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Developmental Changes in the Organization of Functional
Connections between the Basal Ganglia and Cerebral Cortex
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The basal ganglia (BG) comprise a set of subcortical nuclei with sensorimotor, cognitive, and limbic subdivisions, indicative of functional
organization. BG dysfunction in several developmental disorders suggests the importance of the healthy maturation of these structures.
However, few studies have investigated the development of BG functional organization. Using resting-state functional connectivity MRI
(rs-fcMRI), we compared human child and adult functional connectivity of the BG with rs-fcMRI-defined cortical systems. Because
children move more than adults, customized preprocessing, including volume censoring, was used to minimize motion-induced rs-
fcMRI artifact. Our results demonstrated functional organization in the adult BG consistent with subdivisions previously identified in
anatomical tracing studies. Group comparisons revealed a developmental shift in bilateral posterior putamen/pallidum clusters from
preferential connectivity with the somatomotor “face” system in childhood to preferential connectivity with control/attention systems
(frontoparietal, ventral attention) in adulthood. This shift was due to a decline in the functional connectivity of these clusters with the
somatomotor face system over development, and no change with control/attention systems. Applying multivariate pattern analysis, we
were able to reliably classify individuals as children or adults based on BG- cortical system functional connectivity. Interrogation of the
features driving this classification revealed, in addition to the somatomotor face system, contributions by the orbitofrontal, auditory, and
somatomotor hand systems. These results demonstrate that BG- cortical functional connectivity evolves over development, and may
lend insight into developmental disorders that involve BG dysfunction, particularly those involving motor systems (e.g., Tourette syn-

drome).
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Introduction

The basal ganglia (BG) comprise a set of subcortical nuclei that
are involved in motor control, and executive and limbic func-
tions (Middleton and Strick, 2000; McClure et al., 2003; Gerardin
etal., 2004; Aron et al., 2007; Graybiel, 2008). Dysfunction in BG
structures and their cortical connections has been implicated
in movement disorders, including Tourette syndrome (TS) and
Parkinson disease, and in disorders of executive control, including
attention-deficit/hyperactivity disorder (ADHD) and obsessive-
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compulsive disorder (OCD; Bradshaw and Sheppard, 2000). In-
terestingly, several of these disorders (e.g., TS, ADHD, OCD)
develop during childhood. Thus, understanding the develop-
ment of the BG and their functional cortical connections in hu-
mans would be beneficial not only to developmental cognitive
neuroscience, but also to child neurology and psychiatry.

Most knowledge of BG connectivity is based on anatomical
tracing and single-unit studies in nonhuman primates (Alexan-
der et al., 1986; Middleton and Strick, 2000). The data converge
on spatially specific corticostriatal connections: somato-
sensorimotor regions project primarily to the posterior putamen
(in a somatotopically organized fashion); prefrontal and other
“association” regions project primarily to the caudate and ante-
rior putamen; and limbic/paralimbic regions project primarily to
the ventral striatum (Selemon and Goldman-Rakic, 1985; Alex-
ander et al., 1986; Parent, 1990; Haber, 2003; Nambu, 2011).
Neuroimaging studies, implementing diffusion tensor imaging
and resting state-functional connectivity MRI (rs-fcMRI), have
revealed that the organization of anatomical and functional con-
nectivity between the BG and the cortex in healthy adult humans
corresponds well with nonhuman primate data (Lehéricy et al.,
2004; Leh et al., 2007; Di Martino et al., 2008; Draganski et al.,
2008; Barnes et al., 2010; Choi et al., 2012). However, there is
surprisingly little research on the development of corticostriatal
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functional connectivity. Given the role of the BG in several devel-
opmental disorders, it is of particular interest to investigate BG
connectivity during the developmental period in which these dis-
orders typically begin or peak in severity. For example, the onset
of TS and ADHD is typically around 67 years of age. Studying
the development of functional connectivity patterns from this
early age may be key for understanding the mechanisms that go
awry in such developmental disorders.

Here, we interrogated the development of functional connec-
tivity between the BG and cerebral cortex using rs-fcMRI. Our
goal was to generate a context within which we could pursue
investigations of atypically developing populations with pre-
sumed dysfunction in cortical-BG interactions. In particular, we
wished to identify developmental changes in BG functional orga-
nization by examining, in healthy children and adults, patterns of
blood oxygenation level-dependent (BOLD) correlations be-
tween the BG and cortical networks previously defined by rs-
fcMRI (hereinafter referred to as “systems”). We hypothesized
that the maturation of BG functional organization would reflect a
developmental shift toward greater involvement of control sys-
tems in the brain (Casey et al., 2005). First, we applied traditional
univariate analyses to capture group differences. Second, we ap-
plied multivariate pattern analysis (MVPA) tools to classify indi-
viduals as children or adults based on patterns of BG functional
connectivity and to detect features of BG development that may
not have been captured by the univariate analyses.

Materials and Methods

Participants

A group of 120 healthy young adults (19-31 years old; 60 males) and 60
healthy children (7-12 years old; 33 males) were selected from an extant
database of participants (n = 487; age, 6.7—35.4 years old; 206 males) on
the basis of having at least 5.5 min of rs-fcMRI data after motion “scrub-
bing” (see below). Participants had been recruited from the Washington
University campus and the surrounding community. All participants
were native English speakers and right handed. Participants reported no
history of neurological or psychiatric disease and were not taking psy-
chotropic medications, as assessed by self-report for adult participants
and parental report for child participants. All adult participants, and a
parent or guardian for each child participant, gave informed consent,
and all children assented. All participants were compensated for their
participation. The Washington University Human Research Protection
Office approved all studies.

Image acquisition

Data were acquired on a Siemens 3 T MAGNETOM Trio scanner with a
Siemens 12-channel Head Matrix Coil. To help stabilize head position,
each subject was fitted with a thermoplastic mask fastened to holders on
the head coil. A T1-weighted sagittal MP-RAGE structural image (slice
time echo, 3.06 ms; TR, 2.4 s; inversion time, 1 s; flip angle, 8% 127 slices;
1 X 1 X 1 mm voxels) and a T2-weighted turbo spin echo structural
image (TE, 84 ms; TR, 6.8 s; 32 slices; 2 X 1 X 4 mm voxels) in the same
anatomical plane as the BOLD images were obtained to improve align-
ment to an atlas. Functional images were acquired using a BOLD
contrast-sensitive echo planar sequence (TE, 27 ms; flip angle, 90°% in-
plane resolution, 4 X 4 mm; volume TR, 2.5 s for 177 participants; TR,
2.2 s for 3 child participants). Whole-brain coverage was obtained with
32 contiguous interleaved 4 mm axial slices. Steady-state magnetization
was assumed after four volumes. In the adult group, 336 = 121 functional
volumes (range, 184—724) were acquired, and in the child group, 377 *
166 functional volumes (range, 260—780) were acquired.

During functional “resting” scans, participants viewed a centrally pre-
sented white crosshair (subtending a <1° visual angle) on a black back-
ground. Participants were instructed to relax, watch the crosshair, and
hold as still as possible.
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Image analysis

Preprocessing. Functional images from each subject were preprocessed
to reduce artifacts (Shulman et al., 2010). These steps included the fol-
lowing: (1) sinc interpolation of all slices to the temporal midpoint of the
first slice, accounting for differences in the acquisition time of each indi-
vidual slice; (2) correction for head movement within and across runs;
and (3) intensity normalization to a whole-brain mode value (across
voxels and TRs) of 1000 for each run. Atlas transformation of the func-
tional data was computed for each individual via the MP-RAGE scan.
Each run was then resampled in atlas space on an isotropic 3 mm grid
combining movement correction and atlas transformation in a single
interpolation (Shulman et al., 2010). The target atlas (TRIO_KY_NDC,
http://nrg.wikispaces.com/atlas_targets) was created using validated
methods (Black et al., 2004) from MP-RAGE scans from thirteen 7- to
9-year-old children (seven males) and twelve 21- to 30-year-old adults
(six males). The scans for the atlas were collected on the same Siemens 3
T MAGNETOM Trio scanner used in the present study. The atlas was
made to conform to the Talairach atlas space as defined by the spatial
normalization method of Lancaster et al. (1995). The image registration
methods used here, even when applied to images with 8—10 mm resolu-
tion (FWHM), are accurate to within =<1 mm (Black et al., 2001; Row-
land et al., 2005).

Functional connectivity preprocessing. For rs-fcMRI data, several addi-
tional preprocessing steps were applied to reduce spurious variance (e.g.,
heart rate and respiration) unlikely to reflect neuronal activity (Fox et al.,
2009). These steps included a multiple regression of nuisance variables
from the BOLD data and a temporal bandpass filter (0.009 Hz < £ < 0.08
Hz). Nuisance regressors included individualized ventricular and white
matter signals averaged from regions of interest (ROIs) defined from
each participant’s structural image, six detrended head realignment pa-
rameters obtained by rigid-body head motion correction, and the deriv-
atives of these signals and parameters. Global signal was not included as
anuisance regressor, as the partial correlation approach implemented in
our analyses (see below) accounted for the shared variance among corti-
cal systems.

Motion scrubbing. Head motion can cause spurious yet systematic
changes in BOLD correlations, affecting group comparisons (Power et
al., 2012; Van Dijk et al., 2012). Thus, the data in this report underwent a
volume censoring (scrubbing) procedure similar to that previously de-
scribed (Power et al., 2012, 2014) to minimize motion-related effects.
Frame-by-frame head displacement (FD) was calculated from prepro-
cessing realignment estimates, and frame-by-frame signal change [root
mean square value of all brain voxels at every volume of the differentiated
BOLD time series (DVARS)] was calculated from the functional connec-
tivity image generated after functional connectivity preprocessing. A
temporal mask was formed by flagging any volume with DVARS >2%
BOLD signal change, and any volume with FD >0.25 mm, as well as two
volumes before and two volumes after the FD-flagged volumes to ac-
count for spin history effects and possible temporal spread of artifactual
signal during temporal filtering. The data were then reprocessed using
the temporal masks that excluded all flagged volumes so that motion-
contaminated data contributed neither to regressions nor to functional
connectivity estimates. This procedure removed 18 * 14% of the data
from the 120 adults, leaving 272 = 105 volumes (range, 150—719) of
usable data per subject, and it removed 30 = 17% of the data from the 60
children, leaving 257 * 111 volumes (range, 132—622) of data per sub-
ject. Though the number of volumes removed differed in the children
and the adults, the number of remaining (analyzed) volumes did not
(p = 0.37), and differences in the amount of censoring have not appre-
ciably affected group comparisons of adult rs-fcMRI data (discussed in
Power et al., 2014). The partial correlation approach in the present anal-
yses (which has a similar effect on motion artifact to that of global signal
regression) accounts for the temporally remote effects of a movement-
tainted frame on functional connectivity (e.g., the prolonged effects last-
ing many seconds after motion, as noted in Power et al., 2014).

Anatomical definitions
Basal ganglia definition. Segmentation of basal ganglia structures was
performed using FSL version 4.1.8 [Oxford Centre for Functional Mag-
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netic Resonance Imaging of the Brain (FMRIB) A
Software Library (www.fmrib.ox.ac.uk/fsl)].
MP-RAGE structural images were entered into
the FMRIB integrated registration and seg-
mentation tool (FIRST), which defines eight
subcortical regions: caudate nucleus, putamen,
pallidum, nucleus accumbens, amygdala, hip-
pocampus, thalamus, and brainstem. The
caudate, putamen, pallidum, and nucleus ac-
cumbens were grouped together and isolated
to create a basal ganglia mask for each subject.
Those voxels labeled as basal ganglia in 75% of
our total subject pool were included in the
group basal ganglia mask, as this overlap pro-
vided reasonable borders of basal ganglia struc-
tures of interest in the child and adult cohorts
(Fig. 1A).

Cortical system definition. To investigate
functional connectivity between the basal gan-
glia and known cortical functional systems, we
selected cortical systems from a brain network
scheme that was created by applying graph the-
oretical and community detection tools to rs-
fcMRI data (Power et al., 2011). For this
scheme, a full voxelwise approach for graph
definition (in which each voxel in the brain is
treated as a node in the graph) was modified
such that short-distance connections were ex-
cluded. This “modified voxelwise” approach
used by Power et al., 2011 generated a map of
putative brain network modules that corre-
sponds well with known functional systems in
the brain (i.e., brain systems previously identi-
fied by task-activation studies). From this
whole-brain description of functional network
organization, we selected major systems with
reliable representation and particularly well
defined functional significance. These cortical
systems encompassed most cortical regions
with known/suspected anatomical connec-
tions to the basal ganglia (Alexander et al.,
1986; Haber and Knutson, 2010). These sys-
tems, however, did not include the orbitofrontal cortex, which has
known connections to the ventral striatum. Therefore, we also included
an orbitofrontal system derived from analyses in Power etal. (2011). This
process resulted in a set of 11 systems (Fig. 1B): (1) sensory and somato-
motor systems: visual, auditory, somatomotor “face,” and somatomotor
“hand”;

(2) attention/control systems: frontoparietal, cingulo-opercular, dorsal
attention, ventral attention, and salience; (3) the default mode system;
and (4) the orbitofrontal system.

.

oni M visual

Figure 1.

(2017).

Correlations between cortical systems and the basal ganglia

Partial correlation analyses. For each subject, the mean BOLD time
series was extracted from each of the 11 cortical systems. The partial
correlation was then calculated, as in Zhang et al. (2008), between the
BOLD time series in each basal ganglia voxel and each cortical system
(i.e., for each system and BG voxel, a residual correlation was computed
after partialling out the signal from the other cortical systems). These
partial correlations were then normalized using Fisher’s r-to-z trans-
form, and averaged across a group of subjects (e.g., 120 adults, 60 chil-
dren). Only positive correlations were used for subsequent group and
winner-take-all analyses. To test the significance of the partial correla-
tions, we computed ¢ statistics for each voxel and converted the ¢ statistics
to z-scores.

Regressing out cortical signal adjacent to the basal ganglia. Anatomically,
some basal ganglia structures are immediately adjacent to cortical regions
within the 11 selected cortical systems. For example, the putamen is just
medial to the insula, which contributes to the cingulo-opercular, sa-
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A, Voxels included in the basal ganglia mask are indicated in white with a black boundary; slices are shown in the
transverse plane (image left is anatomical left), z-coordinate is in the top left corner. B, Eleven cortical systems from Power et al.

lience, and auditory systems. It is possible that signal bleed between
adjacent regions could lead to artifactual increases in correlation strength
between voxels in lateral putamen and the cortical systems that include
insula. To account for this possibility, we identified those voxels belong-
ing to the 11 cortical systems of interest that were spatially located within
5 mm of the basal ganglia mask (i.e., the set of voxels that overlapped
between the cortical systems mask and a 5 mm dilated version of our
basal ganglia mask). This procedure identified 128 voxels, most of which
were in the insula, with some others in medial prefrontal cortex. Similar
to Choi et al. (2012), we regressed out the mean signal of those specific
cortical voxels from the BOLD data within the basal ganglia, to specifi-
cally avoid possible shared signal from nearby cortical regions. All main
results include this regression. Where specifically indicated, control anal-
yses are performed without this regression.

Group comparisons. For purposes of comparing adults and children,
we divided the group of 120 adults into two cohorts of 60, each of which
was compared with the 60 children. The two adult cohorts and the child
group were matched on the number of volumes retained after motion-
scrubbing procedures (see Table 1 for subject characteristics). We di-
rectly compared the partial correlation coefficients of children and adults
within each cortical system by computing two-sample ¢ tests (accounting
for unequal group variance) on the Fisher z-transformed r values for each
cortical system. We then corrected for multiple comparisons using false
discovery rate (FDR; p < 0.05) and a minimum cluster size of 10 voxels.
To explore the functional connectivity profile of voxel clusters surviving
correction for multiple comparisons, we created seeds (5 mm radius)
centered on the clusters to generate seed maps in each group. Whole-
brain correlation maps for each subject were generated, and then each
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Table 1. Participant demographic information

Age Male/ Volumes retained after
(years) female (n) motion scrubbing
Adult cohort 1 (n = 60) 248 (2.4) 30/30 272.4(95.8)
Adult cohort 2 (n = 60) 24.7 (2.4) 30/30 2722 (113.8)
Children (n = 60) 10.5(1.3) 33/27 256.8 (110.8)

Data are mean (SD), unless otherwise indicated. There were no significant differences between groups onsex (p =
0.58) or volumes retained (p = 0.41; p = 0.45).

subject’s z-transformed correlation map was used to generate group-
level whole-brain correlation maps for each adult cohort and for the child
group. The correlation maps of the child group were compared to each
adult cohort to produce images describing any differences.

Winner-take-all analyses. We applied a winner-take-all approach to
parcellate the basal ganglia according to their functional relationships
with cortical systems. This approach has previously provided reasonable
functional parcellations of several subcortical brain structures (Zhang et
al., 2008; Fair et al., 2010; Buckner et al., 2011; Choi et al., 2012), and
provides an image for summarizing the relative strengths of functional
relationships between a structure and multiple brain systems. In the
present analyses, each basal ganglia voxel was assigned to the cortical
system with which it correlated most (displayed using corresponding
colors). For display purposes, all images have been resampled to 1 X 1 X
1 mm space within the basal ganglia mask. To compare winner-take-all
maps across groups, we calculated the number of voxels that differed by
winner assignment. To quantify statistical significance, we used permu-
tation testing on 120 subjects (60 adults and 60 children), randomly
selecting 60 subjects and comparing them to the remaining 60 subjects in
each permutation (100,000 permutations). This procedure estimated the
distribution of the number of voxels differing by winner assignment
between two equal groups of 60 adults and children chosen by chance.
Then, the true number of voxels differing by winner assignment between
the 60 children and each of the two previously defined adult cohorts of 60
was computed and compared against the distribution from the permu-
tation testing to assess significance.

Classification using multivariate pattern analysis

We used MVPA, specifically support vector machine (SVM) algorithms,
to test how well the functional relationships between the BG and cortical
systems could be leveraged to classify an individual’s maturation status
(i.e., child or adult). An SVM takes a training set of labeled samples, each
with a series of features, and learns the properties and weights of the
features that characterize the labels. Once a decision function is learned
based on the training data, it can be used to predict the class label of a
new, previously unseen, test sample (Scholkopf and Smola, 2002; Ben-
Hur et al., 2008).

We used the Spider Machine Learning Toolbox in Matlab (http://www.
kyb.mpg.de/bs/people/spider/) for our SVM computations and applied
methods previously used in our laboratory (Dosenbach et al., 2010).
Briefly, each subject was treated as a point in multidimensional space
where the number of dimensions equals the number of features. Entering
the partial correlation matrix (781 voxels X 11 cortical systems X 120
subjects) into the SVM, we treated each functional connection (r value)
between a given BG voxel and a given cortical system as a feature, result-
ing in 8591 features. Using soft-margin separation (Ben-Hur et al., 2008),
linear kernel SVMs were applied to distinguish between subjects belong-
ing to two classes: child and adult. Separate SVMs were run to distinguish
children from each of the previously defined adult cohorts. To estimate
classification accuracy and to identify the most consistent discriminating
features, we used a leave-one-out-cross-validation (LOOCV) method,
where each subject was designated as the test sample in turn, while the
remaining samples were used to train the SVM classifier. As each subject
was designated as the test sample once, there were as many folds (rounds
of cross-validation) as subjects. Within each LOOCYV fold, feature reduc-
tion was applied, as this technique has been shown to speed up compu-
tation and improve classification performance (Hastie et al., 2001; De
Martino et al., 2008; Pereira et al., 2009). The number of features was
reduced to 120, equal to our number of samples/subjects, since decre-
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ments in performance arise when the number of features substantially
exceeds the number of training samples due to overfitting. As in Dosen-
bach etal. (2010), two-sample ¢ tests (not assuming equal variance) were
run to compare the features across the two classes on the training set of
each LOOCYV fold (with the test sample excluded). The features with the
highest ¢ scores were retained. Once all folds were completed, the accu-
racies for all folds were averaged together to generate a final accuracy
estimate (percentage of subjects accurately classified), and the one-tailed
probability of the accuracy estimate (under the null hypothesis that each
subject assignment was random with a probability of 0.5) was calculated
using the binomial distribution. To interrogate the features that most
contributed to the classification, those features that were retained in all
LOOCYV folds (100% consensus) for each SVM were extracted. We were
specifically interested in consensus features that were similar across both
SVM classifiers (i.e., child vs adult cohort 1, and child vs adult cohort 2).

Results

Changes in basal ganglia functional connectivity

over development

Partial correlations in adults

Adult partial correlation maps within the basal ganglia for each of
the 11 cortical systems are shown in Figure 2, and peak coordi-
nates are listed in Table 2. While some of the partial correlation
results were consistent with known anatomical connections, rs-
fcMRI correlations do not necessitate monosynaptic connections
(Vincent et al., 2007). Functional connectivity can provide
unique information about the functional relationships between
brain regions, as demonstrated by several results here.

The somatomotor hand system correlated with the dorsal pos-
terior putamen, while the somatomotor face system correlated
with the ventral posterior putamen, showing a dorsal-to-ventral
topography consistent with known anatomical connections from
tracing studies in nonhuman primates (Alexander and DeLong,
1985; Flaherty and Graybiel, 1993; Nambu, 2011). The auditory
system also showed correlations with the ventral posterior puta-
men, yet its highest correlations were within the head of the cau-
date. The visual system correlated with the ventral striatum and
anterior putamen, as well as with posterior portions of the palli-
dum. The orbitofrontal system strongly correlated with the ven-
tral striatum, consistent with tracing studies in nonhuman
primates (Haber and McFarland, 1999; Haber, 2003).

Examination of the spatial patterns of partial correlation can
provide insight into the extent to which there is overlapping func-
tional organization across cortical systems. For instance, the sen-
sory and motor systems just described demonstrated spatially
segregated connectivity in the BG, whereas the attention/control
systems and the default-mode system demonstrated some spatial
overlap in their BG connectivity. The frontoparietal and ventral
attention systems largely overlapped, correlating with the cau-
date (extending from the head to the body) and with large por-
tions of the putamen extending into the pallidum. The default
and dorsal attention systems also correlated with the caudate, but
extended into the ventral striatum. These systems showed some
segregation, as the default system additionally correlated with the
ventral pallidum, while the dorsal attention system correlated
with the ventral anterior putamen. The salience system over-
lapped largely with the frontoparietal and ventral attention sys-
tems along the body and head of the caudate, as well as with the
default and dorsal attention systems in the caudate and ventral
striatum. The salience system also correlated with the anterior
parts of the pallidum. Finally, the cingulo-opercular system cor-
related with large portions of the putamen and pallidum.
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Figure 2.

Partial correlation maps for each cortical system in the adult group (n = 120). Purple, blue, and green lines displayed across the cortex on the left correspond to the transverse slices (in

the z-plane) shown here. Slices were chosen that best represent the peak partial correlation values between basal ganglia voxels and each cortical system. Significant partial correlations are defined

as those with a z-score >2.3 (p << 0.01). Image left is anatomical left.

Group comparisons of partial correlations

The partial correlation results in the children were largely similar
to those in adults, demonstrating an overall highly comparable
spatial organization. However, the children appeared to have
larger-magnitude correlations with the somatomotor face system
(Fig. 3A). Direct statistical comparisons of the partial correlations
confirmed that age group differences were found selectively with
the somatomotor face system, and were localized to a cluster of
voxels in the posterior putamen and pallidum (Fig. 3B). These
voxels showed significantly greater correlations with the somato-
motor face system in children than in adults. Direct statistical
comparison did not reveal a significant age group difference in
the correlation strengths between any basal ganglia voxels and the
other cortical systems.

Within the posterior putamen/pallidum cluster that showed a
significant group difference, we further examined whether there
was a relationship between the partial correlations and age. We
calculated the Pearson correlation between age and the mean
partial correlation coefficient of all the voxels in the cluster for the
somatomotor face system, separately for the children and adults.
Figure 3C shows that there was a significant correlation in the
children (r = —0.31, p = 0.014), as the partial correlation de-
creased with age, but there was no significant correlation in the
adults (r = 0.09, p = 0.33). Thus, the correlation with the so-
matomotor face system decreased in childhood and had stabi-
lized by early adulthood. As we suspect that a great deal of
dynamics occurs developmentally within the child group age
range (7-12 years), a more detailed analysis of development
within this range would be interesting but is underpowered in the
current study.

Seed maps of the regions showing group differences

To explore the bilateral posterior putamen/pallidum regions that
differed between children and adults, we examined the functional
connectivity profiles of those regions. Seed maps for the left

hemisphere cluster (cluster center MNI coordinates: —26, —11,
—1) for each group are shown in Figure 4A. Seed maps for the
right hemisphere cluster (cluster center MNI coordinates: 29,
—11, —2) look very similar but have higher magnitudes. Group
comparisons showed that the correlation maps differed between
children and adults in somatomotor cortex bilaterally, specifi-
cally within the somatomotor face system (Fig. 4B; results were
the same for the right hemisphere seed). Correlations between
the seed regions and the somatomotor face area were greater in
children than in adults, as expected by the partial correlation
results.

Winner-take-all results

To create winner-take-all maps, each basal ganglia voxel was la-
beled by the cortical system with which it correlated the most
(Fig. 5), as in Zhang et al. (2008). In the adults, the auditory
(pink), dorsal attention (bright green), and default mode (red)
systems were not well represented in the winner-take-all maps, as
they correlated more strongly than the other cortical systems in
only a few basal ganglia voxels. Of the systems that were well
represented, there was a posterior-to-anterior topography in the
caudate nucleus from ventral attention (teal) to salience (black),
which then moved into the orbitofrontal system (cream) in the
ventral striatum. There were also ventral portions along the cau-
date represented by the frontoparietal (yellow) system. In the
posterior putamen, the ventral-dorsal topography of the so-
matomotor face (orange) and hand (light blue) systems was
clearly demonstrated. In addition to these somatomotor systems,
control systems were represented in the putamen, including the
frontoparietal (yellow), ventral attention (teal), and cingulo-
opercular (purple) systems. Finally, in the pallidum, control sys-
tems and the visual system (dark blue) were represented most
strongly. Thus, consistent with a previous report (Choi et al.,
2012), we have observed functional organization within the basal
ganglia in typical adults using rs-fcMRI-derived functional sys-
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Table 2. Positive partial correlations of the basal ganglia with each cortical system
MNI coordinates

Peak

Cortical system Anatomical region Side x y z z-score

Auditory Caudate (anterior) L -1 19 5 488
R 9 13 5 426
Putamen (posterior, ventral) R 29 =5 =7 426
Somatomotor face  Putamen (posterior, ventral) L -29 -9 —4 692
R 29 —8 =5 495
Somatomotor hand  Putamen (posterior, dorsal) L =29 -1 7 451
R 30 -8 8 5N
Visual Pallidum L =21 =10 2 490
R 25 —10 2 472
Putamen (anterior, ventral) L —20 M =5 59
R 20 14 —6 697
Ventral striatum L -10 16 0 569
R 1 17 -2 6.03
Cingulo-opercular  Pallidum L =20 —6 —4 665
R 20 —4 -5 687
Putamen L —24 9 1 638
R 24 9 7 660
Dorsal attention (Caudate R 17 18 10 3.9
Putamen (anterior, ventral) L -20 17 —8 424
R 20 13 -9 449
Ventral striatum L -4 21 0 546
R 12 21 2 561
Frontoparietal Caudate L —10 n 8§ 787
R 12 12 9 813
Putamen L =23 —4 5 546
R 26 =5 3 551
Salience (audate L —13 17 4 1058
R 15 18 5 1135
Pallidum (anterior) L =17 3 2 517
R 15 2 -1 489
Ventral striatum L —18 12 —4 644
R 1 14 -2 7133
Ventral attention (audate L —-13 0 13 1088
R 15 7 16 934
Putamen L =27 -8 1 658
L =21 2 6 913
R 23 7 2 564
Default mode (audate L -1 9 15 473
R 12 9 15 464
Pallidum (ventral) L -19 -6 -5 342
R 2 —4 —6 36
Ventral striatum L -9 13 —2 555
R 10 17 0 461
Orbitofrontal Ventral striatum L =15 18 —6 823
R 19 5 -9 923
L, left; R, right.

tems. Further, the winner-take-all maps were similar across dif-
ferent cohorts of adults (i.e., when we divided the 120 adults into
two groups of 60; data not shown). These winner-take-all maps
demonstrate that this functional parcellation approach reveals
organization in the basal ganglia that is not evident in the struc-
tural MRI MP-RAGE images alone.

Visual examination of the winner-take-all maps in children
suggests similarities to the adults in the caudate and ventral stria-
tum, and some differences from the adults in the putamen (Fig.
5). The general organization of the control systems in the caudate
and the dominance of the orbitofrontal system in the ventral
striatum were preserved in children and adults. However, the
somatomotor systems and the auditory system “won” in the pu-
tamen in children, while control systems, specifically the ventral
attention and frontoparietal systems, won in the putamen in
adults. The total number of voxels that differed by winner assign-
ment between child and adult groups was significantly higher
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than would be expected by chance. As shown in Figure 3D, the
child group differed from one adult cohort in 388 voxels (of 781
possible) and from the other adult cohort in 368 voxels (both
comparisons p < 0.001 by permutation testing).

Justification for regression of cortical signals near the basal ganglia
When winner-take-all analyses were conducted without regress-
ing out the signal from cortical voxels anatomically adjacent to
the basal ganglia, marked changes from the results above were
seen: almost all of the putamen correlated most strongly with the
cingulo-opercular system. The cingulo-opercular system in-
cludes the anterior insula, which directly neighbors the putamen.
Thus, the high correlations between voxels in the putamen and
the cingulo-opercular system in this analysis approach may be
due to signal bleed between the putamen and insula. This result
supports the decision to remove such signal for the primary anal-
yses, though such an approach reduces our ability to detect true
correlations that might exist between the basal ganglia and nearby
cortex (specifically, cortex in the cingulo-opercular system).

Reliability of winner assignments

To assess the reliability of winner assignments in the winner-
take-all maps, we conducted the winner-take-all analysis for each
individual subject and then calculated the number of subjects in
agreement upon the winner for each basal ganglia voxel. In the
adults, there was high reliability in the dorsal caudate and ventral
striatum, and low reliability in the putamen and pallidum (Fig.
6A, adults). In other words, reliability was highest for assigning
the control systems to the caudate and the orbitofrontal system to
the ventral striatum. In addition, we examined the margin by
which the winning system correlated with each basal ganglia
voxel more than the system in second place (i.e., Ar) on the group
level. This group-level analysis yielded highly similar results to
the subject-level reliability analysis (Fig. 6B, adults), as the dorsal
caudate and ventral striatum had the largest Ar values.

In the children, reliability was highest in the caudate and ven-
tral striatum (Fig. 6A, children), similar to the adults. However,
unlike the adults, reliability was also high in the posterior puta-
men/pallidum bilaterally in the children. These regions spatially
corresponded to the regions that showed significant differences
between children and adults. Thus, the winning relationship in
the posterior putamen/pallidum with the somatomotor face sys-
tem in the children was highly reliable, but the relationship in the
same region with control systems in the adults was less reliable.
The group-level Ar maps (showing the difference between the
correlation with the winning cortical system and the system in
second place) demonstrated the same pattern as the reliability
maps (Fig. 6B, children).

Investigating possible analysis confounds

The significant difference between children and adults replicated
when we conducted the analysis without regressing out the cor-
tical signal adjacent to the basal ganglia, demonstrating that this
regression did not influence the group difference results. We also
investigated a subset of 45 children and 45 adults who were
matched on the precise number of males and females (23 males
per group), number of volumes retained for analysis (children:
mean = 249.4, SD = 79.8; adults: mean = 250.4, SD = 78.3; p =
0.95), and movement (FD) after motion scrubbing (children:
mean = 0.11, SD = 0.016; adults: mean = 0.11, SD = 0.01; p =
0.34). Group comparisons of these highly matched subgroups rep-
licated our results, demonstrating significantly greater correlations
in the posterior putamen/pallidum with the somatomotor face sys-
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Children differ significantly from adults. A, Partial correlations for the somatomotor face system in adults and children; z-score scale is 2.3— 8, as in Figure 2. B, Voxels with a significant

difference in partial correlations between children and each adult cohort; colored orange to correspond with the somatomotor face system. C, Correlation between age and mean partial correlation
coefficient within the voxels colored in B. *Significance. D, Frequency histogram showing the number of voxels labeled differently (in winner-take-all assignment) across 100,000 random
assignments of data in two groups composed of children and adults (blue). The number of voxels labeled differently between the 60 children and the two original adults cohorts shown by the red

stars.

tem in children than in adults, confirming that these results were not
driven by residual group differences. Direct comparisons between
the two adult cohorts revealed no significant differences in correla-
tion strength with any cortical system, as expected.

To further investigate whether residual differences in motion
(or the neural sources of motion) may have affected functional
correlations, we compared seed maps of five somatomotor face
ROIs (from Power et al., 2011) between the child and adult co-
horts. If differences in the neural sources of face and mouth
movements were present and affected correlations between the
basal ganglia and cortex, we would expect that correlations be-
tween homotopic somatomotor regions would also differ be-
tween children and adults. Whole-brain seed-map comparisons
showed no significant group differences in cortical voxels (two-
sample t tests, FDR corrected, p < 0.05, but not cluster size cor-
rected to be more liberal). When we narrowed the space to
compare seed maps specifically within the somatomotor face sys-
tem, there were no significant differences, with the exception of
two voxels in one of the seed-map comparisons in the child versus
adult cohort 1 comparison, but not in the child versus adult
cohort 2 comparison (seed MNI coordinates: —39, —11, 35).
Thus, we did not find compelling evidence for differences in
homotopic functional correlations.

We also tested whether our result might be explained by ana-
tomical differences (i.e., whether the voxels identified by the
group comparison were mostly putamen in one group and
mostly pallidum in the other). Such an anatomical explanation
was not supported. Of the 76 voxels showing group differences in

the child cohort versus adult cohort 1 comparison, 25 voxels were
labeled by the segmentation tool as putamen and 49 as pallidum
in the child cohort (2 voxels were labeled as something else), and
27 were labeled as putamen and 47 as pallidum in the adult co-
hort. These anatomical identifications were not significantly dif-
ferent: x*(2,N = 120) = 0.63 (p = 0.731). Of the 66 voxels
showing group differences in the child cohort versus adult cohort
2 comparison, 20 were labeled as putamen and 45 as pallidum in
the child cohort, and 22 were labeled as putamen and 43 as pal-
lidum in the adult cohort, which again was not significantly dif-
ferent: y*(2,N = 120) = 0.69 (p = 0.708).

Signal dropout was assessed in the basal ganglia in the child
and adult groups by examining the mean BOLD signal, calculated
as the average of the first frame of acquisition (after steady-state
magnetization) from each group of subjects (Ojemann et al.,
1997; Wig et al., 2013). Within the basal ganglia mask, voxels with
>20% signal loss (using the same conservative threshold as in
Wig et al., 2013) were found in the inferior part of the ventral
striatum, consistent with known susceptibility artifacts in the nu-
cleus accumbens; the adults had more signal loss in these voxels
than the children. Thus, caution is warranted when interpreting
results in the inferior part of the ventral striatum (which corre-
lated with the orbitofrontal system). It is worth noting, however,
that the partial correlations and winner-take-all assignments did
not differ between children and adults in these ventral striatum
voxels. Voxels elsewhere in the basal ganglia did not demonstrate
signal loss >20% in either group.
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Figure 4. A, Whole-brain functional connectivity of left hemisphere putamen/pallidum seed (MNI coordinates: —26,

—11, —1)in children (n = 60) and each adult cohort (n = 60 each).

Positive correlations are displayed in warm colors. B, Comparisons of each adult cohort to the cohort of children. Stronger correlations in children than adults are displayed in warm colors; stronger

correlations in adults than children are displayed in cool colors.

SVM reliably classifies maturation status based on basal
ganglia— cortical system functional connectivity

Classification accuracy

SVM classification of individual subjects as children or adults
based on basal ganglia—cortical system functional connectivity
was 83.3% accurate (sensitivity, 81.7%; specificity, 85%; p =
2.8 X 10 ') for classifying children and adult cohort 1, and 75%
accurate (sensitivity, 73.3%; specificity, 76.7%; p = 1.9 X 10~®)
for classifying children and adult cohort 2. To check that SVM
classifiers were not able to make distinctions between groups that
should not be different, we also divided the 60 children and 60
adults in cohort 1 into two groups of 60 subjects, with 30 children
and 30 adults per group, according to whether their subject num-
ber was odd or even. Subject numbers were randomly assigned on

the day of the MRI scanning session, and therefore should not
reflect a systematic difference related to physiology. SVM classi-
fication of odd or even subject numbers was 53.3% accurate,
which was not significant (p = 0.262). The SVM was also not able
to reliably classify subjects from the two adult cohorts labeled
either by cohort (45% accuracy, p = 0.882) or by sex (55.8%
accuracy, p = 0.118). Thus, the classifiers were able to detect
patterns in the functional relationships between the basal ganglia
and cortical systems that distinguished children and adults, but
not other groupings.

Important features driving the developmental distinctions
We extracted the features that were among the most heavily
weighted across every LOOCV fold (i.e., 100% consensus), and
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Figure5. Winner-take-all maps in adults and children, displaying functional connectivity between the basal ganglia and functionally defined cortical systems. Each basal ganglia voxel is colored
according to the cortical system it most correlates with (color key at the bottom). On the left, slices shown in the transverse plane (image left is anatomical left), z = —7 toz = 22 (top left corner).
On the right, 3-D renderings displayed in lateral, dorsal, ventral, and medial views. Superior (S) direction is shown with a blue arrow; anterior (A) and posterior (P) directions are shown with a green
arrow; and medial (M) and lateral (L) directions are shown with a red arrow.



identified 86 consensus features from the child versus adult co-
hort 1 classifier (classifier 1) and 85 consensus features from the
child versus adult cohort 2 classifier (classifier 2). Each feature
represents the partial correlation between a single basal ganglia
voxel and a single cortical system, so we calculated the percentage
of voxels per cortical system represented by the consensus fea-
tures. As shown in Figure 7A, the systems that contained >5% of
the voxels in both classifiers included the somatomotor face, au-
ditory, and orbitofrontal systems. In classifier 1 alone, the visual
system contained >5% of the voxels, and in classifier 2 alone the
somatomotor hand and cingulo-opercular systems contained
>5% of the voxels. However, we will focus on those systems that
were similarly represented by both classifiers. Most consensus
feature voxels were in the somatomotor face system. Mapping
these features onto the brain atlas revealed that the voxels were in
the same posterior putamen/pallidum regions identified by the
univariate comparison. The auditory system voxels were situated

in the dorsal portion of the posterior pu-
tamen and pallidum, and were mostly in
the left hemisphere. The orbitofrontal sys-
tem voxels were located bilaterally in the
pallidum and ventral striatum.

Since most consensus features over-
lapped with the univariate results, we ran
additional SVMs excluding the voxels that
were significant in the univariate analyses,
similar to Haxby et al. (2001). Classifica-
tion accuracy (adult vs child subjects) was
78.3% (p = 5.6 X 107'% sensitivity,
76.7%; specificity, 80%) for classifier 1
and 75.8% (p = 6.1 X 10 ~°; sensitivity,
68.3%; specificity, 83.3%) for classifier 2.
Interrogation of the features revealed 77
consensus features for classifier 1 and 72
consensus features for classifier 2. Figure
7B shows that the somatomotor hand, or-
bitofrontal, and auditory systems con-
tained >5% of the voxels in both
classifiers. Thus, BG functional connec-
tivity with these sensorimotor systems re-
liably distinguished children and adults,
even when the posterior putamen/palli-
dum voxels identified by the univariate
analyses were excluded. Together, these
results both underscore the convergence
of our univariate and multivariate analy-
ses, and highlight the added value of mul-
tivariate methods to reveal aspects of the
data that may not be readily apparent by
traditional univariate methods.

Discussion
We examined functional connectivity be-
tween the BG and functionally defined
cortical systems (Power et al, 2011).
Comparing BG-cortical system func-
tional connectivity in children and adults
using univariate methods revealed a spe-
cific developmental change in a posterior
putamen/pallidum region, driven by de-
creasing functional connectivity with the
somatomotor face system from child-
hood to adulthood. Multivariate meth-
ods classified individuals reliably as
children or adults based on BG—cortical system functional con-
nectivity. These results demonstrate that rs-fcMRI data are useful
for observing functional organization within the human BG, and
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A, B, Distribution of consensus features (percentage of all consensus features) by cortical system for classifier 1 (children and adult cohort 1) and classifier 2 (children and adult cohort

2) identified by the SVM based on BG— cortical system functional connectivity (4) and by the SVM that excluded BG voxels that showed a developmental difference in the univariate analyses (B; i.e.,

orange voxels in Fig. 3B).

the caudate; and orbitofrontal regions correlated with the ventral
striatum. Moreover, the division of somatomotor regions into
separate face and hand systems revealed a ventral-to-dorsal to-
pography consistent with anatomical topography in the putamen
(Alexander et al., 1986; Flaherty and Graybiel, 1993; Nambu,
2011; Choi et al., 2012).

Our results in adults were also consistent with previous de-
scriptions of functional connectivity in humans. For example,
Choi et al. (2012) used a similar methodological approach to
describe adult striatal functional organization. As in Choi et al.
(2012), we found preferential connectivity in the ventral striatum
with the orbitofrontal cortex, in the posterior putamen with so-
matomotor systems, and in the caudate and anterior putamen
with control/attention systems. Minor variations in functional
organization between the two studies are likely due to disparities
in the predefined cortical systems chosen as a starting point, as we
used a graph-theoretical brain system scheme from Power et al.
(2011), while Choi et al. (2012) used a clustering algorithm-
derived partition from Yeo et al. (2011).

Importantly, rs-fcMRI correlations do not necessitate direct
anatomical connections (Vincent et al., 2007); thus, func-
tional connectivity can provide novel and distinct informa-
tion. For example, multiple systems correlated with specific
BG nuclei—the orbitofrontal and visual systems correlated
with the ventral striatum, and multiple control/attention sys-
tems correlated with the caudate nucleus. In addition, the
winner-take-all approach identified transitions in functional
connectivity that do not correspond to obvious anatomical
divisions in BG nuclei. The organization of the salience, ven-
tral attention, and frontoparietal systems in the caudate is not
revealed by widely appreciated anatomical boundaries, dem-
onstrating the additional information that a functional ap-
proach can provide.

Functional connectivity of the BG shows a developmental
change with the somatomotor face cortical system
Comparisons between children and two distinct cohorts of adults
revealed a reliable and notable developmental change: a bilateral
cluster of voxels in the posterior putamen and pallidum showed
significantly stronger functional connectivity with the somato-
motor face system in children than in adults. Functional parcel-
lations identified by the winner-take-all approach demonstrated

that voxels in this posterior putamen/pallidum region preferen-
tially correlated with the somatomotor face system in children,
but with control/attention systems (ventral attention and fronto-
parietal) in adults. As correlations with the control/attention sys-
tems did not differ significantly in direct statistical comparisons
between the age groups, our results suggest that the difference
occurs because the functional relationship to somatomotor re-
gions becomes weaker with maturation. Thus, there was decreas-
ing functional connectivity with the somatomotor face system
with development (apparent even from 7 to 12 years of age; Fig.
3C), which appears to give way to preferential functional connec-
tivity with control systems in adulthood. A prominent perspec-
tive in the developmental literature is that there is a
developmental shift from stimulus-driven to goal-directed pro-
cessing in the brain (Casey et al., 2005). Therefore, we expected to
find a developmental shift in attention/control systems, but in-
stead found a sensorimotor shift.

We are unaware of any research on corticostriatal connectivity
from childhood to adulthood in humans with which we can con-
textualize our findings. One mouse study investigated striatal
responses to cortical stimulation in development, specifically
comparing mice at postnatal days 28 —32 (approximately equiv-
alent to adolescence) to adult mice (Galifianes et al., 2009). The
authors reported decreased striatal responsiveness to motor and
prefrontal cortical stimulation over development. Given our re-
sults, the decreased responsiveness reported in mice could be
specific to somatomotor systems, but further work is needed to
test such a hypothesis. Using a “winner-take-all” functional con-
nectivity approach similar to ours, Fair et al. (2010) demon-
strated developmental changes in the human thalamus.
Functional connectivity increased over development in some
subregions but decreased in others, demonstrating the sensitivity
of this method for detecting group changes in both directions.
They did not include analysis steps to deal with small head move-
ments that have since been shown to introduce artifacts in rs-
fcMRI data (Power et al., 2012), and they examined functional
connectivity between the thalamus and five anatomically defined
cortical swaths, rather than the functionally defined cortical sys-
tems we used. Therefore, it would be interesting for future work
to examine functional connectivity between the thalamus (as well
as other subcortical structures, e.g., amygdala) and functional
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cortical systems over the course of development, while optimally
accounting for motion.

BG- cortical system functional connectivity reliably

predicts maturity

We applied MVPA, specifically using SVM classifiers, to determine
whether patterns in BG—cortical system functional connectivity
could predict maturation status. The SVM classified individuals re-
liably and with high accuracy, demonstrating that our measurement
of BG—cortical system functional connectivity contains patterns of
information that distinguish children and adults.

One benefit of SVM is the identification of features that con-
tribute highly to the classification. Aside from functional connec-
tivity in the posterior putamen/pallidum with the somatomotor
face system, which was expected to distinguish children and
adults based on the univariate results, functional connectivity
with the orbitofrontal, auditory, and somatomotor hand systems
were identified as the next best predictors of maturation status.
These results support the idea that MVPA and univariate results,
while often broadly consistent, capitalize on different aspects of
the same data, as MVPA can reveal additional information not
detected by univariate analyses (Jimura and Poldrack, 2012). No-
tably, control/attention systems were not useful features for bi-
nary classification in any SVM, a surprising finding given the
evidence for protracted development of cognitive control and
related brain regions (e.g., Sowell et al., 1999). One interpretation
is that while attention/control systems themselves do develop
into adulthood, their functional relationships with the BG do not.
Control system—BG functional connectivity may be well devel-
oped by 7 years of age, while sensorimotor system—BG functional
connectivity continues to undergo developmental changes. Thus,
our results highlight the importance of relationships between the
BG and non-control/attention systems in development. The spe-
cific functional connections with the orbitofrontal, auditory, and
somatomotor hand systems may relate to reward processing, lan-
guage, and fine motor development; however, future research is
needed to characterize the developmental trajectories of these
specific functional relationships.

Implications

A major motivation for the present study was to refine a method
for interrogating functional organization within the BG that
might be useful for studying developmental disorders that in-
volve BG dysfunction. Our main finding of reduced functional
connectivity with the somatomotor face system over develop-
ment strikes a particular chord when considering certain devel-
opmental disorders, such as Tourette syndrome (TS). TS is
characterized by motor and vocal tics, and is thought to involve
dysfunction in cortico-striatal-thalamo-cortical circuits (Mink,
2001; for review, see Greene et al., 2013). Tics develop in child-
hood and often improve into late adolescence and early adult-
hood (Leckman, 2003). Interestingly, the most common tics
involve orofacial muscles (e.g., blinking, sniffing, throat clear-
ing). Therefore, the selective shift in functional connectivity with
the somatomotor face system (encompassing primary motor and
somatosensory areas related to the face) may be particularly im-
portant for understanding the developmental course of TS. The
developmental trajectory of BG functional organization may be
atypical in TS, and the partial correlation coefficient between the
posterior putamen/pallidum and somatomotor face system
could be used to quantify connectivity differences in TS and con-
trol subjects.
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Additionally, the ability to make predictions on a single-
subject basis using rs-fcMRI data, specifically BG—cortical system
functional connectivity, holds promise for applying such clas-
sification methods to disordered populations. For disorders
involving BG dysfunction, like TS, this approach may be useful
for making diagnostic or treatment predictions about individuals
(e.g., who will improve with time or respond to treatment). Fu-
ture work may benefit from studying the functional organization
of the BG in persons with TS and other developmental disorders,
and applying SVM to make diagnostic predictions.
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