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Abstract

Background—~Parkinson’s disease (PD), traditionally considered a movement disorder, has been
shown to affect executive function such as the ability to adapt behavior in response to new
environmental situations.

Objective—to identify the impact of PD on neural substrates subserving two specific
components of normal movement which we refer to as activation (initiating an un-cued response)
and inhibition (suppressing a cued response).

Methods—We used fMRI to measure pre-movement processes associated with activating an un-
cued response and inhibiting a cued response plan in 13 PD (ON anti-parkinsonian medications)
and 13 control subjects. Subjects were shown a visual arrow cue followed by a matched or
mismatched response target that instructed them to respond with a right, left, or bilateral button
press. In mismatched trials, an un-cued (new) response was initiated, or the previously cued
response was suppressed.

Results—We were able to isolate pre-movement responses in dorsolateral prefrontal cortex,
specifically in the right hemisphere. During the activation of an un-cued movement, PD subjects
showed decreased activity in the putamen and increased cortical activity in bilateral DLPFC,
SMA, subcentral gyrus and inferior frontal operculum. During inhibition of a previously cued
movement, the PD group showed increased activation in SMA, S1/M1, premotor and superior
parietal areas.
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Conclusion—Right DLPFC plays a role in pre-movement processes, and DLPFC activity is
abnormal in PD. Decreased specificity of responses was observed in multiple ROI’s. The basal
ganglia are involved in circuits that coordinate activation and inhibition involved in action
selection as well as execution.
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Introduction

In the past, the signs of Parkinson’s disease (PD) were often ascribed to isolated dysfunction
within the basal ganglia (BG). Accumulating evidence suggests, however, that a more
fruitful perspective is to view PD pathophysiology as dysfunction within macro-scale
neuronal circuits that interconnect different regions of the BG, thalamus, and cortex [1].
Anatomically-segregated BG-thalamocortical circuits normally subserve different functions,
such as skeletomotor behavior or cognitive function [1, 2], and focal disruption of neuronal
activity in one of these circuits selectively elicits, depending on the site of disruption,
discrete disorders of movement or cognition [3, 4]. Thus, while cognitive and motor
performance are intimately intertwined, it is clear that the cognitive impairments of PD have
unique functional correlates separate from motor deficits.

The BG-thalamocortical circuit that subserves executive function originates in dorsolateral
prefrontal cortex of the frontal lobe and projects primarily to the dorsolateral head of the
caudate nucleus [1, 2]. The caudate is connected, via the direct and indirect pathways to the
globus pallidus, substantia nigra and subthalamic nucleus. Pallidal and nigral neurons of the
circuit project to the thalamus, which in turn is connected back to dorsolateral prefrontal
cortex. Cognitive deficits appear to be related to the effects of the loss of dopaminergic
innervation of the caudate nucleus and consequent change in basal ganglia outflow in this
cognitive circuit [5-8]. Consequently, patients with PD display deficits in executive
function, which comprises the ability to elaborate or adapt behavior in response to new
environmental situations. Two major components of parkinsonian executive dysfunction are
an impaired ability to select context-appropriate actions, and impaired inhibition of
prepotent actions [9, 10].

The classical model of parkinsonian pathophysiology proposes that the motor deficits in PD
are due, at least in part, to an imbalance between activation and inhibition within basal
ganglia-thalamocortical circuits, impairing patients’ ability to initiate desired movements
and inhibit competing movements [11]. According to that proposal, when activity of the
direct and indirect pathways through the basal ganglia (BG) are in balance, the aggregate
effects disinhibit the thalamus appropriately so that desired motor responses can occur
without interfering effects of prepotent irrelevant or undesired responses.

This general activation-inhibition model of motor execution has been extended to include
cognitive function, such as filtering of movement relevant information [12, 13], and
Simmonds and colleagues [14] reviewed evidence for the hypothesis that a group of cortical
brain areas might comprise a circuit underlying processes of response inhibition including
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such regions as prefrontal and parietal cortex, dorsal cingulate, and insula. People with PD
demonstrate deficits consistent with impairment of both the activation and inhibition of
motor responses [15-17], which are components of a process termed ‘switching’. Switching
which consists of both the activation of a desired response and inhibition of the previous
response [18-20]. Recent fMRI studies of brain activity related to switching [21-23] suggest
that frontal areas that share basal ganglia circuits play a role in maintaining the action
program once it is activated. However, other fMRI studies reveal a lack of consistency as to
the involvement of frontal lobe in switch tasks [24, 25]. Thus, there has been a lack of
consensus regarding the exact nature of the pathophysiology of these deficits in PD.

Our goal was to test the hypothesis that PD results in abnormal activation of the
frontostriatal network subserving cognitive function during initiation of an un-cued response
and inhibition of a cued response. Unlike previous work, we were able to dissociate the
more abstract planning (activation and inhibition) aspects of the task from the motor
execution components so that we could disentangle brain areas associated with pre-
movement processes from those associated with motor execution.

Materials and Methods

Subjects

Thirteen right-handed PD subjects and 13 controls (Table 1) were enrolled after screening
for contraindication to MRI, history of stroke or significant head trauma, significant
uncorrected vision impairment, and history of brain surgery or claustrophobia. All subjects
provided written informed consent and the study was performed with the approval of the
University of California, Davis Committee for Human Research. Clinical diagnosis of PD
was made according to Queen Square Brain Bank criteria and confirmed by review of
medical records. Subjects performed the task in the best ON medicated state, while on
levodopa with carbidopa, dopamine agonist, and/or COMT inhibitor treatment for
Parkinson’s disease (Levadopa equivalents 867+ 517mg).

Stimulus Presentation

Stimuli consisted of a visually presented cue arrow followed by a target arrow that indicated
the correct button press response. Subjects were instructed to focus on the fixation point that
was present at all times. A cue arrow (in orange) was presented at fixation, followed by a
delay interval. At the end of the delay interval, a blue target arrow was presented at the
fixation point (Figure 1A).

Cue and target stimuli consisted of unidirectional arrows pointing to either the left or right,
or bidirectional (double-headed) arrows (Figure 1B). Subjects were instructed to respond to
the target arrow with either uni-manual (in the direction of a single-headed arrow) or
bimanual (in the case of bidirectional arrows) button presses. One of seven possible pairs of
cue/target stimuli was presented. Control trials were right cue and right target (RR), and left
cue and left target (LL) and bilateral cue and bilateral target (BB). Mismatched trials were
right or left cue and bilateral target (RB, LB), bilateral cue and right or left target (BR, BL).
There were two types of mismatched trials designed to examine two different behaviors. For

J Parkinsons Dis. Author manuscript; available in PMC 2015 September 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Disbrow et al.

Page 4

activation trials subjects were required to initiate an un-cued button press movement, as in
the case of RB and LB trials. For inhibition trials subjects were required to suppress a cued
button press movement, as in the BR and BL trials. Thirty-two trials of each stimulus type
were presented. Stimuli were broken into 8 runs each containing 28 trials so that subjects
could rest briefly between the 7-minute runs during the 1.5 hour scan. Stimuli were
presented in random order within each run.

A fiber-optic button box (Photon Control Inc., http://www.photon-control.com/) was held in
both left and right hands. Stimuli were generated on a PC using Presentation software
(www.neurobs.com/presentation). Subjects were supine and stimuli were viewed on an 83 x
61.5 cm rear-projection screen located at the subject’s feet through a mirror 6 cm above the
eyes and 290 cm from the mirror with a 0.3 degree visual angle. Stimuli were projected onto
the rear projection screen through an LCD projector (XG-G20XU, Sharp Electronics, New
Jersey).

Behavioral Data Acquisition

Reaction time data was collected from a subset of PD (N=6) and control (N=5) subjects
outside the MRI scanner. Data was collected using a Dell Precision pws380 running
Windows and Presentation software and ADC channel buttons (Ablenet Inc., Roseville,
MN; http://www.ablenetinc.com). Psychophysical data was collected on a separate day
following fMRI scanning.

MRI Acquisition

Scanning was performed on a 1.5 T GE Signa scanner at the University of California, Davis
Research Imaging Center. An event related design was used with whole brain volumes
collected every 2 seconds. Eight runs were acquired with each run consisting of 200 brain
volumes each: 4 frames at the start to help the scanner reach saturation, plus 196 frames of
stimulus delivery (28 blocks of 7 frames each).

FMRI data were collected using an interleaved gradient echo echo planar sequence (TR=
2000ms, TE =50 ms) from 20 six mm-thick axial slices (64 x 64 matrix, FOV = 220mm)
using a whole-head RF coil. A co-planar high resolution T1-weighted image was also
acquired within the same session (FOV= 220 mm, matrix = 256x256, TE = 6 ms, TR = 35
ms, flip angle = 30 degrees, 0.86 x 0.86 x 1.2 mm3).

Post-processing

High-resolution T1 images were re-sliced to 1 x 1 x 1 mms3 resolution, and the cortical
surfaces were identified and inflated using FreeSurfer (surfer.nmr.mgh.harvard.edu). FMRI
data in each run were spatially realigned using SPM5 (www.fil.ion.co.uk/spm2). For cortical
data, anatomical space analysis [26] was used to improve spatial localization by co-
registering all fMRI images from a given subject with the subject’s high-resolution
anatomical, and then reslicing and extracting each frame’s data at the white-gray junction
onto the registered cortical surface. Cortical and subcortical region of interest (ROI) data
was extracted from each fMRI frame using the individual subject ROIs defined by
FreeSurfer and by other methods (Table 2). Data were obtained from ROI’s that included
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structures involved in the sensory-motor and associate loops (Figure 2). ROI’s were chosen
because they are part of the sensory motor or cognitive-associative BG-thalamocortical
circuits (Table 2).

ROI Statistical Analysis

Percent signal change within each ROI was determined by subtracting the average of frames
1 and 7 within each block from those of frames 3, 4, and 5. Multifactorial ANOVAS using
CLEAVE software (www.ebire.org/hcnlab/cleave) were used to detect the random effects
group differences. Planned comparisons were performed for movement initiation (BB vs.
RB, BB vs. LB) and inhibition (RR vs. BR, LL vs. BL). Similarly, to examine group
differences we compared mismatched trials across groups (e.g. BR, PD vs. control).

Cortical Activation Visualization

Spatial smoothing was applied to individual cortical surface functional image data using a 5-
mm FWHM Gaussian surface filter [27]. Time-series smoothing was accomplished using a
high-pass polynomial filter to remove noise below 0.02 Hz. Statistical F-maps for condition
comparisons were then generated by using images 3 through 5 within a block as a factor
while taking into account the expected positive direction of BOLD activation [28]. We used
F-maps to identify reliable BOLD fluctuations within a block [29].

Results

Behavioral Results

There were no reaction time (RT) differences across trial types or between groups (Table 3).
There were also no significant differences in error rates across trials or between groups (PD
mean, SD: 3.0, 6.7%; Control: 1.3, 4.5%).

Activation of an Un-cued Movement, Group Differences

To evaluate the pre-movement processed associated with activation of an un-cued response,
we compared unilateral cue/bilateral target trials versus bilateral cue/ bilateral target trials.
We identified a significant difference in dorsolateral prefrontal cortex (DLPFC), where
control subjects showed greater signal intensity in the right hemisphere during response
activation regardless of the laterality of the response (F(1,24)=6.1, p<0.05; Figures 2B, 3).
In contrast, the PD group did not display this activation-specific interhemispheric
asymmetry in DLPFC. Rather, the PD group showed a bilateral response-related increase in
BOLD signal in DLPFC during both activation and control trials.

We also found several differences in BOLD signal between the PD and control groups when
comparing initiation trials across groups. The PD group showed a delayed latency in the
BOLD response of the BG which also was highly variable (F(2,48)=5.2, p<0.05; Figure 3).
There was also a small but significant time course difference between the control and PD
groups in the supplementary motor area (SMA; F(2,48)=3.5, p<0.05). In the subcentral
gyrus and inferior frontal operculum (IFO), the PD group showed a sustained increase in
signal intensity compared to controls in both the activation and control conditions
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(F(2,48)=7.4, p<0.005). There were no differences across groups in motor cortex, motor
related thalamus or parietal ROls.

Inhibiting a Cued Movement, Group Differences

To evaluate pre-movement processed associated with inhibition of a cued movement, we
compared bilateral cue/unilateral target trials with unilateral cue/unilateral target trials.
While the right hemisphere tended to be more active during inhibition in DLPFC in the
control group, there was no statistically significant asymmetry of response for the inhibition
conditions in the control or PD groups (Figure 2C). There was also no difference in BOLD
signal intensity between the inhibition and control trials for the PD or control groups.

Significant differences between groups for inhibition trials included a larger BOLD response
in the SMA in the PD group (F(1,24)=4.6, p<0.05; Figure 4). In addition, the PD group
showed reduced hemispheric asymmetry in the cortex. In S1/M1 the control group showed a
greater BOLD signal in the hemisphere contralateral to the unilateral button press compared
to the ipsilateral hemisphere (Figure 4). In contrast, the PD group showed a bilateral BOLD
increase in S1/M1 in response to unilateral button press under both trial types (F(1,24)=5.9,
p<0.05; Figure 4). A similar relative enhancement of ipsilateral BOLD activity in the PD
group occurred in premotor and superior parietal areas (F(1,24)=4.7, 6.4, respectively, all
p<0.05). Inhibition trials also resulted in activation in both the PD and control groups in the
subcentral gyrus. However, the inferior frontal operculum (IFO) was more active in the PD
group (F(1,24)=9.0, p<0.05; Figure 4) compared to controls.

Bold Signal and Levadopa Equivalents

To evaluate the relationship between the BOLD signal and dopamine replacement therapy
we calculated the correlations between the mean BOLD contrast (mean signal intensity from
time points 3,4, 5 versus time points 1 and 7 across all conditions) with levadopa equivalent
data from individual PD subjects. Significant correlations (p < 0.01) were observed in SMA
(R%2=0.69), M1S1 (R2=0.50), IFO (R2=0.49) and subcentral gyrus (R2=0.62).

Discussion

We examined critical brain regions that comprise the frontal-thalamo-striatal circuits
subserving movement initiation and inhibition, and we were able to dissociate brain circuitry
subserving these processes in DLPFC. We also identified abnormalities in BOLD activation
patterns in PD, measuring decreased selectivity of responses in multiple regions of interest.
These key findings will be discussed in terms of their implications for the neural circuits
involved in the healthy brain and in the brain affected by PD.

Differentiating Activation and Inhibition

In the current study, pre-movement processes underlying activation and inhibition of
responses could be differentiated from processes underlying movement execution,
specifically in DLPFC. Activation of an un-cued response resulted in a significant increase
in BOLD signal in the right hemisphere. A similar, albeit non-significant, trend was
observed for inhibition of a cued movement. Data on movement activation is relatively
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sparse and inconsistent. Fassbender and colleagues [30] found that the right DLPFC was
active during both cued and un-cued trials of a go/no-go task, which is in agreement with the
current findings. However, unlike previous work, we were able to isolate pre-movement
aspects of the task from the motor execution components. For example, Aron and colleagues
[15] reported activity that tended to be contralateral to the responding hand, for example in
M1 and thalamus in response to “go” trials. In contrast, in our study, the control motor
output condition allowed us to isolate pre-movement activity to DLPFC on movement
activation trials.

Existing work suggests that switching and response inhibition tasks have a common
substrate in the right inferior frontal cortex [31], and lesioning the right inferior frontal gyrus
(IFG) results in poorer performance on stop-signal inhibition tasks [32]. Chambers and
colleagues [33] administered transmagnetic stimulation (TMS) over right and left
hemispheres, including over the IFG and dorsal premotor areas, during performance of
go/no-go/flanker tasks. They found no change in performance when TMS was administered
over the left hemisphere, but impaired inhibition when TMS was applied over the right IFG.

In a review of ten response inhibition studies, Simmonds and colleagues [14] found support
for the hypothesis that a group of cortical brain areas might comprise a circuit underlying
processes of response inhibition. For example, Blasi et al., [34] reported inhibition related
activity which was lateralized to right PFC, parietal cortex, dorsal cingulate, and insula.
Furthermore, a review by Vanderhasselt et al. [35] suggests that hemispheric differences
depend on the type of task used. Kaller et al. [36] found that the left DLPFC was involved
with goal hierarchy, such as ordering several goals to reach a desired outcome, while the
right DLPFC was more active during lower order switching within a class of rules [37], as in
the task used in the current study. Taken together, the present findings suggest that regions
of the prefrontal cortex are involved in pre-movement activation and inhibition of simple
responses. While individual tasks yielded different patterns of activation, specific functions
tend to be lateralized irrespective of the lateralization of the response.

Loss of Selectivity

Our findings suggest that people with PD fail to modulate cortical activation to the same
extent seen in controls. For example, activation of an un-cued movement resulted in
significant activity in the right DLPFC compared to the control condition in the healthy
subjects regardless of which hand was used for the initiated movement. This hemispheric
asymmetry was not observed in PD subjects, who showed activity in both hemispheres in
DLPFC during initiation. Similarly, in the control group, the frontal operculum was active
only during activation, while in the PD group it was active during both activation and
inhibition. Furthermore, somatomotor cortex was differentially activated for unilateral and
bilateral responses in the control group, while the PD group tended to show bilateral activity
in S1/M1 for all stimulus conditions. Increased ipsilateral BOLD activity was also observed
in the PD group in the SMA, premotor, and superior parietal areas during unilateral
responses.

These findings are consistent with the concept that PD results in a loss of functional
segregation in parallel BG-thalamocortical circuits. Abundant evidence indicates that the
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normal functional selectivity of neuronal responses in the basal ganglia is dramatically
reduced in PD [38]. During movement, neurons in normal BG modulate activity to specific
parameters of movement including velocity, direction, force, and amplitude [39-42]. These
neurons also appear to be organized somatotopically [43-45]. These patterns of specific
movement-related modulation of activity have been described at all levels of the BG [for
review, see 38].

However in PD, this level of selectivity is lost. Electrophysiological recording data from
humans and MPTP non-human primate animal models indicates that somatotopy breaks
down, with an increase in kinesthetic cells responding to multiple joints or body parts as
well as ipsilateral limbs [44, 46-49]. A similar loss of specificity has been reported for the
thalamus [50], and our results extend these findings, suggesting that this loss of specificity is
also present in the cortex. Furthermore, while previous work has focused on motor circuits,
we have described a similar pattern in regions that make up the associative loop such as
DLPFC. The loss of specificity in BG-thalamocortical associative circuits likely contributes
to the deficits in cognitive flexibility observed in PD [51].

Parkinsonian Imbalance in Activation and Inhibition Circuitry

In the present study, people with PD showed abnormal brain activity during initiation and
inhibition of a response even during periods of optimal dopamine replacement where
behavior was at normal levels. During the activation of an un-cued movement, PD subjects
showed decreased activity in the putamen and increased cortical activity, specifically in
bilateral DLPFC, SMA, subcentral gyrus and IFO. Similarly, during inhibition of a
previously cued movement, the PD group showed increased activation in the SMA, S1/M1,
premotor and superior parietal areas. Consistent with earlier results from studies of motor
execution, it seems that the described abnormalities of activation/inhibition also reflect
properties of focused selection in relation to pre-movement processes. Our view is consistent
with the notion that the basal ganglia, which failed to show normal patterns of activation in
PD, provide an interface between input and output processes, in that these nuclei are
involved in circuits that coordinate activation and inhibition involved in action selection and
execution [see 52]. Our findings support the model proposed by Mink [11], extending it by
illustrating the importance of the frontal portions of the striatal-thalamic-frontal loops
involved in maintaining an appropriate balance between activation and inhibition within
these complex circuits.

Dopamine Replacement

While our study was not designed to examine the relationship between dopamine and pre-
movement processes, it is interesting that with dopamine replacement therapy optimized,
subjects with PD still showed abnormalities in brain activity in the absence of behavioral
differences across groups. Increased dopamine equivalent dose was associated with
increased BOLD response to stimulation in several ROI’s, all of which showed abnormal
activation patterns in mismatched trials in the PD compared to the control group.
Specifically, PD subjects showed increased cortical activity in bilateral SMA, subcentral
gyrus and IFO during activation, and in SMA and S1/M1 during inhibition. All of these
regions also showed a correlation between the BOLD signal and dopamine equivalent dose.
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The phasic activity of dopamine neurons is known to signal the salience of task events [53]

an

d to regulate synaptic plasticity related to learning [54, for review see 55, 56]. Thus the

parkinsonian abnormalities in the BOLD signal that we observed might be a product of the

ch
su

ronic absence of task-related phasic dopamine release. Indeed, several lines of evidence
ggest that the symptoms of PD, and their physiologic correlates, develop slowly through

processes of aberrant learning [57-59] and structural reorganization [60] that are unlikely to
be reversed entirely by simple dopamine replacement therapy.
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Figure 1.
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Control (BB)
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Control (RR)
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Task description. A) Subjects were presented with a cue arrow lasting 200 ms, which was
followed by a delay interval of 1800ms. A target stimulus (arrow or arrows) then occurred.
The target disappeared as soon as a button press occurred, or after a 1000 ms response

period. Following the response period was an

inter-stimulus interval (IS1) of 8000 ms,

making a total of 11 seconds from cue to cue. An example trial from the inhibition condition
is shown, with a bilateral cue and a right hand target. This trial required the subject to inhibit
a cued response in the left hand. B) Activation (top) and Inhibition (bottom) trials are shown
for the right hand. Trials for the left hand were identical except unilateral cue arrows pointed
to the left. BB = bilateral cue and bilateral target, RB = right cue and bilateral target, RR =

right cue and right target, BR = bilateral cue and right target.
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Figure 2.
A) Cortical ROI’s displayed on an unfolded brain. Green lines indicate ROl boundaries.

Anterior is to the right and left, top=superior. B) Lateral view of the map for the activation
condition for the BB — RB contrast. Blue = RB > BB. C) Lateral view of the map for the
inhibition condition for the RR — BR contrast. Blue = BR > RR. All maps shown are BOLD
% difference maps masked by a fixed-effect z statistic of 6 and a minimum cluster size of
0.2 cm? displayed on a mean cortical surface generated from anatomical images of 60 young
control subjects processed using FreeSurfer and SPM5’s MNI normalization
(wwwe.nitrc.org/projects/vamca).
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Figure 3.
A&B) Mean (SD) BOLD signal over time for the initiation (RB) and bilateral control (BB)

conditions from the DLPFC ROI. Data from the PD and control groups are shown for the
right (RH) and left (LH) hemispheres. C) Mean (SD) BOLD signal over time for the
initiation condition from the putamen ROI. Note that responses are significantly delayed in
the PD group as well as reduced during movement initiation. D) Mean (SD) BOLD signal
over time for the initiation condition from the IFO ROI.
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Figure4.
A & B) An example of the contralateral response to the unilateral matched (RR) and

inhibition (BR) conditions in the S1/M1 ROI. The mean (SD) BOLD signal over time shows
a unilateral response in the control group (solid), but the difference between hemispheres
was significantly decreased in the PD group (open). A similar pattern was evident for
inhibition trials executed with the right and left hand. C) Mean (SD) BOLD signal over time
for the inhibition condition from the IFO ROI. BOLD signal change was not significant in
the Control group. D) Mean (SD) BOLD signal over time for the inhibition condition from
the SMA ROI. SMA was significantly overactive in the PD group for both activation and
inhibition conditions.
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Table 2

Identification of Regions of Interest. Program and references for the identification of ROI boundaries. Median
MNI space coordinate location within the ROI is also given.

ROI Name

Method

Hand region of sensory motor
cortex

HMAT M1 and Sl restricted to MNI z-coordinate range (+43,+65) determined via a reanalysis of finger
activation [61, 62). M1 (=40, —21, +55); (+38, —21, +54) and S1 (-46, —29, +52); (+44, —30, +52)

SMA/preSMA

HMAT SMA (-7, —16, +62); (+5, —13, +63) and preSMA (=6, +10, +59); (+6, +9, +60)

Premotor - dorsal and lateral

HMAT PMd (=33, 0, +56); (+32, -1, +55) and Juelich premotor6 lateral part (—15, —13, +70); (+20, -17,
+72)

Inferior Frontal Operculum

FreeSurfer Inf_Front_Operculum (+48, +12, +10); (-50, +14, +10) and Subcentral_G (+56, —10, +14);
(-58, -12, +14)

Inferior Frontal Sulcus

FreeSurfer S frontal_inferior (+40, +24, +22); (-40, +24, +22) and S precentral-Inferior-part (+44; +4,
+30); (-46, +2, +28)

Anterior Cingulate

FreeSurfer caudalanteriorcingulate (+4, +22, +26); (=6, +20, +26)

Dorsolateral Prefrontal

Meta-analysis of expert-labeled DLPFC locations in the SumsDB stereotaxic coordinate database
(sumsdb.wustl.edu/sums) on the mean cortical surface. (44, +31, +24); (+41, +32, +22)

Inferior Parietal

Juelich atlas IPC_PFt (=53, —27, +38); (+49, —26, +41) and FreeSurfer
G_parietal_inferior_Supermarginal (+30, =58, +42); (=30, —60, +40)

Superior Parietal

FreeSurfer IPS (+30, —58, +42); (-30, —60, +40) and G_superior_parietal (+22, —62, +62); (22, —64,
+58)

Basal Ganglia

FreeSurfer Putamen (+26, 0, —2);(-26, 0, -2) and Pallidum (+18, -4, -4);(-20, -4, -4)

Caudate

FreeSurfer Caudate (+12, +10, +8); (-12, +8, +8)

Motor-related Thalamus

FreeSurfer Thalamus restricted to primary motor and premotor subregions of the Oxford Thalamic
cortical connectivity atlas projected onto each individual [63] (+16,—18,+6); (-18,-16,+6)
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