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A B S T R A C T

Human visual cortex encompasses more than a dozen visual field maps across three major processing streams. One of these streams is the lateral visual stream, which
extends from V1 to lateral-occipital (LO) and temporal-occipital (TO) visual field maps and plays a prominent role in shape as well as motion perception. However, it is
unknown if and how population receptive fields (pRFs) in the lateral visual stream develop from childhood to adulthood, and what impact this development may have
on spatial coding. Here, we used functional magnetic resonance imaging and pRF modeling in school-age children and adults to investigate the development of the
lateral visual stream. Our data reveal four main findings: 1) The topographic organization of eccentricity and polar angle maps of the lateral stream is stable after age
five. 2) In both age groups there is a reliable relationship between eccentricity map transitions and cortical folding: the middle occipital gyrus predicts the transition
between the peripheral representation of LO and TO maps. 3) pRFs in LO and TO maps undergo differential development from childhood to adulthood, resulting in
increasing coverage of the central visual field in LO and of the peripheral visual field in TO. 4) Model-based decoding shows that the consequence of pRF and visual
field coverage development is improved spatial decoding from LO and TO distributed responses in adults vs. children. Together, these results explicate both the
development and topography of the lateral visual stream. Our data show that the general structural-functional organization is laid out early in development, but fine-
scale properties, such as pRF distribution across the visual field and consequently, spatial precision, become fine-tuned across childhood development. These findings
advance understanding of the development of the human visual system from childhood to adulthood and provide an essential foundation for understanding devel-
opmental deficits.
1. Introduction

Human visual cortex encompasses more than a dozen visual field maps
(Wandell and Winawer, 2011; Wang et al., 2015) across three processing
streams: ventral, lateral, and dorsal (Battelli et al., 2007; Goodale et al.,
1991; Ungerleider and Mishkin, 1982; Weiner and Grill-Spector, 2013).
Neurons in these regions have receptive fields that process visual infor-
mation in specific locations of the visual field, which are organized in a
series of topographic maps (Wandell andWinawer, 2011). As neurons with
similar receptive fields are clustered, we can measure the population
receptive field (pRF) spanned by the collection of neurons in a voxel using
fMRI (Dumoulin and Wandell, 2008). Indeed, the characteristics of pRFs
and visual field maps in the human brain have been extensively studied in
adults (Wandell and Winawer, 2015). However, how pRFs and visual field
maps develop during childhood is poorly understood.

Three studies have investigated development of visual field maps in
early visual cortex (Conner et al., 2004; Dekker et al., 2017; Gomez et al.,
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2018). These studies reported adult-like visual field maps in early visual
areas V1–V3 in children as young as 5–7 years of age. To date, only one
recent study from our lab has examined pRFs in the child's ventral stream.
While we found qualitatively similar visual field maps in children and
adults, we found quantitative differences between age groups that varied
across the ventral visual stream (Gomez et al., 2018). Specifically, while
children's pRFs and visual field coverage (VFC) in V1–hV4 were adult-like
by age 5, the foveal bias and VFC of face- and word-selective regions
increased from childhood to adulthood. However, it is unknown if this
pattern of development—namely protracted development of high-level
regions and increased foveal coverage – occurs in other processing streams.

We sought to address these important questions by examining the
development of visual field maps, pRFs, and VFC in the lateral processing
stream (Weiner and Grill-Spector, 2013), which extends from V1 to
lateral-occipital (LO (Larsson and Heeger, 2006)) and temporal-occipital
(TO (Amano et al., 2009)) visual field maps. The lateral stream is of inter-
est for two reasons. First, its end-stages contain a series of visual field maps
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arranged in two clusters: the LO cluster (LO1/LO2) and the TO cluster
(TO1/TO2),which characteristics have beenwell-studied in adults (Amano
et al., 2009; Kay et al., 2013; Larsson and Heeger, 2006; Sayres and
Grill-Spector, 2008; Weiner and Grill-Spector, 2011). Importantly, the LO
cluster is thought to process object form (Grill-Spector et al., 2001, 1998b;
Kourtzi and Kanwisher, 2000; Malach et al., 1995; Mendola et al., 1999;
Vinberg and Grill-Spector, 2008), a type of visual processing that is thought
to rely on central vision (Strappini et al., 2017). The TO cluster, involved in
motion processing, is relatively less centrally biased with large receptive
fields extending well into the periphery and ipsilateral visual field (Amano
et al., 2009; Huk et al., 2002; Raiguel et al., 1995). This gives us an oppor-
tunity to test if there are different patterns of pRF development (central
versusmore peripheral) withinwhat is classically considered a single visual
stream. We thus predict foveal development in LO and more
peripherally-biased development in TO. Second, prior studies suggest that
higher-level regions in the lateral stream develop earlier than ventral tem-
poral cortex (VTC). Specifically, the hMT þ complex (Huk et al., 2002;
Tootell et al., 1995a), which overlaps the TO cluster, is thought to be
myelinated at birth (Watson et al., 1993). Similarly, object-selective LO
(Grill-Spector et al., 1998b;Malach et al., 1995) shows adult-like selectivity
to objects (Golarai et al., 2007; Scherf et al., 2007) and faces (Natu et al.,
2016) by age 7, even as selectivity to faces andwords continue to develop in
VTC (Ben-Shachar et al., 2011; Cantlon et al., 2011; Golarai et al., 2007;
Scherf et al., 2007). Thus, given the functional contrast between the lateral
and ventral streams, the lateral stream presents an opportunity to study if
different processing streams implement different forms of pRF
development.

Here, we investigated the development of pRFs and visual fields maps
in the lateral stream using a pRF mapping experiment in 26 children
(ages 5–12), and 26 adults (ages 22–28). We considered the following
predictions of competing developmental hypotheses. First, there may be
no development of pRFs or visual field maps in higher-level regions of the
lateral stream, as functional properties of these regions are reported to be
early-developed. Second, in the presence of pRF development, we hy-
pothesize that pRFs of the LO cluster will develop with a bias towards
covering the center of the visual field mirroring the use of central vision
for object recognition, while pRF development of the TO cluster will be
more prominent in the periphery of the visual field, which is over-
represented particularly in the TO cluster (Huk et al., 2002).

2. Materials and methods

2.1. Subjects

26 neurologically typical children aged 5–12 years (mean age
8.5� 2.2 years, 12 females) and 26 adults ages 22–28 years old (mean
age 24� 1.6 years, 9 females) participated in these experiments. Data
from these subjects were also reported here: (Gomez et al., 2018). Age
ranges were chosen in children to (i) maximize a wide dynamic range of
functional and structural development reported previously (Cantlon
et al., 2011; Golarai et al., 2007; Peelen et al., 2009; Scherf et al., 2007),
and (ii) maximize the success of fMRI measurements without having to
discard a substantial number of participants due to excessive motion in
the scanner, which is a common issue with pediatric neuroimaging
(Grill-Spector et al., 2008). Because our goal was to estimate population
receptive fields (pRFs) with high precision, and our experiments required
maintaining central fixation, we could not make measurements on
younger children where acquiring such data is unfeasible. A similar range
of ages was chosen in adults when most structural and functional
development in visual cortex is thought to be near completion (Golarai
et al., 2010; Yeatman et al., 2014). Participants had normal or
corrected-to-normal vision and were screened to have no prior or current
psychiatric conditions. All procedures were approved to be in accordance
with the Institutional Review Board of Stanford University. Prior to the
experiment, adult participants and parents provided written informed
consent, and children provided written assent.
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Each subject participated in several sessions completed over the
course of a few months to distribute measurements and avoid fatigue.
Each of the following sessions was thus performed on a different day: (i)
Participants under the age of 18 completed training in a mock scanner
employing live feedback of head motion during the viewing of a 15-min
movie. This acclimated the participants to the scanner environment and
reduced motion. Participants were advanced to functional and anatom-
ical scanning if they could lie still (less than 2.4 mm of head motion) for
the duration of mock scanning. (ii) All participants participated in anMRI
session in which we obtained anatomical MRI brain volumes which were
used to register data across sessions and obtain cortical surface re-
constructions of each brain. (iii) All participants participated in a fMRI
session in which we measured brain responses to four runs of sweeping
bar stimuli (referred to as the pRF mapping experiment). Eye tracking
during scanning revealed no significant difference in fixation perfor-
mance between groups: mean number of saccades in children was
1.48� 0.44, and in adults was 0.5� 0.28; t(39)¼ 1.4, not significant.

Following data quality thresholds discussed below, 8 children and 3
adults were excluded from further analysis in order to ensure similar pRF
model fits in adults and children. Thus, subsequent analyses were done in
18 children and 23 adults. These numbers represent subjects who moved
less than 2 voxels during retinotopic mapping and were able to fixate
during mapping (fewer than 2 saccades); see Fig. S1.

2.2. Visual stimuli

For the pRF mapping experiment, the goal was to model in every
voxel the region of the visual field that elicits a response from that voxel,
namely its population receptive field (pRF). Subjects completed 4 runs of
an experiment in which they fixated on a central stimulus and were
required to indicate via a button-press when the central stimulus changed
color. Black and white checkerboard bars (width¼ 2� of visual angle,
length¼ 14�) were swept across the screen during each run which lasted
3 min and 24 s. Bars swept the visual field in 8 different configurations in
each run (4 orientations: 0�, 45�, 90�, 135�, each orientation was swept
in 2 directions that were orthogonal to the bar). Same as (Dumoulin and
Wandell, 2008; Gomez et al., 2018; Weiner and Grill-Spector, 2011).
2.3. Eye tracking

Eye tracking and fixation task performance were collected on a subset
of children and adults. Fixation performance was tracked with the Eye-
link software (http://www.sr-research.com/). Blinks, labeled by the
Eyelink software, were removed from the timecourse data of the recor-
ded eye by scrubbing with a 100ms window on either end of the blink.
Fixation data was then plotted for each subject. Only subjects that made
fewer than three saccades (2� in size) during a mapping run were
included for analysis. Due to the scanner environment, size of partici-
pants' head, and time constraints, not all subjects could be eye tracked
during pRF mapping (eye tracking data was obtained for 25 children and
6 adults). Fixation task performance was collected on a subset (8 chil-
dren, 7 adults) of subjects due to button box malfunction. All subjects,
however, were trained on proper fixation technique outside the scanner
using an eyetracker in the lab room.
2.4. Functional MRI parameters

Data were collected on a 3-Tesla GE Discovery MR750 scanner (GE
Medical Systems) at the Center for Cognitive Neurobiological Imaging at
Stanford University using a phase-array 16-channel surface coil. Func-
tional data for the pRF mapping experiment were collected with 2.4mm
isotropic voxels (28 slices) in a slab oriented parallel to the parieto-
occipital sulcus. Volumes were collected once every 2 s (2� accelera-
tion factor). Subjects completed four runs of the pRF mapping experi-
ment, each 3:24s in length.

http://www.sr-research.com/
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2.5. Quantitative MRI

Quantitative MRI measurements were obtained from the protocols set
forth in Mezer et al. (2013). T1 relaxation times were measured from four
spoiled gradient echo (spoiled-GE) images with flip angles of 4, 10, 20,
30 (TR¼ 14ms, TE¼ 2.4ms) and a scan resolution of 0.8 mm� 0.8mm
x 1.0mm. For the purposes of removing field inhomogeneities, we
collected four additional spin echo inversion recovery (SEIR) scans with
an echo planar imaging (EPI) read-out, a slab inversion pulse, and
spectral spatial fat suppression. The SEIRs were acquired with a TR of
3.0 s, echo time set to minimum full, and 2� acceleration. The inversion
times were 50, 400, 1200, and 2400ms, and were collected at a
2.0 mm� 2.0mm in-plane resolution and a slice thickness of 4.0mm.

2.6. Anatomical MRI analysis

Both the spoiled-GE and the SEIR scans were processed using the mrQ
software package in MATLAB to produce T1-weighted maps (Mezer et al.,
2013). The mrQ analysis pipeline corrects for RF coil bias using SERI-EPI
scans, producing accurate proton density (PD) and T1 fits across the
brain. The full analysis pipeline and its published description can be found
at (https://github.com/mezera/mrQ). An artificial T1-weighted anatomy
was produced for each subject from these quantitative measures, which
was used for cortical surface reconstruction and visualization of retinotopic
data. Anatomical images for each subject were segmented through Free-
Surfer (https://surfer.nmr.mgh.harvard.edu/), the resultant tissue seg-
mentation was hand-corrected for classification errors. Functional data
were restricted to the cortical ribbon by growing a 3-voxel thick (1mm
isotropic voxels) ribbon from the gray-white matter boundary.

2.7. Functional data processing and modeling

Data were processed and analyzed inMATLAB using mrVista software
(http://github.com/vistalab) as in previous publications (Gomez et al.,
2018; Natu et al., 2016). Functional data were aligned to the artificial
T1-weighted volume. Functional data were unsmoothed, always
analyzed within the individual's native brain space, and were restricted
to the cortical ribbon.

Functional data were motion-corrected both within and between scans.
Any subjects who moved more than 2 voxels within a scan were either
excluded from data analysis or invited back for another session. In order to
match for variance-explained in V1 and make sure that resultant develop-
ment effects don't result in differences in pRF model fit, 8 children and 3
adultswereexcluded.Childrenandadultswerethusmatchedfordataquality
as measured by no significant difference in variance-explained by the pRF
modelwithinV1 (p¼ 0.11),or acrossanyROIasassessedwithananalysis of
variance ANOVA. For the remaining subjects, there was no significant dif-
ference in motion during scanning between groups (adult motion average:
0.7mm� 0.33mm, child: 0.89mm� 0.2mm; t(39)¼ 1.4, n.s.), and no
significant differences in explained variance across age-groups
(F(1,222)¼ 0.4, n.s.) in an ANOVA run across all visual field maps. We
report in Fig. 1 several summary properties of visualfieldmaps in the lateral
stream: volumeof visualfieldmaps, fraction retinotopically-driven (e.g., the
number of above-threshold voxels normalized by total number of voxels
withinanROI),andmeanvariance-explainedbythepRFmodelwithinamap.

2.8. Estimating the population receptive field (pRF)

After functional data were transformed to the whole brain anatomy and
restrictedto thecortical ribbon,apRFmodelwasfit ineachvoxel (Dumoulin
and Wandell, 2008). For each voxel, a 2-dimensional Gaussian receptive
field is modeled, having a center described by x and y coordinates and σ
describing the width, and a parameter, g, describing its gain. An additional
variable is fit for each voxel describing a compressive summation exponent
that describes nonlinear summation properties of cortical RFs in higher
stages of the visual hierarchy (Kay et al., 2015, 2013). A candidate
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timecourse is produced from this pRF by convolving an HRF with the
product of the stimulus movie and the pRF. The variables x, y, and σ are
sweptuntil thevariance-explainedof thevoxel's timecourse ismaximizedby
the pRF model, at which point the compressive term is likewise fit.

2.9. Voxel inclusion criteria

Voxels were only included for subsequent analyses if: (i) the variance-
explained by the pRF model was greater than 5%, (ii) if their pRF center
was within the stimulated visual field (�7� radial eccentricity), and (iii)
if their σ was greater than the model's floor value (0.21�).

The variance-explained threshold was chosen based on an approach
that we utilized previously (Gomez et al., 2018). We evaluated the distri-
bution of the variance-explained of non-retinotopic voxels in an ROI
encompassing primary auditory cortex. To do so, we projected the Free-
Surfer ROI in the superior temporal gyrus ROI that encompasses A1 from
the FreeSurfer average cortical surface into each subject's native cortical
surface. In each voxel of this ROI we evaluated the variance-explained of
the pRF model. Across all subjects, the vast majority of voxels in this ROI
had a variance-explained of zero, and the variance-explained in 94.4% of
the voxels was less than 5%. This analysis demonstrates the sufficiency of
this threshold to exclude non-retinotopic voxels. With this threshold, we
also find a similar number of voxels in retinotopic areas of children and
adults, which enables a fair comparison across age-groups.

2.10. pRF size versus eccentricity fits

To evaluate the relationship between a pRF's size and its eccentricity,
all voxels that passed the inclusion criteria within an individual's ROI were
entered into a linear regression in which each voxel's contribution was
weighted by the variance-explained of the pRF model. The line-of-best fit
was derived in each subject for each ROI, and then the slope and intercept
of this line was averaged across participants of each age group.

2.11. Visual field coverage

To calculate the visual field coverage (VFC) for a given ROI and
subject, we include all voxels in an ROI that passed the inclusion criteria.
Voxels were modeled as a Gaussian with a peak normalized to 1. The VFC
is produced at each point by averaging across pRFs' Gaussians that cover
that point, and then normalizing by the maximum coverage value in that
subject. We also implemented a bootstrapping procedure (Winawer and
Witthoft, 2015) that draws with replacement n voxels from a subject's
ROI of size n voxels, and produces an average VFC from 50 iterations to
reduce the effect of outlier voxels. The average VFC from this boot-
strapping approach is the VFC used for each subject's data.

To produce the average VFC of subjects in each age group, the VFC is
averaged across hemispheres within a subject (by flipping the right
hemisphere data along the vertical meridian and averaging with the left
hemisphere) and then average across subjects of an age group. For
quantification purposes (Fig. S6), we calculated the average pRF
coverage along iso-eccentricity bins in each subject, thus quantifying pRF
coverage as a function of eccentricity. We used 5 iso-eccentricity bins per
degree of visual angle (a bin width of 0.2�) so that we do not sample the
visual field more densely than it was modeled (pRF size minimum in
mrVista is 0.2�). We then averaged across subjects within a group within
a given iso-eccentricity bin to produce 1-dimensional distributions in
group representing pRF coverage from the fovea to the periphery
(Fig. S6). Kolmogorov-Smirnov (K-S) tests were run across these
coverage-by-eccentricity distributions pooled across subjects to quantify
the significance of differences between groups in the coverage (Fig. S6).

2.12. Definition of visual field maps across the lateral stream

Maps of pRF phase and eccentricity were projected onto an inflated
cortical surface reconstruction for each subject. Borders between
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Fig. 1. Volume, fraction retinotopically driven, and the percent-variance-
explained by the pRF model in the lateral visual stream. (A) Box plots of the
proportion variance-explained. For each subject, we calculated the variance-
explained by the pRF model in each voxel, then data were averaged across
voxels in each visual field map/cluster within a participant, and then averaged
across participants of each age group. The variance-explained significantly
varied by region (main effect of ROI F(4,222)¼ 49.2, p< 10–5), but did not
vary with age (F(1,222)¼ 0.4,p¼ 0.53), and there was no significant age by
region interaction (F(4,222)¼ 1.15, p¼ 0.33). Number of subjects per ROI: V1-
V3, Children¼ 18, Adults¼ 21; LO, Children¼ 16, Adults¼ 21; TO, Chil-
dren¼ 14, Adults¼ 20. (B) For each visual field map, we calculated the fraction
of voxels whose variance-explained by the pRF model was greater than 5% over
the total number of voxels. Data are averaged separately across subjects in each
age group. The fraction retinotopic voxels significantly varied by region (main
effect of ROI: F(4,222)¼ 16.4,p< 0.001), but it did not vary across age groups
(main effect of age, F(1,222)¼ 0.7, p¼ 0.4) and there was no significant age by
region interaction (F(4,222)¼ 2.18, p¼ 0.07). (C) Box plots of the volume in
cubic millimeters of field maps V1 through TO. Central line denotes median,
circles are outliers. The metrics reflect the bilateral region combined across
hemispheres. We found significant main effects of ROI (F(4,222)¼ 56.5, p< 10-
10) and age (F(1,222)¼ 11.5,p¼ 0.001), where visual field maps in adults were
larger than children, but there was no significant age by region interaction
(F(4,222)¼ 0.34, p¼ 0.85). Moreover, Bonferroni-corrected post-hoc t-tests
reveal no significant between age-group difference of size within any individual
visual field map/cluster.
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retinotopic maps were drawn on the cortical surface.

2.12.1. Definition of V1-V3
The boundary of early retinotopic areas V1-V3 was defined as the

center of polar angle reversals occurring at the vertical or horizontal
meridian (Sereno et al., 1995; Wandell and Winawer, 2015; Witthoft
et al., 2014). We delineated visual field representations using polar angle
reversals near the following anatomical landmarks: V1/V2 ventrally on
the superior portion of the lingual gyrus and dorsally on the inferior
portion of the cuneus, V2/V3 ventrally near the lingual sulcus and
dorsally near the superior portion of the cuneus, V3/hV4 on the upper
visual field representation on the lingual gyrus (Brewer et al., 2005).

2.12.2. Definition of LO1/2
LO1 was defined as a hemifield representation inferior to V3a; the

lower field representation forms a boundary with the dorsal aspect of V3
(Larsson and Heeger, 2006; Sayres and Grill-Spector, 2008; Weiner and
Grill-Spector, 2011). LO2 was defined as the subsequent hemifield, with
the upper field representation forming the boundary between LO1 and
LO2. In some cases, the upper field representation between LO1 and LO2 is
not clear (see also (Hansen et al., 2007)) and this boundary was drawn at
an oblique to horizontal phase. The eccentricity maps of the LO cluster is
organized as follows: (i) the fovea is located posteriorly on the lateral
surface, and is part of the confluent occipital fovea sharedwith V1, V2, and
V3 and (ii) farther eccentricity bands are located more anteriorly and su-
periorly compared to the confluent fovea, ending on the middle occipital
gyrus (Fig. 1B). The LO cluster was defined as the union of LO1 and LO2.

2.13. Definition of TO1/2

TO1 and TO2 are hemifield representations anterior to LO2, in and
around the posterior aspect of the inferior temporal sulcus (ITS) (Amano
et al., 2009). The boundary between TO1 and TO2 is the upper visual me-
ridian which is typically located within the ITS. The posterior boundary of
TO1 is the lower visual field representation which forms a boundary with
LO2. The anterior boundary of TO2 is a separate lowerfield representation.
The TO cluster was defined as the union of TO1 and TO2. It has a shared
eccentricity map whereby the foveal representation is located inferiorly,
close to or on the ITG from which eccentricity bands extend superiorly.

2.14. Definition of the LO and TO clusters

Because (i) the transition between LO1 to LO2 is sometimes difficult
to observe, but because the transition between LO2 and TO1 is quite
salient, and (ii) LO1 and LO2 share an eccentricity representation and
TO1 and TO2 share a different eccentricity representation, we performed
our analyses on the LO cluster, which is the combination of LO1 and LO2
and the TO cluster, which is the combination of TO1 and TO2. In this
way, the LO map cluster extends from V3 dorsal to the crown of the
middle occipital gyrus, and the TO cluster extends from the MOG into the
periphery beyond the hMT þ fovea (Fig. 2).

We also used an independent definition of the LO cluster from the
Wang atlas definition of LO1 and LO2 (Wang et al., 2015), which over-
laps our functionally-defined LO cluster to assess if using an ROI defined
independently from the data had an impact on pRF quantification or
developmental findings. Using cortex-based alignment in FreeSurfer
(Fischl et al., 1999), we transformed the Wang LO1/2, itself produced
from an average in an independent group of subjects, defined on the
FreeSurfer average brain into each individual subject's brain and
repeated analyses done for the functionally-defined LO. Results replicate
those from the individually-defined LO cluster.

2.15. Analysis of the relationship between the MOG and eccentricity maps

To produce the observer-independent definition of the middle occipital
gyrus used in the analyses, we used the FreeSurfer cortex-based alignment
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algorithm.We defined themiddle occipital gyrus on the FreeSurfer cortical
average brain, then using cortex-based alignment, we transformed this
anatomical label into each individual subject's native space. Resultant la-
bels were transformed into binary NIFTI masks aligned to each subject's
cortical surface on which the eccentricity of voxels derived from the pRF
mapping experiment was plotted. Additionally, we compared the location
of the MOG relative to the eccentricity maps in each subject.

2.16. Estimating spatial uncertainty using model-based decoding

To determine how changes in pRFs across development may impact
information processing, we implemented a model-based decoding of
spatial information as follows. We assessed mean spatial uncertainty of
decoding a point target location across 1000 iterations for each subject
and cluster. In each iteration, we evaluated how well the collection of the
pRFs spanning each of the bilateral LO and TO clusters can resolve the
location of a small target in the visual field. In each iteration, we
randomly placed a small target (0.3� circle) in a 14� wide visual field.
Then, we calculated the output of the response of each of the subject's
pRFs in bilateral LO and TO clusters, respectively, to this stimulus. That
is, for each pRF, we first calculated the product between the target and
the pRF (pRF amplitude was normalized by its variance-explained) then
added independent additive Gaussian noise, similar to (Kay et al., 2015).
The noise had zero mean and a standard deviation of 20% of the
maximum possible pRF value. To evaluate the population response of all
pRFs within LO and TO clusters, respectively, the output response of each
pRF is assigned to the center of the pRF in the visual field. This resulted in
a response field representing how the collection of pRFs in a participant's
cluster responds to the target. To predict the location of the target in the
visual field from this response field, we calculated its center-of-mass
(CoM). In other words, the CoM is our model's prediction of the tar-
get's location in the visual field. To evaluate the model's prediction error
(spatial uncertainty), we calculated the distance between the predicted
CoM to the actual target's position. We stored the spatial uncertainty for
each iteration. We then calculated the mean spatial uncertainty for each
subject's LO and TO clusters, respectively, for target positions in different
eccentricity bins ranging from the fovea (0–2�) to the periphery (7�) in 1�

steps. When matching for number of voxels across children and adults in
Fig. 2. Lateral eccentricity and polar angle maps are qualitatively similar acros
(bottom) maps showing the right hemisphere of an adult, right hemisphere of a ch
depicted in black text. On phase maps (top row) LO1/2 and TO1/2 maps are drawn alo
maps (bottom row), the transition from the LO maps cluster to the TO map cluster
subject. In every subject, the transition from LO to clusters occurs within the middle
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LO, we repeated the analysis using a bootstrap approach (n¼ 1000) using
a subset of voxels from the ROI (whose number was determined by the
number of voxels from the subject with the smallest ROI, a child) without
replacement on each iteration of the simulation.

2.17. Quantification and statistical analysis

2-way analyses of variance (ANOVAs) were run with grouping vari-
ables of visual field map (or cluster) and age-group. In order to maximize
the number of subjects for each analysis (and minimize the variability in
subject number across regions), data was averaged across hemispheres.
2-way ANOVAs were run for total visual field coverage (VFC) area with
grouping variables of age-group and cluster. ANOVAs are robust against
modest deviations from normality, and no data populations have any
gross violation of normality (individual subjects or violin plots are
illustrated in figures). All posthoc t-tests conducted were two-tailed. KS-
tests for pRF coverage differences across age groups were run across
distributions including data from each subject, rather than run on the
group average, to better incorporate intersubject variability when
comparing groups.

Bootstrapping methods were used to produce VFC plots to ensure
robustness of fits and downweight outlier voxels; this bootstrapping
method is described in the section on visual field coverage, above.

All errorbars in the main and figures represent standard error of the
mean across subjects.

3. Results

We used fMRI to measure cortical responses in 26 children ages 5–12
years (mean age 8.5� 2.2 years, 12 females) and 26 adults ages 22–28
years old (mean age 24� 1.6 years, 9 females) while they fixated on a
central stimulus and viewed a flickering checkerboard bar that swept the
visual field. The timecourse of response in each voxel was modeled using
a Gaussian pRF with a compressive spatial summation (Kay et al., 2013).

We first verified that MRI data quality was not lower in children than
adults. Due to excessive motion (>2 voxels) during fMRI, data from 3 out
of 26 adults and 8 out of 26 children were removed from further analysis.
In the remaining 18 children (ages 5–12, mean� std, 8.8� 2.1, 12
s children and adults. From left to right, example phase (top) and eccentricity
ild, left hemisphere of an adult, and left hemisphere of a child. Participant age
ng phase transitions. Phase colormap illustrated in central circle. On eccentricity
is drawn alongside a black dotted outline of the middle occipital gyrus in each
occipital gyrus.
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female) and 23 adults (ages 22–27, 23.7� 1.4, 11 female) we found no
significant differences in motion during scan (t(39)¼ 1.4, n.s.; Fig. S1B).
Both children and adults maintained fixation during pRF mapping. There
were no significant differences between age groups in eye movements
during scan as we reported previously (Gomez et al., 2018); see Fig. S1.
Additionally, there was no significant differences across age groups in the
variance-explained by the pRF model (Fig. 1A) or the fraction of reti-
notopically driven voxels in either V1 alone or across all ROIs of the
lateral visual stream (Fig. 1B). Thus, any developmental differences we
observe are not a result of data-quality differences between age groups.

3.1. Does the topography of LO and TO visual field maps develop?

Previous studies reported stable visual field map topography in early
visual cortex after age five (Conner et al., 2004; Gomez et al., 2018).
However, it is unknown if intermediate and higher-level areas of the
lateral visual stream develop during childhood. Thus, in each participant,
we generated maps of pRF eccentricity, phase, and size (Fig. 2,
Figs. S2–S4) and defined visual field maps of the lateral stream: V1, V2,
V3, LO1/2, and TO1/2 (Fig. 2, Fig. S2). For quantification purposes, we
consider two clusters: the lateral occipital cluster (LO combining LO1 and
LO2) and temporal occipital cluster (TO combining TO1 and TO2). The
number of above-threshold voxels in LO and TO did not significantly
differ between children and adults (F(1,74)¼ 2.7, p¼ 0.1).

We first examined if there are developments in the spatial topography
of these maps and in structural-functional correspondences. Data reveal
three topographic features of LO and TO clusters that are stable across
children and adults. First, in all participants there are separate foveal
representations – one for the LO cluster in the occipital lobe, which is part
of the confluent fovea, and another one for the TO cluster in the inferior
temporal gyrus (Figs. 2, 3A, S3). Second, in all participants, from these
inferiorly located foveal representations, more peripheral eccentricity
bands emanate superiorly (Figs. 2, 3A, S3). Third, in all participants the
transition between the LO and TO clusters is an eccentricity reversal,
which is associated with a peripheral representation.

In the ventral stream, the transition between ventral occipital maps
(hV4, associated with the confluent fovea) and temporal maps (VO1/2,
associated with the VO fovea) shows a consistent structural-functional
relationship (Witthoft et al., 2014). That is, the peripheral bands of
hV4 and VO1 maps collide on the posterior transverse collateral sulcus
(ptCoS). As the LO and TO map are also associated with separate foveal
representations in different lobes, the occipital and temporal lobes,
Fig. 3. Quantification of the relationship between cortical folding and visual fi
between the two eccentricity representations of the LO and TO clusters. The middle oc
the LO periphery transitions into the TO representation of the peripheral visual fie
representing the eccentricity of pRF centers from voxels within the FreeSurfer defined
colored according to eccentricity values. (C) The correlation between a voxel's eccent
the two foveal representations of LO and TO (inset: example line ROI in a single sub
Individual correlation lines for each subject are shown in gray for adults and blue fo
intercept values of individual line-of-best-fits) is shown in black. T-test indicates that
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respectively, we sought to examine if such a structural-functional rela-
tionship also exists in the lateral stream.

Our data show that in both adults and children the representation of
peripheral eccentricities of the LO and TO clusters consistently collide on
a specific macroanatomical structure – the middle occipital gyrus (MOG;
example subjects, Fig. 2; all subjects Fig. S3). To quantify functional and
macroanatomical relationships in an observer-independent manner, we
transformed the MOG defined anatomically in an independent cortical
surface (FreeSurfer average brain, from 39 different adults (Fischl et al.,
1999)) into each participant's cortical surface using cortex-based align-
ment, and then measured in each subject the distribution of pRF eccen-
tricities within this independently-definedMOG. Our observations reveal
three findings. First, in each participant and in both age groups, the MOG
overlaps the peripheral eccentricity transition between the LO and TO
eccentricity maps (Fig. 3A; all subjects Fig. S3). Second, in both children
and adults, the distribution of pRF eccentricities in the MOG shows a
peripheral bias (Fig. 3B): around 40% of voxels have an eccentricity that
is larger than 5�. Due to limitations in the presentation setup in the MRI
scanner, the periphery beyond 7� could not be measured, so any pe-
ripheral bias reported here is limited to this range. Third, examination of
pRF eccentricities versus cortical curvature along a line ROI connecting
the LO foveal representation to that of TO drawn in each subjects' brain,
shows a consistent functional correspondence. That is, in a vast majority
of subjects there is a negative correlation between curvature and ec-
centricity (Fig. 3C), with foveal representations residing in sulci (positive
curvature) and more peripheral representations are on gyri (negative
curvature). The distribution of these regression line slopes, fit in indi-
vidual subjects, was significantly negative (p< 0.00003, t-test). Thus, the
MOG is a reliable and developmentally-stable landmark for peripheral
representations defining the transition between LO and TO clusters.

3.2. Do population receptive fields develop in the lateral visual stream?

We next sought to determine if there is quantitative development of
pRFs across visual field maps spanning the lateral visual stream (V1
through TO). Thus, we measured in each participant mean pRF eccen-
tricity, mean pRF size, and their relationship in each visual field map/
cluster (V1 through TO), and compared values across children and adults.

Focusing first on pRF size across all visual field maps/clusters of the
lateral stream (V1, V2, V3, LO, TO), we found a differential development
of pRF size across the lateral stream (2-way ANOVA with factors of age-
group and ROI, significant age-group by visual field map interaction:
eld maps in lateral occipitotemporal cortex. (A) Illustration of the collision
cipital gyrus (MOG) is outlined in a white dotted line, and marks the point where
ld. (B) Average (solid line) and standard error (shaded regions) of histograms
MOG within children (lighter colors) and adults (darker colors). Histograms are

ricity and its local curvature taken from voxels within a line ROI interconnecting
ject). Negative curvature values indicate gyri and positive values indicate sulci.
r children, and the mean regression line (produced by averaging the slope and
the distribution of slope values from individual subjects is significantly negative.
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F(4,195)¼ 3.22, p< 0.05). However, post-hoc t-tests reveal there were
no significant differences in pRF size across age groups in earlier stages of
the hierarchy (values for V1-V3 were reported previously (Gomez et al.,
2018)). Thus, we ran a separate analysis focusing on the higher-level
regions of the lateral stream. A 2-way ANOVA on pRF size in LO and
TO clusters revealed a significant age group by ROI interaction (F(1,
78)¼ 4.84, p¼ 0.03), whereby pRFs in TO increased in size with age but
pRFs in LO did not (Fig. 4A).

We also found a differential development of mean pRF eccentricity.
Mean pRF eccentricity in V1 through TO1 showed an age by ROI inter-
action (F(4,195)¼ 2.4,p¼ 0.05), and no main effect of age
(F(1,195)¼ 0.84, n.s.). Since there was no developmental change in V1-
V3 as we previously reported (Gomez et al., 2018), these interactions are
likely driven by developmental changes in the LO and TO clusters.
Indeed, a 2-way ANOVA on mean eccentricity in LO and TO clusters
revealed a significant age by ROI interaction (F(1,78)¼ 3.91,p< 0.05),
with pRFs becoming more eccentric in TO with development, and less
eccentric in LO (Fig. 4B).

Despite developmental differences in mean pRF properties in LO and
TO clusters, the relationship between pRF size and eccentricity was
developmentally stable. In both age groups pRF size linearly increases
with pRF eccentricity. Within each of the LO and TO clusters, more pe-
ripheral pRFs were larger than those near the fovea (Fig. 4C–D, S3-S4).
These linear relationships were remarkably consistent across age-groups
with no significant difference between groups in either slopes or inter-
cept of the linear fits (2-way ANOVA with factors of age and ROI: no
significant main effect of age F(1,216)¼ 0.11, n.s.).

We also tested for correlations between pRF properties and age in LO/
TO. In TO, there was no significant correlation between age and either
mean pRF eccentricity (Pearson's r¼ 0.18, n.s.) or mean pRF size (r¼ 0.3,
n.s.). Likewise, in LO, there was no significant correlation between age
and either mean eccentricity (r¼�0.06, n.s.) or mean size (r¼ 0.01,
n.s.).
Fig. 4. pRF properties of the LO and TO clusters in children and adults.
Quantification of mean pRF size (A) and mean pRF eccentricity (B) in the LO and
TO clusters. Violin width denotes subject density. Lighter colors: children;
Darker colors: adults. Dva: degrees of visual angle. (C–D) Average linear fits of
pRF size vs. eccentricity. In all plots there are two lines: one for children
(lighter) and one for adults (darker). Dark central lines: group average; shaded
regions denote standard error across subjects. LO data include 16 children and
21 adults; TO data include 14 children and 20 adults.
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To test the reliability of results, we analyzed the data using inde-
pendent probabilistic maps of LO from theWang retinotopic atlas derived
from a different set of adult participants (Wang et al., 2015). This control
analysis was done just for LO because the probabilistic maps of TO in the
Wang atlas (Wang et al., 2015) do not contain enough overlap across
subjects to produce reliable ROIs in individual subjects. Analysis of pRF
properties in the independently-defined LO yielded the same results.
Similar to our analysis above (Fig. 4C), in the ROIs defined from the
Wang atlas there was no significant development in LO in the linear
relationship between pRF size and eccentricity (intercept: t¼ 0.6,
p¼ 0.6; slope t¼ 0.87, p¼ 0.38, Fig. S5A). Additionally, there was no
significant difference in mean pRF size (t(77)¼ 0.8, p¼ 0.4, Fig. S5B) or
mean pRF eccentricity (t(77)¼ 1.7, p¼ 0.1, Fig. S5C), across function-
ally- or independently-defined LO. These results demonstrate that pRF
properties, and thus developmental findings, are not influenced by
hand-drawn map borders.

3.3. How does pRF development affect visual field coverage in LO and TO?

As we found development of mean pRF size and eccentricity in LO and
TO maps, we examined how this development may affect the tiling of the
visual field, that is, the visual field coverage (VFC) obtained by the
collection of pRFs spanning each of the LO and TO clusters. In both
children and adults, the LO cluster had extensive coverage of the lower,
contralateral, and central visual field (Fig. 5A-top). Likewise, in both age
groups the TO cluster had a predominately contralateral hemifield rep-
resentation, which had greater upper and peripheral VFC than LO
(Fig. 5A-bottom). Nonetheless, the VFC coverage was more extensive in
adults than children. To visualize from which portions of the visual field
these differences arise, we plot for both LO and TO the difference in VFC
between adults and children (Fig. 5B). In both LO and TO clusters, the
VFC extended more into the ipsilateral visual field in adults than chil-
dren. Developmental increases in the VFC in LO were near the central
visual field, while those in TO were more peripheral (Fig. 5B), mirroring
the interactions reported in Fig. 4. We quantified the development of VFC
by calculating the average pRF coverage along iso-eccentricity rings
within the visual field (Fig. S6). Results reveal significantly larger pRF
coverage in adults than children in both LO (K-S test comparing the adult
and child pRF coverage-by-eccentric curves p< 0.005) and TO
(p< 0.01). In LO, pRF-coverage differences between children and adults
are largest within the central 3� of the visual field, while differences in
TO are largest around 3.5� and extend to the periphery (Fig. S6).

We performed a number of control analyses to ensure VFC differences
are not driven by spurious between-group differences. Specifically, we
tested whether differences in ROI size or measurement noise may explain
between-group differences. First, examination of the relationship be-
tween ROI size (number of above-threshold voxels) and total VFC (area-
under-the-curve derived from coverage of all pRFs in an ROI in each
subject) revealed that participants with larger ROIs had larger total VFC
(LO, r¼ 0.7, p< 0.0001; TO, r¼ 0.44, p¼ 0.004). To examine if this
drives the developmental differences, we compared the number of above-
threshold voxels in each cluster between age groups. Notably, there was
no significant between-group difference in the number of above-
threshold voxels in either LO (t(39)¼ 1.38, p¼ 0.17) or TO
(t(39)¼ 0.3, p¼ 0.78). Therefore, developmental differences in total
VFC cannot be explained by ROI size. Second, we examined if there is a
correlation between total VFC and variance-explained by the pRF model.
The analysis revealed no significant correlation in TO (r¼�0.04,
p¼ 0.8). While we found a general negative correlation between total
VFC and variance-explained in LO (r¼�0.36, p¼ 0.02) when including
all subjects, this correlation cannot explained by developmental differ-
ences as there were no significant differences in variance-explained
across age groups (t(39)¼ 0.34, p¼ 0.74). Furthermore, within chil-
dren, there was no significant correlation between total VFC and age (LO,
r¼�0.05, p¼ 0.86; TO, r¼�0.2; p¼ 0.4). Lastly, we compared the
relationship between total VFC and average within-scan motion during



Fig. 5. Developmental increases in visual field coverage by pRFs in LO and TO clusters. (A) Visual field coverage in children (left) and adults (right) in the LO
(top) and TO (bottom) clusters. For these plots, pRF coverage is averaged and normalized by the maximum in each subject and then averaged across age groups. Right
hemisphere data is flipped and averaged with the left hemisphere. (B) Pointwise differences in LO and TO coverage between adults and children. Positive values
indicate greater coverage in adults. LO data includes 16 children and 21 adults; TO data includes 14 children and 20 adults.
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pRF mapping. For LO, there was no significant correlation (r¼ 0.06,
p¼ 0.73). For TO, we observed a modest negative correlation (r¼�0.33,
p¼ 0.03), which was driven by two outliers (one child, one adult).
Removing these two subjects revealed no significant correlation between
total VFC and motion (r¼�0.15, p¼ 0.34) and repeating the VFC
comparison after removing these two participants still revealed a sig-
nificant difference between groups (KS-test, p-value< 0.02).

3.4. How does pRF development affect the spatial precision of distributed
responses?

Prior results suggest that the manner in which pRFs tile the visual
field may affect decoding of spatial location from distributed activity
across the voxels of a given brain region (Kay et al., 2015). Thus, we next
asked if developmental increases in coverage affect spatial decoding from
distributed LO and TO responses. To evaluate the spatial precision of
decoding from distributed responses, we used a model-based decoding
approach (Kay et al., 2015) to estimate how accurately the set of pRFs
spanning LO or TO predict the location of a point target.

In brief, we evaluated how well the collection of pRFs spanning each of
bilateralLOandTOclusters resolve the locationof a small target in thevisual
field. In each iteration of the simulation, per subject, we randomly placed a
small target (0.3� circle) within a region in the visual field spanning 14�.
Then, we calculated the output of the response of each of the subject's pRFs
in each of the LO and TO clusters based on the overlap between the target
and the pRF plus additive Gaussian random noise. The predicted target's
location is based on spatial summation of all pRF locations in a cluster
weighed by their response magnitude, which we refer to as center of mass
(CoM, Fig. 6A). For quantification, we calculated the spatial error between
this predicted location and the actual location of the target, and averaged
across 1000 iterations per subject and cluster (Fig. 6A).

Results reveal three important findings. First, spatial decoding error
in both LO and TO increases with target eccentricity in both children and
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adults (Fig. 6B–C; 3-way ANOVA with factors of ROI, target eccentricity,
age-group: main effect of eccentricity F(4,394)¼ 253, p< 10�10). Sec-
ond, despite the larger pRFs in TO compared in LO, spatial error is lower
in TO compared to LO (compare Fig. 6B and C, main effect of ROI:
F(1,394)¼ 150.3,p< 10�10). For example, at 3.5� eccentricity, spatial
decoding error in TO is half of LO. Third, spatial decoding error in pre-
dicting the target position from pRFs in LO and TO clusters is signifi-
cantly higher in children than adults (main effect of age-group:
F(1,394)¼ 17.5,p< 0.0005). Main effects of age-group remain signifi-
cant in ANOVAs run independently in LO (F(1,190)¼ 9.05, p¼ 0.003)
and TO (F(1,190)¼ 7.25, p¼ 0.008). That is, distributed responses in
adult LO and TO better predict the spatial location of a point target on
average by 0.5� in LO and 0.23� in TO. In contrast, spatial decoding error
obtained by V1 pRFs does not change significantly with age
(F(1,195)¼ 2.96, n.s., data not shown), suggesting that this development
is specific to high-level visual field maps that exhibit development in pRF
properties and VFC.

To further test whether between-group differences in spatial decoding
are of developmental origin rather than other factors, we examined if
variance-explained by the pRF model, ROI size, or motion during scan
could account for the decoding results. Analysis of the relationship be-
tween spatial decoding performance and average variance-explained by
the pRF model across all participants found no correlation in TO
(r¼ 0.14, p¼ 0.38) and a positive correlation in LO (r¼ 0.33, p¼ 0.037).
However, in LO there were no significant differences in variance-
explained across age groups. Further, children had higher spatial
decoding error despite having numerically higher variance-explained
compared to adults (Fig. 1). Analysis of the relationship between
spatial decoding performance and ROI size (above threshold number of
voxels) across all subjects revealed that decoding performance was
generally better withmore voxels (LO, r¼ 0.58, p< 0.0001; TO, r¼ 0.31,
p¼ 0.04). However, again this is a general relationship that is not driven
by group differences, as there was no significant between-group



Fig. 6. Spatial error by pRFs spanning LO and TO map clusters decreases with age. (A) Schematic of the simulation to predict a target's location in the visual field
relative to its actual location ‘T’. Top: Colored circles represent pRFs, black circle represent target; response is estimated by convolving each pRF with the target and
adding Gaussian random noise; responses are weighted by variance-explained; Middle: predicted location is the center of mass (CoM) of pRF responses across their
locations. Bottom: spatial error is distance between predicted location and target location. (B) Spatial error in LO averaged in each binned ring of eccentricity across
the visual field bilaterally in each subject in degrees of visual angle (dva) (C) Same as B, but for TO. Error bars represent standard error across subjects. Ns: LO,
Children¼ 16, Adults¼ 21; TO, Children¼ 14, Adults¼ 20.
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difference in the number of above threshold voxels. Nonetheless, to test
this possibility explicitly, we performed a control analysis in which we
compared decoding performance across groups using a constant number
of voxels. The number of voxels was derived from the participant with the
smallest ROI (see Methods). Even when matching ROI size, we again find
better spatial decoding in adults than children
(F(1,195)¼ 7.8,p< 0.005). Lastly, we found no significant correlations
between average within-scan motion during pRF mapping and spatial
decoding performance (LO, r¼�0.05, p¼ 0.77; TO, r¼ 0.25, p¼ 0.1).

4. Discussion

Our data reveal four main findings. First, topographic organization of
eccentricity and polar angle maps of the lateral stream are stable after age
five. Second, by mapping visual field maps in the lateral stream for the
first time in a large cohort of subjects across age groups, we observed a
novel and developmentally stable structural-functional coupling: the
MOG marks the transition between the peripheral representation of
lateral occipital and temporal eccentricity maps. Third, we discovered
that pRFs in LO and TO clusters — late stages of the lateral visual
stream—undergo differential pRF development from childhood to
adulthood, increasing coverage of the visual field centrally in LO and
more peripherally in TO. Fourth, model-based decoding reveals that one
consequence of this development is an improvement in the spatial pre-
cision of distributed visual representations in LO and TO clusters. Criti-
cally, these developments are likely not due to spurious between-group
differences in motion, ROI size, or variance-explained by the pRF model.
4.1. Structural-functional coupling outside of primary sensory cortex

While primary sensory regions of human cortex are identifiable based
on a specific cortical fold (e.g., primary visual cortex (V1) is in the cal-
carine sulcus, and primary somatosensory cortex (S1) is in the postcentral
gyrus), classic theories suggest that structural-functional coupling is not
prevalent across the brain (Glasser and Van Essen, 2011). However,
recent results from our lab (Grill-Spector and Weiner, 2014; Rosenke
et al., 2017; Witthoft et al., 2014) as well as others (Benson et al., 2014;
Dumoulin et al., 2000; Frost and Goebel, 2013) have challenged this
prevailing view. In the domain of visual field maps, we previously found
that macroanatomical landmarks in the ventral stream predict transitions
in eccentricity maps: the mid-fusiform sulcus (MFS) predicts the transi-
tion between foveal and peripheral representations (Weiner et al., 2014)
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and the posterior transverse collateral sulcus (ptCoS) predicts the ec-
centricity transition between ventral occipital and ventral temporal maps
(Witthoft et al., 2014).

The discovery that the MOG marks the transition between lateral
occipital and temporal maps mirrors the structural-functional coupling
observed in the ventral stream and has three implications. First, it sug-
gests that cortical folding predicts transitions in topographic maps and
may be a prevalent organizational principle across the brain. This pre-
diction can be tested in other systems. Second, since cortical folds form
early in development (e.g., infants are born with all cortical folds (van der
Knaap et al., 1996)), and eccentricity is coupled with cortical folding, it
suggests that an eccentricity proto-map may be formed early in infancy
and can guide other functional developments (Arcaro and Livingstone,
2017; Malach et al., 2002). Third, understanding structural-functional
relationships may aid discerning the functional organization in the
lateral stream, which has been debated (Amano et al., 2009; Brewer and
Barton, 2012; Kolster et al., 2014), as well as identify regions in indi-
vidual brains for which fMRI data acquisition is limited (e.g., patients).
4.2. Development in the lateral visual stream

To date, only a few studies have examined development of visual field
representations in early visual cortex (Conner et al., 2004; Dekker et al.,
2017; Gomez et al., 2018), only one study examined pRF development in
the ventral stream (Gomez et al., 2018), and none have examined these
developments in the lateral visual stream. While some aspects of our data
show adult-like functional organization in children – for example, the
organization of visual field maps in LO and TO clusters with respect to
macroanatomy, other aspects of our data show development: pRF size,
VFC, and spatial decoding in LO and TO clusters continue to develop after
age 5. These findings suggest that the general topographic organization is
laid out before age 5, but fine-scale properties, such as pRF distribution
across the visual field and consequently, spatial decoding, continue to be
fine-tuned after age 5. Future longitudinal studies examining pRF
development within the same subjects will clarify when these pRF de-
velopments emerge, as our children included a relatively large age range
from 5 to 12 years old.

Observing that pRFs undergo development in the lateral visual stream
has two important implications. First, it provides evidence for a novel
aspect of development in visual cortex that was previously undocu-
mented. That is, not all visual streams implement the same pattern of pRF
development. While pRFs in visual field maps in the ventral stream (hV4,
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VO1) were developed by the age of five (Gomez et al., 2018), pRFs in the
lateral stream show a more protracted development. Moreover, the LO
and TO clusters implement different forms of pRF development, leading
to greater coverage of the center in LO, but more peripheral regions of the
visual field in TO in adults than children.

Second, finding pRF development in LO and TO challenges the notion
that the lateral visual stream, containing brain regions involved in pro-
cessing shapes (Grill-Spector et al., 1998a; Kourtzi and Kanwisher, 2001;
Malach et al., 1995; Mendola et al., 1999) and motion (Huk et al., 2002;
Tootell et al., 1995b), is developmentally stable after age 5. For example,
motion-selective hMTþ, which overlaps with the TO cluster, and
object-selective LO, which overlaps with LO2 (Larsson and Heeger, 2006;
Sayres and Grill-Spector, 2008), have been thought to develop early.
Specifically, hMTþ is thought to be early-developed like V1, as it is
myelinated at birth (Bartels and Zeki, 2005; Watson et al., 1993). Like-
wise, object-selectivity in LO is developmentally stable after age 7
(Golarai et al., 2007; Nishimura et al., 2015; Scherf et al., 2007). Future
research examining other fine-scale properties such as sensitivity to
shape in LO (Natu et al., 2016) or motion and speed direction in TO
(Kamitani and Tong, 2006) can determine if additional fine-scale neural
properties develop in the lateral visual stream. As pRFs play an important
role in spatial integration, LO responses are correlated with object
recognition (Grill-Spector et al., 2000), and hMT þ responses are corre-
lated with reading ability (Demb et al., 1998, 1997; Lovegrove et al.,
1980; Rauschecker et al., 2011), our findings make a novel prediction:
maldevelopment of pRFs in the lateral stream may lead to impoverished
spatial integration and consequently object recognition and reading de-
ficiencies. This hypothesis can be tested in future research.

4.3. A model relating pRF development to spatial encoding in the brain

As the first observation of pRF development in the lateral visual
stream, these findings establish a novel bridge between childhood
changes in pRFs to the development of spatial information. In both LO
and TO clusters, there is a change in the distribution of pRFs across the
visual field, however, unique development in each cluster results in a
coverage change that emphasizes a different portion of the visual field. In
TO, developmental increases in pRF size and eccentricity lead to
increased coverage of the periphery. In the LO cluster, changes in the
distribution of pRFs lead to improved coverage near the central visual
field, especially the upper visual field.

We acknowledge that a limitation of our method is that we cannot
infer from fMRI measurements of pRFs the development of individual
neurons' RFs, as all the neurons in a voxel contribute to the population
response, and thus the pRF is a measurement of the central tendency
(Haak et al., 2012). Developmental changes we observe in pRFs of the
lateral streammay thus result from a number of neuronal sources, such as
changes in the scatter of RFs within a voxel or changes in neural RF size.
We cannot disambiguate these possibilities with present measurements,
as it is impossible to measure individual RFs non-invasively in humans.
Furthermore, animal models, like the macaque, which enable measure-
ments of single neuron RFs, do not possess the LO visual field maps. Thus,
future methodological advancements will be necessary to determine
what developmental changes in individual RFs contribute to the
observed pRF development.

Nonetheless, our data show that pRF development affects the
decoding of spatial location from distributed responses of pRFs spanning
a visual field map cluster. That is, in both LO and TO clusters, develop-
mental changes in the tiling of the visual field by pRFs result in improved
spatial decoding of the location of items in the visual field. This obser-
vation has important implications for theories of position and size
tolerance. While prevailing theories (Serre et al., 2007) suggest that
systematic increases in pRF size across processing stages of visual hier-
archies (Dumoulin and Wandell, 2008; Wandell and Winawer, 2015)
reduce spatial precision by increasing position and size tolerance, we
show that the common intuition that larger pRFs decrease spatial
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precision may be misleading. In fact, spatial precision is higher in TO
than LO, despite the larger pRFs in the former than the latter. In other
words, there is a distinction between the local scale (i.e., information
carried by a single pRF) and the distributed scale (i.e., information car-
ried by distributed responses across voxels spanning a map). At the local
scale, individual pRFs in TO would show reduced sensitivity to stimulus
location and size compared to LO due to increased pRF size. However, at
the cluster scale, sensitivity to stimulus location in enhanced in TO due to
increased pRF coverage and scatter in the periphery, which together
provide a better tiling of the visual field. This leads to the following
intriguing insight: spatial precision of distributed responses by a set of
pRFs is determined not only by their size, but also by their scatter. In fact
larger pRFs that are more scattered may produce better spatial precision
than small spatially concentrated pRFs (Kay et al., 2015; Snippe and
Koenderink, 1992).

Together, our findings establish an important basis for understanding
development of the human visual system from childhood to adulthood,
show the impact of cortical development on spatial coding, and provide
an essential foundation for understanding developmental deficits.
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