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Abstract

Differential Development of Scene Processing Regions in the Human Brain
By Jordan Pincus

Humans can effortlessly recognize the kind of place (or “scene”) they are in, as well as
navigate through that scene. Losing these abilities — as a result of stroke, disease, or
developmental disorder — has devastating effects on quality of life. Evidence suggests that two
specialized brain regions support these remarkable cognitive processes: the parahippocampal
place area (PPA), supporting “scene categorization” (i.e., recognizing a scene as a kitchen or a
beach), and the occipital place area (OPA), supporting “visually-guided navigation” (i.e.,
navigating through the immediately visible scene). While the functions of these two systems
are increasingly clear, almost nothing is known about how these systems develop over
childhood. Some behavioral work suggests that the navigation ability develops slower than the
categorization ability. In the current project, we look for neural evidence of such differential
development using functional magnetic resonance imaging (fMRI) in children ages 5-8. We
predict that OPA will develop later than PPA. We investigate the development of these regions
by measuring their responses to i) video clips of first-person perspective motion through scenes
(“Dynamic Scenes”) and ii) still frames taken from these same movies (“Static Scenes”). We
found that OPA’s sensitivity to scene motion information, a critical cue for its role in navigation,
increases from ages 5 to 8, while no developmental changes were observed in PPA across this
same age range. These findings support our prediction that the navigation system (including
OPA) develops independently and differentially from the categorization system (including PPA).
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1. Introduction

Humans can effortlessly recognize not only the kind of place (“or scene”) they are in, but
also how to navigate through that scene. Being able to understand where we are and to walk
around places without disorientation and confusion is critical to our survival. Losing these
abilities — as a result of stroke, disease, or developmental disorder — has devastating effects on
quality of life. Therefore, it is not surprising that there are neural regions in humans dedicated
to scene processing, including the parahippocampal place area (PPA) (Epstein & Kanwisher,
1998), and the occipital place area (OPA) (Dilks et al., 2013), otherwise known as the transverse
occipital sulcus (Grill-Spector, 2003). Extensive work has established the selective involvement
of these regions in scene processing, and recent evidence has elucidated the more precise
functions of these regions within scene processing. However, almost nothing is known about
how these regions develop. Thus, the present project addresses that question. Here, | review
the evidence that OPA and PPA are selectively involved in scene processing, and hypotheses
about the precise functions of these regions, setting the stage for the current project
investigating the development of these systems.
1.1 Scene-selective Cortex

In 1998, Epstein and Kanwisher published the landmark discovery of a cortical region
responding approximately two to four times stronger to images of scenes than to images of
objects or faces. The discovery of this region, which they named the parahippocampal place
area (PPA), launched the study of scene perception. The initial question that this work sought to
address was perhaps the most fundamental: what exactly is a “scene”? Beginning to address

this question, Epstein and Kanwisher (1998) found that a critical feature for PPA activation is



not the number of objects in the space, but rather the layout of the local space itself; PPA
responded equally to images of furnished and unfurnished rooms, but more to images of rooms
in which the walls, floors, and ceilings formed a coherent space than to images in which these
same walls, floors, and ceilings were rearranged, disrupting the coherent spatial arrangement
of the place. Further work in computer vision and robotics supported this “spatial layout” of a
scene (Oliva and Torralba, 2001, 2002; Thrun, 2002). However, later studies revealed that while
PPA does not respond to objects per se, PPA is nevertheless also sensitive to scene “content”
information (i.e., the objects, textures, and colors within the spatial layout) (Bar and Aminoff,
2003; Mullaly and Maguire, 2011; Konkle and Oliva, 2012; Troiani et al., 2014; Kamps et al.,
2016a). Thus, the current view is that a “scene” can be thought of in terms of these two
descriptors, that is, a particular spatial layout with particular scene content (Oliva and Torralba,
2001, 2002).

Importantly, PPA was discovered using fMRI, and fMRI data are only correlational. Later
studies of patients with damage to the area in and around PPA revealed that these patients
present with deficits in identifying scenes or landmarks (Aguirre and D’Esposito, 1999; Mendez
and Cherrier, 2003) and in knowing where they are (Habib and Sirigu, 1987; Epstein et al.,
2001). This work established critical, causal evidence for the selective involvement of PPA in
scene processing.

It was later discovered that PPA is not the only scene-selective region. In particular,
many studies also observed activation to scenes in the transverse occipital sulcus. Initially this
region was thought to reflect low-level visual differences between scene and object stimuli,

rather than a proper scene-selective region, due to its proximity to early visual cortex.



However, two studies using transcranial magnetic stimulation (TMS), a technique for safely and
temporarily impairing activation in human cortex, found that TMS over the transverse occipital
sulcus impaired participants’ ability to discriminate scenes, but not faces or objects (Dilks et al.,
2013; Ganaden et al., 2013). This work therefore established that the transverse occipital sulcus
was causally involved in scene perception and processing, and the region was consequently
renamed the occipital place area (OPA) (Dilks et al., 2013).

1.2 Two Systems for Scene Processing

It is not only important to understand that these scene-selective regions exist, but also
to discern the more precise functions of these regions within scene processing, and thus how
these regions allow us to recognize and navigate through our surroundings. To that end,
considerable evidence suggests that each of these scene processing regions has a distinct role
in scene processing, and further, that the roles of these regions can be divided into two scene
processing systems: a navigation system (involving OPA) and a categorization system (involving
PPA).

Many studies support the role of OPA in navigation (Epstein, 2008; Dilks et al., 2011;
Persichetti and Dilks, 2016). First, two fMRI adaptation studies were conducted to determine
whether this region encodes navigationally relevant information, particularly sense (left-right)
and egocentric distance (proximal-distal) information. Sense and egocentric distance
information are essential for navigation (Loomis, 2008; Wang, 2000; Fajen & Warren, 2003). For
example, manipulating sense information, by flipping an image, changes the navigability of a
scene (i.e., changing how one can walk to the left versus the right). Further, egocentric distance

information is critical to navigation, because it reflects the changes in distance to obstacles and



boundaries, as one navigates through a scene. Evidence from these experiments reveals that
OPA is sensitive to navigationally-relevant information, while PPA is not (Dilks et al., 2011;
Persichetti and Dilks, 2016). That is, OPA “saw” two mirrored images as different from each
other, while PPA “saw” them as the same (Dilks et al., 2011). A similar adaptation study found
that the OPA distinguished images of varying distances (i.e., the same beach, but from a close
or a proximal perspective), while the PPA was insensitive to such distance information
(Persichetti and Dilks, 2016).

Notably, this navigation system, involving OPA, can be distinguished from other systems
involved in navigation. Particularly, OPA is responsible for navigating through the immediately
visible scene (what we refer to as “visually-guided navigation”). Building on the evidence above,
another study tested the hypothesis that OPA is involved in navigation, but PPA is not. The
study assessed OPA’s sensitivity to first-person perspective motion, that is, the exact visual
information perceived during visually-guided navigation (Gibson, 1950; Kamps et al., 2016a).
Indeed, this study found that OPA responded more to such first-person perspective motion,
whereas PPA did not. This finding further confirms the role of OPA in visually-guided navigation.
Further, this study supports the division of labor between these systems for categorization and
visually-guided navigation, with OPA being involved in navigation and PPA not. Further
supporting OPA’s role in navigation, another study reveals that OPA is sensitive to the local
elements of a scene, an important cue for avoiding obstacles as one navigates through the
immediately visible scene, while PPA is not (Kamps et al., 2016a).

As mentioned above, while OPA is sensitive to navigationally-relevant information, PPA

is not, challenging its role in navigation (Dilks et al., 2011; Persichetti and Dilks, 2016). Instead,



PPA encodes information critical for scene categorization. For example, PPA discriminates
between open and closed spatial layouts (i.e., a desert vs a forest) (Kravitz et al., 2011; Park et
al., 2011), responds greater to intact spatial layouts than to ones where walls, floors, and ceiling
have been fragmented and rearranged (Epstein and Kanwisher, 1998; Kamps et al., 2016a), and
is sensitive to relative changes in length and angle of scenes (Dillon et al., 2018). Computer
vision studies suggest that such spatial layout information is a critical feature for determining
the category to which a scene belongs (Oliva and Torralba, 2001, 2002). Therefore, it is
proposed that PPA plays a role in categorization (i.e. recognizing a scene as a kitchen or a
beach).

The type of information encoded by PPA and OPA suggests their roles in categorization
and visually-guided navigation, respectively. A recent fMRI study, however, looked directly at
categorization and navigation tasks providing stronger evidence for these two dissociable
neural systems. fMRI data were collected while participants performed a navigational task
(deciding which door to exit through following a path on the ground) and a categorization task
(deciding if a room is a bedroom, kitchen, or living room) (Persichetti & Dilks, 2018). Supporting
their proposed roles, PPA responded significantly more during the categorization task than

during the navigation task, while OPA showed the opposite pattern of results.

1.3 Development of Scene Processing Abilities

While abundant studies have explored the nature of the scene processing system
(including OPA and PPA) in adulthood, a fundamental question about this system remains
unexplored: How does this system develop across the lifespan? The idea of independent

systems for navigation (including OPA) and categorization (including PPA) suggests a



developmental hypothesis. In particular, if the two systems are functionally independent, then
they may likewise develop differentially across the lifespan.

One clue for the idea of differential development of these two systems comes from the
classic division of labor in the visual system between the dorsal stream (Action System), which
supports visually-guided action (i.e., recognizing how one would reach out to grab a cup), and
the ventral stream (Perception System), which supports visual perception (i.e., recognizing that
an object is a cup) (Ungerleider and Mishkin, 1982; Milner & Goodale, 1995). In a behavioral
study of the development of these two systems, Dilks et al. (2008) found that the Action System
develops later than the Perception System. In particular, 4 year olds performed
disproportionately worse on a task testing visually-guided reaching than a similar task testing
visual perception, whereas 8 year olds were relatively matched on the two tasks. Given that
OPA is found in the dorsal stream, whereas PPA is found in the ventral stream, we predict that
in scene-selective cortex, OPA will be slower to develop than PPA.

While substantial developmental work has investigated object processing, almost
nothing is known about the development of scene processing. Intriguingly, however, some
evidence, regarding the development of locomotion (i.e., the ability to walk around obstacles),
suggests that children under age 8 make significantly more errors when attempting to avoid
obstacles than older children and adults (Pryde et al., 1997; Berard and Vallis, 2006). Another
study looks at the use of optic flow in locomotion (i.e., the pattern of relative motion between
an observer and the objects, surfaces, and edges in a scene) (Higgins et al., 1996), which reflects
the first-perspective motion information used by OPA in navigating through the immediately

visible scene (Kamps et al., 2016b). Higgins et al. (1996) suggest that the later development of



navigation is due to locomotor experience. That is, with experience, walkers are more
responsive to specific aspects of stimuli relevant to navigation, such as peripheral optic flow.
Overall these data suggest that navigation (putatively in the dorsal stream) undergoes
prolonged development (Pryde et al., 1998; Berard and Vallis, 2006; Higgins et al., 1996;
Vasudevan et al., 2011). In contrast, categorization (putatively in the ventral stream) develops
early (Weigelt et al., 2014; Carey and Diamond, 1977; Golarai et al., 2007). Weigelt et al. (2014)
found that the ability to perceptually discriminate scenes from one another improved around
age 5.

Recent behavioral work in our lab has shown that this prediction is true. That is, scene
categorization abilities mature earlier in development than scene navigation abilities. However,
complementary neural evidence is lacking. Such neural evidence would strengthen these claims
by showing directly that the dorsal stream scene region (OPA) is later developing than the
ventral stream scene region (PPA).

1.4 Present Study

Thus, here we looked for neural evidence of such development. We assessed
development in two key ways. First, we studied how selective each region is for scenes (what
we refer to as “scene domain selectivity”). Scene domain selectivity is a region’s response to
scenes over faces or objects. Second, we studied how selective each region is for scene motion
information, particularly first-person perspective motion (what we refer to as “scene motion
selectivity”). In adulthood, OPA, but not PPA, is selective for scene motion (Kamps et al.,
2016b). Scene motion selectivity is a region’s response to motion information in scenes (i.e., the

response to dynamic videos of scenes minus still images of scenes), relative to motion



information in faces or objects. Responses in OPA and PPA were measured using fMRI while
participants viewed i) 3-sec video clips of dynamic scenes, faces, or objects and ii) 3, 1-sec still
images taken from these same video clips. We predicted that OPA (supporting visually-guided
navigation) develops later than PPA (supporting categorization). Specifically, we predicted that

OPA will develop between ages 5 through 8, while PPA will show no evidence of development.

2. Methods
2.1 Participants

Two groups of participants were recruited for this study: 24 5-year-old children (ages
57-72 months; mean = 62.7 months; SD = 3.2; 14 females) and 15 8-year-old children (ages 93-
112 months; mean = 101.2 months; SD = 5.0; 9 females). 7 5-year-olds were excluded from our
analysis due to excessive motion and lack of attention during runs (see 2.4 Data Quality
Control), giving us a group of 17 5-year-old children (ages 57-72 months, mean = 62.6 months;
SD = 3.3; 11 females) with high-quality data. All participants were healthy, had no history of
neurological or psychiatric conditions, and had no structural brain abnormalities. All
participants were recruited through Emory’s Child Study Center. Consent was given for all
children by their parent or guardian. In addition, verbal assent was collected for children ages 6
and older. All procedures have been approved by the Emory University Institutional Review
Board.
2.2 Experimental Design
2.21 Stimuli

Our experiment consisted of dynamic and static stimuli in three categories: faces,

scenes, and objects (Figure 1). The stimuli for each condition were 3-sec video clips. The Static



Scene and Dynamic Scene stimuli were the same as those used in Kamps, Lall, and Dilks (2016).
The Dynamic Scene stimuli consisted of 60, 3-sec video clips depicting first-person perspective
motion, as would be experienced during locomotion through a scene. The video clips were
filmed by walking at a typical pace through 8 different places (e.g., a parking garage, a hallway,
etc.) with the camera (a Sony HDR XC260V HandyCam with a field of view of 90.3 x 58.9
degrees) held at eye level. The video clips subtended 23 x 15.33 degrees of visual angle. The
Static Scene stimuli were created by taking stills from each Dynamic Scene video clips at 1-, 2-
and 3-sec time points, resulting in 180 images. These still images were presented in groups of
three images taken from the same place, and each image was presented for 1 sec with no ISI,
thus equating the presentation time of the static images with the duration of the movie clips
from which they were made. Importantly, the still images were presented in a random
sequence such that first-person perspective motion could not be inferred. Like the video clips,
the still images subtended 23 x 15.33 degrees of visual angle.

We also included static and dynamic faces and objects in order to test the specificity of
any observed scene motion selectivity (i.e., response differences between Dynamic Scene and
Static Scene conditions) and in order to calculate scene domain selectivity (i.e., greater
response to scenes than faces or objects). The Dynamic Face stimuli and the Dynamic Object
stimuli were the same as those used in Pitcher, Dilks, Saxe, Triantafyllou, and Kanwisher (2011).
The Dynamic Face stimuli depicted only the faces of 7 children against a black background as
they smiled, laughed, and looked around while interacting with off-screen toys or adults. The
Dynamic Object stimuli depicted only toys against a black background, as they were played

with, ensuring that no body part or face was in the image. The Static Faces and Static Objects
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were created and presented using the exact same procedure and parameters described for the
Static Scene condition above.
2.22 Procedure

During each scanning session, we first took a high resolution anatomical scan while the
children watched a movie or show of their choice. Then, we collected fMRI data while
participants viewed 4 block-design runs consisting of 3-sec video clips of our dynamic and static
stimuli (i.e., faces, scenes, and objects). After 2 runs, the children were offered a break where
they could watch a movie or show of their choice for some time. Each run was 360-sec long and
contained 2 blocks for each stimulus category. The order for the first set of blocks was
pseudorandomized across runs (e.g., Dynamic Faces, Static Objects, Dynamic Scenes, Static
Scenes, Static Faces, Dynamic Objects) and the order for the second set was the palindrome of
the first (e.g., Dynamic Objects, Static Faces, Static Scenes, Dynamic Scenes, Static Objects,
Dynamic Faces). Each block consisted of 6, 3-sec video clips in the particular stimulus category
(i.e., Dynamic Faces, Static Scenes). Each run also included 3, 19.8-sec fixation blocks: one at the
beginning, one in the middle, and one at the end.

During all runs, participants were instructed to actively view the stimuli. They were told
to imagine themselves walking through the places in the scene video clips, playing with the
children in the face video clips, and playing with the toys in the object video clips. These
instructions were in place to enhance the children’s attention during the videos.

2.3 fMRI Scanning
All scanning was performed on a 3T Siemens Trio scanner in the Facility for Education

and Research in Neuroscience at Emory University. The functional images were collected using
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a 32-channel head matrix coil and a gradient-echo single-shot echoplanar imaging sequence (28
slices, TR = 2 sec, TE = 30 msec, voxel size = 1.5 x 1.5 x 2.5mm, and a .25 interslice gap). For all
scans, slices were oriented approximately between perpendicular and parallel to the calcarine
sulcus, covering all of the occipital and temporal lobes, as well as the lower portion of the
parietal lobe. Whole-brain, high-resolution anatomical images were also acquired for each
participant for the purposes of registration and anatomical localization (see 2.5 Data Analysis).
2.4 Data Quality Control

Children move more and have lower attentional capacity than adults. To control for
subject motion during fMRI scans, we excluded runs where the average frame-to-frame motion
exceeded the size of one voxel (2mm: x, vy, z). To verify that participants paid attention across
the whole run, and ensure that data were of sufficient quality to detect fMRI activation, we
investigated activation in the primary visual cortex (V1) to the contrast of all conditions minus
fixation. If participants paid attention during the run and saw the stimuli, then we should see
strong activity in both hemispheres of primary visual cortex (Z>2.3 and a corrected cluster
significance threshold of p=0.05). Therefore, we excluded runs where participants did not show
V1 activity.

For our analysis, we only included children that had two or more good runs after these
exclusionary criteria. At least two runs were required in order to use two independent halves of
data for localizing the regions of interest (Localizer runs, see 2.5 Data Analysis) and for
measuring the response of these regions to the various experimental stimuli (Experimental

runs, see 2.5 Data Analysis).
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2.5 Data Analysis

Analysis of functional data was conducted using a combination of tools from the FSL
software (FMRIB’s Software Library; www.fmrib.ox.ac.uk/fsl) (Smith et al., 2004), the FreeSurfer
Functional Analysis Stream (FS-FAST; http://surfer.nmr.mgh.harvard.edu/), and custom written
MATLAB code. Before analyzing the data, functional images were motion corrected (Cox and
Jesmanowicz, 1999), detrended and fit using a double gamma function, and spatially smoothed
with a 5-mm kernel. After preprocessing, we used a region of interest (ROI) approach in which
we used one half of the runs to define the OPA and PPA (Localizer Runs) and used the second,
independent half of runs (Experimental Runs) to measure the response magnitudes of each
region to the six experimental conditions.

For the Localizer runs, we defined the scene-selective regions, OPA and PPA, using a
standard contrast of scenes greater than objects (Epstein and Kanwisher, 1998). Given that
responses in OPA or PPA may not yet be fully developed in younger children, we employed a
group-constrained subject-specific method (GSS) for defining ROIs (Julian et al, 2012). This
method allows for the functional definition of each region even if responses in that region
would not be detected using a standard threshold approach used in adults (cf. Kamps et al.,
2018). Specifically, we identify a unique search space for each scene-selective ROl and its
surrounding cortex using a previously published atlas of functional “parcels” (Julian et al., 2012)
(Figure 2). These parcels describe the vicinity in which OPA and PPA are likely to fall in any
individual, given the typical distribution found in a large, independent sample of adults. For
each specific subject, the voxels that fall within each parcel were ranked based on the statistical

significance of that voxel’s response to scenes > objects. The top 100 most selective voxels were
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defined as the subject’s specific ROI. Using this approach, we were able to bilaterally define
regions in each child regardless of how strongly those regions respond to scenes greater than
objects, as is standard in studies of adults. We also defined face-selective and object-selective
regions for control analyses.

For the remaining, independent Experimental runs, we calculated the magnitude of
response (percent signal change) within each ROI to the six experimental conditions: Dynamic
Scenes, Static Scenes, Dynamic Faces, Static Faces, Dynamic Objects, Static Objects. This split
half, “define and test” procedure was done for every possible permutation of the 2-4 usable
runs for each subject (e.g., if a subject had three usable runs, then it was possible to conduct 3
different permutations using 2 runs for localization and one run for test). Results from each
permutation were then averaged together, resulting in a final estimate of activation to each
condition in each region. For all analyses, we averaged responses in each region across
hemispheres. For our domain selectivity analysis, we further averaged response magnitudes
across the dynamic and static stimuli for each condition. For our motion selectivity analysis, we
calculated a motion difference score for each condition (i.e., the response magnitude to the

dynamic stimuli minus response magnitude to the static stimuli).

3. Results
3.1 Scene Domain Selectivity

First, we assessed development by measuring whether there are changes in scene
domain selectivity in OPA and PPA from ages 5 through 8. If OPA develops later than PPA, then

OPA’s domain selectivity for scenes will develop between ages 5 through 8, while the PPA will
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show no evidence of development. To test this prediction, we first compared responses to
scenes over faces and objects in each region (i.e., scene domain selectivity). Then, we explored
whether these selective responses increased from ages 5 through 8 in each region, using a
mixed model ANOVA.

For OPA, a 2 (group: 5-year-olds, 8-year-olds) x 3 (domain: scenes, faces, objects) mixed
model ANOVA revealed a significant main effect of domain (F2,60) = 39.95, p < 0.001), with
greater responses to scenes than to faces or objects (pairwise comparisons, both p’s < 0.05),
indicating that OPA responds selectively to scenes in both the 5-year-olds and 8-year-olds
(Figure 3A). Critically, however, this same ANOVA did not reveal a significant group x domain
interaction (F(2,60=0.38, p=0.68), suggesting that scene domain selectivity in OPA does not
change from ages 5 through 8 (Figure 3A). This finding is inconsistent with our hypothesis, and
rather suggests that scene selectivity in OPA is already present by age 5, and does not develop
between ages 5 and 8.

For PPA, a 2 (group: 5-year-olds, 8-year-olds) x 3 (domain: scenes, faces, objects) mixed
model ANOVA also revealed a significant main effect of domain (F2,60) = 150.97, p < 0.001), with
greater responses to scenes than faces or objects (pairwise comparisons, both p’s < 0.05),
confirming that PPA responds selectively to scenes in both 5 and 8-year-olds (Figure 3B).
Further, this same ANOVA surprisingly revealed a significant interaction (F(2,60=4.87, p=0.01),
suggesting that scene domain selectivity in the PPA might be increasing from ages 5 through 8
(Figure 3B).

The analyses above suggest that counter to our hypothesis, scene domain selectivity in

PPA is increasing from ages 5 through 8, while the OPA shows no such development. To test
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this possibility, we next compared the regions directly, in order to explore whether the
apparent developmental change in PPA is significantly greater than that in OPA. Critically, a 2
(region: OPA, PPA) x 3 (domain: scenes, faces, objects) x 2 (group: 5-year-olds, 8-year-olds)
mixed model ANOVA failed to reveal a significant interaction (F(2,60)=0.97, p=0.38), suggesting
that scene domain selectivity in PPA does not develop significantly more than that in OPA.
Taken together, our results therefore are most consistent with the idea that neither PPA nor
OPA show developmental increases in scene selectivity from ages 5 to 8.
3.2 Scene Motion Selectivity

Next, we assessed development by measuring whether there are changes in scene
motion selectivity in OPA and PPA from ages 5 through 8. If OPA develops later than PPA, then
OPA’s motion selectivity for scenes will develop between ages 5 through 8, while PPA will show
no evidence of development. To test this prediction, we first compared responses to scene
motion over face motion and object motion in each region (i.e., scene motion selectivity). Then,
we explored whether these selective responses increased from ages 5 through 8 in each region,
using a mixed model ANOVA. In order to perform these analyses, we calculated a scene motion
difference score as the difference in responses to dynamic scenes and static scenes. We
calculated a face motion difference score and an object motion difference score in the same
way.

For OPA, a 2 (group: 5-year-olds, 8-year-olds) x 3 (motion: face motion, scene motion,
object motion) mixed model ANOVA revealed a significant interaction (F(2,60=5.23, p=.01),
suggesting that OPA’s scene motion selectivity changes from ages 5 through 8 (Figure 4A).

Critically, this interaction was driven by scene motion selectivity in the 8-year-olds (pairwise
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comparisons: scene motion > object motion, p=0.002; scene motion > face motion, p=0.004);
no significant selectivity for scene motion was observed in the 5-year-olds (pairwise
comparisons: scene motion > object motion, p=0.39; scene motion > face motion, p=0.98)
(Figure 4A). These findings support our hypothesis that OPA is developing from ages 5 through
8. Further, the pattern of responses in the 8-year-olds indicate that OPA is not responding to
motion in general, but rather to motion information specific to scenes and not to objects or
faces.

For PPA, a 2 (group: 5-year-olds, 8-year-olds) x 3 (motion: face motion, scene motion,
object motion) mixed model ANOVA did not reveal a significant interaction (F(2,60=0.10,
p=0.91), indicating that PPA’s scene motion selectivity does not change from ages 5 through 8
(Figure 4B). This finding is consistent with our hypothesis that PPA will not show evidence of
development between ages 5 and 8. Interestingly, the same ANOVA revealed a marginally
significant main effect of motion (F2,60)= 3.01, p=0.06), suggesting that PPA is weakly selective
for scene motion in both the 5-year-olds and 8-year-olds (Figure 4B), consistent with previous
findings in adults (Kamps et al., 2016b).

The analyses above suggest that in support of our hypothesis, scene motion selectivity
in OPA is increasing from ages 5 through 8, while PPA shows no such development. However, to
confirm that the observed developmental change in OPA is significantly greater than that in
PPA, we next compared the regions directly. A 2 (region: OPA, PPA) x 2 (group: 5-year-olds, 8-
year-olds) x 3 (motion: face motion, scene motion, object motion) mixed model ANOVA
revealed a marginally significant region x group x motion interaction (F(2,60=2.80, p=0.07) with a

medium effect size (np2=0.09), suggesting that with a larger sample, the interaction would be
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significant. These findings suggest that scene motion selectivity in OPA develops significantly
more than that in PPA. Taken together, these results strongly support our hypothesis that OPA
is developing between ages 5 and 8, while the PPA is not.

However, could it be that the OPA’s increase in scene motion selectivity is driven by
better data quality in the 8-year-olds? Due to our exclusionary criteria for motion and attention
(see 2.4 Data Quality Control), it is unlikely that the changes in scene motion selectivity are a
result of data quality. Further, our findings above that scene domain selectivity was just as
strong in 5-year-olds as it was in 8-year-olds, suggest that the 5-year-old data are reasonably
well matched to the 8-year-old data. Nevertheless, to ensure that differences in data quality
between the groups was not driving these results, we measured data quality directly by
investigating the temporal signal to noise ratio (tSNR). To calculate tSNR, we took the mean
response of each voxel in a region of interest during the fixation blocks and divided this mean
by the standard deviation of each voxel’s response during those blocks. This calculation gave us
a measure of signal to noise in each voxel of a scene-selective region. Then we averaged the
tSNR of each voxel in the region to get the overall tSNR for the ROl in each individual
participant. We then analyzed our tSNR data in three ways. First, we compared tSNR in OPA
between 5-year-olds and 8-year-olds, and found no significant difference (t30=1.60, p=0.12)
between the two groups. Second, we assessed whether there was a correlation between i)
tSNR in OPA and ii) the strength of the response to scene motion in OPA, where a positive
correlation would indicate that better signal quality predicts better detection of the scene
motion effect in OPA. This analysis did not reveal a significant correlation (r=0.10, p=0.59),

indicating that tSNR does not explain changes in OPA’s scene motion selectivity across 5 and 8-
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year-olds. Third, we again performed the critical 2 (region: OPA, PPA) x 2 (group: 5-year-olds, 8-
year-olds) repeated measures ANOVA presented above, but now included tSNR in OPA as a
covariate. We still observed a marginally significant interaction (F(1,29=3.34, p=0.08), with a
medium effect size (% =.10), further ensuring that this effect was not driven by data quality.
Taken together, differences in data quality between the 5 year olds and 8 year olds are unlikely

to explain the development of motion selectivity in OPA, but not PPA, across this age range.

4. Discussion

Here, we investigated how the well-established adult navigation system (including the
OPA) and categorization system (including the PPA) develop across the lifespan. In particular,
we compared responses in OPA and PPA to i) video clips of first-person perspective motion
through scenes, a critical cue for navigating through the immediately visible scene (“Dynamic
Scenes”) and ii) still frames taken from these same movies (“Static Scenes”), rearranged such
that first-person perspective motion cannot be inferred. We also measured the responses of
OPA and PPA to dynamic and static faces and objects. We assessed developmental changes at
two levels: scene domain selectivity and scene motion selectivity. We found scene domain
selectivity in both OPA and PPA by age 5, and found no developmental changes from ages 5
through 8 in either region. Critically, we found that OPA’s scene motion selectivity develops
between ages 5 and 8, an indication of its role in visually-guided navigation (Kamps et al.,
2016b), with no such evidence of development in PPA. These findings are consistent with the
idea that the navigation and categorization systems are dissociable, and that they develop
differentially, with the navigation system (including the OPA) developing later than the

categorization system (including the PPA). Importantly, our findings are consistent with recent



19

behavioral evidence in our lab, showing that 4-year-olds perform worse on a navigation task
than a categorization task, relative to 8-year-olds.

In regards to scene motion selectivity, OPA did not respond greater to scene motion
than face motion or object motion at age 5, but did show this effect by age 8. This increase in
scene motion selectivity supports our hypothesis that OPA is developing from ages 5 through 8,
particularly at the level of its sensitivity for scene motion. On the other hand, PPA showed a
marginal response for scene motion by age 5, but this weak selectivity did not change from
ages 5 through 8. Critically, this marginal selectivity for scene motion is found in adult PPA
(Kamps et al., 2016b), and therefore suggests that PPA may already be adultlike by age 5. In our
scene motion selectivity analysis, we critically found that OPA only responded to motion
information in scenes, and not to motion on faces or objects. We also found that changes in
scene motion selectivity could not be explained by better data and signal quality in the older
group of children. OPA’s changes in scene motion selectivity are exciting because they suggest
that OPA ‘s response to motion, a critical cue for its role in navigation (Kamps et al., 2016), is
developing across this age range. The independent and later developing navigation system is
consistent with the general late development of the dorsal stream. In object processing, the
dorsal stream (Action System) develops later than the ventral stream (Perception System)
(Ungerleider and Mishkin, 1982; Milner & Goodale, 1995; Dilks et al., 2008). Given that the OPA
is found in the dorsal stream, whereas the PPA is found in the ventral stream, the
developmental trend found in scene motion selectivity mirrors that in object processing.

In regards to scene domain selectivity, OPA responded greater to stimuli of scenes than

faces or objects by age 5, with no significant development from ages 5 through 8. PPA also
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responded greater to stimuli of scenes than faces or objects by age 5, but in contrast to OPA,
we found a significant change in scene domain selectivity from ages 5 through 8. Critically, the
change observed in PPA was not significantly different than that in OPA, suggesting that both
OPA and PPA are domain selective for scenes by age 5 with no changes from ages 5 through 8.
Therefore, if OPA develops between ages 5 through 8, it is not happening at the level of scene
domain selectivity. This pattern of development is surprising, and suggests a novel
developmental hypothesis where the scene processing system (and perhaps high-level visual
systems in general) first develops selectivity for a category overall (i.e., scenes) and then later
bifurcates into more specific functions (i.e., motion selectivity for navigation). In short, our
results suggest that scene-selective regions are first established in the same locations they will
exist in adults (i.e., by age 5) and then more specific functions develop in each region (i.e., OPA
further develops into a navigation region from ages 5 through 8).

While this study elucidates the development of OPA from ages 5 through 8, future work
is required to address the precise nature of PPA’s development. A limitation of our work is that
we do not test directly for scene categorization information in PPA. By contrast, we do test for
scene navigation information in OPA using motion. Even though categorization (and PPA)
cannot be measured directly, one clue from our work that PPA is in fact developed by age 5 is
that scene domain selectivity is present by age 5 and does not change from 5 to 8. A second
clue is that PPA showed a slight motion effect, like that seen in adults, by age 5, with no
changes from 5 to 8. But, because scene domain and scene motion selectivity are not specific to
PPA, PPA’s development still needs to be rigorously tested, and stronger evidence that PPA

encodes scene category information by age 5 is needed. One approach is to assess PPA’s
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sensitivity to other scene category stimuli, such as relative length and angle changes in scenes
(Dillon et al., 2018) at ages 5 and 8. Stronger evidence, however, would be to look in younger
children (e.g, ages 3 -5) to assess whether PPA’s selectivity for scenes and other scene category
information develops at a younger age. This approach would be difficult given that collecting
quality data in 5-year-olds is already a challenge. The strongest evidence would be having kids
perform a navigation and a categorization task during fMRI data collection (Persichetti and
Dilks, 2018). However, it would be challenging to get young children to perform this task while
staying still in the scanner.

Other future directions for our study include comparing the responses in 8-year-olds to
adults. While our data suggest that OPA develops between ages 5 through 8, are the responses
adultlike by age 8? Numerous studies have assessed when PPA development becomes adultlike,
but to our knowledge, no one has investigated when OPA becomes fully developed. Some of
these studies suggest that the scene region is adultlike by age 8 (Scherf et al., 2007, 2011; Jiang
et al., 2014) while others find that this scene region is later developing (Golarai et al., 2007;
Chai et al., 2010). Recently, Meissner et al. (2019) suggested that both OPA and PPA are later
developing. A critical issue in addressing the development from childhood to adulthood is
carefully matching data quality between children and adults. The lack of careful data quality
matching in this previous literature may explain the inconsistent findings, and future work can
resolve this problem. Further, we would like to extend our current findings to William’s
syndrome. Behavioral work in our lab has shown that people with William’s syndrome are
impaired on a navigation task, but not a categorization task. We can use the methods in this

experiment to assess whether these patients accordingly have damage to OPA and not PPA,
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providing both casual and neural evidence that these two systems are dissociated and have
different developmental trajectories.

In conclusion, we found that the visually-guided navigation system (including OPA)
develops differentially from the categorization system (including PPA), with the navigation
system developing later. Specifically, we found that unlike in PPA, OPA’s sensitivity to scene
motion develops between ages 5 through 8. The increasing response of OPA to scene motion
information, particularly to first-person perspective motion, suggests the development of OPA’s
role in visually-guided navigation across this age range. On the other hand, we did not find
developmental changes in OPA or PPA for scene domain selectivity. This finding suggests the
novel hypothesis that high-level visual systems develop selectivity for a category overall before

developing the particular functions within that category (i.e., categorization vs navigation).
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Figure 1

Scenes (dynamic and static)

Figure 1. Example stimuli used in each blocked design run. From top to bottom: scenes
(dynamic and static), faces (dynamic and static), objects (dynamic and static). Dynamic stimuli
were 3-sec video clips of first-person perspective motion through a place (or “scene”), of a
child’s face smiling and laughing, or of moving toys. Static stimuli were 3 1-sec still images taken
from these video clips, rearranged such that no two frames came consecutively, and so that
first-person perspective motion could not be inferred.
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Figure 2

Figure 2. Parcels for scene-selective regions of interest (Julian et al., 2012) on a sample 5-year-
old participant’s anatomical scan. These parcels represent the unique search space for each
scene-selective ROI, describing the vicinity in which OPA and PPA are likely to fall in any
individual. Using these parcels, we define each individual’s ROI by selecting the top 100 most
scene-selective voxels within that parcel during half of the runs. Responses in that ROl were
then tested using the remaining independent, set of runs.
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Figure 3
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Figure 3 - Scene Domain Selectivity. Average percent signal change (PSC) in OPA and PPA to
faces, scenes, and objects. Each bar is the average response to the static and dynamic stimuli in
the given domain (faces, scenes or objects). A) OPA responded more to scenes than faces or
objects in both the 5yo and 8yo groups (F(2,60) = 39.95, p < 0.001). Selective responses did not
change from age 5 through 8 (F(2,60=0.38, p=0.68), suggesting that scene domain selectivity in
OPA is present by age 5, and does not develop between ages 5 and 8. B) PPA responded more
to scenes than faces or objects in both the 5-year-old and 8-year-old groups (F(2,60) = 150.97,

p < 0.001), Although we did see significant developmental change in PPA from age 5to 8
(F2.60=4.87, p=0.01), such developmental change in PPA was not greater than that in OPA
(F(2,60=0.97, p=0.38), suggesting that neither PPA nor OPA show developmental increases in
scene-selectivity from ages 5 through 8.
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Figure 4
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Figure 4 — Scene Motion Selectivity. Difference scores (percent signal change) for Dynamic
Scenes minus Static Scenes (“Scene Motion”), Dynamic Faces minus Static Faces (“Face
Motion”), and Dynamic Objects minus Static Objects (“Object Motion”). A) OPA responded
greater to scene motion than object motion and face motion at age 8 (pairwise comparisons:
scene motion > object motion, p=0.002; scene motion > face motion, p=0.004), but not at age 5
(pairwise comparisons: scene motion > object motion, p=0.39; scene motion > face motion,
p=0.98), suggesting that OPA’s scene motion selectivity increases from ages 5 through 8
(F(2,60=5.23, p=.01). B) By contrast, PPA was marginally selective for scene motion in both the 5
and 8-year-olds (F(2,60= 3.01, p=.06), and no significant increase in scene motion selectivity was
observed from ages 5 through 8 (F(2,60=.10, p=.91). Overall, this data suggests that scene
motion selectivity develops in OPA, but not PPA (F(2,60)=2.80, p=0.07, n,2=0.09).
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