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Three cortical scene systems and
their development
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Since the discovery of three scene-selective regions in the human brain, a central
assumption has been that all three regions directly support navigation. We
propose instead that cortical scene processing regions support three distinct
computational goals (and one not for navigation at all): (i) The parahippocampal
place area supports scene categorization, which involves recognizing the kind
of place we are in; (ii) the occipital place area supports visually guided navigation,
which involves finding our way through the immediately visible environment,
avoiding boundaries and obstacles; and (iii) the retrosplenial complex supports
map-based navigation, which involves finding our way from a specific place to
some distant, out-of-sight place. We further hypothesize that these systems de-
velop along different timelines, with both navigation systems developing slower
than the scene categorization system.

Carving up human cortical scene processing

The human ability to recognize a place (or scene; see Glossary) forms the bedrock for many of our
essential everyday behaviors. In a brief glance, we extract a wealth of information from scenes,
such as the category of the scene (e.g., ‘a kitchen’), its identity (e.g., ‘my kitchen’), and other critical
properties such as whether it is safe or what behavior is appropriate for the current context. At the
same time, we extract information that is vital for navigation, allowing us to effortlessly find our way
through the immediately visible environment without running into the kitchen walls or banging into
the kitchen table, for example. What’s more, we are able to situate the local visual environment
within a broader spatial map, allowing us, for instance, to know where our favorite restaurant is rel-
ative to our house. But how do we accomplish these remarkable feats?

One promising strategy to understand human visual scene processing is to characterize the neu-
ral systems that accomplish it. Over the past three decades, cognitive neuroscience has revealed
a set of three cortical regions that together make up the visual scene processing system in
humans: the parahippocampal place area (PPA) [1], the occipital place area (OPA) [2],
and the retrosplenial complex (RSC) [3]. However, beyond establishing the general involve-
ment of these regions in human visual scene processing — that is, responding about two to four
times more to images of scenes than to images of objects and faces in human fMRI studies —
two fundamental questions remain unanswered: (i) What precise role does each region play within
the broad domain of adult human cortical scene processing? (i) How does this functional organi-
zation develop from infancy to adulthood?

We review adult fMRI and neuropsychological studies and developmental fMRI studies on human
cortical scene processing, and we offer two hypotheses. First, we hypothesize that human cortical
scene processing is composed of three distinct systems: One we call the ‘scene categorization’
system, including the PPA, which is involved in recognizing a scene as a kind of place (e.g., a
kitchen), but not as a specific place (e.g., my kitchen); another we call the ‘visually guided
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It is widely believed that cortical scene
processing in adult humans — composed
of the parahippocampal place area
(PPA), the occipital place area (OPA),
and the retrosplenial complex (RSC) - is
wholly devoted to navigation.

Challenging this pervasive theory, recent
research suggests that the PPA is not
involved in navigation but instead is in-
volved in ‘scene categorization.’
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kinds (i.e., ‘visually guided naviga-
tion’ and ‘map-based navigation,’
respectively).

Thus, we propose that adult human cor-
tical scene processing comprises three
dissociable systems.

Furthermore, we propose that the PPA,
OPA, and RSC develop along different
timelines, and we offer the specific hy-
pothesis that both the visually guided
navigation and map-based navigation
systems are slower to develop than the
scene categorization system.
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navigation’ system, including the OPA, which is involved in finding our way through the immediately
visible environment, avoiding boundaries and obstacles; and a third we call the ‘map-based
navigation’ system, including the RSC, which is involved in making our way from a specific
place to some distant, out-of-sight place (Figure 1, Key figure). This three scene systems

Key figure

The three scene systems (a la Marr’s levels of analysis) and their
development
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Figure 1. The ‘scene categorization’ system [including the parahippocampal place area (PPA)] supports our ability to
recognize the kind of place we are in (e.g., a city versus a beach), not a specific place, and is not involved in navigation. Ac-
cordingly, it does not represent information critical for navigation: sense (left/right), egocentric distance (near/far), first-person
perspective (FPP) motion, location, or heading direction. Instead, it represents two kinds of information critical for categorizing
scenes: (i) spatial layout or ‘wholes’ (i.e., the spatial arrangement of the major surfaces that make up the overall shape of a
scene) and (i) scene content (e.g., the particular objects and textures that fill that space). By contrast, the ‘visually guided’
and ‘map-based’ navigation systems [including occipital place area (OPA) and retrosplenial complex (RSC), respectively]
do represent information essential for navigation. However, they do so differently, with the visually guided navigation system
representing information critical to guiding navigation through the immediately visible environment (i.e., sense, egocentric dis-
tance, FPP motion, and the local ‘parts’ of a scene that constitute boundaries or obstacles), and the map-based navigation
system representing information critical to guiding navigation from a specific place to some distant, out-of-sight place
(i.e., sense, egocentric distance, location, heading direction, and the overall shape of a scene). Each system is further disso-
ciated based on visual field bias, memory requirements, and the automaticity of the process they support. Finally, consistent
with the distinct computational goals, representations, and cortical regions across the three scene systems, each is further
hypothesized to develop along a different timeline. In particular, the scene categorization system is hypothesized to develop
earlier than both the visually guided navigation and map-based navigation systems.
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Glossary

Landmark recognition: the ability to
recognize the locations of particular
places or objects in the local
environment so they can be used as
landmarks to orient ourselves while
navigating the broader environment.
Occipital place area (OPA): a
scene-selective region located in the
parieto-occipital cortex, around the
transverse occipital sulcus.
Parahippocampal place area (PPA):
the first scene-selective cortical region
reliably identified in adult humans using
fMRI, the PPA is located medially in the
inferior temporo-occipital cortex,
between the posterior parahippocampal
gyrus and the anterior lingual gyrus, and
sometimes extending to the adjacent
fusiform gyrus and collateral sulcus.
Reorientation: an organism’s ability to
find its bearings after being disoriented,
using both spatial layout and egocentric
information (i.e., sense and egocentric
distance).

Retrosplenial complex (RSC): a
scene-selective region — more recently
called the medial place area [74] —
located in the medial parietal cortex,
immediately behind the splenium, the
most caudal part of the corpus
callosum, often including the precuneus
and posterior cingulate cortex.

Scene: a large-scale space or
environment that a person can
recognize as a particular kind of place,
navigate through, or situate within a
broader environment.

Scene content: the internal features of
a scene encompassing objects,
textures, colors, and materials.
Scene-selective regions: brain
regions, including the PPA, RSC, and
OPA, that respond more strongly in fMRI
when people view images of scenes
(e.g., landscapes, cityscapes, rooms)
than when they view other visual stimuli,
such as objects and faces.

Spatial layout: the geometry of a
space, defined by the spatial
arrangement of the large, extended
surfaces/planes composing the space.
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hypothesis challenges the pervasive theory that human cortical scene processing is entirely in the
service of navigation [1,4—18]. Second, we hypothesize that these systems develop along different
timelines — more specifically, that both the visually guided navigation and map-based navigation
systems are slower to develop than the scene categorization system (Figure 1).

The PPA is involved in scene categorization, not navigation

A central assumption since the discovery of the three scene-selective regions has been that all
three directly support navigation. For example, in the seminal PPA paper, Epstein and Kanwisher
[1] found that the PPA responded significantly more to images of empty rooms than to the same
rooms in which the walls, floors, and ceilings had been fractured and rearranged, thus disrupting
spatial layout. The authors then argued that the representation of spatial layout in the PPA signals
its role in navigation because spatial layout information is critical for navigation and reorientation
[19-23]. Other more recent fMRI studies found that the PPA represents certain aspects of
the spatial layout of scenes (e.g., whether a scene is ‘open’ or ‘closed’) [6,7,17], and similarly
argued that such encoding of spatial layout information reflects the role of PPA in navigation.
But spatial layout information need not be used for navigation only and could also easily
facilitate scene categorization (e.g., a beach is ‘open’; a kitchen is ‘closed’). Indeed, several
behavioral and computer vision studies have found that spatial layout information (including
open/closed information) can be used to categorize scenes and at times is even necessary
to do so [24-28]. Thus, we argue that none of the studies claiming that the PPA is involved
in navigation provide direct evidence for this claim and that all of the findings are, in fact,
open to the alternative interpretation that spatial layout sensitivity reflects the role of the PPA
in scene categorization.

To directly test the role that the PPA plays within human cortical scene processing, we conducted
an fMRI experiment [29] in which participants were asked to perform either a scene categorization
task or a visually guided navigation task on the exact same stimuli. In the scene categorization
task, participants imagined standing in a room and indicated whether the scene was a kitchen,
a living room, or a bedroom. In the visually guided navigation task, participants imagined walking
along a path on the floor that led only to one of three doors and indicated whether they could leave
through the door on the left, center, or right wall. We found that the PPA responded significantly
more during the scene categorization task than during the visually guided navigation task.
Crucially, we further found that the PPA did not respond any more during the visually guided
navigation task than during a baseline task (i.e., a one-back task, where participants indicated
whether the presented image was exactly the same as or different from the previous one), sug-
gesting a complete lack of task-based modulation in PPA during the visually guided navigation
task. By contrast, the OPA showed the exact opposite pattern, responding significantly more
during the visually guided navigation task than during both the scene categorization and baseline
tasks. These results reveal a double dissociation between the responses in the PPA and the OPA
and thus strongly suggest distinct neural systems selectively involved in scene categorization and
visually guided navigation, respectively. Meanwhile, the RSC responded similarly during all three
tasks, suggesting the lack of RSC involvement in either scene categorization or visually guided
navigation, consistent with our hypothesis that the RSC and the OPA play different roles even
within navigation — a topic we explore in the next section. Additional evidence against the role
of the PPA in visually guided navigation comes from several other fMRI studies showing that
the PPA — unlike the OPA — does not represent information necessary for visually guided naviga-
tion. Specifically, the PPA does not represent (i) ‘sense’ (left—right) information [30], (i) egocentric
distance (near—far) information [31], (iii) first-person perspective motion information through
scenes (i.e., actually mimicking the visual experience of navigating through immediately visible
environments) [32,33], or (iv) possible routes through a local scene [34].
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Intriguingly, our finding of dissociable neural systems involved in recognizing places (including the
PPA in the temporo-occipital cortex) and navigating through them (including the OPA, in the
parieto-occipital cortex) suggests that the human cortical scene processing system is similar to
the well-characterized ventral/dorsal distinction for human object processing, with one system re-
sponsible for recognition (a ‘what’ system) and another for visually guided action (a ‘how’ system),
respectively [35,36]. Note, however, that our finding of two distinct systems for scene categoriza-
tion (including the PPA) and visually guided navigation (including the OPA) does not mean that the
two systems cannot and do not interact, as is widely recognized in the case of the dorsal and ven-
tral streams for object processing [35,37]. Indeed, two studies [38,39] found resting-state func-
tional correlations between the PPA and the OPA, suggesting that these regions are
connected (at least functionally, maybe anatomically), thereby enabling crosstalk between
them. However, the nature of any such interaction remains mysterious, and, in any case, this in-
teraction need not be essential to the operations performed in either system. Just as in object
processing, where one need not recognize the category of an object (e.g., ‘cup’) to successfully
act on it (and vice versa), in scene processing, one need not recognize the category of a scene
(e.g., ‘kitchen’) to successfully navigate through it (and vice versa). Importantly, causal evidence
for independent scene categorization and visually guided navigation systems is still lacking. Fu-
ture studies of patients with focal lesions to either the PPA or the OPA are thus required to provide
a definitive answer to this question.

However, perhaps the biggest challenge to our hypothesis that the PPA is not involved in naviga-
tion are several studies reporting that the PPA is involved in a key component of map-based nav-
igation, known as landmark recognition [3-15]. In other words, although the PPA may not be
involved in visually guided navigation — as described previously — it may be involved in map-
based navigation. However, these otherwise elegantly designed studies have significant method-
ological limitations (i.e., not correcting for multiple comparisons and/or ‘double dipping’ [40], not
comparing across regions to show neural specificity, and/or not matching on behavioral perfor-
mance to rule out task difficulty) and hence cannot be taken to show the claimed result. Instead,
a recent fMRI multivoxel pattern analysis (MVPA) study [41] — which did not suffer from the previ-
ously-described methodological problems — found that PPA does not represent the location of par-
ticular places (e.g., the restaurant on 10th Street versus the restaurant on Peachtree Street) or the
heading direction of the navigator (e.g., the navigator is facing the restaurant in the north part of
town versus the south part of town) — but instead represents only the scene category (e.g., a res-
taurant). The RSC showed the exact opposite pattern of results, representing location and heading
direction information, but not category information.

Such a double dissociation strongly suggests distinct neural systems involved in scene categori-
zation (including the PPA) and map-based navigation (including the RSC). Unlike the RSC or the
PPA, the OPA represented neither location, nor heading direction, nor category information,
again supporting our hypotheses that the RSC and the OPA play different roles within navigation
and that the PPA and the OPA play different roles within scene processing more broadly. Addi-
tional evidence arguing against the role of the PPA in map-based navigation comes from two
other fMRI studies also showing that the PPA — unlike the RSC — does not represent landmark
information (i.e., location and/or direction information) [42,43]. Finally, another fMRI study found
that, during a landmark recognition task, responses in the parahippocampal cortex (perhaps
overlapping with the PPA; although the PPA was never functionally defined) — unlike the RSC —
did not vary as a function of one’s ability to navigate [44,45].

Interestingly, support for the idea that the PPA is involved in landmark recognition also comes from
several neuropsychological studies reporting that patients with damage to parahippocampal and
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lingual gyri (areas encompassing and surrounding the PPA) commonly present with landmark
agnosia — an inability to recognize landmarks [46-50]. However, in all of these studies, there is
either (i) diffuse damage, including not only parahippocampal cortex but also other navigationally
relevant structures including the hippocampus and retrosplenial cortex; (i) not enough detail
about the lesion to determine whether the parahippocampal cortex is even implicated at all; or
(iii) a lack of the proper control conditions to rule out alternative hypotheses, especially regarding
the role of PPA in scene categorization — making it impossible then to draw any clear conclusions
about the function of PPA from these studies. Future work is therefore required to test patients with
damage to the PPA. Indeed, another more recent study on two stroke patients with focal damage
to the PPA found significant impairment in the encoding of novel scenes, yet sparing of famous
landmarks [51], suggesting a role for the PPA in recognizing scene category, but not identity.

So, if PPA is not involved in navigation (visually guided or map based), then what role does it play
within human cortical scene processing? We propose that the PPA plays a role in scene catego-
rization for four reasons. First, as previously described [29], the PPA responded more during a
scene categorization task than both a visually guided navigation and a baseline task. Second,
as previously described [41,43], the PPA represents basic category information about places
(e.g., a restaurant), but not landmark information (e.g., the restaurant on 10th Street). Third,
two fMRI MVPA studies found that scene category (e.g., beach versus forest, across multiple ex-
emplars per category) — from both color photographs and simple line drawings — is more accu-
rately decoded from the activation patterns in the PPA than the RSC and that the activation
patterns in the PPA, but not the RSC, were correlated to behavioral performance on a scene cat-
egorization task [52,53]. The OPA was not tested in either of these studies. Fourth, the PPA rep-
resents scene content information — information undoubtedly used for scene categorization. For
example, the PPA responds to objects that are (i) good exemplars of specific scenes (e.g., a bed
is found in a bedroom, while a refrigerator is found in a kitchen) [17,54-56], (ii) strongly associated
with a given context (e.g., a toothbrush is only found in a bathroom) versus low ‘contextual’ ob-
jects (e.g., an apple is found in many places) [57,58], and {iii) large and not portable (e.g., a couch
versus a small fan) [59-61]. Similarly, several other studies found that the PPA represents the
summary statistics of object ensembles (e.g., the leaves on a tree) and texture information
(e.g., brick) [62-65].

Finally, there is some limited evidence that the PPA is not a unified region, but instead can be bro-
ken up into posterior and anterior portions [38,39,66], or even by hemisphere [67]. However, de-
spite such suggestions, there is no evidence that these proposed subregions actually support
functionally distinct processing; in fact, the best available evidence suggests that these subre-
gions support similar functions, albeit in a graded or hierarchical fashion from posterior to anterior
(i.e., with stronger responses or information processing in the anterior portion than the posterior
one) [56,68,69]. Critically, even if functionally distinct subregions exist, it is unlikely such a result
would challenge the fundamental claim here that at least some portion of the PPA is dedicated
to categorization, not navigation. (Indeed, this must be true, given the evidence reviewed here
that when treated as a unitary region — i.e., even averaging over subregions that might support
other processes, if they exist — the PPA still shows functional responses consistent with scene
categorization, not navigation.)

The OPA and RSC are involved in different kinds of navigation

Unlike the PPA, there is clear and consistent evidence for the roles of the OPA and RSC in nav-
igation. Moreover, there is a growing consensus that these two regions play distinct roles even
within navigation, with the OPA supporting visually guided navigation and the RSC supporting
map-based navigation.
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Beginning with the OPA, as previously discussed [29], the OPA responded significantly more dur-
ing a visually guided navigation task than either a scene categorization task or a baseline task, and
similarly during the latter two tasks, strongly suggesting its complete lack of involvement in scene
categorization. Furthermore, several other fMRI studies found that the OPA represents at least
five kinds of information relevant for visually guided navigation: (i) sense information [30]; (i) ego-
centric distance information [31]; (iii) first-person perspective motion information through scenes
[32,33]; (iv) local scene elements (‘parts’), including boundaries (e.g., walls) and/or individual ob-
stacles (e.g., furniture) that constrain how one can navigate the immediately visible space
[64,65,70-72]; and (v) possible routes through a local scene [34]. Additional support for the
OPA'’s involvement in visually guided navigation comes from two fMRI studies showing a lower
visual field bias in the OPA — where paths tend to be [73,74]. Finally, causal evidence in support
of the OPA’s role in visually guided navigation comes from a transcranial magnetic stimulation
(TMS) study showing that TMS to the OPA impairs accuracy of navigation to locations in a virtual
arena and that this impairment is specific to locations defined by distance to a bounding wall [75].

Butis OPA only involved in visually guided navigation and not map-based navigation? The answer
appears to be yes. Indeed, several fMRI studies found that the OPA — unlike the RSC — does not
represent landmark information (i.e., location and heading direction) [41,43]. Furthermore, the
OPA shows little to no memory effects [69] — consistent with its hypothesized role in visually
guided navigation, and not map-based navigation, because visually guided navigation, by defini-
tion, must operate in the here and now, requiring little to no memory, while map-based navigation
requires a ‘linking’ of the currently visible scene to representations of the broader environment
stored in memory.

Next, the RSC does not respond during either a visually guided navigation or scene categorization
task [29], strongly suggesting a lack of involvement in either of these processes. Instead, studies
of information processing in the RSC point to a role for this region in map-based navigation. Like
the OPA, the RSC represents sense and egocentric distance information [30,31] — information
critical for any navigation system. However, unlike the OPA, the RSC does not represent informa-
tion critical for visually guided navigation (e.g., first-person perspective motion information) [32],
but rather represents information necessary for map-based navigation more specifically. For ex-
ample, many fMRI studies have found that the RSC represents landmark information, including
both location information and heading direction [41,43,44,61,76-80]. Moreover, several fMRI
studies found that the RSC shows strong memory effects — responding two times more strongly
to familiar than unfamiliar scenes [18,69,81], and significantly more to personally familiar scenes
than famous scenes [82] — as required for a system that must link the currently visible scene to
representations of the broader environment stored in memory. Finally, consistent with the hypoth-
esis that map-based navigation involves deliberate processing (i.e., it depends on conscious, in-
tentional control), a recent fMRI study [83] found greater RSC responses during active versus
‘passive’ navigation through complex (versus simple) virtual mazes. By contrast, the OPA
responded strongly to both active and passive navigation, in both complex and simple mazes,
suggesting that visually guided navigation instead operates automatically.

Afinal, tentative piece of evidence for the dissociation between visually guided versus map-based
navigation systems comes from the neuropsychological literature on patients with topographical
disorientation. For example, Aguirre and D’Esposito [46] proposed a taxonomy of spatial naviga-
tion deficits in which they argued for a distinction between cases of egocentric disorientation,
where patients show a profound deficit in localizing objects in space relative to the body [84],
and cases of heading disorientation, where participants are unable to derive directional informa-
tion from the currently visible scene [85]. Egocentric disorientation is related to posterior parietal
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damage, whereas heading disorientation is related to retrosplenial and/or posterior cingulate
damage, sites that may encompass the OPA and RSC, respectively. However, although the sim-
ilarity between this neurological dissociation and our proposed division of labor between the OPA
and RSC is striking, future experiments are needed to rigorously test such patients in terms of our
‘two-scene navigation systems’ hypothesis and clarify the precise contributions of the OPA and
RSC to these deficits.

Differential development across the three cortical scene processing systems?

If the three regions indeed develop along different timelines — as hypothesized here — then this
finding would provide strong support for our three scene systems hypothesis. However, no stud-
ies to date have tested this hypothesis, for three reasons. First, most developmental fMRI studies
only investigated a single scene-selective region (i.e., the PPA), precluding the critical compari-
sons across regions [86-89]. Second, the few studies that have compared more than one region
have failed to find conclusive evidence. For example, one study investigating the OPA, RSC, and
PPA found that the RSC is adult-like in scene selectivity (i.e., responding two to four times more to
images of scenes than to images of objects and faces) by 7-8 years old, whereas the OPA and
PPA are not — consistent with our differential development hypothesis [90]. However, this study
did not test for the critical region by age group interaction necessary to support this claim. To
that end, a second study investigating the three scene-selective regions in children 5 and
8 years old did test for the critical region by age group interaction and found no differences in
scene selectivity in any of the three regions between the two age groups [91]. Thus, although
these studies detected scene-selective regions in children as early as age 5 years (Box 1), they
did not establish whether these regions are developing at different rates — at least in the age
ranges tested — as hypothesized here. Third, and perhaps most important, given the hypothesis
that the three scene-selective regions support distinct functions, focusing on the development of
scene selectivity alone may be insufficient. Instead, we propose that investigating the information
processing necessary for each specific function is needed to understand the developmental
trajectory of each of these regions. For example, one recent fMRI study investigated the develop-
ment of visually guided navigation by asking when in development the OPA represents first-
person perspective motion information — information shown to be represented in the OPA in
adulthood [32] —in children 5 and 8 years old [91]. The study found that, although the OPA already
exhibited scene selectivity by age 5 years, and not different from children age 8 years (as previ-
ously discussed), responses to first-person perspective motion were not yet detectable at this

Box 1. The origins of scene-selective cortex

The finding that the PPA, RSC, and OPA are all scene selective by age 5 years, albeit perhaps with subsequent develop-
ment, raises the question: When does human cortical scene processing first come online? Does it take 5 years (as sug-
gested by the current data), or is it present much earlier in life, within the first few months (or days even) of life?
Addressing this question, a recent study [118] found that the overall scene preferences (i.e., significantly greater responses
to images of scenes than faces) can already be detected in and around the parahippocampal gyrus (consistent with the
location of the PPA) and the lateral occipital cortex (consistent with the location of the OPA) by just 4 to 6 months, but
scene selectivity (i.e., greater responses to scenes than objects — what the aforementioned studies find as early as 5 years
old) is not yet detectable in these regions at this age. The RSC was not discussed in this study. Moreover, a functional near-
infrared spectroscopy (fNIRS) study — using an independently defined region of interest approach, similarly used in fMRI -
found that infants between 3 and 12 months of age exhibit scene-preferring regions (i.e., responding significantly more to
scenes than faces), like that of adults [119], most likely reflecting the OPA, given that fNIRS is only able to detect signals from
lateral regions of the brain (and not the more medial and deep regions, like the PPA and RSC). Finally, another recent resting-
state fMRI study found that the functional connectivity underlying the scene-selective cortical system is already intact in as
little as 27 days of age — with the PPA showing biased connectivity with the RSC, as well as with the peripheral early visual
cortex — suggesting that the connectivity underlying these regions develops prior to, and potentially scaffolds, the develop-
ment of scene selectivity [120]. Connectivity to the OPA was not discussed. Thus, although the foundations of the scene pro-
cessing system (in both ‘protofunction’ and connectivity) may be present early in infancy, it is still not clear when the more
focal, adult-like PPA, OPA, and RSC emerge.
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same age and did not emerge until age 8 years. This protracted development was specific to
the OPA, and was not found in either the PPA or the RSC, as expected because prior work in
adults found that these regions do not represent first-person perspective motion information
[32] — consistent with our three scene systems hypothesis.

The finding that visually guided navigation undergoes protracted development dovetails with a
number of behavioral findings. Most directly, a recent study [92] — using a task known to depend
on the OPA in adulthood [75] — found that the ability to navigate to locations (defined by distance
to a bounding wall) in a virtual arena was still maturing late into childhood, not reaching adult-like
status until sometime after 8 years old. Likewise, several other behavioral studies have found that
other visually guided navigation abilities, including obstacle avoidance [93,94] and locomotion
through a local environment [95,96], also continue to mature well into childhood, not reaching
adult-like status until after 7-8 years old. At the same time, however, the idea of a late-developing
visually guided navigation system might seem surprising, given that humans begin navigating
early in life (e.g., crawling at approximately 9 months) and show remarkably sophisticated naviga-
tional ability within the first few years. For example, young children can use boundaries to recover
their orientation after becoming disoriented [97], and infants understand whether it is safe to loco-
mote over a ‘visual cliff’ [98]. How, then, can we reconcile these observations with the hypothesis
that visually guided navigation undergoes protracted development? One possibility is that these
tasks rely on qualitatively different systems. For example, the reorientation task may involve spatial
memory systems in the hippocampus, whereas the visual cliff task may depend on basic depth
perception. A second possibility is that these tasks do rely on the same visually guided navigation
system and that, despite development extending well into childhood (as discussed in the preced-
ing text), the foundations of this system are nevertheless intact early and sufficient to support
these early navigational behaviors.

Whatever the case — whether early emerging representations present in the OPA are sufficient to
support early visually guided navigational abilities and followed by subsequent development, or
whether such early navigational abilities depend on qualitatively different systems — all of the afore-
mentioned findings suggest that visually guided navigation is indeed late developing. But what
about the development of the scene categorization and map-based navigation systems? Here
we suggest that these systems develop along different timelines and offer a specific developmen-
tal hypothesis, described next.

Visually guided and map-based navigation develop later than scene
categorization?

Reflecting the basic fact that typically developing infants view scenes from the day they are born
but only begin to actively navigate through them much later in life, we hypothesize that the visually
guided navigation system (including the OPA) is slower to develop than the scene categorization
system (including the PPA). Although no pediatric fMRI or behavioral studies to date have directly
tested this hypothesis (given the reasons outlined in the previous section), perhaps the work in-
vestigating the development of human object processing can provide some clues. For example,
building on the two systems for adult human object processing, as described previously, several
behavioral studies have found that the ‘vision-for-action’ (dorsal) system is slower to develop than
the ‘vision-for-perception’ (ventral) system [99-106], raising the tantalizing possibility that separa-
ble systems for recognition and action in scene processing, like object processing, also follow the
same developmental trajectories. As such, we hypothesize that the visually guided navigation
system (including the OPA, in the dorsal stream) is slower to develop than the scene categoriza-
tion system (including the PPA, in the ventral stream). Indeed, behavioral work in infants shows
that before infants ever independently navigate their surroundings (e.g., by crawling), they can
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discriminate the deep versus shallow side of a visual cliff [107]. By contrast, when older infants are
encouraged to actually navigate the same environment (e.g., by crawling or even walking), they
fail to do so accurately, navigating right over the edge of the cliff, for example [108].

More speculative still, we further hypothesize that the map-based navigation system (including
the RSC) develops later than the scene categorization system. Again, no pediatric fMRI or behav-
ioral studies to date have tested this hypothesis (i.e., by directly comparing map-based navigation
and scene categorization abilities across childhood). However, partial support for this possibility
comes from a large literature showing that map-based navigation ability — especially that relying
on allocentric representations of the broader spatial environment — undergoes protracted devel-
opment late into childhood [92,109-117].

Concluding remarks and future perspectives

Here we provide a fundamental shift in our current understanding of adult human cortical scene pro-
cessing and highlight the need for research on its development by offering two novel hypotheses for
future investigation. First, we propose that human cortical scene processing is composed of three
distinct systems: (i) scene categorization (including the PPA), (i) visually guided navigation (including
the OPA), and (i) map-based navigation (including the RSC) (but see Outstanding questions).
Second, we propose that these systems develop along different timelines and, more specifically,
that the visually guided navigation system and the map-based navigation system are slower to
develop than the scene categorization system.
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Outstanding questions

How exactly are scene categories
represented in the PPA? For example,
like objects, are scenes first
categorized at the basic level
(e.g., *kitchen’ versus ‘room’ or ‘galley
kitchen’) in the PPA?

Do nonhuman primates (or even other
animals) also possess three systems
for scene processing? Although three
visual scene-selective regions have
been identified in adult macaques,
with each region in a similar anatomical
location to the human PPA, OPA, and
RSC, it is not clear whether there is a
homologous functional organization
for scene-selective regions in the cor-
tex of human and nonhuman primates.

Can the three-scene-systems hypoth-
esis guide development of better com-
putational models? Training models to
perform specific scene processing
tasks (i.e., scene categorization, visu-
ally guided navigation, or map-based
navigation) may yield improved fits be-
tween models and the brain and there-
fore may be an avenue for gaining
insight into the computational mecha-
nisms underlying each system, possi-
bly beyond that obtainable from fMRI
alone.
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