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a b s t r a c t

Prefrontal cortex (PFC) and posterior parietal cortex (PPC) are neural substrates for spatial cognition. We
here review studies in which we tested the hypothesis that human frontoparietal cortex may function
as a priority map. According to priority map theory, objects or locations in the visual world are represented
by neural activity that is proportional to their attentional priority. Using functional magnetic resonance
imaging (fMRI), we first identified topographic maps in PFC and PPC as candidate priority maps of space.
We then measured fMRI activity in candidate priority maps during the delay periods of a covert attention
task, a spatial working memory task, and a motor planning task to test whether the activity depended on
the particular spatial cognition. Our hypothesis was that some, but not all, candidate priority maps in PFC
and PPC would be agnostic with regard to what was being prioritized, in that their activity would reflect the
location in space across tasks rather than a particular kind of spatial cognition (e.g., covert attention). To
test whether patterns of delay period activity were interchangeable during the spatial cognitive tasks,
we used multivariate classifiers. We found that decoders trained to predict the locations on one task
(e.g., working memory) cross-predicted the locations on the other tasks (e.g., covert attention and motor
planning) in superior precentral sulcus (sPCS) and in a region of intraparietal sulcus (IPS2), suggesting that
these patterns of maintenance activity may be interchangeable across the tasks. Such properties make sPCS
in frontal cortex and IPS2 in parietal cortex viable priority map candidates, and suggest that these areas
may be the human homologs of the monkey frontal eye field (FEF) and lateral intraparietal area (LIP).

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

The ability to reliably identify cortical maps has been essential
to our understanding of the organizing principles of the brain and
the functional architecture of specific neural areas (Hubel and Wie-
sel, 1959; Mountcastle, 1957). For example, the identification of
subregions of visual cortex using topographic mapping (Engel

et al., 1994; Wandell, 1999) and functional localizers (Kanwisher
et al., 1997) has led to major advances. fMRI studies of human vi-
sual cortex have identified more than 12 topographic maps that
provide an orderly tiling of visual space (Wandell et al., 2007). Re-
cently, topographic maps have been discovered outside of occipital
cortex, namely in association areas such as prefrontal cortex (PFC)
(Hagler and Sereno, 2006; Kastner et al., 2007) and posterior pari-
etal cortex (PPC) (Konen and Kastner, 2008; Saygin and Sereno,
2008; Schluppeck et al., 2005; Sereno et al., 2001; Silver et al.,
2005; Swisher et al., 2007). Unlike retinotopic maps in early
visual cortex, in which neighboring parts of the brain represent
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neighboring parts of the visual field, topographic maps in PFC and
PPC are driven by attention to locations in space (Bressler and Sil-
ver, 2010).

Although PFC may be the most important area for higher cogni-
tion (Curtis and D’Esposito, 2004; Stuss and Knight, 2002), the
inability to reliably define its subdivisions is a major factor that
limits progress in understanding its functions; this factor is com-
pounded by the large individual differences in PFC functional and
structural neuroanatomy (Rajkowska and Goldman-Rakic, 1995;
van Essen, 2005). Theories suggest that PFC is specialized for sev-
eral functions, including attentional control (Mesulam, 1990),
working memory (Goldman-Rakic, 1987), and action selection
(Passingham, 1993). Although nearly all theories of PFC emphasize
its role in top-down executive control over posterior cortices
(Miller and Cohen, 2001), the mechanisms of such control are
unknown.

Important research questions are how PFC and PPC represent
space and how spatial representations bias sensory and motor
functions. Several lines of evidence have converged on a theory
positing that activity in PFC and PPC constitutes maps of prioritized
space (Bisley and Goldberg, 2010; Fecteau and Munoz, 2006; Itti
and Koch, 2001; Serences and Yantis, 2006; Thompson and Bichot,
2005). According to this theory, the population activity of neurons
in priority maps forms a rank-ordered or ‘‘prioritized’’ representa-
tion of important locations in the visual field (Bisley and Goldberg,
2010). Priority maps are theorized to be composed of populations
of neurons organized topographically into a two-dimensional
map of gaze-centered space (Itti and Koch, 2001). Such maps are
continually sculpted by the saliency, or conspicuousness, of bot-
tom-up information from early visual neurons about stimulus fea-
tures (Itti and Koch, 2001), combined with goal-relevant, top-down
information from higher association cortices (Serences and Yantis,
2006). The read-out of a priority map could be the mechanism by
which competing representations of objects are selected in the vi-
sual system and competing representations of actions are selected
in the motor system.

In a recent fMRI study (Jerde et al., 2012), we identified candidate
priority maps by defining topographically organized areas of PFC
and PPC. To identify topographic maps, we used a task in which cov-
ert attention was systematically shifted around the visual field. In
three additional experiments using the same subjects, we compared
changes in the blood oxygen level-dependent (BOLD) signal in the
candidate priority maps as subjects maintained attention covertly
in the periphery, maintained a location in working memory, and
maintained a saccade plan. We predicted that if priority maps rep-
resent the location, and not the cause, of priority, then the spatio-
temporal patterns of neural activity in priority maps would be
indistinguishable across the spatial cognitive tasks. We here review
the results of this study in the context of the growing body of liter-
ature that implicates the frontoparietal cortex in prioritizing space.

2. Common activation during working memory, attention, and
intention

Persistent neural activity during the delay period between a sen-
sory cue (such as the position of a briefly flashed spot of light) and a
subsequent contingent motor response (such as the shift of gaze to a
remembered location) is the most compelling evidence that this
activity reflects a maintained spatial representation, e.g., working
memory (Fuster and Alexander, 1971; Kubota and Niki, 1971). Such
persistent activity is thought to link the prior stimulus cue with its
contingent response (Fuster, 2001). Several features indicate that
persistent activity is a mechanism for the maintenance of spatial
working memory in humans and non-human primates. First,
the BOLD signal persists in human brain areas homologous to

non-human primate brain areas in which neuronal spiking persists,
notably in PFC and PPC (Corbetta and Shulman, 2002; Curtis and
D’Esposito, 2003; Funahashi et al., 1989; Goldberg et al., 2002; Sny-
der et al., 1997). Second, delay period activity is coupled to task per-
formance, in that it persists as long as a spatial representation is
actively maintained (Schluppeck et al., 2006; Srimal and Curtis,
2008). Furthermore, greater delay period activity predicts better
performance on spatial working memory tasks (Curtis et al., 2004).

Traditionally, persistent activity has been posited to reflect the
active maintenance of a working memory representation (Curtis
and Lee, 2010). In a working memory task, for example, neurons
that are selective for the presentation of the cue remain in an ac-
tive state via persistent activity during the retention interval. Such
delay period activity could, however, just as easily reflect the main-
tenance of spatial attention directed towards the prior location of
the flashed cue, i.e., covert attention. Similarly, the delay period
activity could reflect the preparation of a forthcoming saccade to
the cued location, i.e., motor intention. Indeed, persistent activity
in PFC and PPC has been reported during intervals in which ani-
mals attend covertly or prepare a motor response (Bisley and Gold-
berg, 2003a; Cisek and Kalaska, 2005; Cui and Andersen, 2007;
Gottlieb et al., 1998; Schafer and Moore, 2007; Schall et al.,
1995; Snyder et al., 1997; Thompson et al., 2005).

In three fMRI studies, we demonstrated that delay period activ-
ity showed a striking pattern of overlap in PFC and PPC while sub-
jects maintained covert spatial attention (Ikkai and Curtis, 2008),
maintained a spatial working memory representation (Srimal and
Curtis, 2008), and maintained an oculomotor intention (Curtis
and Connolly, 2008) (Fig. 1). Specifically, we observed delay period
activity in all three tasks in dorsolateral PFC, superior (sPCS) and
inferior (iPCS) precentral sulcus, dorsal IPS, and superior temporal
sulcus. These results indicate that the neural mechanism support-
ing a variety of spatial cognitions is contingent upon persistent
activity in PFC and PPC. A strong interpretation of these findings
is that persistent activity in PFC and PPC reflects a single neural
mechanism that is common to the maintenance of covert attention,
the maintenance of a working memory representation, and the
maintenance of a movement intention, and probably to other spa-
tial cognitions (Ikkai and Curtis, 2011). Nonetheless, the nature of
such a mechanism is unknown.

3. Priority map theory

Space may be prioritized via persistent activity among neurons
whose receptive fields include the behaviorally relevant location.
In this conceptual framework, the activity of priority maps is the-
orized to tag locations in the environment that are salient and
behaviorally relevant (Serences and Yantis, 2006). Beyond that,
the theory is underspecified. Exactly what gets prioritized may
be specific to a given cognitive function (e.g., working memory buf-
fer or locus of attention) or effector system (e.g., gaze or reach
plan). Alternatively, a priority map may be agnostic in that its
activity is the same no matter what led to the prioritization in
the map or how it will be used.

Theoretically, then, prioritized maps of space may contain only
information about the locations of salient and behaviorally rele-
vant information. Consider, for example, a working memory delay
in which the position of a stimulus is 10� to the right. In terms of an
attractor dynamics model, an attractor positioned within a topo-
graphic map at the cued location could be used to represent the
prioritized spatial location (Compte et al., 2000). This map may
be identical to a map during the planning of a saccade that is 10�
to the right, and to a map during the maintenance of covert atten-
tion that is 10� to the right. The pattern of activity within the map
of space may therefore be agnostic about the conditions that led to

T.A. Jerde, C.E. Curtis / Journal of Physiology - Paris 107 (2013) 510–516 511



Author's personal copy

the prioritized location. Other brain areas could then read out the
general map of prioritized space to implement the specific cogni-
tive or behavioral demands. For example, downstream oculomotor
areas (e.g., superior colliculus and brainstem saccade generator)
may read out the priority maps of space in PFC and PPC to convert
eye-centered retinotopic representations into the motor metrics
for both memory- and visual-guided saccades (Bisley and Gold-
berg, 2003b; Sommer and Wurtz, 2001). Additionally, a read-out
of the same priority map by posterior visual areas could bias the
competition for neural representation toward neurons whose
receptive fields match the peaks in the priority maps (Gregoriou
et al., 2009; Moore and Armstrong, 2003).

Priority maps have two unique features that distinguish them
from simpler maps of space (Thompson and Bichot, 2005). First,
they can represent multiple locations simultaneously. And second,

they can represent the varying levels of priority of multiple loca-
tions. Monkey electrophysiological studies of visual search indicate
that FEF and LIP activity selects potential saccade goals based on
the item’s bottom-up salience (e.g., contrast with respect to back-
ground) (Bichot et al., 2001b; Schall and Hanes, 1993; Thomas and
Pare, 2007). The sudden onset of a visual stimulus in the neuron’s
receptive field captures attention automatically even when it is
behaviorally irrelevant (Yantis and Jonides, 1984). Later, FEF and
LIP activity selects the location of behaviorally relevant stimuli,
such as the target embedded within an array of distracters (Bichot
et al., 2001a; Thomas and Pare, 2007). Therefore, the topographic
pattern of activity in populations of FEF and LIP neurons is thought
to encode the dynamic topography of prioritized locations.
Theoretically, the topography takes the form of activations scaled
by the salience and behavioral relevance of all items.
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Fig. 1. Time courses and activation in three event-related studies of spatial cognition. (a) Time courses (average, SEM) from the sPCS (top panels) and IPS (bottom panels) are
time-locked to the presentation of the cue. Solid lines represent trials in which the locus of attention, memoranda, or direction of saccade was in the hemifield contralateral to
the cortical hemisphere, and dashed lines represent ipsilateral trials. Note that both sPCS and IPS show activation that persists throughout the delay period and has a
contralateral bias. (b) Significant delay period activity is projected on an inflated cortical sheet of the right hemisphere. The color wheel is the legend for the delay period
activity; for example, areas activated for both attention and intention are depicted in magenta. Areas that show delay period activation for all three tasks are depicted in black
and labeled.
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4. Topographic maps of space in prefrontal cortex and parietal
cortex

Our experimental strategy was as follows. Utilizing a within-
subject, multi-session design, we used topographic mapping to de-
fine candidate priority maps (e.g., putative FEF) (Jerde et al., 2012).
In these topographic areas, we measured persistent activity in the
same individuals during the delay periods of three separate exper-
iments on covert attention, working memory, and motor prepara-
tion (Jerde et al., 2012).

Specifically, using phase-encoded fMRI methods (Engel, 2012;
Engel et al., 1997, 1994), we identified four reliable topographic
maps, IPS0–IPS3, along the dorsal IPS that matched those reported
in previous studies, including IPS0/V7 (Tootell et al., 1998), IPS1
and IPS2 (Schluppeck et al., 2005; Sereno et al., 2001; Silver
et al., 2005), and IPS3 (Konen and Kastner, 2008; Swisher et al.,
2007). Beginning in V1 and terminating at the rostral end of the
IPS, these topographic maps form a consecutive strip of alternating,
inverted, and upright representations of the contralateral visual
field. In PFC, we identified two reliable topographic maps in
sPCS/iPCS that are consistent with previous reports (Hagler and
Sereno, 2006; Kastner et al., 2007). We consider these subregions,
given their spatial topography, to be candidate priority maps
(Fig. 2a).

We then asked whether these topographic areas contain popu-
lations of neurons whose activity prioritizes space. To answer this
question, we measured delay period activity as the same subjects
performed, on separate days, a covert attention task, a spatial
working memory task, and a saccade planning task. The trial struc-
ture (e.g., timing, randomized delay lengths, number of trials, cues,
feedback, spatial placement of cues and motor responses) was vir-
tually identical across the tasks. All else being equal (i.e., the spatial
priority), a theoretical priority map should not distinguish between
these delay periods. Indeed, we found that activity in the same
voxels persisted throughout the delay period irrespective of the
task. Persistent activity increased from inferior-to-superior PCS
areas (Fig. 2b) and from posterior-to-anterior IPS areas (Fig. 2c)
during the maintenance of covert attention, the maintenance of a

working memory representation, and the maintenance of a saccade
plan. Additionally, activity was higher in the hemisphere contralat-
eral to the locus of covert attention, the location of the memoran-
dum, and the direction of the saccade plan, consistent with a
lateralized representation of space. These data are consistent with
our studies showing that activity persisted in PCS and IPS across
these tasks (Curtis and Connolly, 2008; Ikkai and Curtis, 2008;
Srimal and Curtis, 2008), and further demonstrate that the areas
showing persistent activity in PFC and PPC are topographically
organized. In general, these data support the priority map theory.

5. Decoding spatial priority

Unanswered questions of the priority map theory include what
is being prioritized and how general is the prioritization (Fecteau
and Munoz, 2006). Past studies, including our own, that have com-
pared working memory and attention, or attention and oculomotor
planning, have faced the null result problem: no differences in the
patterns of brain activity (see Fig. 1) have been interpreted as
though the same cortical areas performed the multiple computa-
tions (e.g., memory and attention). Here, we used multivariate
decoding to sidestep the null result problem and substantially in-
crease our inferential power. Specifically, in topographic PFC and
PPC regions, we asked whether multivoxel patterns of delay period
activity were interchangeable during covert attention, working
memory, and motor planning.

Accordingly, multivoxel patterns of BOLD activity in topo-
graphic areas IPS0–IPS3 and sPCS/iPCS were assessed in a within-
task decoding analysis (e.g., a classifier trained to discriminate
the locus of covert attention was tested on its ability to predict
the locus of covert attention), and a cross-task decoding analysis
(e.g., a classifier trained on covert attention data predicts the loca-
tion of spatial working memory and/or the location of motor inten-
tion) (Kriegeskorte, 2011). In the within-task decoding analysis,
the pattern of delay period activity in several topographic areas
could successfully decode the prioritized visual field for the three
tasks, with the activity of sPCS, IPS2, and IPS3 being the best pre-
dictors. We consider the within-task decoding results as merely a
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Fig. 2. Topographic maps and time courses of activation. (a) Phase values are displayed on inflated cortices of one subject. As indicated in the central color wheel key, cool
colors reflect the right visual field (RVF) and warm colors reflect the left visual field (LVF). The borders of topographic areas in parietal cortex are demarcated by dotted black
lines reflecting the lower visual meridian (LVM) and dotted white lines reflecting the upper visual meridian (UVM). Four topographic areas are found along the caudal–rostral
intraparietal sulcus (IPS0–IPS3). In the PFC, two topographic areas are found along the dorsal–ventral PCS (sPCS and iPCS). LH, left hemisphere; RH, right hemisphere. (b) Time
courses from topographic areas along the PCS. Subject-averaged BOLD time courses time-locked to the cue (black triangle) show persistent delay period activity in sPCS, but
not iPCS, while subjects covertly attended to a peripheral spatial location, maintained a spatial location in working memory, and planned an eye movement to a spatial
position. (c) Persistent activity increases from posterior-to-anterior topographic IPS areas (IPS0–IPS3) during the same conditions.
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proof of the feasibility of our methods. Although these results nar-
row our search to those three priority map candidates, they do not
directly test our main hypothesis.

We next tested whether the activity in priority maps is inter-
changeable across various spatial tasks. That is, is such activity
agnostic with regard to the nature of the priority? Priority map
theory predicts that priority maps only tag the spatial coordinates
of prioritized locations. To directly test this prediction, we per-
formed cross-task decoding analyses by training classifiers on
one task and testing their ability to generalize to the other two
tasks. Activity in two candidate areas, sPCS and IPS2, predicted pri-
ority across the three tasks (Fig. 3). The predictability in the other
topographic regions was less reliable, but was significant in some
subjects, for some tasks. Further studies are necessary to elucidate
the conditions under which these topographic areas are predictive
of prioritized space and to what degree they might represent dif-
ferent types of information. We also must consider that our statis-
tical power was not enough to reliably detect predictability in
other topographic areas. Nonetheless, the relative strength of the
effect in sPCS/IPS2 makes these two areas the strongest candidates
to be priority maps. These results strongly support the prediction
that the location, and not the cause, of priority is represented in
the pattern of topographic activity in these areas.

6. Functions of sPCS and IPS2 in spatial cognition

The sPCS in prefrontal cortex and the IPS in posterior parietal
cortex consistently show the most robust delay period activity
across subjects, tasks, studies, and laboratories in human neuroim-
aging studies of spatial attention, spatial working memory, and
saccade control (Ikkai and Curtis, 2011). These two areas contain
the likely human homologs or evolved variants of monkey areas
FEF and LIP.

Topographic sPCS may correspond to the monkey FEF. In hu-
mans, electrical stimulation of this area induces saccades to the
contralateral visual field (Blanke et al., 1999), and lesions disrupt

contraversive saccades (Gaymard et al., 1999; Rivaud et al.,
1994). Moreover, robust and spatially selective BOLD activity in
human sPCS is correlated with the selection, preparation, mainte-
nance, and generation of saccades (Connolly et al., 2005; Corbetta
et al., 1998; Curtis and Connolly, 2008; Curtis et al., 2004; Ford
et al., 2005). In monkey FEF, neurons exhibit direction-selective
presaccadic activity, and saccades can be elicited with little current
(Bruce et al., 1985). FEF is thought to convert visual signals into po-
tential saccade goals (Schall and Hanes, 1993). These same mech-
anisms may guide attention in the absence of eye movements
(Awh et al., 2006; Thompson et al., 2005), and could be the means
by which spatial representations are maintained in working mem-
ory (Armstrong et al., 2009).

On the long axis of the FEF, a topographic gradient of saccade
amplitudes exists, with larger-amplitude saccades being more
numerous in dorsal FEF, and smaller-amplitude saccades being
more numerous in ventral FEF (Bruce and Goldberg, 1985). In addi-
tion, although FEF neurons represent all saccade directions, it is
unknown whether they are topographically organized by angle.
Bruce et al. (1985) reported that saccades of similar angles were
elicited by microstimulation of nearby neurons, and angle ap-
peared to systematically progress from the lip to the fundus of
the arcuate sulcus. Although we reported an angular topographic
map in the putative human FEF (Jerde et al., 2012), functional
imaging studies have yet to find a topographic map of amplitude
in this area.

Topographic IPS2 may correspond to the human homolog of
monkey LIP. In humans, this view is consistent with suggestions
from previous topographic mapping studies (Kastner et al., 2007;
Schluppeck et al., 2005; Silver et al., 2005; Swisher et al., 2007)
and recent neuropsychological data and theories (Gillebert et al.,
2011; Ptak and Schnider, 2011; Vandenberghe et al., 2012). In
monkeys, fMRI (Arcaro et al., 2011) and electrophysiological (Ben
Hamed et al., 2001) data have provided evidence for a topographic
map of contralateral visual space in area LIP. Monkey area LIP may
correspond to IPS2 in the human, since both areas contain an in-
verted visual field representation in mid-IPS. Neurons in area LIP,
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Fig. 3. Multivariate decoding analysis. Classifier results for decoding the prioritized visual field for sPCS and IPS2 (see Jerde et al., 2012, for other areas). The percentage of
correctly decoded trials is plotted. Each dot is an individual subject, and each colored horizontal line is the mean performance across subjects. The color of the dots indicates
the task used to train the classifier. The color of the boxes indicates the task used to test the classifier. For within-task classification, dot and box colors match; for cross-task
classification, dot and box colors do not match. The gray boxes represent the 2.5th and 97.5th percentile of the null distribution generated by random permutation analysis.
Dots and bars beyond these cutoffs are significantly different from chance. The multivoxel patterns of delay period activity in sPCS and IPS2 predict the prioritized hemifield
both within and across the three spatial cognitive tasks. The black horizontal bars indicate the mean performance of control analyses in which the mean signal difference of all
voxels in the left and right hemisphere of topographic areas was used to predict the prioritized hemifield. See Jerde et al., 2012, for details.
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like FEF, increase their firing rate when saccades are planned into
their receptive field (Barash et al., 1991; Ipata et al., 2009). More-
over, their activity persists during the maintenance of covert atten-
tion (Bisley and Goldberg, 2003a) and throughout the retention
intervals during spatial working memory (Gnadt and Andersen,
1988). Functional imaging studies of spatial cognition often acti-
vate a large portion of the IPS that probably includes IPS2 (Astafiev
et al., 2003; Ikkai and Curtis, 2008; Schluppeck et al., 2006; Serenc-
es and Yantis, 2007; Srimal and Curtis, 2008). Furthermore, both
FEF and LIP are densely interconnected with oculomotor and visual
structures (Cavada and Goldman-Rakic, 1989a,b; Petrides and
Pandya, 2006). They are thus ideally situated to receive the inputs
necessary to construct a priority map that could be accessed by
many brain areas to influence spatially guided behaviors.

7. Summary and conclusions

We used fMRI to test hypotheses about the nature of persistent
activity in spatial cognitive tasks. We found that persistent activity
in PFC and PPC carries information that can support a variety of
spatial cognitions. Two topographic areas in particular, sPCS in
frontal cortex and IPS2 in parietal cortex, function as prioritized
maps of space for spatial cognition. Furthermore, these areas
may be the human homologs of monkey areas FEF and LIP. The
activity in sPCS and IPS2 could be read out by other brain areas
depending on the spatial demands of perception, attention, work-
ing memory, motor planning, and other functions.

Overall, it is imperative to find efficient and reliable methods to
identify topographic areas. The lack of such methods has severely
limited our understanding of PFC and PPC. With improved methods
of defining topographic areas, we could ask important theoreti-
cally-driven questions (Silver and Kastner, 2009). For example,
why is the visual field represented in so many cortical areas? What
is the spatial scale and organization of topography in the monkey
brain (Kolster et al., 2009; Raffi and Siegel, 2005)? What details
will be revealed in human brain maps as more sophisticated imag-
ing techniques and higher field magnets become available (Gourtz-
elidis et al., 2005; Jerde et al., 2008; Olman et al., 2010)? What are
the real-time dynamics of activity changes across topographic
areas, as assessed by techniques such as magnetoencephalography
(Medendorp et al., 2007; Simpson et al., 2011)? What is the rela-
tionship between topography and cognitive functions in naturalis-
tic tasks that involve different effectors (e.g., eye and hand) and the
intermixing of cognitions that is typical in daily behavior? Given
the complexity of the brain, topographic representations of more
nuanced and higher cognitive processes surely await discovery
(Thivierge and Marcus, 2007).
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