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Understanding the unique functions of different subregions of primate prefrontal cortex has been a longstanding goal in cog-
nitive neuroscience. Yet, the anatomy and function of one of its largest subregions (the frontopolar cortex) remain enigmatic
and underspecified. Our Society for Neuroscience minisymposium Primate Frontopolar Cortex: From Circuits to Complex
Behaviors will comprise a range of new anatomic and functional approaches that have helped to clarify the basic circuit anat-
omy of the frontal pole, its functional involvement during performance of cognitively demanding behavioral paradigms in
monkeys and humans, and its clinical potential as a target for noninvasive brain stimulation in patients with brain disorders.
This review consolidates knowledge about the anatomy and connectivity of frontopolar cortex and provides an integrative
summary of its function in primates. We aim to answer the question: what, if anything, does frontopolar cortex contribute to
goal-directed cognition and action?

Key words: Area 10; frontal pole; nonhuman primates; decision-making; explore/exploit; cognitive control

Introduction
Frontopolar cortex (FPC), commonly referred to as Area 10
in monkeys and humans, represents the apex of the primate
granular prefrontal cortex. Yet, our understanding of FPC
anatomy and function has lagged behind other prefrontal
subregions for several reasons. Neural activity in FPC does
not seem particularly driven by external cues (Tsujimoto et
al., 2010), human brain lesions are rarely confined to FPC
(Koechlin and Hyafil, 2007; Badre, 2008), FPC is difficult to
access for neurophysiological recordings in monkeys (Mitz
et al., 2009), and FPC is difficult to modulate using trans-
cranial stimulation in humans. Meanwhile, comparative
anatomic analyses have revealed that Area 10 is among the
largest cytoarchitectonically defined regions of the human
prefrontal cortex (Ongür et al., 2003). Human FPC is rela-
tively larger compared with other apes (Semendeferi et al.,
2001), suggesting that a better understanding of FPC

anatomy and function is key for unlocking mysteries of
complex cognitive functions that are uniquely specialized in
humans relative to other primates.

A primer on the neuroanatomy of the FPC
Before we can answer questions about the function of the FPC,
we should first understand its makeup. Most of what is known
about the neuroanatomy of FPC is focused on cytoarchitectonics
(Walker, 1940; Barbas and Pandya, 1989; Preuss and Goldman-
Rakic, 1991) and anatomic tracing of connections between FPC
and other brain regions using autoradiographic (Petrides and
Pandya, 2007) or retrograde tracers (Barbas and Pandya, 1989;
Preuss and Goldman-Rakic, 1991; Petrides et al., 2012; Markov
et al., 2014).

In primates, the frontal pole of the granular PFC is character-
ized by a well-defined layer IV and is populated by small- to me-
dium-size pyramidal neurons. In rhesus macaques (Dombrowski
et al., 2001), the overall neuronal density of FPC is higher than
in agranular or dysgranular regions of the frontal lobe (e.g.,
orbitofrontal or cingulate cortex) but does not differ from
other granular subdivisions of prefrontal cortex (e.g., Area 46),
although neuronal density in layer IV is higher in Area 10m
than in Area 9 (Dombrowski et al., 2001). Myelination of FPC
is sparse relative to adjacent Areas 9 and 8 of granular PFC, but
myelination is still greater in the frontal pole compared with
more caudal, dorsolateral prefrontal areas (Preuss and Goldman-
Rakic, 1991). Medial frontopolar (Area 10m) cortex also contains
fewer parvalbumin- and calbindin-immunoreactive neurons
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relative to other frontal lobe regions, especially Area 14 in orbito-
frontal cortex and Area 46 in PFC (Dombrowski et al., 2001).
Dopamine receptor expression and dopaminergic innervation of
the frontal pole is poor relative to other granular prefrontal
regions (Berger et al., 1988; Williams and Goldman-Rakic, 1993).
Dopaminergic fibers innervating FPC also exhibit laminar inner-
vation patterns distinct from more caudal prefrontal regions
(Williams and Goldman-Rakic, 1993). This contrasts with low
but similar cholinergic innervation of FPC and prefrontal areas
(Lewis, 1991). In humans, FPC pyramidal neurons have a higher
number and density of dendritic spines compared with neurons
in orbitofrontal cortex (Jacobs et al., 2001), and there is a greater
horizontal distance between neuronal cell bodies in layer III of
FPC compared with apes. This has led to speculation, in humans
at least, that the frontal pole has an enhanced capacity for neural
integration (Tsujimoto et al., 2011), but direct tests of this hy-
pothesis are lacking. Although brief, this synopsis represents the
current state of knowledge regarding the cytoarchitecture, mo-
lecular, and cellular diversity within the FPC. While it is settled
that Area 10 is a distinct cytoarchitectonic region in multiple spe-
cies of primates (Preuss and Goldman-Rakic, 1991; Tsujimoto et
al., 2011; Petrides et al., 2012), there remains an immediate
need to use additional neuroanatomical and transcriptomics
approaches (Bakken et al., 2021; Scala et al., 2021) to establish a
more comprehensive catalog of the neural elements in FPC and
that distinguish it from other frontal lobe regions.

An ongoing debate surrounds how to best subdivide the FPC,
recognizing its expansion in humans relative to nonhuman pri-
mates. Cytoarchitectonic analyses have not yielded a clear an-
swer, so a common approach is to delineate subregions based on
their anatomic connections. Across primates, FPC can be subdi-
vided into at least two subdivisions: a lateral subdivision that is
forward of the principal sulcus on the surface of the frontal cor-
tex and a medial subdivision that encompasses the medial wall
anterior to the cingulate gyrus. A third orbital subdivision is also
evident in humans (Liu et al., 2013; Orr et al., 2015). Retrograde
tract-tracing studies in both macaques and marmosets find that
the most robust connections of the medial and lateral subdivi-
sions of the FPC are intrinsic, emanating from adjacent areas of
Area 10 (Barbas et al., 1999; Petrides et al., 2012). The next
strongest set of inputs to the FPC come from adjacent dorsolat-
eral prefrontal (Area 9) and orbitofrontal (Areas 11,12, and 14)
cortex.

The FPC receives input via the cingulate and uncinate fasci-
culi, as well as the extreme capsule (Petrides and Pandya, 2007).
Anterior cingulate cortex (ACC) inputs to the frontal pole form
large, asymmetric connections with the spines of excitatory neu-
rons, whereas ACC inputs to dorsolateral prefrontal cortex
(dlPFC) mainly target inhibitory interneurons (Medalla and
Barbas, 2010). These synaptic specializations suggest that ACC
can enhance inhibition in dlPFC and strengthen excitation in
FPC, which may help direct attention to new tasks while tempo-
rarily holding in memory another task (Medalla and Barbas,
2010). Ablation lesions of the FPC in macaques have also been
shown to profoundly impact the functional connectivity of FPC
with posterior cingulate cortex (Ainsworth et al., 2022). Outside
of the frontal lobe, corticocortical connections of the FPC ema-
nate mainly from auditory and polysensory regions of the supe-
rior temporal sulcus (Medalla and Barbas, 2010, 2014).

Retrograde tracers injected into the frontal pole of marmo-
sets (Burman et al., 2011a) and macaques (Porrino et al.,
1981) have also established that a sparse projection exists
from the magnocellular division of the basal and accessory

basal nuclei of the amygdala to the frontal pole. Probabilistic
tractography studies in humans have also detected amygdala
inputs to FPC (Orr et al., 2015). Using complementary ana-
tomic tracing techniques (Barbas and Pandya, 1989; Petrides and
Pandya, 2007; Markov et al., 2014), outputs from the FPC to
other brain regions largely match the pattern of its inputs, con-
sistent with probabilistic tractography and resting-state fMRI
assessments of frontal pole connectivity in humans (Liu et al.,
2013) and macaques (Yacoub et al., 2020; Ainsworth et al.,
2022). However, connections from FPC to the striatum are not
matched by a direct input. In macaques, anterograde tracers
injected into the ventral aspect of the lateral and medial subdivi-
sions of FPC label connections that terminate along the rostro-
caudal extent of the medial edge of caudate nucleus bordering
the lateral ventricle (Ferry et al., 2000; Petrides and Pandya,
2007). Projections from FPC have also been shown to terminate
in the rostroventral portion of the putamen (Petrides and
Pandya, 2007). These projections overlap the projection zones of
many other prefrontal regions (Averbeck et al., 2014), particu-
larly orbitofrontal cortex, implicating cross links between striatal
inputs from the frontal pole, and other cortical areas might be
another means of influencing cognition and action.

The lateral and medial subdivisions of the frontal pole are
reciprocally connected to the dlPFC (Barbas et al., 1999; Petrides
and Pandya, 2007; Markov et al., 2014; Orr et al., 2015). Using
methods to trace the efferent and afferent connectivity of FPC in
macaques, projections from the frontal pole to dlPFC are clus-
tered throughout Area 46 (Petrides and Pandya, 2007), whereas
dlPFC inputs to the FPC mainly originate from the rostral and
dorsal sector of Area 46 (Barbas et al., 1999). It has been noted
that these connections are less prominent in the marmoset
(Burman et al., 2011b). One additional feature that clearly differ-
entiates FPC from other granular PFC regions, particularly Areas
9/46, is the lack of connectivity between Area 10 and parietal cor-
tex, which is observed in marmosets (Burman et al., 2011b), mac-
aques (Petrides and Pandya, 2007; Sallet et al., 2013), and
humans (Orr et al., 2015). This is in stark contrast to dense recip-
rocal connectivity between the dlPFC and the parietal cortex.
One exception is anterolateral FPC in humans, which exhibits
unique resting-state functional connectivity with lateral intrapar-
ietal cortex (Sallet et al., 2013; Neubert et al., 2014). Because this
connectivity profile bears more resemblance to resting-state
functional connectivity profiles of Area 46 in macaques, an oth-
erwise untested functional homology has been proposed between
Area 46 in macaques and anterolateral FPC in humans.

While pathway tracing and neuroimaging studies in nonhu-
man primates and humans have characterized the key cortico-
cortical and subcortical connections of the FPC, an important
next step to take is developing a more detailed understanding
of how connections between the frontal pole and other brain
regions are structured and impact neural function. Consider
the density of the connections between the FPC and two hubs
of the motivational brain, the ACC and amygdala. The dense
reciprocal connectivity between the ACC and FPC compared
with the sparse connectivity between the amygdala and FPC
suggests that these distinct circuits might contribute differ-
ently in goal-directed action and cognition. For example, we
know from neuroimaging studies that the ACC and the amyg-
dala exhibit differential encoding of key value computations
that are also encoded in FPC and that enable flexible rein-
forcement learning and decision-making (Hogeveen et al.,
2022). An open question that we will address in our sympo-
sium (see talk by Medalla at Neuroscience 2022) is how the
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synaptic structure and specialization of FPC influence the cog-
nitive computations and operations it supports. Future work
focusing on the molecular and proteomic profiles of FPC neu-
rons and their connections will pave the way in thinking about
the FPC as part of a broader neural network enabling goal-
directed exploratory behaviors and help unravel the role of
specific cell types in future oriented goal-directed cognition
and action.

Consequences of FPC lesions in humans and monkeys
What are the functional contributions of FPC to goal-directed
cognition and action? At first glance, evidence from humans
and monkeys with FPC lesions seems to provide a relatively
straightforward answer: not much. Human patients with FPC
lesions demonstrate typical performance on IQ tests, and on
many gold-standard neuropsychology tasks sensitive to frontal
lobe damage (Shallice and Burgess, 1991; Goel and Grafman,
2000; Uretzky and Gilboa, 2010). Similarly, monkeys with FPC
lesions are able to flexibly respond to rule reversals during the
Wisconsin Card Sorting Test (WCST), a critical assay of cogni-
tive flexibility that is often impaired following damage to more
caudal prefrontal regions (Mansouri et al., 2015). Looking closer,
despite reasonably intact general cognitive functioning, patients
with FPC lesions demonstrate disorganized behavior that can sig-
nificantly disrupt functional outcomes in everyday life (Eslinger
and Damasio, 1985; Shallice and Burgess, 1991). These patients
also demonstrate clear deficits on complex, nonstandard neuro-
psychological tasks that require abstract reasoning, problem-solv-
ing, or multitasking/cognitive branching (Dreher et al., 2008; Roca
et al., 2010). Similarly, monkeys with ablation lesions of FPC, de-
spite generally intact WCST performance, demonstrate specific
aberrations in their ability to explore the value of alternative goals
to adjust future redistribution of executive control resources
(Mansouri et al., 2015). FPC-lesioned monkeys also show deficits
in rapid learning, possibly because of impaired exploration of
interactions between objects and events (Boschin et al., 2015).
Primate lesion studies therefore indicate that FPC’s functional
contributions to goal-directed cognition and action are complex
and nuanced. Neuroimaging and neurophysiology experiments in
non–brain-injured subjects will therefore be critical for further
evaluating hypotheses regarding the content and timing of FPC
function in primates.

Noninvasive and invasive recordings of FPC function
Human FPC has been implicated across a wide range of cogni-
tive tasks using fMRI. Task-related changes in FPC activation
occur during analogical reasoning (Green et al., 2006), prospec-
tion (Burgess et al., 2003), cognitive branching/multitasking
(Koechlin et al., 1999; Braver and Bongiolatti, 2002), value-based
decision-making (Daw et al., 2006; Boorman et al., 2009, 2011;
Domenech and Koechlin, 2015; Hogeveen et al., 2022), and
metacognition (Mazor et al., 2020, 2022; Soutschek et al., 2021).
This has led to several integrative perspectives on putative FPC
function in humans (Ramnani and Owen, 2004; Burgess et al.,
2007; Koechlin and Hyafil, 2007; Badre, 2008; Botvinick, 2008;
Badre and D’Esposito, 2009; Badre and Nee, 2018; Badre and
Desrochers, 2019). Across these perspectives, FPC is thought to
be involved in tasks that require the control of cognition and
action in response to two or more competing goals that are
organized either hierarchically (e.g., multitasking studies involv-
ing a superordinate goal above multiple competing subgoals)
(Braver and Bongiolatti, 2002), or in time (e.g., as in complex se-
quential performance tasks) (Desrochers et al., 2015). Sequence

monitoring studies have been especially consistent in revealing a
role for parametric changes in the BOLD response of lateral FPC
(i.e., “ramping”) during the control of temporally extended
behaviors that integrate task-relevant motivational signals
(Desrochers et al., 2019; McKim and Desrochers, 2022). At the
network level, learning hierarchical task structures to support
cognitive control likely involves changes in connectivity between
FPC and medial temporal or subcortical regions (van Holstein et
al., 2018; Theves et al., 2021). Despite having a reasonable under-
standing of the genre of hierarchical and sequential control tasks
that recruit primate FPC, there is little current understanding of
the specific neuronal computations that take place in this region,
and when those computations are implemented relative to
ongoing goal-directed cognition and action.

The first electrophysiological recordings from primate FPC
during a strategic decision-making task revealed a fantastically
simple neural coding scheme in this region: task-related FPC
neurons encoded goals at the time of feedback and nothing else
(Tsujimoto et al., 2010). Specifically, the decision-making task
used by Tsujimoto et al. (2010) comprised monkeys seeing a cue
indicating their upcoming goal is either the same or shifted rela-
tive to the previous trial. Then, after a delay period, they executed
a saccade that was either to the same target or the alternative
target compared with the previous trial, respectively. Task-
related FPC neurons were identified that were goal-selective
(i.e., encoded one target or the other), and activity differences
between these goal-selective neurons were only distinguish-
able at the moment of feedback (i.e., after the goal had been
achieved). Tsujimoto et al. (2010) integrated these findings
with the existing literature on human and monkey FPC to sug-
gest that this region plays a role in a distinct form of credit-
assignment they termed “retrospective monitoring.” In this
view, FPC neurons merge current schematic or “synthetic”
goals (i.e., not directly related to a cue or sensory event, but
derived from abstract knowledge of the task structure) with a
memory for the previous goal, and evaluate each goal based
on specific behavioral outcomes. This retrospective monitor-
ing mechanism would enable humans and other primates to
manage hierarchical or sequential control tasks, by providing
critical feedforward inputs to other, more caudal prefrontal
subregions that implement the “in-the-moment” control of
cognition and action (Tsujimoto et al., 2011).

This role of FPC in retrospective monitoring may explain its
involvement in managing competing goals during value-based
decision-making. A compelling series of studies on the neural
correlates of counterfactual choice option encoding suggested
the FPC is particularly sensitive to the value of unchosen/alter-
native options during decision-making, updating this signal at
the time of feedback based on counterfactual prediction errors
(Boorman et al., 2009; Boorman et al., 2011). An FPC represen-
tation of the value of counterfactual options would be critical
for enabling primates to engage in highly sophisticated decision
policies, which can temporarily defer an overarching value
maximization goal while exploring alternatives in the immedi-
ate term. This function of FPC is readily apparent as partici-
pants attempt to maximize immediate- and future-expected
value during explore-exploit decision-making. Explore-exploit
decisions refer to the ubiquitous trade-off humans and other
animals face when deciding whether to explore a novel option
with an unknown value (i.e., providing the opportunity to dis-
cover a new favorite) or exploit a familiar choice option where
the immediate expected value is known. In such situations, FPC
encodes when exploration is most beneficial to maximize
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relative future value (see Hogeveen talk at Neuroscience 2022)
and minimize uncertainty in the task set (Badre et al., 2012).
The FPC might be involved in adjusting the balance between ex-
ploitation and exploration of alternative goals and therefore sup-
port cognitive flexibility and foraging behavior in a changing
environment (Mansouri et al., 2017). A causal role of human
FPC in exploration has been evidenced by studies using noninva-
sive brain stimulation (Beharelle et al., 2015; Zajkowski et al.,
2017). In monkeys, explore-exploit goals are decodable from
caudal prefrontal neurons close to the time of choice, whereas
more rostral neurons encode those goals closer to the time of
feedback (Tang et al., 2022). The percentage of neurons that
encode goals to explore or exploit also follows a caudo-rostral or-
ganization in lateral PFC. Dense encoding of goal information is
observed in caudal subregions, whereas more rostral subregions
demonstrate sparse encoding (Tang et al., 2022). Sparse encoding
of goal information at the time of feedback in FPC is congruent
with the idea that this region encodes abstract information that
can be used flexibly to optimize goal-directed cognition and
action (Botvinick, 2008).

Flexible goal encoding in FPC is further evidenced by this
region’s involvement in WCST performance in monkeys. In the
standard WCST, monkeys learn to select the appropriate rule
(match shape vs match color) through trial-and-error learning,
and the rule is reversed once the monkey reaches a prespecified
performance criterion. Monkeys with focal FPC lesions perform
indistinguishably to controls with respect to the number of suc-
cessful reversals made during a task run of this standard WCST
but demonstrate increased conflict-induced behavioral adjust-
ments in a conflict-modulated version of the WCST [i.e., height-
ened levels of conflict adaptation, which might indicate tendency
for exploitation of the current task (resolving the conflict) in the
absence of exploratory drive in frontopolar-lesioned monkeys]
(Mansouri et al., 2015). Recent computational modeling and
electrophysiological recordings collected during a version of the
standard WCST task in monkeys suggest that the animals weigh
the potential value of exploiting the current rule versus exploring
the counterfactual rule to flexibly adapt behavior on each trial,
and that these rules can be decoded from FPC neuronal signals in
the g frequency range at distinct times relative to other prefrontal
subregions (see Ainsworth and Galeazzi talks at Neuroscience
2022). Collectively, across counterfactual choice, explore-exploit,
and WCST paradigms, the FPC computes the value of competing
goals at the time of outcome to shape abstract policies that guide
future goal-directed cognition and action (see Mansouri talk at
Neuroscience 2022) (Mansouri et al., 2017).

Clinical significance of FPC neuromodulation
Aberrant FPC function has been observed in a number of clinical
groups. For example, FPC is involved in abstract goal-directed
emotion regulation following treatment for post-traumatic stress
disorder (Fonzo et al., 2017), demonstrates atypical corticocorti-
cal connectivity in patients with treatment-resistant major
depression (Fettes et al., 2018), and has recently been identified
as a central node in a brain network causally related to substance
addiction (Joutsa et al., 2022). While further neurocomputational
work is needed to understand the role of FPC across these dis-
tinct brain disorders, each of them likely involves a disruption in
the flexible control of cognition and action according to hier-
archically or sequentially organized goals. Accordingly, FPC is a
vital target for neuromodulatory treatment with transcranial
magnetic stimulation (TMS) with transdiagnostic clinical rele-
vance (see Hanlon talk at Neuroscience 2022) (Hanlon et al.,

2019). This is a particularly exciting approach in light of recent
studies suggesting that the network-level effects of FPC neuro-
modulation with TMS extend to motivational brain regions,
including the striatum (van Holstein et al., 2018). As a caveat,
FPC neuromodulation with TMS can often induce modest or
null behavioral effects on tasks requiring hierarchical cognitive
control (e.g., van Holstein et al., 2018; Nee, 2021). Therefore,
additional studies testing “online” stimulation (i.e., TMS deliv-
ered during task performance) (Silvanto et al., 2008) and/or
higher TMS doses (McCalley et al., 2021) are vital to help to opti-
mize the parameter space for future FPC neuromodulation trials.

Forward progress on the forward frontal fields
Why has our understanding of FPC anatomy and function
lagged behind other subregions of PFC, and how can we advance
current understanding of the most forward prefrontal subregion?
In nonhuman primate work, the dominant approach has been
to examine task-related neuronal spikes in FPC from individual
circuits or neurons, which may not be the relevant module
for understanding FPC. Instead, FPC might utilize sparse,
abstract representations that necessitate population-level neural
encoding analyses using technologies that enable simultaneous
recordings of neural ensembles, or whole-brain noninvasive
imaging approaches (e.g. fMRI). But historically in cognitive
neuroscience, we have relied on standardized tasks that are built
on a foundation of interrogating frontal lobe function broadly,
using simple psychological subtraction logic to assay the neural
correlates of working memory load (e.g., 2 vs 0 back), response
inhibition (e.g., stop vs go), set-shifting (e.g., stay versus shift),
etc. Given that these conventional contrasts often fail to identify
task-related changes in FPC, there is a need for novel tasks that
probe goal-directed cognitions and actions that rely on estima-
tion of nonobservable future states, as in hierarchical or sequen-
tial cognitive control tasks (Badre and Nee, 2018; Badre and
Desrochers, 2019), or when one is required to maintain informa-
tion about alternative choices during motivated decision-making
(Boorman et al., 2009; Mansouri et al., 2017; Hogeveen et al.,
2022). In parallel, these tasks should be designed alongside new
and innovative computational model-based approaches for
quantifying latent neuronal signals (Vyas et al., 2020; Ebitz and
Hayden 2021) that may more closely reflect the information
encoded in FPC, rather than correlating neuronal responses with
conventional neuropsychological behavioral assays (e.g., reaction
time, accuracy, and d’). These efforts, paired with more modern
approaches to interrogating the basic neurobiology of this dis-
tinct cytoarchitectonic region, across primate species, should
fast-forward our knowledge of how the apex of the forward fron-
tal fields (Wise, 2008) contributes to goal-directed cognition and
action.
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