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Abstract

■ Studies of the emergence of shape representations in child-
hood have focused primarily on the ventral visual pathway.
Importantly, however, there is increasing evidence that, in
adults, the dorsal pathway also represents shape-based informa-
tion. These dorsal representations follow a gradient with more
posterior regions being more shape-sensitive than anterior re-
gions and with representational similarity in some posterior re-
gions that is equivalent to that observed in some ventral
regions. To explore the emergence and nature of dorsal shape
representations in development, we acquired both fMRI BOLD
signals and behavioral data in children (aged 8–10 years) using a

parametric image scrambling paradigm. Children exhibited
adult-like large-scale organization of shape processing along
both ventral and dorsal pathways. Also, as in adults, the activa-
tion profiles of children’s posterior dorsal and ventral regions
were correlated with recognition performance, reflecting a possi-
ble contribution of these signals to perception. There were age-
related changes, however, with children being more affected by
the distortion of shape information than adults, both behaviorally
and neurally. These findings reveal that shape-processing mecha-
nisms along both dorsal and ventral pathways are subject to a
protracted developmental trajectory. ■

INTRODUCTION

Shape representations in the human visual cortex are
essential for fundamental visual abilities, such as object
recognition, face perception, and reading. Following
the well-known two cortical visual systems hypothesis
(Goodale & Milner, 1992; Ungerleider & Mishkin, 1982),
the majority of research on the development of sensitivity
to the geometry of visual shapes has focused on the ventral
“what” visual pathway (Saygin et al., 2016; Scherf, Thomas,
Doyle, & Behrmann, 2014; Kravitz, Saleem, Baker,
Ungerleider, & Mishkin, 2013; Golarai et al., 2007; Scherf,
Behrmann, Humphreys, & Luna, 2007; e.g., Emberson,
Crosswhite, Richards, & Aslin, 2017; Gomez et al., 2017).
A key finding from these studies is that there are different
developmental trajectories for different visual categories in
ventral cortex, with selectivity for objects and places ob-
served relatively early, followed later by the emergence of
selectivity for faces and words (Liu et al., 2018; Gomez
et al., 2017; Scherf et al., 2007, 2014; Golarai et al., 2007).
Despite the early emergence of object-selective cortical

regions (Emberson et al., 2017) and the stability in the size
of these regions across development (Golarai et al., 2007),
neural representations derived by these regions are still
modulated as a function of age. For example, Nishimura,
Scherf, Zachariou, Tarr, and Behrmann (2015) noted that
lateral occipital cortex (LOC) representations in children

aged 5–10 years were invariant to object size, but not to
object viewpoint. In contrast, the mature LOC exhibits
invariant response profiles to both of these stimulus
dimensions (Grill-Spector & Malach, 2004).

Interestingly, recent evidence from investigations with
adults and with nonhuman primates suggests that the dorsal
(“where/how”) pathway also derives shape representations
and that these representations play a functional role in per-
ception (e.g., Freud, Robinson, & Behrmann, 2018; Freud,
Ganel, et al., 2017; Van Dromme, Premereur, Verhoef,
Vanduffel, & Janssen, 2016; Vaziri-Pashkam & Xu, 2017;
Bracci & Op de Beeck, 2016; Konen & Kastner, 2008; for
a review, see Freud, Plaut, & Behrmann, 2016). To date,
however, only a few studies have investigated the develop-
mental trajectory of shape perception in the dorsal visual
pathway. These studies have focused primarily on visuo-
motor representations and, using pictures of tools, have
documented adult-like organization of the tool network in
children aged 6–10 years (Kersey, Clark, Lussier, Mahon, &
Cantlon, 2015; Dekker, Mareschal, Sereno, & Johnson,
2011). Importantly, those studies focused on high-level
category-selective activation and did not explore to what
extent shape information is represented by both pathways.
Moreover, given the strong visuomotor association afforded
by tools, it is unclear whether these dorsal responses reflect
computations related to the visuomotor or perceptual
information conveyed by these stimuli and whether there
are possible age-based effects in this pathway.

To describe the large-scale organization of shape
processing in children, we utilized an approach that has1York University, Toronto, 2Carnegie Mellon University
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been successful in mapping shape representations in
adults (Freud, Culham, Plaut, & Behrmann, 2017). This ap-
proach entails presenting participants with images of a wide
range of objects, parametrically scrambled across five levels,
while acquiring BOLD data in an fMRI scanner. The slope of
the decrease in the BOLD signal across levels of scrambling
then provides a fine-grained characterization of relative
sensitivity to shape information in each voxel in both
ventral and dorsal pathways (see Figure 1B and Methods).
Recognition of these same displays was measured outside
the magnet, and brain–behavior correlations were analyzed.
Last, both neural and psychological comparisons to the
adult profile were undertaken.

METHODS

Participants

Eleven right-handedchildren (meanage=9.17 years, range=
8–10.25 years, five girls) completed the experiment. The data
from Experiment 1 of Freud, Culham, et al. (2017) provided
the comparison adult profile (11 participants, mean age =
31 years, range = 19–46 years, two women). However, as
children completed only four experimental runs, we used as

our comparison data the first four runs (out of eight) of the
data from the adult experiment. All participants were
compensated for their participation and provided assent,
and their parents provided informed consent for them to
participate in the protocol, which was approved by the
institutional review board of Carnegie Mellon University.

Stimuli

Stimuli were 80 grayscale pictures of everyday objects (40
pictures) and tools (40 pictures) identical to those pre-
sented in a previous publication (Freud, Culham, et al.,
2017) but excluding four pictures of objects that children
were unlikely to recognize (e.g., VCR cassette). We
employed an algorithm that divided and randomly re-
arranged each image into 4, 16, 64 and 256 squares, re-
sulting in five levels of scrambling (Figure 1A).

Experimental Design

fMRI

Participants viewed the stimuli (visual angle of 4.5° ×
4.5°) in a pseudorandomized order through a mirror

Figure 1. (A) Experimental
stimuli and (B) raw beta weights.
(A) Box scrambling manipulation.
Shape information was altered by
dividing the display using an
invisible grid and then randomly
rearranging the squares. (B) Beta
weights in four representative
bins, two of which are derived
from the dorsal and two from the
ventral pathways. In all bins, the
linear fit (R2) was found to be
greater than .3, and the linear fit
was similar across the two
groups.
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setup that reflected a liquid crystal display screen located
at the back of the scanner bore. Before entering the mag-
net, participants completed a short training session in a
mock scanner to acclimate them to the MRI environment
and noise and to minimize head movements.

MRI Setup

Participants were scanned in a Siemens Verio 3-Tesla mag-
netic resonance imaging scanner with a 32-channel coil at
Carnegie Mellon University. We acquired a structural scan
using a T1-weighted protocol that included 176 sagittal slices
(1 mm thickness, in-plane resolution = 1 mm, matrix =
256 × 256, repetition time = 2300 msec, echo time =
1.97 msec, inversion time = 900 msec, flip angle = 9°).
We employed a gradient-echo, echoplanar imaging se-
quence (repetition time = 1.5 sec, echo time = 30 msec,
flip angle = 73 °) to acquire the functional images based
on the BOLD signal. Each run (total of four) included 227
volumes of 43 axial slices (slice thickness = 3 mm, gap =
0 mm, in-plane resolution = 3 mm).

Object Scrambling Experiment

In each of the four runs, participants viewed pictures that
were blocked by the five levels of scrambling (S256, S64,
S16, S4, and Full [intact]) and by category (tools and
objects). After an initial fixation of 10.5 sec, the experiment
included twenty 9-sec blocks, each composed of 10 stimuli
with each image displayed for 600 msec followed by
300 msec fixation. The blocks were separated by 7.5-sec
fixation periods. Participants fixated on the cross in the
center of the display and performed a task that was or-
thogonal to the presentation of the objects. Specifically,
throughout the scan, participants indicated, via a button
press, when the color of the fixation cross changed from
black to red. There were one or two fixation color changes
per block of 10 stimuli.

Object Recognition (Behavioral) Experiment

Children (10 of 11) and adults (11 of 11) completed the ob-
ject recognition experiment after the fMRI scan (range: same
day to 30 days). The participants were seated 50 cm in front
of a computer screen in a darkened room, shown the same
stimuli they had viewed in the scanner and instructed to
name aloud each stimulus. The experimenter tracked the
accuracy of their recognition responses. Stimuli were pre-
sented in a pseudorandomized fashion, for 600 msec (as
in the fMRI experiment), with each picture presented once.

Statistical Analyses

Univariate Analysis

The raw fMRI data of children are available at DOI: 10.1184/
R1/c.4122161, and the adult data were taken from DOI:

10.1184/R1/c.3889873.v1. We analyzed the data using
BrainVoyager 20.2 software (Brain Innovation, Maastricht,
The Netherlands), in-house scripts written in MATLAB (The
MathWorks, Inc.) and JASP (JASP Team, 2018). Preprocess-
ing included 3-D motion correction and filtering of low
temporal frequencies (cutoff frequency of 2 cycles per
run). We did not apply spatial smoothing to allow the
voxel-wise analysis. We transformed all scans to Montreal
Neurological Institute (MNI) space.

The first step of the analytic approach was based on
the voxel-wise analysis employed in the previous study
with adult participants (Freud, Culham, et al., 2017).
We generated a group-level mask of all visually selective
voxels by performing a random-effects general linear
model analysis across all 22 participants (children and
adults). For each voxel, we tested whether it was re-
liably responsive to any of the five conditions relative
to fixation (scrambling level: S256, S64, S16, S4, Intact;
t > 2.6). We included all visually sensitive voxels in the
mask, which was then applied in the individual subject
analysis.

Next, we calculated the slope of activation (beta
values) as a function of scrambling level separately for
each participant in each visually selective voxel. A positive
slope reflects an increase in activation as the level of
scrambling decreases (from S256 to Intact) and therefore
reflects greater shape sensitivity. A negative slope repre-
sents a decrease in activation as the level of scrambling
decreases and, as such, may reflect greater sensitivity to
local elements and edges, which are more frequent in in-
creasingly distorted images.

Head Motion

We calculated head motion from each run and from each
participant using a combination of three translation pa-
rameters (in millimeters) and three rotation parameters
(in degrees):

Total translation ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d xð Þ2 þ d yð Þ2 þ d zð Þ2

q

Total rotation ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r xð Þ2 þ r yð Þ2 þ r zð Þ2

q

Larger head movements were noted for the children
than the adults for rotation (children: 0.5 ± 0.21 degree;
adults: 0.21 ± 0.14 degree), t(20) = −2.402, p = .026,
Cohen’s d = −1.024, and translation (children: 0.63 ±
0.30 mm; adults: 0.26 ± 0.11 mm), t(20) = 3.789, p =
.001, Cohen’s d = −1.616. We discuss these differences
in the results section and consider their impact on the
neural data.

Temporal Signal-to-Noise Ratio

We calculated the temporal signal-to-noise ratio (tSNR) to
compare fMRI data quality across participants. For each
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run, tSNR was calculated as the mean signal of the fMRI
time series divided by the standard deviation of the noise
in the time series: SNR(temporal) = μ time series /σ time
series. Consistent with the head motion analysis, we
found reduced tSNR for the children (132.5 ± 12.8) than
for the adults (146.5 ± 11.8), t(20) = 2.645, p = .016,
Cohen’s d = 1.128. The results were replicated when
only visual-selective voxels were included in the analysis.
We interpret this difference in the context of the exper-
imental results in the Results section.

Intersubject Functional Correlation

To estimate the similarity between the large-scale organi-
zation of shape processing across the two groups, we
utilized the intersubject functional correlation (ISFC;
Rosenthal et al., 2017; Simony et al., 2016). ISFC is de-
signed to uncover the stimulus-locked functional re-
sponses by correlating the response profiles across
participants. First, for each group (children/adults), we
correlated voxel-wise shape sensitivity values (i.e.,
slopes) between each participant and the mean voxel
shape sensitivity calculated over all the remaining par-
ticipants (within-group similarity). Next, using the same
procedure, we calculated the correlation between each
participant and the mean voxel shape sensitivity calculated
over all the participants from the other group (between-
groups similarity). Finally, we transformed (Fisher Z) the
correlation coefficients and compared the within-/
between-groups correlations.

Bin Analysis

To compare between shape sensitivity across the two
groups in a more direct fashion, for each individual, we
divided each pathway into five bins based on the voxel’s
y-axis coordinate (posterior–anterior). Next, for each bin,
we calculated the average shape sensitivity (slope). We
obtained similar results when we divided the bins based
on the distance from the most posterior voxel, as calcu-
lated by a combination of the x (lateral–medial) and y
(posterior–anterior) axes.1 To calculate the interaction
between bin and other factors, we applied the Huyhn–
Feldt sphericity correction, because sphericity assump-
tion was violated (Mauchly’s W; p < .05). Note that all
the reported results hold even when the correction was
not applied.

Correlation with Object Recognition

To examine the correlation between fMRI activation and
behavioral performance, we used the bins as ROIs.
Notably, we observed similar results when we defined re-
gions based on a probabilistic atlas (Wang, Mruczek,
Arcaro, & Kastner, 2015).

The univariate analyses described above included just
five levels of scrambling, limiting the ability to calculate a

reliable correlation between participants’ BOLD response
and object recognition ability. We therefore divided the
fMRI data into two data sets (odd and even runs), in which
different objects were presented, and we separated the
data into BOLD obtained from the tools and object cate-
gories. This procedure yielded 20 beta weights for each
ROI. We split the behavioral data into 20 subsets, as was
done with the neural data, and computed the partial cor-
relations between behavioral performance and fMRI signal,
controlling for the correlation of these two variables with
the level of scrambling. Note that similar results were ob-
tained when only 5 data points were extracted from each
bin and when full (rather than partial) correlations were
calculated.1

RESULTS

The presentation of the results is organized into four sec-
tions: First, we validate that a linear function of fMRI ac-
tivation describes shape sensitivity in both groups. Next,
we compare the large-scale organization of shape pro-
cessing along the dorsal and ventral visual pathways in
children versus adults based on the ISFC and the bin
analysis approaches. Thereafter, for both groups, we
present the behavioral recognition accuracy as a function
of scrambling level, and finally, we report the correlation
between the neural and behavioral profiles. Together,
these analyses provide a full characterization of object
sensitivity in dorsal and ventral pathways in the children,
and the measures derived from the children can be com-
pared directly to the adult object sensitivity profile.

fMRI Results

Linear Function Describes Shape Sensitivity in
Both Groups

First, we sought to establish that shape sensitivity could
be reliably described by the linear slope between the beta
weights, as was done previously in adults. This step was
particularly important given the observed differences in
tSNR between the two groups (see Methods for details).
To this end, each pathway was divided into five bins, and
the beta-weights for each condition (image type) was cal-
culated. Next, the linear slope was calculated for each of
the bins, separately for each participant, and we com-
pared between the two groups.
For illustration purposes, Figure 1B depicts the raw beta

values, for the two groups, in several representative bins. In
both groups, in all bins, the linear fit (R2), ranging from .3
to .84, was reliably above zero ( p< .05, FDR-corrected, ex-
cluding one bin in the children’s group in which pFDR =
.06). Next, a series of t tests confirmed that the linear fit was
not different between the groups across all bins ( p >.39,
FDR-corrected). Finally, we also validated that the raw re-
sponse for the intact objects (i.e., the baseline condition)
was similar between the groups across all bins ( p > .39,
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FDR-corrected). Together, these findings suggest that, de-
spite the reduced tSNR in the children group, the linear
slope can still be utilized as an indicator of shape sensitivity
in both adults and children.

Preserved Large-Scale Organization of Shape Processing

At the outset, a voxel-wise map of shape sensitivity was
generated separately for every participant. Similar to our
previous study (Freud, Culham, et al., 2017), in each voxel,
beta weights were extracted for each of the five stimulus
conditions from most scrambled to intact (S256, S64, S16,
S4, Full), and the linear slope between these conditions
was used as an index of shape sensitivity (i.e., greater pos-
itive slopes reflect greater shape sensitivity). Next, we used
the ISFC approach (Rosenthal et al., 2017; Simony et al.,
2016) to compare the large-scale organization of shape
processing across the two groups.
Although we used only half of the data originally acquired

for each adult participant in Freud, Culham, et al. (2017; to
equate the amount of data for adults and children), the find-
ings from the adult group replicated the large-scale organi-
zation of shape sensitivity along both the ventral and dorsal
pathways observed with the full data set. In both pathways,
negative slopes were found in posterior occipital cortex
(greater sensitivity to maximal scrambling condition),
whereas positive slopes (greater sensitivity to more intact
images) emerged in more anterior parts (i.e., dorsal path-
way: posterior intraparietal sulcus, ventral pathway: inferior
surface of the occipitotemporal cortex). In even more an-
terior regions (i.e., dorsal pathway: anterior intraparietal
sulcus, ventral pathway: anterior and medial temporal
cortex), a decrease in shape sensitivity was detected
(Figure 2A). Importantly, a similar, large-scale organization
was obtained for the children’s data (Figure 2B).
To estimate statistically the similarity of the topograph-

ical organization of shape-selective voxels between the
two groups, we generated within- and between-groups
similarity indices using the ISFC approach. This method
calculates the voxel-wise correlations of the brains of dif-
ferent participants who belong to the same group or to
different groups (see Methods for details).
First, we sought to establish that shape selectivity var-

ied with the spatial location of the voxels in a similar fash-
ion across the two groups. Interestingly, in both dorsal
and ventral pathways, we found reliable between-groups
similarity (i.e., correlations greater than zero), t(21) >
12.04, p < .000000002, Cohen’s d > 2.567 (Figure 2D).
Next, we employed a repeated-measures ANOVA with

ISFC type (within group, between groups), Pathway (dor-
sal, ventral), and Hemisphere (right, left) as independent
variables. This analysis revealed that the within-group
correlations (mean = .7) were slightly but significantly
greater than the between-groups correlation (mean =
.67), F(1, 20) = 4.637, p= .043, ηp

2 =.18. This latter effect
provides the first evidence that, despite the qualitative
similarity between the large-scale organization of shape

processing across the two groups, shape sensitivity
changes over development.

We also found a robust effect for Pathway, F(1, 20) =
75, p < .001, ηp

2 = .79, with greater similarity within the
ventral pathway than within the dorsal pathway. This dif-
ference might indicate that more reliable shape represen-
tations are derived by the ventral pathway. Finally, there
was no main effect of Group, nor an interaction of Group
with any of the other factors (Fs < 1).

Figure 2. (A–C) fMRI results. The (A) adults and (B) children groups are
projected on an inflated brain from a superior view (upper panel) and
from a posterior–inferior view (lower panel). Warm colors signify voxels
that are shape-sensitive (positive slopes), with activation increasing as
a function of object coherence. Conversely, cold colors reflect low
shape sensitivity (negative slopes) or greater sensitivity for scrambled
than intact images. (C) Intersubject correlation analysis revealed
significant between-groups correlations in both dorsal and ventral
pathways of both hemispheres reflecting the similarity in the large-scale
organization of shape processing along the two groups. However,
within-group correlations were greater, uncovering some differences
between the two groups.
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Note that, to the extent that there were any differences
between the two groups, factors other than age may be
implicated. First, as reported above, children moved
more than adults in the magnet and had a lower tSNR.
Second, spatial normalization to MNI space might differ-
ently affect the two groups, because the MNI atlas is
based on the mature brain. Therefore, in the next sec-
tion, we analyze the differences between children and
adults in greater detail to explore the underlying source
of the group differences.

Increased Sensitivity to Object Distortion in Childhood

To elucidate the differences between the two age groups,
we divided each pathway into five bins along the
posterior–anterior axis of the brain and directly com-
pared shape sensitivity between the two groups using
ANOVA. Figure 3 compares the two groups based on
Pathway, Hemisphere, and Location along the y axis (di-
vided into five bins). Interestingly, greater shape sensitiv-
ity was found for children in shape-selective bins in both
the ventral and dorsal pathways. A repeated-measures
ANOVA revealed that, despite a trend, the main effect
for Group was not significant, F(1, 20) = 3.78, p = .06,
and was qualified by a significant two-way interaction be-
tween Group and bins, F(1.549, 30.978) = 3.829, p< .05,
ηp
2 =.16. Planned comparisons revealed greater slopes

for children compared with adults in Bins 2–4 (Fs >
4.47, p ≤ .05; planned comparisons and an FDR correc-
tion yielded p values equal to .07 for each of these bins),

which map onto high-level object-selective regions
along the two pathways.
Finally, we also identified a trend for an interaction be-

tween group and pathway, such that the differences be-
tween groups were more evident along the dorsal than
the ventral pathway, F(1, 20) = 2.934, p = .102, ηp

2 =
.128. The idea that the developmental trajectories of
the two pathways are different has already been sug-
gested in the past (Ciesielski et al., 2019); however, we
did not elaborate further on this issue, given that the
interaction is not significant.
The bin analysis provides novel evidence for the imma-

turity of object-selective regions not only in the ventral
pathway but also along the dorsal pathway. In particular,
children exhibit similar topographical organization of
shape-selective regions as adults, but nevertheless, com-
pared with the mature brain, these regions are more sen-
sitive to the distortion of object information (as reflected
by steeper slopes). Finally, to ensure that the observed
results were not the product of the specific use of five
bins, the bin analysis was repeated with different num-
bers of bins (8 and 10),1 and the results reported above
were replicated.
Importantly, the reported differences in tSNR and head

motion between the two groups (see above) are unlikely
to account for the differential between-groups shape sen-
sitivity. In particular, given the increased motion and
lower tSNR observed for the children over adult group,
one might expect that these artifacts might result in
lower beta values and/or lower shape sensitivity in this

Figure 3. Shape sensitivity
along the two pathways. The
average shape sensitivity as a
function of group and bin:
posterior (1) to anterior (5).
In bins that included high-level
shape-selective voxels (2–4),
greater shape sensitivity (i.e.,
decrease in beta weights as a
function of level of scrambling)
was observed for the children
group compared with the adults
group.
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group. However, as demonstrated in multiple analyses
(e.g., Figures 1B and 3), children had at least equivalent
beta-weights compared with adults and greater shape
sensitivity. Together, these findings suggest that, despite
the differences in SNR, our experimental paradigm was
still sufficiently sensitive to permit exploration of group
differences.

Behavioral Results

An important question raised by the fMRI results is whether
the greater fMRI sensitivity to distortion in shape informa-
tion among children would also be observed behaviorally.
To address this question, after their fMRI scan (range: same
day to 30 days), children and adults were shown the stimuli
and asked to identify the object in the image by verbal
response (Freud, Culham, et al., 2017).
A repeated-measures ANOVA with Group and Level of

scrambling as independent variables and accuracy as the
dependent variable revealed two main effects for the
Level of scrambling, F(4, 76) = 730, p < .0001, ηp

2 =
.975, and group, F(1, 19) = 8.963, p = .007, ηp

2 = .32.
These effects were qualified by an interaction between
these factors, F(4, 76) = 4.803, p = .0016, ηp

2 = .2.
Planned comparisons revealed that adults were more
accurate than children even for intact objects, F(1, 19) =
8.61, p = .016, planned comparisons, FDR-corrected
(Figure 4A). However, the adverse effect of scrambling
was disproportionate in children, as the gap between
the adults’ and children’s accuracy was greater for the

middle three scrambling levels than for the intact objects,
F(1, 19) = 5.92, p = .025, planned comparisons, FDR-
corrected (the last scrambling level, S256, was excluded
because performance was extremely low at ∼4% and likely
at floor in both groups). This result indicates that the chil-
dren’s enhanced neural sensitivity to object distortion was
also evident in their perceptual behavior.

Finally, we calculated the partial correlation between the
fMRI signal and the behavioral performance of each partic-
ipant after regressing out the shared correlation with the
level of scrambling. Similar to adults, fMRI activation in the
children’s group, along the anterior portions of the ventral
pathway, was correlated with behavior, and the same was
true for fMRI activation in the posterior dorsal pathway
(r > 0, p < .05, FDR-corrected; Figure 4B). No differ-
ences between the correlations of the two groups were
observed (all ps > .3).

DISCUSSION

The developmental trajectory of shape representations in
the visual cortex has been described largely in relation
to the ventral visual cortex, with rather little attention to
possible shape representations in the dorsal cortex. To
uncover the large-scale organization of shape processing
along both visual pathways during childhood, we derived
a detailed description of shape sensitivity using a para-
metric scrambling manipulation (Freud, Culham, et al.,
2017). We then compared the neural and behavioral
profile of children versus adults, taking into account

Figure 4. Correspondence between fMRI and object recognition performance. (A) Mean accuracy of recognition, obtained outside the scanner as a
function of scrambling and group. Recognition ability decreased as a function of scrambling, but the effect of scrambling was more robust in the
children group. (B) Partial correlation between fMRI activation and recognition performance along the two pathways. Black and gray asterisks
signify that an ROI evidences a significantly positive correlation between these two variables (r > 0, q < 0.05) for the children and adult groups,
respectively. In both groups, object recognition abilities were correlated with fMRI responses across different ROIs in the mid-anterior parts of
the ventral pathway and mid-posterior parts of the dorsal pathways.
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the topographical organization of shape processing, the
extent of the shape sensitivity, and the correspondence
with object recognition performance.

Children and adults exhibited similar large-scale orga-
nization of shape processing along both visual pathways,
with an initial increase followed by a subsequent de-
crease in shape sensitivity moving along the posterior-
to-anterior axis. Although the spatial distribution of
shape-selective voxels was correlated across the two
groups, there were several quantitative differences. In
particular, within-group correlations were greater than
between-groups correlations, pointing to differences in
the shape sensitivity profile along the two pathways for
children versus adults. Accordingly, the analysis of the ac-
tivation profile (computed across bins of voxels) revealed
that, in children compared with adults, the slope of shape
selectivity was steeper in high-level visual cortices, reflect-
ing a greater increase in fMRI activity as more shape infor-
mation was available. This latter finding was mirrored in
object recognition performance in that, relative to adults,
children’s accuracy was poorer but, additionally, was
disproportionally reduced as the level of scrambling
increased. Thus, by the age of 8–10 years old, shape-
processing mechanisms are already in place at a broad
level, but are not fully mature.

These findings echo previous observations of the de-
velopment of ventral pathway representations. In partic-
ular, in adulthood, LOC representations are known to be
invariant to object size and viewpoint (Kourtzi, Erb,
Grodd, & Bulthoff, 2003; Andresen, Vinberg, & Grill-
Spector, 2009), but in young children roughly the same
age as those tested in the current study, fMRI adaptation
was observed to object size, but not to object viewpoint
(Nishimura et al., 2015). Such findings confirm that there
is early sensitivity of this region to object shape (Emberson
et al., 2017), but that the underlying neural representa-
tions are still subject to a protracted developmental tra-
jectory. This conclusion is also consistent with behavioral
observations that have documented reduced sensitivity to
object structural information and spatial organization in
children (Freud, Culham, Namdar, & Behrmann, 2019;
Freud & Behrmann, 2017; Kovács, Kozma, Fehér, &
Benedek, 1999).

The key focus of the current study concerned the matu-
rational profile of the dorsal visual pathway. Accumulating
evidence suggests that the dorsal visual pathway, which is
known to subserve visuomotor control, also derives shape
representations that are independent of visuomotor
properties ( Vaziri-Pashkam & Xu, 2017; Bracci &
Op de Beeck, 2016; Freud et al., 2016; Konen & Kastner,
2008). Moreover, these dorsal representations have been
shown to be correlated with object recognition perfor-
mance, suggesting that they may play a functional role in
perception (Freud et al., 2018; Zachariou, Nikas, Safiullah,
Gotts, & Ungerleider, 2017; Van Dromme et al., 2016).

To date, the developmental trajectory of shape repre-
sentations in the dorsal pathway has been largely

unexplored: Previous studies have documented adult-like
responses in the dorsal pathway, but the responses were
obtained in experiments that included a visuomotor task
(James & Kersey, 2017) or pictures of tools (Kersey et al.,
2015; Dekker et al., 2011) that convey clear visuomotor
associations. Here, we provide novel evidence that, similar
to the ventral pathway, dorsal shape-processing mecha-
nisms are present in childhood (8–10 years old), although
they are not yet fully adult-like.
To conclude, this study provides novel insights into the

development of shape-processing mechanisms along the
two visual pathways, with careful scrutiny of the dorsal
visual pathway, which has been somewhat neglected to
date. Our findings point to two main conclusions. First,
the role of the dorsal pathway in shape processing emerges
relatively early in life. Second, despite the presence of a
roughly adult-like mechanism of shape processing, the
visual system is not fully adult-like and requires further tun-
ing or refinement of its computations. Based on the existing
findings, it is impossible to determine the precise time
course of development in the two pathways, and future re-
search with children younger than those who participated
in this study should address this important question.
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