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What Do We Know about Navigation
Development from the Perspective of Cognitive
Neuroscience in Humans?

Daniel D. Dilks, Rebecca J. Rennert, and Yaelan Jung

Abstract Our ability to navigate through the environment forms the bedrock of
many of our essential, everyday behaviors. Given this ecological importance, it
is perhaps not surprising that we have dedicated neural tissue supporting naviga-
tion, including the hippocampus and entorhinal cortex in the medial temporal lobe
(MTL) as well as the retrosplenial complex (RSComp) (also known as the medial
place area), occipital place area (OPA), and superior parietal lobule (SPL) in neocor-
tex. Recently, it has been proposed that each of these regions may support a distinct
role in adult human navigation, with MTL and RSComp involved in “map-based
navigation” and OPA and SPL involved in “visually guided navigation.” Despite
advances in understanding how these brain regions support navigation in adulthood,
surprisingly little is known about how they develop. To address this gap, the limited
body of literature on the development of MTL and RSComp, and their involvement
in map-based navigation, is reviewed in this chapter. In addition, a novel, and per-
haps counterintuitive, hypothesis is proposed; namely, that map-based navigation
(including MTL and RSComp) emerges ecarly, by at least five years of age. There-
after, the few studies available on the development of OPA and its involvement in
visually guided navigation are reviewed, and a further hypothesis is advanced that
OPA and its involvement in visually navigation develops late, possibly in a discon-
tinuous manner, and does not emerge until around eight years of age.
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1 Introduction

Over the past three decades, cognitive neuroscience research has uncovered sev-
eral key brain regions that support navigation in adult humans, including the hip-
pocampus and entorhinal cortex in the MTL, as well as three cortical regions: the
RSComp (Maguire 2001), the OPA (Dilks et al. 2013), and the SPL (Yoon et al.
2025). Beyond establishing the general involvement of these structures in naviga-
tion, however, recent functional magnetic resonance imaging (fMRI) research sug-
gests that each of these regions may play a distinct role within the broader domain
of navigation (Dilks et al. 2022).

More specifically, MTL and RSComp—also referred to as the medial place area
(Silson et al. 2016)—have been implicated in “map-based navigation,” which is the
ability to travel from a specific location to distant place (e.g., from your house to a
favorite restaurant across town). These brain regions represent information neces-
sary for map-based navigation, including location, orientation, distance, borders
and boundaries, landmarks, and spatial layout (for reviews, see Dilks et al. 2022 and
Chapter 9). By contrast, it has been proposed that OPA and SPL are involved in a
distinct form of navigation, referred to as “visually guided navigation”—the ability
to move about the immediately visible environment while avoiding boundaries and
obstacles, such walking around a kitchen without bumping into the cabinets or the
kitchen table (Dilks et al. 2022). Indeed, both OPA and SPL represent information
necessary for visually guided navigation, including egocentric “sense” information
(i.e., left/right orientation) (Dilks et al. 2011; Yoon et al. 2025) and first-person
perspective motion information through scenes that mimic the visual experience of
navigating through immediately visible environments (Kamps et al. 2016; Yoon et
al. 2025). Moreover, OPA and SPL are preferentially functionally connected to each
other (Yoon et al. 2025). Critically, however, OPA does not represent information
necessary for map-based navigation (i.e., location and orientation) (Persichetti and
Dilks 2019), and SPL has not yet been explicitly tested on this information. Finally,
studies investigating the “function” of these regions, not just the information repre-
sented, found that OPA and SPL show greater activation when participants are en-
gaged in a visually guided navigation task compared to two control tasks, a pattern
not seen in MTL and RSComp (Persichetti and Dilks 2018; Yoon et al. 2025). Yet,
despite this growing understanding about how MTL, RSComp, OPA, and SPL sup-
port navigation in adult humans, we know shockingly little about how these systems
develop. So, how do these brain regions develop?

After reviewing what little is known about the development of MTL and RSComp
and their involvement in map-based navigation, we offer the novel, perhaps coun-
terintuitive, hypothesis that map-based navigation (including MTL and RSComp)
emerges early in life—by at least five years of age, if not earlier. We then discuss
the few available studies on the development of OPA, which suggest that OPA and
its involvement in visually guided navigation develop surprisingly late, not until
around eight years of age. Further, we propose that OPA and its involvement in
visually guided navigation develops discontinuously. Finally, since studies have not
yet investigated the development of SPL and its involvement in visually guided
navigation, future research is needed.
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2 The Early Development of MTL and Its Involvement in Map-Based
Navigation

Despite the well-established developmental models of MTL in animals (for a re-
view, see Chapter 8), how MTL begins to support map-based navigation in humans
remains largely unknown. Instead, the developmental trajectory of hippocampus
has been studied in terms of its structure and connectivity to the rest of the brain,
and findings suggest a prolonged development. For example, the volume of the
hippocampus continues to change until approximately 15 years of age (Daugherty
et al. 2016; Gogtay et al. 2006; Krogsrud et al. 2014). Likewise, functional con-
nectivity between the hippocampus and other cortical regions continues to mature
throughout late childhood (DeMaster et al. 2014). In line with these anatomical
and connectivity findings, numerous behavioral studies have suggested prolonged
development in map-based navigation and related abilities presumably supported
by MTL (Burles et al. 2020; Cousins et al. 1983; Lehnung et al. 2003; Nazareth et
al. 2018; Overman et al. 1996). A child’s ability to encode and utilize landmarks, for
example, improves between the ages of 6—10 years (Allen et al. 1979; Cohen and
Schuepfer 1980; Jansen-Osmann and Wiedenbauer 2004; Nys et al. 2015), and it
is still not adultlike even at age 10 (Allen et al. 1979; Cohen and Schuepfer 1980).
Furthermore, route learning (i.e., the acquisition of sequential or metric information
between landmarks) and path-integration skills in seven- to ten-year-olds are less
developed than those of adults (Allen et al. 1979; Burles et al. 2020; Cohen and
Schuepfer 1980; Cousins et al. 1983; Nazareth et al. 2018). Together, these behav-
ioral studies provide indirect evidence supporting the hypothesis that the MTL may
develop quite late in childhood.

More direct evidence in support of this hypothesis comes from a recent be-
havioral study that adapted a virtual environment paradigm from an adult fMRI
study that was aimed at investigating the role of hippocampus in map-based navi-
gation (Doeller et al. 2008). In that study, which used a virtual large-scale space
with unique geometry and landmark objects, Doeller et al. (2008) found that the
hippocampus was involved in geometry-based (or boundary-based) learning of the
environment, while the dorsal striatum was involved in landmark- or object-based
learning. Using this same paradigm, Julian et al. (2019) behaviorally tested six- to
ten-year-old children on geometry- versus landmark-based learning. They found
that children, compared to adults, were worse at geometry-based learning but not
landmark-based learning, which suggests that geometry-based learning (supported
by the hippocampus) matures later than landmark-based learning (supported by the
dorsal striatum). Although these behavioral measures serve only as proxies for neu-
ral development, they nevertheless provide more direct evidence for the hypothesis
that map-based navigation supported by MTL undergoes prolonged development.

However, the prolonged development of the hippocampal structure, its con-
nectivity, and even map-based navigation abilities themselves does not necessarily
mean that the hippocampus was not involved in map-based navigation earlier in life.
Indeed, in a recent fMRI study with five-year-old children (Jung and Dilks 2025), we
directly examined the “function” of the developing hippocampus and demonstrated
that the hippocampus is, in fact, involved in map-based navigation early in child-
hood. Specifically, we created a virtual town, which children learned by navigating
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through it via button presses. The town had three different “locations”: a mountain,
a lake, and trees (see Figure 7.1), and each location contained two buildings, for a
total of six buildings in the town. Each building was a specific type; there were two
ice cream stores, two playgrounds, and two fire stations. Importantly, the location of
any two buildings belonging to the same category was completely dissociable from
the category information. For instance, if one ice cream store was in the mountain
location, the other ice cream store was in the lake location. This design allowed us
to characterize the neural response to buildings located in the same location (e.g., an
ice cream store and a fire station both at the mountain location) separately from the
neural response to buildings in the same category (e.g., ice cream stores regardless
of location). We then asked whether the hippocampus in five-year-olds represents
location information critical for map-based navigation and found that indeed the
hippocampus (along with RSComp, see below) represents the location information
of buildings. Thus, by at least five years of age, the hippocampus is able to support
map-based navigation; this is consistent with animal models that have suggested the
early development of the hippocampus (e.g., Wills et al. 2014). Interestingly, the
hippocampus also represented category information of buildings, which is not par-
ticularly relevant for map-based navigation and may reflect its broader role in de-
clarative memory and category learning (e.g., Eichenbaum 2000). Taken together,
these findings provide the first direct neural evidence that the hippocampus in hu-
mans is involved in map-based navigation by at least age five, suggesting the early
emergence of the hippocampal navigation system.

How then are we to reconcile this finding with the large body of behavioral litera-
ture (discussed above) that highlights the late development of map-based navigation
skills? It is important to note that most, if not all, of these studies focused on when
children’s navigation abilities reach full maturity (i.e., when they become adult-
like) rather than on when these abilities first emerge. In fact, studies investigating
younger children have shown that certain foundational skills, such as landmark rec-
ognition, begin to emerge relatively early, around five years of age (Acredolo 1977;
Herman and Siegel 1978), consistent with our finding that the hippocampus repre-
sents location information at this age. Therefore, we hypothesize that map-based
navigation (including the hippocampus) emerges relatively early in life, by around
five years of age, if not earlier, and undergoes subsequent refinement as children
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Figure 7.1 (a) An aerial view of the virtual town. Six buildings are placed in either the mountain,
lake, or tree locations. (b) Each building belongs to one of three categories: ice cream store (1 and
3), playground (2 and 4), and fire station (5 and 6). Note the children never saw the aerial view of
the town. Figure from Jung and Dilks (2025), used with permission.
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gain more experience and acquire more advanced map-based navigational skills
(e.g., route learning, integration of landmark and route). Future research, however,
is needed to clarify how continued development of the hippocampus supports such
refinement in children’s map-based navigational abilities.

3 The Early Development of RSComp and Its Involvement in Map-
Based Navigation

To date, no studies have directly examined how RSComp begins to support map-
based navigation, although many have assumed that, like the hippocampus, it un-
dergoes prolonged development (Burles et al. 2020; Cousins et al. 1983; Lehnung et
al. 2003; Nazareth et al. 2018; Overman et al. 1996). Our recent research challenges
this idea, revealing that RSComp, like hippocampus, develops much earlier than
previously assumed (Jung and Dilks 2025).

In this work (Jung and Dilks 2025), again using fMRI and a virtual town para-
digm (see Figure 7.1), we tested whether RSComp, like hippocampus, represents the
location of specific places (i.e., information necessary for map-based navigation).
Similar to the findings in adults (Persichetti and Dilks 2019), where RSComp repre-
sents location information but not category information (i.e., information not neces-
sary for map-based navigation), we found that in five-year-old children, RSComp
also represents location information, but not category information. By contrast, the
parahippocampal place area—another cortical region that is scene selective (like
RSComp), not involved in map-based navigation, but involved in scene categori-
zation—showed the exact opposite pattern, representing category information but
not location information. These findings suggest that the map-based navigation sup-
ported by RSComp develops early, emerging by at least age five, if not earlier.

4 The Late Development of OPA and Its Involvement in Visually
Guided Navigation

Children begin to move about their immediately visible environments relatively
early in life. At around 7-12 months they begin to crawl and progress to walk-
ing around 9—18 months (Newcombe 2019). This early behavioral emergence of
locomotion skills often leads to the intuition that visually guided navigation would
mature relatively early in childhood. Recent fMRI work in children (Jung et al.
2024; Kamps et al. 2020), however, suggests that OPA develops surprisingly late
in childhood. The information necessary for visually guided navigation is not even
represented at five years of age; it only emerges around eight years of age.

One of the first studies to support the hypothesis that OPA is late developing
comes from an fMRI study in adults. In this study, we asked whether OPA repre-
sents visual information about crawling and walking—the two types of locomotion
by which humans move about their immediately visible environment (Jones et al.
2023). Interestingly, we found that OPA does not represent visual information about
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crawling at all, showing similar response to videos from a crawling perspective and
to two other videos depicting perspectives by which humans do not or cannot move
about the immediately visible environment (i.e., “flying” and “scrambled” videos).
Rather, OPA represents visual information from a walking perspective only, show-
ing a greater response to the videos from a walking perspective than to any of the
other videos, including crawling. These results suggest that OPA may never have
supported crawling and develops only after children begin to walk. Following up
on this finding, a recent fMRI study conducted on two groups of children who know
how to walk (i.e., five- and eight-year-olds) revealed that OPA only shows “walk-
ing selectivity” (i.e., the greater response to the walking videos than to any of the
others, including crawling) in eight-year-olds, but not in five-year-olds. This finding
further supports the hypothesis that OPA is late developing and suggests that OPA
develops only after a child is walking like an adult (Jung et al. 2024). Similarly,
another fMRI study conducted on children in this same age range demonstrated
that OPA does not represent first-person perspective motion information through
scenes in five-year-olds, and only does so in 8-year-olds (Kamps et al. 2020). Taken
together, these results suggest that OPA undergoes protracted development; walking
selectivity and first-person perspective motion selectivity (information necessary
for visually guided navigation) are not even present until around five years of age
and are only detectable at around eight years of age.

The findings that OPA undergoes protracted development dovetails with several
other behavioral findings. For example, in a recent behavioral study, Kamps et al.
(2023) tested the development of visually guided navigation and scene categoriza-
tion abilities in children between four and nine years of age and found that visually
guided navigation is slower to develop (adultlike performance is not reached until
around eight years of age) compared to scene categorization (adultlike performance
is reached around five years of age). Finally, obstacle avoidance and efficient path
taking—two key features of visually guided navigation—develop slowly, again not
reaching adultlike levels until around age eight (Berard and Vallis 2006; Choi et al.
2016; Michel et al. 2010; Pryde et al. 1997).

At the same time, and as alluded to above, humans begin moving around their
environment early in life (e.g., crawling at approximately nine months) and show
remarkably sophisticated navigational ability within the first few years (Newcombe
2019). For example, young children can use boundaries to recover their orienta-
tion after becoming disoriented (Hermer and Spelke 1994), and infants understand
whether it is safe to locomote over a “visual cliff” (Gibson and Walk 1960). 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 in-
volve spatial memory systems in the hippocampus, whereas the visual cliff task may
depend on basic depth perception in early visual cortex. Another possibility is that
these tasks rely on the same visually guided navigation system (i.e., OPA or perhaps
even SPI), and that despite development extending well into childhood, the founda-
tions of this system are nevertheless intact early and sufficient to support these early
navigational behaviors (discussed further below).

What then drives such late development of OPA? One possibility is that the
cortical connectivity of OPA to primary visual cortex (V1), which enables OPA
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to receive visual information in the first place, undergoes protracted development.
More specifically, given that peripheral vision is important for visually guided navi-
gation (Cao and Héndel 2019; Franchak and Adolph 2010; Stoffregen et al. 1987),
the connectivity between OPA and the region of V1, which represents the peripheral
visual field, may develop late in childhood. Using both behavior and neural data,
our group is currently investigating this exact question, asking (a) when children
begin to use peripheral vision for visually guided navigation and (b) when their
OPA shows connectivity to “peripheral” V1. Preliminary data reveal the following:

»  Eight-year-olds, like adults, use peripheral vision to perform a visually
guided navigation task. Five-year-olds, however, do not; instead, they use
central vision.

»  The functional connectivity between OPA and peripheral V1 is present only
in eight-year-olds (like adults), not in five-year-olds.

These findings support the hypothesis that the late development of cortical con-
nectivity between OPA and peripheral V1 may drive the late development of OPA.
They also strongly support the hypothesis that OPA (and visually guided naviga-
tion) is late developing.

Does this mean then that OPA is not involved in visually guided navigation at
all until around eight years of the age? Since, at age five, OPA does not represent at
least two kinds of navigationally relevant information (i.e., visual information from
a walking perspective and first-person perspective motion information), we are left
with the fascinating possibility that OPA develops abruptly (or discontinuously)
only at around age eight, and not beforehand. Future research is required to ad-
dress this possibility, as it could still be the case that OPA supports visually guided
navigation before age eight (at five years of age even) and develops continuously
with earlier emerging representations of more “primitive” kinds of navigationally
relevant information (e.g., sense and egocentric distance information). Indeed, stud-
ies have shown that young toddlers (Hermer and Spelke 1994) and even nonhuman
species, including fish (Sovrano et al. 2002) and insects (Wehner et al. 1996), can
perceive and utilize sense and egocentric distance information for navigation. Thus,
the question remains: How does OPA develop—continuously or discontinuously?
To approach this question, a recent study by our lab used fMRI adaptation to ana-
lyze whether OPA represents sense information at age five (Rennert and Dilks, in
press). This data reveal that sense information is not at all represented in OPA in
five-year-olds but is represented in eight-year-olds, consistent with the hypothesis
that OPA develops discontinuously. Interestingly, preliminary data also reveal that
sense information is represented in RSComp in five-year-olds (as well as eight-
year-olds), consistent with the hypothesis that RSComp develops early.

5 Conclusion

Despite decades of research on navigation in the adult human brain, how these sys-
tems develop remains largely unknown. Here, we examined behavioral and fMRI
studies on the development of the map-based navigation system, including MTL
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and RSComp, as well as recent behavioral and fMRI studies on the development
of the visually guided navigation system, focusing on OPA. Despite the anatomical
and connectivity findings and behavioral work, which suggests that the map-based
navigation system develops late (and is really revealed when the system is fully ma-
ture), a recent fMRI study found that MTL and RSComp are both involved in map-
based navigation much earlier in life, by at least age five, if not before. By contrast,
findings for OPA reveal a surprisingly late developmental trajectory, with no evi-
dence of visually guided information processing until around age eight. This raises
the intriguing possibility of discontinuous development. Taken together, these find-
ings lead to the novel (and perhaps counterintuitive) developmental hypothesis that
the visually guided navigation system (including OPA and perhaps SPL) develops
later than the map-based navigation system (including MTL and RSComp).

Several important questions, however, remain. First, although human fMRI has
illuminated the roles of RSComp, OPA, and SPL in navigation, very little is known
about these systems in animal models. Future research is thus needed to examine
how these cortical navigation systems function and develop in nonhuman species (if
they even exist), which would provide critical mechanistic insight into the evolution
and function of navigation systems across species. Second, while the development
of MTL has been extensively studied in animals, relatively little is known about how
these regions develop to support map-based navigation in humans. Understanding
how the MTL emerges and potentially interacts with the cortical navigation regions
(e.g., RSComp, and perhaps OPA and SPL) during development remains a central
challenge for the field—one that will be essential for a comprehensive theory of
navigation across both species and development.
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