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Introduction

The primate visual system is functionally described in terms of two parallel processing
pathways: the ventral “what” stream (form and color), and the dorsal “where” stream
(motion and depth) (Livingstone & Hubel, 1988; Mishkin et al., 1983; Ungerleider &
Haxby, 1994; Ungerleider & Mishkin, 1982; but see Merigan & Maunsell, 1993). Many
aspects of the ventral visual system have been examined developmentally via neuroimaging
studies comparing children and adults, such as object processing (Gathers et al., 2004,
Golarai et al., 2007, 2010; Scherf et al., 2007), face processing (Aylward et al., 2005;
Gathers et al., 2004; Golarai et al., 2007, 2015; Joseph et al., 2011; Passarotti et al., 2003),
and visual word processing (Ben-Shachar et al., 2011; Brem et al., 2009, 2010; Martin et al.,
2015; Olulade et al., 2013a; Schlaggar et al., 2002; Turkeltaub et al., 2003). Yet relatively
little is known about the neural bases of the typical developmental trajectory of dorsal
stream function, specifically those underlying coherent motion perception. An important
first step is to apply the same approach used to characterize the neural substrates of coherent
motion perception in adults (Braddick et al., 2001; Dupont et al., 1994; McKeefry et al.,
1997; Paradis et al., 2000; Sunaert et al., 1999; Watson et al., 1993) to the study of children.
This information will not only provide an understanding of the role that experience and
development have in dorsal stream function (especially area V5/MT), but it will also provide
a foundation upon which to understand a number of developmental disorders that have been
associated with dorsal stream vulnerability, such as autism, Williams syndrome, and
developmental dyslexia (Atkinson et al., 1997; Atkinson & Braddick, 2011; Boets et al.,
2011; Braddick et al., 2003; Grinter et al., 2010; Milne et al., 2002; Pellicano & Gibson,
2008; Spencer et al., 2000; Stein, 2001).

Behavioral studies have investigated age-dependent changes for coherent motion perception.
For example, Boets and colleagues (2011) reported the amount of coherence needed to
detect direction of motion to be lower in adults than children and found that detection
thresholds decreased in a group of children followed longitudinally from 5 to 6 years of age.
From studies in older children, it has also been shown that coherent motion detection
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thresholds decrease (improve) with increasing age until children are 11 years (Gunn et al.,
2002) or 12-14 years (Hadad et al., 2011) of age, at which point they reach adult levels.
Gunn and colleagues (2002) examined dorsal stream motion coherence sensitivity together
with ventral stream form coherence sensitivity in a large cross-sectional study of typical
children (4-11 years of age) and adults. The motion coherence stimulus consisted of two
adjacent random dot kinematograms, one of which was segregated into three horizontal
strips, such that the varying proportion of coherently moving dots in the middle strip moved
opposite to the coherent motion of the upper and lower strips. The form coherence stimulus
was a static array of randomly oriented short line segments within which a target region on
one side of the display contained a varying proportion of segments that were oriented to
form static concentric circles. The investigators found age-dependent differences in
performance for both tasks. They also showed a relative delay in development of motion
coherence compared to form coherence in reaching adult-like levels. To ensure that these
findings could not be attributed to differences in the stimuli, Atkinson and Braddick (2005)
measured perception of motion and form coherence again, this time using visual stimuli that
were more closely matched and found similar age-dependent differences as originally
described by Gunn et al. (2002). A similar result was also found in another group of children
examined as part of a brain imaging study (5-12 years), showing that improvement with age
for global form occurs earlier, relative to global motion (Braddick et al, 2016). Taken
together, despite varying methods and stimulus parameters (especially the spatial and
temporal parameters of the stimulus; for review, see Hadad et al., 2015), there is a
developmental curve for the perception of coherent motion. As such, one would expect
differences in brain function for this task when comparing primary school-age children with
adults.

The neurophysiology of motion processing development has been investigated with
electroencephalography (EEG). For example, in a study comparing global motion processing
between infants (4-5 months old) and adults, Wattam-Bell et al. (2010) observed a more
lateral response in infants, whereas adults exhibited a more medial response to visual
motion. Further work by these investigators suggests, however, that development of visual
motion processing may not simply be a matter of changes in functional activation within
visual cortex, but may be a matter of a developmental increase in communication between
extrastriate and striate cortices (Wattam-Bell et al. 2012). With regards to the relationship
between dorsal and ventral stream processing in development, Mitchell and Neville (2004)
investigated visually-evoked event-related potentials (ERPs) in children, aged 6-7 and 8-10
years, and adults, and found that ventral stream ERPs in response to color stimuli differed
minimally between subject groups (decreased amplitude with age), while dorsal stream
ERPs in response to motion stimuli exhibited marked differences in wave shape, amplitude
and latency with age. Similarly, Coch and colleagues (2005) found that ERPs in response to
visual mation significantly differed between children (6-8 years old) and adults, whilst color
processing did not. Together, these electrophysiological findings suggest that dorsal stream
development is protracted, going into late childhood, and it has been proposed that this long
period of development renders the dorsal stream more vulnerable to disorders of
development in comparison to the ventral stream (Atkinson, 2017; Atkinson & Braddick
2011; Braddick et al., 2003, 2016; Stevens & Neville, 2006).
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Further, studies of motion perception have utilized functional magnetic resonance imaging
(fMRI). Klaver and colleagues (2008) used whole-brain and region of interest (ROI)
approaches (using regions created from a prior study in adults; Murray et al., 2003) to
compare children’s (5-6 years old) and adults’ responses to two different kinds of visual
motion stimuli: random motion and shape-from-motion (in which contours defined by
moving dots create a shape percept). For random visual motion (compared to static dots),
there were no significant differences in activation between the two groups in the whole-brain
analysis, but there were differences for the ROI analyses (left and right hemisphere ROIs
were combined): adults had significantly greater activation compared to children in area
V/3a, with a similar effect trending toward significance in area V5/MT. When examining
activation in response to the other motion stimulus, shape-from-motion (compared to
random motion), in the same bilateral ROIs, the investigators found greater activation in
parietal cortex in the same sample of adults compared to children. However, children
showed greater activation in V5/MT compared to adults, reflecting an age-related decrease
in V5/MT response to shape-from-motion perception. Further, in a study that utilized both
EEG and fMRI, Bucher and colleagues (2006) compared ERPs and functional activation in
adolescents (15-17 years old) and adults (20-30 years old) during a shape-from-motion task.
While the investigators did not find a between-group difference in activation patterns, there
was a delay in the adolescent group’s N1 component (attributed to area V5/MT). This
suggests that the network of regions supporting visual motion processing may be established
by adolescence, but that fine-tuning of the response characteristics continues to change
developmentally. Overall, these findings suggest that the dorsal stream exhibits
developmental changes in activation specific to different types of visual motion stimuli
(random motion and shape-from-motion) and in different regions. However, despite its
common usage in publications of adult participants (Aspell et al., 2005; Braddick et al.,
2000, 2001; Cornette et al., 1998; Huk et al., 2002; Nakamura et al., 2003; Paradis et al.
2000; Watson et al., 1993; Wilms et al., 2005), coherent motion perception has not yet been
investigated in elementary school-aged children with fMRI.

An important aspect of developmental studies is the difficulty of disentangling brain
development from experience, especially those experiences afforded by formal education. In
the last decade, it has become clear that visual system function is altered by the introduction
of cultural activities such as learning to read. Behavioral work, for example, has shown that
the acquisition of literacy can affect performance of early visual system function.
Specifically, Szwed and colleagues (2012) compared age- and socioeconomically-matched
adult literates, illiterates, and ex-illiterates (who learned to read as adults) on a task of
contour integration and found that the illiterate adults’ performance was worse than both
literate groups. From this the authors concluded that the extensive visual training undertaken
during literacy acquisition not only influences higher-level visual processing in the ventral
stream (as demonstrated in a separate study by the same investigators showing functional
reorganization in object processing areas; Dehaene et al., 2010), but also results in marked
changes in behavioral performance for low-level visual perception. The anatomical and
physiological impact exerted by the formal learning of reading and writing has been shown
to manifest in multiple brain regions, including visual, auditory, and motor areas (Carreiras
et al., 2009; Dehaene et al., 2010). Finally, it has been suggested, based on a behavioral
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study of coherent motion detection in children, that learning to read in typical readers
"mobilizes" the dorsal visual system (Boets et al., 2011). As such, a significant challenge is
to determine whether the differences in dorsal visual stream function that are observed
between children and adults are due to maturity or reading experience.

Of note is that the dorsal visual motion processing pathway has been described as
“vulnerable” (Atkinson, 2017; Braddick et al., 2003), with altered performance attributed to
this pathway observed in a range of developmental disorders such as autism (Spencer et al.,
2000) and the reading disability developmental dyslexia (for review, see Stein, 2001).
Notably, dyslexia has been associated with difficulties in tasks reliant on the dorsal steam,
such as motion perception (Cornelissen et al., 1998; Hansen et al., 2001; Wilmer et al.,
2004; Witton et al., 1998); and brain activity in area V5/MT during visual motion perception
has been shown to be lower for adults (Demb et al., 1998; Eden et al., 1996) and children
(Olulade et al., 2013b) with dyslexia compared to age-matched normal readers. However, it
is unclear if the association between visual motion perception and reading ability is causal or
consequential, a question that would benefit from greater knowledge of brain activity in area
V5/MT, and its connectivity with other regions, in typically reading children.

The present study builds on prior work using fMRI to examine differences between children
and adults in brain activity underlying visual motion processing of random and shape-from-
motion stimuli (Klaver et al., 2008), and extends it to coherent motion processing. The
present study also includes a longitudinal component to investigate the nature of visual area
V5/MT activity and functional connectivity in early elementary school readers, thereby
building on the behavioral study by Boets and colleagues (2011). Our first study utilized a
cross-sectional design to compare children with adults, while our second study tracked a
group of children longitudinally from 2"d to 3" grade. In both studies, we examined activity
within area V5/MT and functional connectivity between V5/MT and other brain regions
using a coherent dot motion detection task contrasted with a static dot density detection task.
In both studies, we asked if being older was associated with greater activity in and/or
connectivity with area V5/MT. In the longitudinal study, we also examined the relationship
of these measures with reading proficiency by testing for a relationship between the degree
of change of both V5/MT activity and reading ability during children’s development over
one year; and additionally, by testing for the predictive strengths of V5/MT activity for
reading ability one year later.

Our analysis approach used both whole-brain and ROI analyses to allow comparison to the
published literature. While the ROl approach is well-suited to our question given the
reliability of the V5/MT signal in response to motion, the absence of pediatric studies of
coherent visual motion in the published literature means that coordinates drawn from the
literature are derived from adult data, as they were in Klaver at al., 2008. This leaves open
the question of whether any differences between children and adults in a ROI analysis are
driven by activity in the same brain areas, with a lesser degree of activity in children; or if
they are the result of the ROI being placed in the optimal location of V5/MT for adults,
while being unsuitably placed for pediatric V5/MT activity. As such, we examined activity
not only within a ROI based on the adult published literature, but also by identifying and
quantifying area V5/MT activation in each subject individually. Together these approaches
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should provide comprehensive characterization of the developmental differences of the
dorsal visual motion-processing stream, especially area V5/MT, during coherent motion
perception.

Materials and Methods

Participants

All participants were healthy, monolingual, right-handed, native speakers of English. The
Cross-Sectional Study was based on 28 participants, 13 children (5 female; age range
7.0-8.4 years; avg. age 7.7 years) and 15 adults (7 female; age range 18.7-28.8 years; avg.
age 22.5 years; see Table 1). The Longitudinal Study involved 17 children who had just
completed 2" grade (7 female; age range 7.9-9.3 years; avg. age 8.3 years at the first Time
Point, T1, of the study) and who were re-tested one year later (T2). However, five subjects
from this Longitudinal Study were excluded at the data analysis stage because of excessive
head movement at either or both time points and the final sample thus consisted of 12
children (5 females; age range: 7.9-9.3 years; mean age: 8.4 years at T1; see Table 2).
Demographic and behavioral information for the final groups are summarized in Tables 1
and 2.

All participants underwent a behavioral battery that included the Wechsler Abbreviated
Scale of Intelligence (1Q; Wechsler, 1999). Reading was evaluated using the Word
Identification and Word Attack subtests to measure single real and pseudoword reading
accuracy, respectively. For the Cross-Sectional Study, these subtests were measured in adults
using the Woodcock-Johnson 111 Tests of Achievement (WJ I11; Woodcock et al., 2001), and
in children using the Woodcock Reading Mastery Test-Revised (WRMT-R; Woodcock,
1998). Since both are standardized and similar in nature, direct comparison is possible. The
WRMT-R was used for the children in the Longitudinal Study. Additional reading measures
for the Longitudinal Study included reading rate, using the Reading Fluency subtest of the
WA 111 Tests of Achievement (Woodcock et al., 2001), and phonemic awareness, measured
via the Elision subtest of the Comprehensive Test of Phonological Processing (CTOPP-
Elision; Wagner et al., 1999). To be included in either of the studies, all participants had to
have PIQ, VIQ, Word ID, and Word Attack standard scores above 85. All subjects had
greater than 37 weeks gestation, no major complications at birth, and no history of a learning
disability, ADHD, neurological, or psychiatric disorders. The adult and pediatric groups in
the Cross-Sectional Study were matched on 1Q and reading (Word I1D) standard scores.

The adults and children from the Cross-Sectional Study were drawn retrospectively from
studies in the laboratory, with three of the 13 children in the Cross-Sectional Study also
serving in the Longitudinal Study. Data for some participants was also included in a
previously published report focused on dyslexia (Olulade et al., 2013b).

fMRI Task and Data Acquisition

fMRI Task—All participants received a training session before entering the MRI system to
acquaint them with the tasks and give them an opportunity to perform and practice the tasks.
As part of the training, the experimenter informed all participants about what to expect
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during the scanning session (emphasizing the importance of lying still throughout all scans)
and had participants practice the two tasks on a computer. For children, this was followed by
a session in which they lay inside a mock scanner where they were exposed to simulated
scanner noises as they performed the tasks. Adults did not use the mock-scanner and simply
practiced the tasks at a computer. Following this training, all participants entered the real
MRI system and performed the task during two fMRI “runs”, each lasting 4 minutes and 27
seconds, as described below. Following the completion of these two runs, the subjects
participated in a 6-minute structural scan (while watching a movie) and were then taken out
of the scanner for a break.

We used a coherent visual motion detection task previously shown to activate area V5/MT of
the dorsal stream (Olulade et al., 2013b). For the active task, Motion, participants viewed
low-contrast, random dot kinematograms consisting of gray dots moving at a constant speed
on a black background. While most dots moved randomly, with their direction changing
constantly (left, right, up, down, or diagonally), a subset of dots (40%) moved coherently in
either the left or right horizontal direction. Participants were asked to indicate the direction
of the perceived coherent motion (towards the left or right) via button press (e.g., left-thumb
button press for leftward motion), while maintaining fixation on a central cross. The overall
stimulus was composed of 400 dots, with each dot moving at a constant speed of 3 deg/sec.

For the active control task, Static, participants performed a density judgment task during
which static dots were presented on the screen with densities differing between the left and
right visual fields (density differences ranged between 35% and 65%). Participants were
asked to maintain fixation on a central cross and indicate via button press with the left or
right thumb on which side of the screen the dot density was greater.

For both the coherent Motion and the Static conditions, stimuli were presented for 3 sec
followed by a crosshair for 1.2 sec, with 10 stimuli presentations per block. Alternating
blocks of Static and Motion stimuli (42 sec/block) were separated by blocks of Fixation (21
sec). Fixation consisted of a single crosshair presented at the center of the visual field. One
run consisted of two blocks each of the Static and Motion conditions. Order of alternating
Static and Motion blocks was the same across the two runs and across all subjects, with the
Static task occurring first (after an initial 21 sec of Fixation). Each run began and ended with
an additional 9 sec and 6 sec of Fixation, respectively, which were not included in analysis.
Two runs per participant were entered into the analysis for both the Cross-Sectional and the
Longitudinal Studies.

fMRI Task Performance Measures—Measures of in-scanner accuracy and reaction time
were recorded for the Motion and Static tasks and compared between them (Motion >
Static), thereby following the approach used for the fMRI data analysis. These behavioral
measures were compared between the two groups (adults vs. children) in the Cross-Sectional
Study using a two-sample £test, and between the two time points (T1 vs. T2) in the
Longitudinal Study using a paired #test. For those comparisons for which accuracy or
reaction time for the contrast of interest (Motion > Static) were significantly different, the
behavioral data was included as a covariate of no interest in our fMRI between-group
comparisons.
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fMRI Data Acquisition—Images were acquired on a 3T Siemens Trio Scanner located at
the Center for Functional and Molecular Imaging at the Georgetown University Medical
Center. For each functional run, 89 images consisting of 50 contiguous axial slices (2.8 mm
thickness with 0.2 mm interslice gap) covering the whole brain were acquired with the
following parameters: Flip angle = 90°, TR = 3 sec, TE = 30 msec, FOV =192 mm, in-plane
resolution = 64 x 64, voxel size = 3 mm x 3 mm x 3 mm.

fMRI Data Analysis

Preprocessing—All fMRI data pre-processing and statistical analyses were carried out
using SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK). The same pre-
processing procedures were applied to data from both the Cross-Sectional and the
Longitudinal Studies. After removing the first three scans of each run to account for T1
saturation effects, each subject’s fMRI data were slice-time corrected and realigned to the
mean image. A magnetization-prepared rapid gradient-echo (MPRAGE) sequence structural
scan acquired during the same scanning session was then co-registered to the mean
functional image; structural scans were warped and segmented into gray matter, white
matter, and CSF using the VBMS8 Toolbox; and functional and structural images were
warped to standard MNI stereotaxic space and smoothed with a Gaussian kernel of full
width at half maximum 8 mm (see below for lesser smoothing for single-subject data
analysis).

Head Movement—Data were examined for head movement artifacts. Participants whose
overall data exhibited excessive head movement (>20% of images in the run exhibiting scan-
to-scan movement beyond the 1.5 mm threshold) were entirely removed from the study.
Even after this removal in the quality control process, children exhibited significantly greater
head movement than adults (mean inter-scan displacement, two-sample t-test, p < 0.05, see
Table 1). As such, six rigid-body head movement parameters and global signal were used as
regressors of no interest in the fMRI analyses.

Given the risk of identifying differences in fMRI signal between children and adults because
of head movement-related artifacts in the pediatric group, we took further steps at the
second-level analysis (see below) to characterize the relationship between head movement
and brain activity. Specifically, we searched for significant correlations between subjects’
inter-scan head movement over the duration of the runs with whole brain activity for the
contrast of Motion > Static. This was carried out for the children and adults as a way to
determine if brain activity during our task of interest was in any way related to the amount of
head movement made during scanning (since it is possible that head movement was evoked
during the task in children to a greater degree than in adults).

First-Level Analysis—Data were analyzed for each subject using the general linear
model. Statistical analysis at the first level involved generating within-subject parametric
activation maps for the contrasts of the Motion and Static conditions relative to baseline
(Motion > Fixation, Static > Fixation) and for the direct contrast between the two conditions
(Motion > Static). Stimulus onsets were modeled using the canonical SPM hemodynamic
response function, and functional datasets were high-pass filtered with a cutoff of 128 sec.
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Second-level statistical analysis differed between the two studies, Cross-Sectional and
Longitudinal, as outlined below.

Second-Level Analysis—The single-subject statistical maps for the voxel-wise contrast
of Motion > Static from the first-level analysis were submitted to a one-sample ~test at the
second level to generate a group map for each group: adults and children (Cross-Sectional
Study), and children at T1 and T2 (Longitudinal Studly). For between-group or between-time
point comparisons at the level of the whole brain, single-subject statistical maps for the
voxel-wise contrast of Motion > Static were submitted to a two-sample £test (adults vs.
children) or a paired #test (T1 vs. T2) at the second level. The comparison of Motion >
Static removes activation related to lower-level visual processing, decision making, and the
button-press response, with only activation specific to coherent motion processing
remaining. To test for the specificity of any differences observed for coherent motion
processing (that these were not driven by signal decrease during the Static task), we
examined the data for the contrast of Static > Fixation using the same methods used for
Motion > Static. As described in more detail below, all analyses (between groups or between
time points) were approached in several ways: (1) group data using (a) whole brain and (b)
literature-based ROIs in area V5/MT; (2) single-subject data using functional ROIs in area
V5/MT with the purposes of (a) characterizing each subject’s area V5/MT in terms of
location, extent and amplitude of activation, and (b) testing for reliability of these same
measures between the two runs. For all of these, the results are always presented for the
contrast of Motion > Static.

(1a) Group Analyses: Whole-Brain—To characterize brain activity in response to
coherent visual motion in all brain regions (i.e., beyond area V5/MT), and following
published work looking at motion perception in children (Klaver et al., 2008), we first
generated whole-brain within- and between-group statistical parametric maps.

(1b) Group Analyses: Literature-Based ROIs for Area V5/MT—Due to our inquiry
being specific to area V5/MT and following the approach in Klaver et al., 2008, we applied a
small-volume correction (SVC) to examine ROIs based on the coordinates published by
Watson et al. (1993) for adults during coherent motion perception (MNI coordinates X, v, z:
left -41, -72, -2; right 41, -69, -2). We defined two 5 mm radius spheres centered on these
coordinates, much in the same way that Klaver and colleagues used the results from Murray
et al., 2003, to generate their ROIs for random motion and shape-from-motion processing.
However, unlike Klaver and colleagues, we did not combine the data from the left and right
hemispheres, but treated them separately. For both types of group analyses, whole-brain and
ROI (SVC), results for the contrast of Motion > Static are reported (voxel: p < 0.005
uncorrected, cluster: p < 0.05 FWE-corrected).

(2 a and b) Single-Subject Analyses: Functional ROIs for Area V5/MT—Since
extra caution has to be taken when dealing with pediatric data, single-subject analyses were
conducted to counter any concerns that variability in the nature of the activation in the
children (between or within subjects) could account for any potential between-group
differences in the Cross-Sectional Study or for between-time point differences in the
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Longitudinal Study. As such, single-subject analysis was used to: (a) characterize each
subject’s area V5/MT in terms of location, extent and amplitude of activation and (b) test for
reliability of the data throughout the study (i.e. between runs). For characterization, data
were combined for both runs. The location was specified along the x-, y-, and z-axes, the
extent was defined as the number of above-threshold voxels within a 5 mm radius of the
peak, and the amplitude was measured as the percent signal change (PSC) within 5 mm
radius spheres centered on each subject’s peaks. This information was compared between
children and adults (Cross-Sectional Study) and between T1 and T2 (Longitudinal Study) to
provide a more detailed investigation, in addition to the group level analyses (whole-brain
and literature-based ROI) described above. For within-subject reliability, we compared these
same variables (location, extent, and amplitude) between the two runs within each subject
using a student £test.

For these single-subject analyses, all pre-processing and analysis steps were identical to the
ones described above for the whole group and ROl analyses, except that a 4 mm Gaussian
kernel was used for smoothing. We identified foci of activity in each subject by examination
of activation closest to the Watson coordinates, with peaks significant at the voxel-corrected
level of at least p < 0.005 for Motion > Static.

Brain—Behavior Relationships—For the Longitudinal Study, we also examined brain—
behavior correlations between the fMRI signal underlying visual motion processing and raw
scores of reading ability. Specifically, we first investigated the relationships between the
amount of increase in V5/MT activity between the two time points and the concomitant
gains made in (a) reading and (b) chronological age over the same time span. This allowed
us to test the hypothesis that increased V5/MT activity occurs as a function of learning to
read or as a function of becoming older. Next, we examined whether activity in V5/MT at
T1 predicted reading outcome at T2. This tested the hypothesis that integrity of the dorsal
pathway subserving visual motion processing is needed for successful reading acquisition
(similar to the prevailing notion that good phonological awareness skills predict later reading
success). For all of these analyses, V5/MT activity was measured as PSC extracted from
spheres of 5 mm radius centered on the average peak coordinates of the uncorrected clusters
identified in our single-subject functional ROI analysis at T1 (left: -50, -74, 8; right: 51, -69,
7), using the MarsBaR toolbox (Brett et al., 2002). A linear regression was used to test
whether change in V5/MT PSC from T1 to T2 was associated with change from T1to T2 in
raw reading scores (for Word 1D, Word Attack, and Reading Fluency); or if change in
V5/MT PSC was associated with change in age (months) over the same period (T1 to T2).
The time duration between testing at T1 and T2 differed somewhat amongst the children,
thus providing variability in the age increases within the group. Similarly, a linear regression
was performed between V5/MT activity PSC at T1 and raw reading scores (Word 1D, Word
Attack, and Reading Fluency) at T2, to test for predictive power of V5/MT activity in
reading outcome. Finally, we conducted a linear regression using raw scores of phonemic
awareness (CTOPP-Elision) at T1 and reading (Word ID, Word Attack and Reading
Fluency) at T2, to seek confirmation of phonemic awareness predicting reading outcome
over this time period (Wagner et al., 1994; 1997).
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Functional Connectivity Analysis

Results

Connectivity analysis was performed using the CONN functional connectivity toolbox (15.¢e,
Whitfield-Gabrieli & Nieto-Castanon, 2012). The same procedures were applied to the
Cross-Sectional and Longitudinal Studies. Pre-processed data were submitted to CONN for
seed-to-voxel analyses. First, data underwent several noise reduction steps, including (i)
regression of white matter and CSF ROI time series using aCompCor with five principal
components (Behzadi et al., 2007); (ii) regression of six rigid-body head movement
parameters, as well as time points for which scan-to-scan motion exceeded 1.5 mm (50% of
the voxel size); (iii) regression of the effects of our Fixation, Motion, and Static blocks; and
iv) temporal high-pass filtering (f > 0.008 Hz) to reduce the effect of low-frequency drift
while also reducing any contamination of signal between blocks.

For each subject, the residual time series associated with left and right area V5/MT,
separately, was submitted to a bivariate correlation to generate Fisher-Z-transformed
correlation maps, in which every voxel in the brain is assigned a normalized correlation
value that represents the magnitude of the correlation between that voxel and the averaged
time series of all voxels within our V5/MT seed (one for each hemisphere). Area V5/MT
was identified as a ROI using each group’s location averaged from the single-subject data
(i.e. the locations listed in Table 5 and Table 9 below) and growing a 5 mm sphere around it.
The V5/MT ROls for within-group and within-time point analyses were created in this way,
while between-group and between-time-point analyses were centered on the average of the
two locations (e.g. the average location for adults and children combined).

To capture the connectivity profile of each of our groups separately, single-subject statistical
maps generated at the first level for the entire run (see Ganger et al., 2015) were submitted to
a one-sample £test. To test for between-group or for between-time point differences in
whole-brain connectivity with area V5/MT, the single-subject statistical maps generated at
the first level were submitted to a two-sample #test (adults vs. children) for the Cross-
Sectional Study, and a paired ttest (T1 vs. T2) for the Longitudinal Study at the second
level. Results for the functional connectivity analyses are reported at voxel: p < 0.005
uncorrected, cluster: p < 0.05 FWE-corrected.

Cross-Sectional Study

fMRI Task Performance—All participants performed with high accuracy on the in-
scanner Motion and Static tasks. Accuracy and reaction time differed for the Motion task
and reaction time differed for the Static tasks between the two groups, as shown in Table 1.
However, there was no significant difference between adults and children for reaction time
when considering Motion > Static, the comparison of interest for the associated fMRI data.
However, performance accuracy for Motion > Static differed significantly between adults
and children; thus, performance accuracy was included as a covariate of no interest in our
fMRI between-group comparisons.

Neuroimage. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taylor et al.

Page 11

Head Movement—*For the whole-brain group analysis of the Cross-Sectional Stuadly, we
did not observe any significant correlations between head movement and task-related
activation in our adults. However, there were significant correlations between head
movement and task-related activation in children. These were located in right angular gyrus
and right cuneus/superior parietal lobule. These overlapped with the children’s within-group
whole brain map for the contrast of Motion > Static in right angular gyrus (232 voxel
overlap) and in right middle occipital gyrus (68 voxel overlap). However, they were not
located in any areas reported in our between-group results described below.

Group Analyses: Whole-Brain in Adults—Whole-brain analysis revealed six clusters
of significant activation for Motion > Static in the adults (Table 3, Figure 1A). In the left
hemisphere, clusters were found in middle occipital gyrus (BA 19) extending to superior and
middle temporal gyri (area V5/MT, BA 19), in cuneus (BA 18), including area V3a,
extending to bilateral lingual gyri, in fusiform gyrus (BA 37), and in cingulate gyrus (BA
24) extending to left superior parietal lobule. In the right hemisphere, we observed
significant activation extending from middle (area V5/MT, BA 37) to superior temporal
gyrus, as well as in cingulate cortex (BA 24) extending to precentral gyrus.

Group Analyses: Whole-Brain in Children—In children, whole-brain analysis for the
contrast of Motion > Static revealed significant activation in left superior parietal lobule (BA
7) extending to inferior parietal lobule. Activity in left area V5/MT did not survive FWE
correction (p=0.071). In the right hemisphere, significant activation was found in middle
temporal gyrus (BA 39), including area V5/MT (BA 19); and in paracentral lobule (BA 5)
extending to left precuneus (Table 3, Figure 1A).

Group Analyses: Whole-Brain in Adults versus Children—Adults showed
significantly greater activation for Motion > Static than children in bilateral lingual (BA 18)
and extending into bilateral inferior occipital gyri (Table 3, Figure 1B), as well as in left
posterior insula (BA 13) extending to postcentral gyrus. There were no differences in area
V5/MT for either hemisphere. The opposite contrast (children > adults) did not identify any
significant differences. There were no significant between-group results for the contrast of
Static > Fixation.

Group Analyses: Literature-Based ROIs for Area V5/MT in Adults—The ROI
analyses with SVC informed by the coordinates published by Watson and colleagues (1993)
revealed significant activity in area V5/MT bilaterally in adults (Table 4, Figure 1C). In both
the left and right hemispheres, activation extended from middle occipital gyrus (BA 19) to
middle temporal gyrus (BA37).

Group Analyses: Literature-Based ROIs for Area V5/MT in Children—ROI
analyses revealed no above-FWE threshold clusters (nor trending) within the left
hemisphere, but did reveal significant activation in right area V5/MT (BA 19) in children
(Table 4, Figure 1C).

Group Analyses: Literature-Based ROIs for Area V5/MT in Adults versus
Children—Analyses of literature-based ROIs for area V5/MT revealed significantly greater
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activation in adults than in children (Table 4, Figure 1D). In the left hemisphere this was in
middle occipital gyrus (BA37), and in the right hemisphere, an activation difference of
trending significance (= 0.051) was within inferior occipital gyrus (BA 19).

Single-Subject Analyses: Functional ROIs for Area V5/MT in Adults—Using the
subject-specific data, of the 15 adults, all had significant activation in left, and 14 in right
V5/MT at uncorrected p < 0.001 (the 15th participant had activation at p < 0.005,
uncorrected). Location, extent and amplitude of activation of area V5/MT were
characterized for each adult participant using both runs combined. The group averages of
these are reported in Table 5.

To test for reliability of these same measures from one run to the next, paired #tests were
conducted between the first and the second run for the adult group. We tested for differences
in location, extent or amplitude of activation between runs, and found none (p > 0.1; Table
6).

Single-Subject Analyses: Functional ROIs for Area V5/MT in Children—All of
the 13 children had significant activation in left and right V5/MT at p < 0.001, uncorrected.
Location, extent and amplitude of activation of area V5/MT were characterized for each
child participant using both runs combined. Average values for these are reported for the
group in Table 5.

For reliability, paired #tests were conducted between the first and the second run within the
pediatric group. This revealed no significant differences in location, extent or intensity of
activation (p> 0.1; Table 6).

Single-Subject Analyses: Functional ROIs for Area V5/MT in Adults versus
Children—Lastly, we tested for between-group differences in location, extent, and intensity
of activation of single-subject V5/MT between the adults and children. Data from both runs
were combined for each group and compared between the groups. This revealed no
significant differences in peak location or intensity of activation. However, the children did
exhibit a greater extent (p < 0.001) of activation than adults bilaterally, as measured by the
number of voxels above threshold (Table 5).

To assess if there was a difference in reliability of the data between the two groups when
comparing both runs, we conducted an ANOVA on the signal from the left and right
functional ROI, and looked for a group x run interaction. This revealed no significant
differences in location, extent or intensity of activation (p > 0.05).

In sum for the Cross-Sectional Study, independent of whether using whole-brain or ROI
group analyses, or single-subject analyses, the adults showed bilateral activity within area
V5/MT. In children, whole-brain and ROI group analyses revealed significant activity in
right but not left area V5/MT, whereas activation was identified bilaterally for each child in
the single-subject analysis. Group analyses at the level of the whole brain did not exhibit
significant between-group differences in area V5/MT, whereas between-group analyses
using a ROI approach revealed greater left (with right trending) area V5/MT activity in
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adults compared to children. Single-subject analyses revealed no significant differences
between adults and children in terms of location or amplitude of activation, but children did
exhibit significantly greater extent of activation than did adults.

Functional Connectivity—For both groups, the time courses of left and right area
V5/MT activation exhibited significant correlations with bilateral posterior cortex, extending
ventrally and dorsally. Figure 2A and 2B show the results for each of the two groups. For
simplicity, we do not describe the results for each of the groups, but focus only on the results
from the between-group comparisons.

Group-Level Analyses: Seed-to-Voxel in Adults versus Children—The contrast of
adults greater than children did not result in any significant findings. However, there was
greater functional connectivity in children compared to adults (Table 7, Figure 2D). For left
V5/MT, children exhibited significantly greater connectivity with left middle occipital gyrus
(BA 19) extending to lateral occipital cortex, middle and inferior temporal gyri, lingual and
fusiform gyri, and to cuneus and precuneus. There was also greater functional connectivity
with contralateral middle temporal gyrus (BA 37) extending to right intracalcarine cortex,
precuneus, and occipital pole. For right area V5/MT, children exhibited significantly greater
connectivity with contralateral middle occipital gyrus (BA 19) extending to bilateral lateral
occipital and intracalcarine cortices, to bilateral middle and inferior temporal gyri, and to
bilateral fusiform and lingual gyri.

Longitudinal Study

Behavior—As expected, from T1 to T2, a period spanning around 10 months, the children
on average experienced gains in raw score measures of reading, significant for single real
word reading (two-tailed paired #test, T2 > T1: p= 0.006), reading fluency (o= 0.003), and
trending toward significance for pseudoword reading (p = 0.053).

fMRI Task Performance—The children performed with high accuracy on the in-scanner
Motion and Static tasks (see Table 2). While, for the Motion task, accuracy increased and
reaction time decreased between T1 and T2, this change was not significant. There were also
no significant changes for the Static task for accuracy or reaction time between T1 and T2.
When the difference between conditions for the contrast of interest (Motion > Static) was
considered, they did not differ between T1 and T2 either for accuracy or reaction time.

Head Movement—For the whole-brain group analysis in our Longitudinal Studly, children
at T1 exhibited significant correlations between head movement and brain activation in
bilateral medial/superior frontal gyri; however, these did not overlap with the within-group
result at T1 described below. At T2, the children did not exhibit significant correlations
between head movement and brain activity. Based on these, we believe our results were not
influenced by head movement.

Group Analyses: Whole-Brain in Children at T1—At T1, the children exhibited no
activation above FWE threshold (nor trending) for the contrast of Motion > Static at the
whole-brain level.
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Group Analyses: Whole-Brain in Children at T2—Whole-brain analysis revealed
significant activity in two right hemisphere clusters (Table 8, Figure 3A). Children at T2
exhibited significant activation in right area V5/MT in posterior middle temporal gyrus (BA
37) extending to superior temporal gyrus, and in right middle frontal gyrus (BA 9) extending
to precentral gyrus. There was no significant (nor trending) left hemisphere V5/MT
activation.

Group Analyses: Whole-Brain in Children at T1 versus T2—For the contrast of T2
> T1, children at T2 showed significantly greater activation in left cuneus (BA 19) extending
to right cuneus and bilateral lingual gyri (Table 8, Figure 3B). There were no significant
findings for the opposite contrast, T1 > T2. Neither contrast revealed activation changes over
time in area V5/MT. A paired -test at the second level for the voxel-wise contrast of Static >
Fixation did not reveal any significant changes between T1 and T2.

Group Analyses: Literature-Based ROIs for Area V5/MT in Children at T1—ROI
analyses found no significant activity in either left or right area V5/MT at Time 1.

Group Analyses: Literature-Based ROIs for Area V5/MT in Children at T2—ROI
analyses found no significant activity in either left or right area V5/MT at Time 2.

Group Analyses: Literature-Based ROIs for Area V5/MT in Children at T1
versus T2—ROI analyses found no significant changes from T1 to T2 in left or right area
V5/MT.

Single-Subject Analyses: Functional ROIs for Area V5/MT in Children at T1—
All of the 12 children had significant activation in left and right V5/MT at p < 0.001,
uncorrected. Location, extent and amplitude of activation of area V5/MT were characterized
for every participant at T1 from data combined from both runs. Average location, extent and
amplitude at T1 are reported in Table 9.

To test for reliability of the data between the two runs at Time 1, paired #tests were
conducted and revealed no significant differences for location, extent or amplitude of
activation (p > 0.05) between runs (Table 10).

Single-Subject Analyses: Functional ROIs for Area V5/MT in Children at T2—
Eleven of the 12 children had significant activation in left and right V5/MT at p < 0.001,
uncorrected, at T2. The twelfth child had significant activation in left and right V5/MT at p
< 0.005, uncorrected. Characteristics of average location, extent and amplitude at T2 are
reported in Table 9.

To test for reliability of the data between the two runs at Time 2, paired £tests were
conducted and revealed no significant differences in location, extent or amplitude of
activation (p > 0.05) between the two runs (Table 10).

Single-Subject Analyses: Functional ROIs for Area V5/MT in Children at T1
versus T2—Paired #tests were used to compare the averages of the single-subject data
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between the two time points for location, extent and amplitude of activation. These revealed
no significant differences in any of these measures (p> 0.1, Table 9).

To assess if there was a difference in reliability of the data between the two time points when
comparing both runs, we conducted an ANOVA for each measurement in each hemisphere,
and looked for a time point x run interaction. This revealed no significant differences for
location, extent or amplitude of activation (p > 0.1).

In sum, for the Longitudinal Study, the whole-brain analyses revealed no activation in area
V5/MT at T1 and significant activation in the right hemisphere only at T2. There were no
changes observed in area V5/MT from T1 to T2. The literature-based ROl approach did not
reveal V5/MT activation at T1 or T2, nor changes from T1 to T2. However, single-subject
analysis identified bilateral peaks of V5/MT activation at T1 and T2 in each child, but no
significant differences emerged in the location, extent, or amplitude of activation between
the two time points for the group means.

Brain—Behavior Relationships: V5/MT Activity and Reading Performance—
Correlations between change in V5/MT activation and change in raw reading scores for (i)
real word and (ii) pseudoword reading accuracy as well as (iii) reading fluency from T1 to
T2 yielded no significant results. Also, correlations between change in V5/MT activation
and change in age (months) yielded no significant results.

Linear regression revealed that V5/MT activity at T1 did not predict reading outcome at T2
for real word reading accuracy, pseudoword reading accuracy, or reading fluency. On the
other hand, phonemic awareness measured via sound elision at T1 predicted pseudoword
reading accuracy outcome at T2 (r=0.61, p=0.04), and real word reading accuracy
outcome at T2 at the trend level (r=0.56, p= 0.06). Phonemic awareness at T1 did not
predict reading fluency outcome at T2 (r= 0.47, p=0.12).

Functional Connectivity—At both T1 and T2, the time courses of left and right area
V5/MT activation exhibited significant correlations with bilateral posterior cortex, extending
ventrally and dorsally. Figure 4A and 4B show the results for the children at T1 and T2.
These will not be described in detail here; instead, the description will focus on the analysis
comparing T1 and T2 data.

Group Analyses: Seed-to-Voxel in Children at T1 versus T2—Pairwise
connectivity analyses revealed no change in functional connectivity for left or right V5/MT
from T1to T2.

Discussion

This is the first study to compare V5/MT activation in children and adults during coherent
motion processing as well as the functional connectivity of VV5/MT to other brain regions in
these two groups. Our Cross-Sectional Study of coherent visual motion processing extends
the work of Klaver et al. (2008), who investigated differences in visual motion processing
between children and adults for random motion stimuli and shape-from-motion stimuli, but
who did not examine coherent motion stimuli. Similar to Klaver and colleagues, we used
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whole-brain analyses as well as a ROl analysis approach. As in the study by Klaver and
colleagues, we found no differences in V5/MT activation between children and adults when
considering group data for the whole brain; but we did find relatively more activity in adults
in a between-group ROI analysis. While our findings are consistent with Klaver et al., who
reported a difference of trending significance for their ROI combining left and right V5/MT,
these ROI group differences may have been driven by the location of the ROI or the
variability of V5/MT activation in children. Therefore, we conducted further analyses at the
level of the single subject, and found that all 15 adults and all 13 children had bilateral
activity in area V5/MT. We then generated group averages for location, extent and amplitude
of activity identified in all individual participants and compared group averages of these
measures between children and adults. There were no differences for these comparisons,
other than that children exhibited relatively greater extent of V5/MT activation. Next, we
examined the reliability of the data sets with regard to reproducibility from one run to the
next, and found that children’s data was as reliable between the two runs as those of adults.
Finally, we investigated functional connectivity and found children to have relatively greater
local connectivity of area V5/MT bilaterally. As such, we conclude that children and adults
are similar in intensity of activation, and only differ in the extent of activity, as well as in
connectivity with other regions. Consistent with this, in our Longitudinal Study we found no
changes in V5/MT activity from 2"d to 3" grade for whole-brain, ROI group analyses or
single-subject analyses. There was no change in functional connectivity of area V5/MT
between these two time points. This suggests that the differences observed in the Cross-
Sectional Study for extent of activity and functional connectivity represent a protracted
process. Finally, we did not find evidence to support a relationship between change in brain
activity in area V5/MT and change in reading ability from 2"d into 3" grade; or between
change in brain activity in area V5/MT and chronological age; or that brain activity in 2
grade was predictive of reading in 3" grade. In sum, we conclude that adults and children
are very similar in their activation of area V5/MT for coherent motion perception and that
there is a gradual developmental honing regarding the extent of activation of area V5/MT
with increasing age, together with a gradual decrease in functional connectivity with
surrounding extrastriate visual cortex.

Coherent Visual Motion Processing in Adults and Children: Group Analyses

Whole-brain analyses in the adult group revealed brain activity in response to coherent
visual mation (compared to static dots) consistent with previous literature (Dupont et al.,
1994; McKeefry et al., 1997; Sunaert et al., 1999; Watson et al., 1993), with significant
activation in bilateral dorsal occipitotemporal cortex, including V5/MT. Coordinates of
V5/MT activation were similar in location to those reported in prior studies (Dupont et al.,
1994; McKeefry et al., 1997; Sunaert et al., 1999; Watson et al., 1993), as was activity
observed in primary and secondary visual cortex (Dupont et al., 1994; McKeefry et al, 1997;
Sunaert et al., 1999; Watson et al., 1993). Activation within these regions has been shown to
be greater for coherent motion than random motion perception (Braddick et al., 2001;
Paradis et al., 2000; but see McKeefry et al., 1997). The children in our study also exhibited
significant functional activation in right area V5/MT, whereas activation in left V5/MT did
not survive FWE correction.
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When directly compared to adults, children exhibited less activation in bilateral early visual
cortex (V1/V2), as well as in the left postcentral gyrus. These between-group differences
were driven by differences in coherent visual motion processing rather than being due to any
decrease during static dot processing (i.e., we observed no significant differences when
comparing adults and children for the contrast of Static > Fixation). There were, however, no
between-group differences in area V5/MT for the contrast of Motion > Static. In sum, like
Klaver and colleagues, whose children (n=10) were 6 to 7 years of age (ours were 7 to 8
years of age), we found no differences between the children and adults in area V5/MT for
the whole-brain group analysis. The only difference observed by Klaver and colleagues for a
whole-brain analysis was for random motion in the left precentral gyrus (children > adults).

Turning to the group analyses using a ROI approach to examine V5/MT-specific activity, we
placed spheres centered on the left and right coordinates reported by Watson and colleagues
(1993) in a study of adults. Klaver and colleagues (2008) created spheres around coordinates
reported by Murray et al. (2003), a study of shape-from-motion visual processing in adults.
Using this approach, we found activation within the area V5/MT ROls bilaterally in adults
but only in the right hemisphere in children. Direct comparison between the two groups
revealed greater activity in adults relative to children in the left V5/MT ROI, with a right
hemisphere difference of trending significance. These findings make it tempting to conclude
that there is a developmental shift of V5/MT activation, increasing with age, and that this is
mostly driven by an increase in activity in left area V5/MT. Our between-group results using
a ROI approach are similar to those from Klaver and colleagues, who reported that adults
exhibit greater activation in area V5/MT relative to children during perception of random
motion stimuli. However, it should be noted that they combined the data from the left and
right ROIs and that significance was only trending. When our data from left and right
V5/MT ROls are collapsed to provide a comparison to Klaver et al., 2008, the results reveal
significant between-group differences, with adults having greater activation than children.

While our findings are generally consistent with those of Klaver and colleagues (2008) and
suggest age-specific differences in left (or left and right combined) V5/MT activity when
using a ROl approach, there is reason to be cautious of the results. First, the ROIs were
derived from coordinates published in a study of adults (Watson et al., 1993), leading to the
question of whether they adequately captured activation within our pediatric group. Second,
children may show more variability in location and extent of activation, which could
inadvertently produce between-group differences in group ROI-based analyses. As such, we
went on to conduct single-subject analyses, discussed next, which led us to conclude that the
group results from the literature-based ROI are not reliable.

Coherent Visual Motion Processing in Adults and Children: Single-Subject Analyses

Within each subject, we searched foci of activity closest to the locations where V5/MT is
typically observed. This individual subject analysis revealed that every participant, child and
adult, had activity in area V5/MT. When examining group means for location, extent and
amplitude of activation, there were no differences in location or amplitude between our child
and adult groups. However, we did find that our pediatric participants exhibited a greater
extent of V5/MT activation than adults in both left and right area V5/MT. Children’s clusters
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of activation contained ~50% more above-threshold voxels than adults, leading to larger
extent of activation. In consideration of this observation in the single-subject data, it is
notable that the whole-brain group map (Figure 1) also indicates more widespread right
hemisphere activation in the children. At the same time, given this finding of greater extent,
it seems paradoxical that left V5/MT in children did not meet statistical threshold in the
group analysis, and that the ROI analysis found left V5/MT to be less active in children
relative to adults. However, as noted in the Results section of the group analyses, a less
stringent threshold did show activity in children in left V5/MT, and as already discussed, the
ROI approach may be inaccurate for other reasons. Importantly, the single-subject analysis
was helpful in capturing the individual profiles for all participants.

One question that arises is whether head movement is responsible for the more widespread
pattern of activation in children than adults in this single-subject analysis. While the whole
brain group analysis included a step to address the role of head movement (by generation of
maps of correlations between inter-scan head movement and brain activity for Motion >
Static), the single-subject analysis did not include an analogous procedure. To address this
we conducted post-hoc analyses to rule out the potential concern that head movement in
children could be responsible for the greater extent of V5/MT activation. First we computed
correlations between in-scanner head movement with area of activation of V5/MT and found
there was no significant positive relationship for adults or children (separately or when
combined) in neither left nor right V5/MT. Secondly, we removed some subjects from the
pediatric and adult groups so as to generate subgroups that were matched on the amount of
head movement. When these were contrasted for the single-subject analysis, the finding of
greater area of activity for children relative to adults remained. Specifically, for a subset of 8
children and 12 adults, the between-group #test for head movement was no longer
significant (p > 0.1) and yet there was greater area of activity for children: right V5/MT p<
0.001, and left V5/MT, p=0.001. As such, while it would be reasonable to expect that head
movement might be a contributing factor to the more widespread pattern of activation
observed in children, the data do not support this.

A developmental paring down or ‘focalization’ of functional activation (fewer areas
exhibiting significant activation) has been observed across cognitive domains, including
tasks of language (Booth et al., 2001; see Berl et al., 2006, for review), motor (Mdller et al.,
1998), and visual processing (Passarotti et al., 2003; see Grill-Specter et al., 2008, for
review). However, reports of changes in the extent of significant activation within the same
specific region across development are mixed. Passarotti and colleagues (2003) reported a
developmental shift (based on comparing children with adults) in focalization of activation
during face- and location-matching tasks (to interrogate the ventral and dorsal visual
systems, respectively). They reported a greater extent of activation in adults than in children
in parietal cortex for location matching, but a smaller extent of activation in adults in
fusiform gyrus as well as middle temporal gyrus during the face-matching task. Further, in a
study of retinotopic organization of children (7-12 years old) and adults, Conner and
colleagues (2004) observed larger extrastriate regions (i.e., V1, V2, V3 and V4) in adults
than in children. Developmental differences in extent of activation of area V5/MT have not
previously been reported. Whether areas exhibit greater or smaller extents of activation with
age may vary as a function of brain region and task. Additionally, as Grill-Specter and
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colleagues (2008) suggest, reports may vary due to experimental design and methodological
factors, in that different tasks require different strategies, which may further vary between
children and adults; or in that analyses conducted at the group level do not take into account
potential variability at the single-subject level.

To address this potential variability, we used single-subject data to examine the reliability of
the results. For every subject we compared the first and second run with regards to location,
extent and intensity of activation and found that children, like adults, had reproducible
results. This is not too surprising, given that the task was both easy and engaging for young
participants, but it is nevertheless an important observation and one that allows us to feel
confident about any between-group differences.

Coherent Visual Motion Processing in Adults and Children: Functional Connectivity

Both groups showed extensive functional connectivity from area V5/MT to other regions, as
has been previously reported. These regions include thalamus (Gaglianese, 2012), primary
visual and extrastriate visual cortex, ventral temporal cortex, inferior and middle occipital
gyri, (Hampson et al., 2004) superior parietal lobule, precentral sulcus/gyrus and the frontal
eye fields (Yeo et al., 2011). We found greater functional connectivity in children than in
adults between left and right V5/MT and surrounding ipsilateral and contralateral homotopic
inferior temporal cortices. While this may be related to the greater extent of V5/MT
activation observed in children (i.e. greater extent of active voxels result in more functionally
connected voxels), such a relationship would need to be tested empirically. Observation of
greater local and within-network connectivity in children relative to adults is consistent with
previous reports of developmental changes in functional connectivity (Betzel et al., 2014;
Fair et al., 2007, 2009; Farrant & Uddin, 2015; Rubia, 2013). However, in these reports,
greater local or short-range and within-network connectivity in children was observed in
tandem with greater long-range or “distributed’ connectivity in adults. For instance, Farrant
and Uddin (2015) used resting state fMRI to compare functional connectivity within the
dorsal attention network (DAN, in which V5/MT participates) between children (7-12 years
old) and adults. Using the frontal eye fields (FEF) as their seed region, the investigators
found children to exhibit greater functional connectivity within the DAN, whereas adults
exhibited greater connectivity between the FEF seed region and extra-network regions.
While we report greater short-range and local connectivity in our group of children, we did
not find any regions (long- or short-range) where adults exhibited greater functional
connectivity with our V5/MT seed regions. This could be due to the simple nature of the
functional architecture of visual motion perception.

Coherent Visual Motion Processing in Children Measured Longitudinally at Two Time
Points: Group and Single-Subject Analyses of Activity and Group Analysis of Functional
Connectivity

We had anticipated, based on prior work, that adults and children would differ in the amount
of brain activity in area V5/MT and included a longitudinal study to examine a more fine-
grained time scale of such potential change within a group of children over the course of a
year. However, we only observed significant changes in low-level visual cortex across this
time span for the whole-brain group analysis. There were no other changes for this analysis
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or any of the other analyses (ROI group data or single-subject data). We also did not observe
a difference between the two time points for functional connectivity. This indicates that there
are no fine-grained developmental changes over the period of one year in area V5/MT that
are measurable with fMRI under the experimental conditions described in this study. As
such, the difference observed between children and adults in the Cross-Sectional Study
(described above) in extent of activity is likely to take place over a protracted time period.

Following from the above discussion regarding the different outcomes depending on the
analysis employed, at T1 of the Longitudinal Study we did not find activity in area V5/MT
for the group using either a whole-brain or a ROI analysis approach. At T2, activity was
found for right, but not left, area V5/MT for the whole-brain analysis. While this whole-
brain analysis result is consistent with the children from the Cross-Sectional Stuady; it is odd
that the right hemisphere activity was not observed when using the ROI analysis (the Cross-
Sectional Study revealed right V5/MT activity using both whole brain and ROI analyses).
This result of right V5/MT activity from the whole-brain but not ROI analysis again
indicates that the use of ROI was not optimal for pediatric data. Notably, the single-subject
analyses revealed that all 12 children had bilateral activity in area V5/MT at both time points
(albeit one child just short of threshold at T2). These results once again speak to the
advantage of using a single-subject approach, as our individually defined V5/MT analyses
were most successful in showing brain activity during coherent motion processing in all
children.

Few Age-Dependent Differences in Area V5/MT

As outlined in the Introduction, differences in motion perception thresholds between
children at different ages and between children and adults (Boets et al., 2011) raise the
possibility of age-dependent differences in activity in area V5/MT as well as differences in
functional connectivity. Indeed, the adults in our study performed significantly better than
did children on measures of accuracy and reaction time for the Motion task. The children in
the longitudinal study improved their accuracy on the Motion task from 29 to 3™ grade, but
this change was not significant. Age-dependent difference in performance may have been
greater if the task had not been so easy, with subjects performing close to ceiling, something
that is not uncommon in fMRI studies where the goal is to try to equate the groups for
performance inside of the scanner (Price et al., 2006). Our fMRI results show, however, that
few differences exist between adults and children in terms of brain activity underlying
coherent motion perception, and that these are constrained to the spatial extent and
functional connectivity of activation. The subtleness of these differences, while surprising in
the context of the existing behavioral literature (Atkinson & Braddick, 2005; Boets et al.,
2011; Braddick et al., 2016; Gunn et al., 2002; Hadad et al., 2011), is not unexpected from
the anatomical perspective. Area V5/MT is heavily myelinated at birth (Flechsig 1920;
Watson et al., 1993) and has been shown with fMRI to be active in 7-week old infants (Biagi
etal., 2015). Area V5/MT is typically found in the same location across individuals (Annese
et al., 2005; Wilms et al., 2005; though see Large et al., 2016), most commonly at the
intersection of two sulci (Annese et al., 2005; Dumoulin et al., 2000). Recent studies have
directly linked a functionally defined V5/MT to areas that are heavily myelinated compared
to surrounding cortex (Glasser & Van Essen, 2011; Sereno et al., 2013). Hence, the
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anatomical evidence suggests that area V5/MT is early to develop and, as such, may not be
likely to show substantial developmental differences past a very young age. However, this
does not preclude that developmental differences in visual motion processing skills may be
driven by brain areas beyond extrastriate visual cortex. For example, recent work by
Braddick and colleagues (2016) investigating the relationship between visual motion
processing and brain anatomy (measured as local cortical surface area), suggests that strong
global motion sensitivity in children is positively related to greater parietal cortex surface
area. More recently, Braddick and colleagues (2017) reported an association between
children’s motion coherence thresholds and functional anisotropy of the superior
longitudinal fasciculus. This raises the possibility that other aspects of the dorsal stream,
beyond area V5/MT, may have a contributing role determining motion processing ability
over development.

Our work also illustrates the problems in using independent adult coordinates obtained from
a previously published study, which led to between-group differences that, following our
single-subject analyses, we deemed to be erroneous. The use of a stereotactic atlas, derived
in adults, may only serve to compound this problem. However, the use of a stereotactic atlas
is common in developmental imaging studies, with work by Burgund, Kang and colleagues
(Burgund et al., 2002; Kang et al., 2003) reassuring us that comparisons between adults and
children using MRI and fMRI are valid.

No Role for V5/MT Activity in Predicting Reading Outcome

Our longitudinal study failed to provide evidence of gains in reading being associated with
changes in V5/MT activation. This was unexpected, as recent studies have suggested that
increased experience in reading may be yoked with increased activity in area V5/MT (Boets
et al., 2011; Olulade et al., 2013b). We also tested the hypothesis that V5/MT integrity may
lay the groundwork for successful reading outcome by investigating the relationship between
2" grade VV5/MT activation and 3 grade reading scores. Whereas a behavioral measure of
phonemic awareness predicts reading outcome in our sample, as in previous studies
(Schatschneider et al., 2004; Wagner & Torgesen, 1987), a similar predictive power for
V5/MT activity at T1 and reading outcome at T2 was not supported. We cannot rule out the
possibility, though, that our fMRI signal may have lacked statistical power to bear out a
relationship between 2" grade VV5/MT activation and 3'd grade reading. Additionally, while
behavioral studies into the relationship between reading and coherent motion processing
have been conducted in pre-reading children, our participants had already learned to read.
As a result of this, any reading-related changes in V5/MT activation may have already
occurred in our participants. However, it is important to note that brain activity during a task
of phonological processing (real word rhyming task) did not predict later reading in 8- to 12-
year-old children who were typical readers (Hoeft et al., 2007). In that study, predictive
powers for fMRI measures were only observed in a group of children with dyslexia, where
activity in right inferior frontal gyrus was predictive of later reading gains.

Of note is that our results are also consistent with those of Kevan and Pammer (2009), who
found that a behavioral measure of coherent motion sensitivity did not predict later reading.
They found instead that a measure of pre-reading frequency doubling sensitivity predicted
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early reading measures of real and pseudoword reading. Their suggestion for why one dorsal
stream measure predicted reading outcome but not the other (i.e., coherent motion
perception) was that perhaps the higher-order neuroanatomical substrates of coherent motion
sensitivity, as opposed to lower-level substrates of frequency doubling sensitivity, are only
“assimilated” into the reading network once reading skills become more sophisticated.
Whereas the authors hypothesized that perhaps their early readers (avg. age 7 years) were
not yet at a level of reading advanced enough to require areas subserving coherent motion
perception (e.g., V5/MT) to have been incorporated into the reading network, this
explanation does not apply to our children, who were older and have had more complex
reading experiences. Our results are also consistent with a study by Braddick and colleagues
(2016), who did not find correlations between global motion sensitivity and single word
reading. Interestingly, they did find a significant association with this measure and
performance on a task of numerical cognition.

Together, our two studies provide the first insight into area V5/MT activity measured with
fMRI during coherent visual motion perception in elementary school-aged children.
Foremost, our findings illustrate that the method for defining and interrogating V5/MT is
critical for characterizing this region. We observed significant differences in V5/MT
activation between children and adults when using a ROI identified in adults. When using a
single-subject approach, V5/MT no longer differed between the adults and children, other
than in extent of activation. Further, we did not observe any significant changes in V5/MT
activation from 29 to 3 grade, regardless of which analysis was performed. Reading
development did not appear to be driving MT/V5 activity. To conclude, we offer a
comprehensive examination of coherent visual motion processing in children in area V5/MT.
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Cross-Sectional Study - fMRI
Whole-Brain Analyses Literature-Based ROI Analyses

Adults

=-12 . z=0
Children Children

Figure 1.
A-B) Coherent visual motion-evoked activation in A) adults and children, and in B) adults

versus children across the whole brain. C-D) Coherent visual motion-evoked activation
within V5/MT in C) adults and children, and in D) adults versus children, using ROIs
centered on literature-based coordinates. Motion > Static, voxel p < 0.005 uncorrected,
cluster p< 0.05 corrected. Activation up to 5 mm beneath the cortical surface is displayed.
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Cross-Sectional Study - Connectivity
Adults Adults > Children
Left VS/IMT . Left V5/MT

no significant clusters
g "" v A
A PTY)

Right VSIMT

no significant clusters

t' ]

Children Children > Adults

Left VSIMT ; Left VS/IMT

Figure 2.
Bilateral V5/MT seed-to-voxel results for A) adults, B) children, C) adults > children, and

D) children > adults. For the within-group maps, areas exhibiting positive correlations are
indicated in orange/red, areas exhibiting negative correlations are indicated in green/blue.
Voxel p < 0.005 uncorrected, cluster p < 0.05 corrected. Connectivity up to 5 mm beneath
the cortical surface is displayed.
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Figure 3.
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Longitudinal Study - fMRI
Literature-Based ROl Analyses

Time 1

-

no significant clusters

t‘ ]

z=0

Time 2 > Time 1

A-B) Coherent visual motion-evoked activation at A) T1 and T2, and for B) T1 versus T2
across the whole brain. C-D) Coherent visual motion-evoked activation within V5/MT at C)
T1 and T2, and for D) T1 versus T2, using ROIs centered on literature-based coordinates.
Motion > Static, voxel p < 0.005 uncorrected, cluster p< 0.05 corrected. Activation up to 5
mm beneath the cortical surface is displayed.
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Cross-Sectional Study - Longitudinal
Time 1 Time 1 > Time 2
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na significant clusters
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Time 2 Time 2 > Time 1
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Figure 4.
Bilateral V5/MT seed-to-voxel results for A) T1, B) T2, C) T1 > T2, and D) T2 > T1. Areas

exhibiting positive correlations are indicated in orange/red, areas exhibiting negative
correlations are indicated in green/blue. Voxel p < 0.005 uncorrected, cluster p< 0.05
corrected. Connectivity up to 5 mm beneath the cortical surface is displayed.

Neuroimage. Author manuscript; available in PMC 2019 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Taylor et al.

Table 1

Page 32

Demographics, Neuropsychological Measures and In-Scanner Performance for the Cross-Sectional Study

Children Adults p value
N 13 15
Sex (female/male) 5/8 7/8
Age 7704 22528
1Q 122+ 11 125+7 n.s.
Word Identification — SS 116 +6~ 113+57 n.s.
Word Attack - SS 117+77 107+67 0.003
Mean Inter-Scan Displacement (mm) | 0.3+0.3 01+0.1 0.012
Motion Accuracy (%) 94 +5 9+1 0.001
Static Accuracy (%) 98 +3 100+0 n.s.
Motion - Static accuracy (%) -5+6 -1+1 0.03
Motion reaction time (ms) 1449 + 315 | 1035+ 335 | <0.001
Static reaction time (ms) 1081 + 167 | 831+ 163 0.002
Motion - Static reaction time (ms) 368 + 299 204 £ 255 n.s.

SS — Standard Score
+ standard deviation
*

WRMT-R

fWJ 1l

Statistical significance: p< 0.05

Neuroimage. Author manuscript; available in PMC 2019 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Taylor et al.

Table 2

Demographics, Neuropsychological Measures and In-Scanner Performance for the Longitudinal Study

T1 | T2 p value
N 12
Sex (female/male) 5/7
Age 84+04 | 9.1+03 <0.001
1Q 119+ 12
Word Identification - SS* 11810 114£9 0.002
Word Identification - RS * 68+ 10 72%9 0.006
Word Attack - SS* 117 £12 115+ 14 ns.
Word Attack - RS ¥ 30+6 32+7 n.s.
Reading Fluency - SS 113 +13 116 + 13 n.s.
Reading Fluency - RS 39+12 48 +12 <0.001
CTOPP-Elision - SS 117+6 114+ 10 n.s.
CTOPP-Elision - RS 17+1 17+2 n.s.
Mean Inter-Scan Displacement (mm) | 0.3+0.2 02+0.1 n.s.
Motion Accuracy (%) 91+15 96 +5 n.s.
Static Accuracy (%) 97 +4 97+3 n.s.
Motion - Static accuracy (%) -6+12 -1+5 n.s.
Motion reaction time (ms) 1244 +£282 | 1120 +231 | n.s.
Static reaction time (ms) 978 + 223 945 + 140 n.s.
Motion - Static reaction time (ms) 267 £ 271 175 + 209 n.s.

SS - Standard Score
RS - Raw Score
+ standard deviation
*

WRMT

Statistical significance: p< 0.05
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