaning that the frontoparietal network is a
functional hub both globally, and specifically in terms
of distributed connectivity.?*? Moreover, fluid intelli-
gence is positively correlated with the degree to which
the frontoparietal network’s coupling is distributed to
other brain networks?; in particular, greater connectiv-
ity between the frontoparietal and default mode net-
works during resting state was correlated with higher
intelligence scores.”’” Furthermore, there is a significant
positive correlation between functional integration of
the frontoparietal network and overall cognitive ability,
indicating that the strength of functional integration of
the frontoparietal network and the rest of the brain is
crucial for supporting superior cognitive functioning.?®
Given previous evidence for its role in task adaptation
and implementation, the frontoparietal network was
hypothesized to play a role in instantiating and flexibly
modulating cognitive control.

To test this hypothesis, Cole and colleagues used a
rapid instructed task learning paradigm,” which refers to
the ability to immediately perform novel instructed pro-
cedures accurately after the first instance a new instruc-
tion (rule) is given.*® Twelve task rules were randomly
permuted to achieve 64 different task “states.” The 12
task rules were created to assess three distinct cognitive
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domains (logical decision, sensory semantics, and motor
response) with four rules per domain. The frontoparietal
network’s pattern of coupling shifted significantly more
throughout the rapid switching of tasks than any other
network, including other control networks, providing
evidence that the frontoparietal network is a functional
hub for influencing brain-wide communication to meet
task demands. Moreover, the pattern of functional con-
nectivity was specific, such that the individual task being
completed was predicted by the pattern of connectivity
of the frontoparietal network to other networks. Lastly,
these predictive patterns held even when the tasks were
practiced. Thus, the frontoparietal network (and not the
cingulo-opercular network) is a flexible hub amongst
other brain networks for the flexible coordination of
cognitive control,” providing further evidence in favor
of dissociable and parallel control networks. Taken to-
gether, the frontoparietal network is highly integrated
with other brain networks, providing a functional back-
bone for rapid and flexible modulation of other brain
networks.

Electrophysiology of the
frontoparietal network

fMRI has been the primary tool used to understand
the role of the frontoparietal network, which is only
sensitive to slow oscillations (0.005 Hz to 0.1 Hz; ie,
approximately 1 cycle per minute). However, the cog-
nitive constructs that the frontoparietal network sup-
ports, including flexible integration of other networks
supporting cognitive control, occur at much faster tim-
escales® (ie, 1-100 Hz). For example, consider a simple
task in which you are instructed to make a left finger
motor response to a green crosshair and a right finger
motor response to a blue crosshair as quickly and ac-
curately as possible. In the task, the presentation of
blue and green cues is mixed, such that the sequence is
random. At each switch in cue color (eg, from blue to
green), the frontoparietal network must signal the in-
stantiation of control and recruit downstream networks,
such as the motor network, for a correct response. The
reaction time on any given switch trial would be less
than 1 second, faster than one full cycle of a blood oxy-
gen level-dependent (BOLD) oscillation. Thus, there is
great interest as to how control networks recruit other
networks for rapid accurate responses to task switching,
including temporal precedence.

Much of the work characterizing specific contribu-
tions of neural oscillations to brain function in this fast-
er range (1Hz to 100 Hz) has been done in task-state
analyses. The correlation between electrophysiology
and BOLD has been studied in both human and non-
human primates, with a consistent finding of correla-
tions between modalities in broadband 7y activity (40
Hz to 100 Hz).*'** Oscillations in this frequency range
play a critical role in enabling local neuronal synchro-
nization, whereas slower 6/a. (4Hz to 14Hz) band oscil-
lations have been shown to be critical for long-distance
integration.*** Inter-areal synchronization of 6/ band
oscillations within the frontoparietal network are asso-
ciated with cognitive control, and have been shown to
improve behavioral performance on control tasks, most
prominently when switching rule sets.>* Additionally,
6/o. power has been shown to intensify when control
demands are increased.”” Hence, slow-frequency oscil-
lations across control regions may underlie top-down
modulation of sensory networks.®* For example, long-
range frontoparietal interactions during working mem-
ory retention and mental imagery evolved most strongly
in the 6 and o (4 Hz to 14Hz) frequency range,* and
the prefrontal cortex has been shown to lead the poste-
rior parietal cortex in sustained visual attention tasks in
theta band oscillations.”” Slower frequency oscillations,
often in the 8 band (4 Hz to 10 Hz) have been shown
to organize local neural activity in the y band, such that
neurons tend to have greater firing rates in the trough
of an ongoing slow-frequency oscillation.* As such, the
phase of slower-frequency oscillations may be critical
for coordination of neural activity over long distances,
perhaps acting as an organizing mechanism for down-
stream sensorimotor function.*#!4

In contrast to task states, less is known about the
electrophysiological correlates of control networks de-
fined by BOLD fMRI during the resting state. There
is some evidence that resting-state BOLD networks
correlate to the o and B band, as measured with mag-
netoencephalography.* However, there is evidence
that correlations with BOLD may be greater at even
slower frequencies (4 Hz to 13 Hz).* More recently,
Hacker and colleagues characterized the spatial cor-
respondence in humans of resting state BOLD fMRI
and band-limited power using electrocorticographic re-
cordings.® They found that y band correlation was high
throughout the brain. In addition to this, they uncov-
ered a dissociation between the frontoparietal control
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network and dorsal attention network, such that the
frontoparietal network demonstrated greater coupling
of 6 band power (3 Hz to 8 Hz) to BOLD, whereas the
dorsal attention network had greater coupling between
band-limited power and BOLD in the o band (8 Hz to
12 Hz). In sum, the frontoparietal network seems to
map onto slower-frequency oscillations (4 Hz to 14 Hz),
critical for supporting its role as a flexible hub for coor-
dinating the activity of other brain networks.

Precision mapping and its implication for
the frontoparietal network

fMRI data has a notoriously low signal-to-noise ratio.
To overcome this issue, the standard paradigm of fMRI
imaging in humans has been to collect small quantities
of data (5 to 10 mins of resting state) per subject and to
then average them over tens, hundreds, or sometimes
thousands of individuals to identify central tendencies
of both healthy and diseased cohorts. This paradigm
has been fruitful in helping investigators understand re-
gional and network-level brain organization and func-
tion. While group averaging has revealed many basic
principles of functional brain organization, it has been
understood for centuries that individual brains differ
in their functional neuroanatomy. The current lack of
emphasis on understanding individuals limits the utility
of fMRI to characterize and understand normative and
atypical cohorts.

To begin understanding individual differences
in functional neuroanatomy, a single individual was
scanned for a total of 200 minutes of resting-state data
across 10 different sessions, known as precision map-
ping.* Several crucial observations were made. First,
high reliability of resting-state correlations can be
achieved with long enough data acquisition (~45 min-
utes), overcoming the low signal-to-noise nature of
fMRI in a single individual subject. Second, individu-
als exhibit measurable variants in functional network
organization compared with a group average. Third, in
the individual brain, part of the lateral prefrontal cortex
bilaterally contained a variant belonging to the cingulo-
opercular network, which belongs to the frontoparietal
network in group studies.

As an extension of densely mapping a single individ-
ual, 10 individuals were scanned for a total of 300 min-
utes of resting state data over 10 sessions, referred to
as the Midnight Scan Club (MSC).*” In addition to the

motor, visual, and cingulo-opercular variants observed
in a single individual,* several new types of spatial and
organizational variability in brain networks emerged.
These included unique network features and topolo-
gies that corresponded with structural and task-derived
brain features. For example, even a well-defined net-
work, such as the somatomotor hand network, demon-
strated measurable variability between subjects, espe-
cially in the degree of their task/rest overlap on a block
design motor task. Moreover, there was significant het-
erogeneity in network assignments in frontal and pari-
etal association cortices. Specifically, with respect to the
frontoparietal network, areas of high overlap between
subjects were in the intraparietal sulcus, ventral infe-
rior temporal lobe, and localized regions of the lateral
prefrontal cortex. However, across the prefrontal cor-
tex, there were substantial deviations between subjects,
with variants of other control and attention networks
located in regions of frontal cortex affiliated with the
frontoparietal network in other subjects (Figure 1).
Thus, there is substantial individual variation in the pre-
cise anatomical distribution of the frontoparietal net-
work.

Development and clinical implications of
the frontoparietal network

Both cognitive control and the functional brain net-
works that support it show a protracted development
through adolescence and early adulthood. Children and
adolescents are able to exert cognitive control. Thus,
development is not characterized by the emergence of
cognitive control, but rather the refinement of it. Paral-
leling this notion, there is evidence that the brain’s con-
trol networks are apparent by 2 years of age.**’ Control
networks are observable in infants younger than 2 years
of age, and are thought to be immature forms of control
networks identifiable later in development. Through-
out childhood and adolescence, the brain’s control
networks become more integrated with other brain
networks, potentially laying the early groundwork for
greater flexible engagement later in development.*® For
example, the increased integration of the cingulo-oper-
cular and salience networks supports the maturation
of inhibitory control engagement.> Recently, Chai and
colleagues showed that the expression of the frontopa-
rietal network increased in both strength and flexibility
throughout development.’! As such, the developmental

137



Basic research

trajectory of the control networks parallels advances in  that there exist shared mechanisms in the dysfunction
cognitive control abilities. of neural networks resulting in these different forms of

Cognitive control is commonly comprised in many  psychopathology.”> The abnormal developmental of a
forms of psychopathology, many of which emerge dur- flexible brain network, such as the frontoparietal net-
ing adolescence while control is being refined. Itis likely =~ work, may be a common feature across many diseases,

MSC 01

Figure 1. Individual frontoparietal network assignments (yellow patches) displayed on the left hemisphere cortical surface from the Midnight
Scan Club (outer ring). The central montage depicts the number of subjects having a frontoparietal network assignment on the
left and right lateral and medial cortical surface. Yellow arrows indicate exemplar patches where there is a high degree of overlap
in frontoparietal assignment across subjects. Conversely, red arrows show exemplar areas where a minority of subjects contains
frontoparietal network patches, highlighting the relatively large degree of heterogeneity in frontoparietal network topography. Only
52 vertices out of the 19 074 (0.3%) vertices had overlap across all 10 subjects, and 1171 of 19 074 vertices (6.1%) had overlap
across eight subjects. This high degree of heterogeneity is especially prominent across large swaths of the lateral prefrontal cortex.
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including schizophrenia, depression, and anxiety.”>
For example, patients with schizophrenia consistently
exhibit relatively low levels of cognitive control,*® often
apparent as early as childhood. Patients with schizo-
phrenia demonstrate reduced BOLD activity and con-
nectivity within and between regions of both the fron-
toparietal and cingulo-opercular networks across many
cognitive tasks.?®5>? These findings underscore the no-
tion that schizophrenia may be characterized by a gen-
eralized cognitive deficit implicating similar neurobio-
logical mechanisms across cognitive domains.?
Disorders involving cognitive control can be broad-
ly broken into primary and secondary control disor-
ders. Primary control disorders directly impact control
networks,® such as schizophrenia, in which substantial
cellular and molecular alterations occur within the lat-
eral prefrontal cortex,®! possibly underlying changes in
global connectivity of the lateral prefrontal cortex ob-
served in humans.”’ Secondary control disorders, such
as anxiety and depression, are those that manifest in
such a way as to not directly impact control networks.*
For these disorders, cognitive control is thought to act
as a buffer, such that high control abilities assuage
symptoms, whereas lower control abilities cannot com-
pensate for downstream abnormalities. As such, lower
cognitive control capacity evident early in development
may be a risk factor for schizophrenia and other forms
of psychopathology.®” It has been proposed that fronto-
parietal connectivity could be augmented through cog-
nitive training, such as in psychotherapy.®*® Future re-
search should focus on the contributions of modulations
within frontoparietal interactions through cognitive
training to ameliorating symptoms of psychopathology.
Moreover, accurately characterizing frontoparietal net-
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