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Abstract: The primary aim of this study was to enhance our understanding of the functional architec-
ture of the cortico-basal ganglia circuitry during motor task execution. Twenty right-handed female
subjects without any history of neuropsychiatric illness underwent fMRI at 3 T. The activation para-
digm was a complex motor task completed with the nondominant hand. Analyses of functional con-
nectivity strength were conducted for pairs of structures in input, intrinsic, and output segments of the
circuitry. Next, connectivity strengths were correlated with results of neurocognitive testing conducted
outside of the scanner, which provided information about both motor and cognitive processes. For
input pathways, results indicate that SMA–striatum interactions are particularly relevant for motor
behavior and disruptions may impact both motor and cognitive functions. For intrinsic pathways,
results indicate that thalamus (VA nucleus) to striatum feedback pathway appears to have an impor-
tant role during task execution and carries information relevant for motor planning. Together, these
findings add to accumulating evidence that the GPe may play a role in higher order basal ganglia
processing. A potentially controversial finding was that strong functional connectivity appears to occur
across intrinsic inhibitory pathways. Finally, output (thalamus to cortex) feedback was only correlated
with motor planning. This result suggests circuit processes may be more relevant for future behaviors
than the execution of the current task. Hum Brain Mapp 34:1194–1207, 2013. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

The basal ganglia, thalamus and cortex (Fig. 1) along
with associated anatomical connections form the cortico-
basal ganglia information processing loops [Alexander
et al., 1986, 1990]. These circuits are involved in cognitive
processing [Casey et al., 2002; Chang et al., 2007; Middle-
ton and Strick, 2000; Ystad et al., 2010, 2011] as well as
motor behaviors, including motor learning and adaptation
[Doyon and Benali, 2005; Graybiel, 2005; Lehericy et al.,
2005; Seidler et al., 2006], action selection [Gurney et al.,
2001; Mink, 1996] and motor sequence learning [Lehericy
et al., 2005]. Despite extensive research, our understanding
of the mechanisms by which these pathways process both
cognitive and motor information during motor behaviors
remains incomplete. The primary aim of this study was to
enhance our understanding of these processes.

To that end, we first examined functional connectivity
strength between pairs of cortico-basal ganglia circuit
structures. Next we correlated connectivity strengths with
performances on neurocognitive tasks performed outside
of the scanner. The neurocognitive instruments provided
information about both motor and cognitive processing.
We have previously shown this approach to provide use-

ful information about cortico-basal ganglia circuit function
[Marchand et al., 2011].

Functional connectivity analyses were focused on three
general segments of the circuit; the input, intrinsic, and
output pathways. The goal of these analyses was to delin-
eate the relative level of engagement of the various sub-
pathways (e.g., M1 and putamen) during task execution.
We reasoned that this information would be relevant for
the understanding of both normal function and the neuro-
biology of basal ganglia disorders. The aim of the correla-
tional analyses was to determine what type of information
(cognitive, motor efficiency, or motor planning) was con-
veyed along subpathways. We anticipated these analyses
would also provide information about the relative contri-
bution of each circuit studied to overall task performance.

METHODS

Subjects

Twenty-five female subjects were originally recruited for
the study. Five subjects were removed from the original
sample due to extreme values of questionable validity on
one or more behavioral variables from neurocognitive test-
ing conducted outside of the scanner (e.g., excessive num-
ber of errors suggesting random responding), for the final
sample of 20 participants. Potential subjects were excluded
if they were either not native English speakers or string or
keyboard musicians because of the possible impact on
communicating with study staff and motor task execution,
respectively. Additional exclusionary criteria were any his-
tory of: head injury, neurological disorder or dementia as
well as either any medical disorder or current use of medi-
cations that could impact the central nervous system.
Those with contraindications to fMRI as well as those with
any history of psychiatric disorders, substance abuse, treat-
ment with psychiatric medications or any first-degree rela-
tive with any psychiatric disorder were also excluded. All
subjects received a study evaluation that included admin-
istration of several neuropsychological tasks (described
below) as well as the administration of the Structured
Clinical Interview for DSM-IV-TR Axis I Disorders-
Research Version to rule out psychiatric illness.

Subjects were all female to avoid any possible confound
secondary to gender-specific activation patterns [Bell et al.,
2006; Li et al., 2006] and were between the ages of 25 and
33 (mean ¼ 27.70, SD ¼ 2.41) with 12–16 years of formal
education (mean ¼ 14.90, SD ¼ 1.33). Estimated IQ of the
group ranged from 89 to 125 (mean ¼ 108.05, SD ¼ 11.55).
All subjects were strongly right-handed as evidenced by a
score of � 80 (mean ¼ 90.25, SD ¼ 8.19) on the Edinburgh
Handedness Inventory [Oldfield, 1971]. After a complete
description of the study was given to the subjects, written
informed consent was obtained, as approved by both the
Institutional Review Board at the University of Utah and
the Research Review Committee of the George E. Whalen
Veterans Administration Medical Center.

Figure 1.

Simplified schematic of cortico-basal ganglia circuitry based on

the original model developed by Alexander et al. (1990, 1986).

Arrows ¼ glutamate pathways; circles ¼ GABA pathways; dot-

ted line ¼ direct pathway; dashed lines ¼ indirect pathway.
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Neurocognitive Testing Instruments

and Procedures

All neurocognitive measures were administered on a
separate day from and prior to scanning. The tasks used
in the present study were administered as part of longer
battery used for another study [Marchand et al., 2011]. The
entire battery took � 45 min and was conducted in a quite
testing room by a trained technician.

Intellectual functioning was estimated using the Wechs-
ler Test of Adult Reading (WTAR), a 3–5 min measure of
oral reading consisting of 50 words that have irregular
grapheme-to-phoneme translation but do not require text
comprehension or knowledge of word meaning (The Psy-
chological Corporation 2001). The WTAR was specifically
developed as a tool for estimating premorbid intellectual
functioning in adults aged 16–89, and was conormed with
the Wechsler Adult Intelligence Scale-III [Wechsler, 1997]
to provide direct comparisons between predicted and
observed intelligence scores.

Executive and motor functioning was assessed using the
Alphanumeric Sequencing and the Push-Turn-Taptap
subtests from the Behavioral Dyscontrol Scale-electronic
version (BDS-EV) battery [Suchy et al., 2005]. These are
described in turn below.

The Alphanumeric Sequencing (AS) task is an electronic
counterpart to the Trail Making Test-Part B (TMT-B) [Rei-
tan, 1958], which is a well known and extensively vali-
dated measure of executive functioning thought to
specifically assess cognitive flexibility [Arbuthnott and
Frank, 2000; Moll et al., 2002; Stuss et al., 2001; Zakzanis
et al., 2005]. On the AS task, participants are required to
push buttons on a specialized response console marked
with letters of the alphabet (A through H) and numerals
one through nine. The buttons are to be pressed in alpha-
numeric sequence (i.e., 1A, 2B, 3C, etc.) Speed of perform-
ance is measured electronically in ms. The AS task has been
found to correlate highly with the original TMT-B [Suchy
et al., 2005], and its reliability has been found to be superior
to the original trail making task [Eastvold et al., 2004].

The Push-Turn-Taptap (PTT) task is an electronic paral-
lel to the well-known ‘‘Fist-Edge-Palm’’ task developed by
Alexander Luria [Luria and Majovski, 1979]. Participants
are required to learn four different sequences of increasing
length that consist of different permutations of three dif-
ferent hand movements executed on a specialized
response consol. The three hand movements are ‘‘Push"—
pushing the joystick on the response console forward;
‘‘Turn’’ —turning the joystick clockwise; and ‘‘Taptap"—
double-tapping on a large dome button on the response
console. The task begins with Block 1, in which a two-
movement sequence is presented on the computer screen.
The participant performs the indicated task until three cor-
rect trials are achieved. Following these three learning tri-
als, participants continue to perform the sequence from
memory, until accomplishing five additional correct trials.
This completes the Block 1 of the task. After completing

Block 1, participants move on to the next block in which
they follow the same learning procedures. There is a total
of four Blocks, each characterized by different and pro-
gressively longer sequences. Mistakes are followed by an
audible tone, along with the presentation of the correct
sequence on the computer screen and the highlighting of
the next movement to be performed. This task was
selected for the study because it allows assessment of vari-
ous discrete components of motor output.

First, the PTT task allows assessment of the ‘‘motor
planning’’ component of motor output, which has been
described as an internal strategy that precedes an intended
movement [Banich, 2004]. Specifically, prior to initiating a
sequence of coordinated movements, an abstract plan is
generated that contains both general information about the
intended goal and specific information about the neuro-
muscular control that will be required [Keele, 1968]. As
such, motor planning latencies may provide an indirect
indication of motor-executive integration. Motor planning
was assessed by measuring the mean latency before initia-
tion of a correctly executed sequence.

Second, the PTT task allows assessment of performance
speed, reflected in the time required to complete a given
sequence from start to finish. This ‘‘motor speed’’ variable
was measured by computing the mean speed of completing
correct sequences across the four blocks. Because motor
speed contributes to performance of many tasks purported
to measure executive functioning, this variable served not
only the purpose of assessing the efficacy of the motor sys-
tem, but also of controlling for motor speed on the AS task.

Last, the PTT task allows assessment of the ‘‘motor
learning’’ aspect of motor output, by computing the total
number of errors committed across the four blocks, as
participants learn new and progressively more complex
sequences. The overall performance on this task has been
shown to correlate with measures of executive functioning
above and beyond participants’ demographic characteris-
tics and simple motor speed, with the motor planning
latencies showing the strongest association with executive
functions [Kraybill and Suchy, 2008; Suchy et al., 2005;
Suchy and Kraybill, 2007; Suchy et al., 2010].

Functional MRI Tasks and

Experimental Procedure

A block-design motor activation paradigm was used to
probe cortico-basal ganglia function. The task, which we
have used previously [Lee et al., 2010; Marchand et al.,
2011; Marchand et al., 2008], was a self-paced paradigm
performed with the nondominant hand. In this task, sub-
jects alternated pressing buttons with the middle finger
alone and then the index and ring finger simultaneously
during a four minute run with six blocks of rest and six
blocks of activity presented in pseudorandom order (Fig.
2). The task was self-paced and subjects were instructed to
complete repetitions at a consistent but comfortable pace
during each run.
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Visual stimuli for the task were presented on a translu-
cent slide screen at the back of the magnet, which was
viewed through a mirror mounted on top of the head coil.
Stimulus presentation and response recordings were con-
trolled by E-prime software (Psychology Software Tools,
Pittsburgh, USA; www.pstnet.com/eprime).

Subjects were trained on the task immediately prior to
scanning utilizing a computer to display the visual stimuli
while instructions were given. Subjects practiced the task
using the actual button boxes used during the scan. Train-
ing and orientation to the scan required approximately
10 min per subject. Task compliance was confirmed during
scanning by way of a remote button control box that indi-
cated subject button presses by illuminating a light color
coded for each button.

Functional Imaging

Subjects were scanned on a Siemens 3T Trio MR scanner
with a 12-channel head coil. Functional MRI data were
acquired with a susceptibility weighted gradient echo EPI
sequence (field-of- view 22 cm, matrix 64 x 64, repetition
time TR ¼ 2.08 s, echo time TE ¼ 30 ms, slice thickness 3
mm with 10% gap, flip angle 75�). Thirty-five slices were
acquired during each repetition time. The first five image
volumes of each task were discarded to ensure signal equi-
librium. Distortions caused by variations in magnetic sus-
ceptibility were removed during post-processing using
fieldmap data acquired with a separate sequence.

Anatomical

T1-weighted images were acquired using an MPRAGE
sequence (field-of- view 22 cm, matrix 192 x 192, repetition
time TR ¼ 1.5 s, inversion time TI ¼ 1.1 s, slice thickness
2 mm, slices ¼ 80, flip angle 8�, signal averages ¼ 2).

Data Processing

fMRI processing

Preprocessing and statistical analyses were carried out

with SPM5 (http://www.fil.ion.ucl.ac.uk/spm). Images

were realigned to correct for head motion, unwarped to

remove susceptibility distortion, and slice-time corrected.

The mean-realigned EPI image was coregistered with the

anatomical image. All images were spatially normalized to

the Montreal Neurological Institute (MNI) template, and

voxel sizes resampled to 2 � 2 � 2. EPI images were

smoothed using isotropic 6 mm Gaussian kernels and stat-

istically analyzed using an epoch design convolved with

the hemodynamic response function. Low-frequency noise

was removed with a high-pass filter with a cutoff period

of 128 s and an autoregressive AR (1) model was fit to the

residuals to account for temporal autocorrelation.
Regions of interest (ROIs) were selected based upon

known components of the cortico-basal ganglia circuitry
involved with motor task execution. In regard to cortical
structures, primary motor cortex (M1) and primary soma-
tosensory cortex (S1) were selected because of their well-
known role in motor behavior. The supplementary motor
area (SMA) was chosen because of evidence that while
this structure is involved with initiating motor responses,
there is evidence that contributions continue during motor
execution [Brendel et al., 2010] in parallel with M1 [Chen
et al., 1991]. The ventral anterior (VA) nucleus of the thala-
mus was included because of evidence of circuit outflow
anatomical connectivity from globus pallidus internal seg-
ment (GPi) to SMA through the VA [Sakai et al., 2002;
Wiesendanger and Wiesendanger, 1985]. The other re-
gions, subthalamic nucleus (STN), caudate, globus pallidus
external segment (GPe) and GPi, are well-known subcorti-
cal components of the circuitry [Albin et al., 1989;
Alexander et al., 1986].

ROIs for connectivity analysis were generated by form-
ing the intersection of activation maps from three groups
of female subjects (part of a larger study) with anatomical
ROIs in the ‘VOI Tool Utility’ available at www.ihb.
spb.ru/� pet_lab. Please see Table I for volumes and coor-
dinates of ROIs and Figure 3 for selected ROI images. The
activation maps used to generate subcortical ROIs were
thresholded at 0.001, uncorrected for multiple compari-
sons, and restricted to cluster sizes that achieved P < 0.05
according to SPM random field theory [Friston et al.,
1993). The activation maps used to generate cortical ROIs
were thresholded at a higher P < 0.05 threshold, corrected
for multiple comparisons, because of their stronger activa-
tion, and a few protruding spikes were eliminated to pro-
duce uniform models. In addition, regions of interest for
regressors of no interest were obtained by placing 3 mm-
radius seeds in both white matter (MNI coordinates 33,
�62, 24) and CSF (MNI coordinates 6, �2, 19), and using
the six motion regressors that result from spatial realign-
ment in SPM5. Our method of combining anatomical ROIs
with activation maps was chosen to increase specificity.
Since we limit attention to those portions of the ROI that
are active for the group as a whole, any portions of the
ROI that exhibit large variability across the group due to
differences in normalization are less likely to produce

Figure 2.

Graphic illustration of the complex motor task.
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group-level activation, and are unlikely to survive the
imposed activation threshold. Furthermore, a comparison
of hand-drawn anatomical ROIs to the use of atlases found

no substantial difference in the result [Prodoehl et al.,
2008] and this approach has been used by others [Boecker
et al., 2008].

Waveforms for all ROIs were extracted with Marsbar
software (http://marsbar.sourceforge.net), mean corrected,
and bandpass-filtered from 0.008 to 0.1 Hz with a second
order butterworth filter. See Figure 4 for graph of ROI
timecourses. Partial correlations between pairs of ROIs
were carried out using the Matlab Statistics Toolbox
(Mathworks, Natick, Massachusetts), partialing out the
influence of white matter, CSF and motion. The resulting
partial correlations were normalized with Fisher’s z
transform to produce functional connectivity values. These
values representing the strength of connectivity were
generated for all possible combinations of cortical and sub-
cortical structures for which direct anatomical connections
are known to exist.

Signal to noise ratio (SNR) was measured for each ROI
(Fig. 5), and correlated with cortical-subcortical connectiv-
ity. The aim of this analysis was to determine whether
distinctive SNRs in different ROIs might influence connec-
tivity results. These pathways were chosen because of the
high SNR in cortical ROIs. Mean signal was measured in

TABLE I. Volumes and coordinates of regions of interest

ROI
Volume
(mm3)

Coordinates

X Y Z

max min max min max min

SMA 904 2 0 �6 4 50 66
S1 5520 30 58 �46 �12 30 64
M1 6136 26 52 �32 �8 46 70
Caudate 424 6 16 �14 22 �6 22
Putamen 4168 14 32 �22 18 �6 18
STN 168 8 12 �16 �10 �8 �2
GPe 752 14 28 �20 6 �4 10
GPi 88 16 20 �10 �2 �2 2
VA 160 10 14 �8 �4 6 14

SMA, supplementary motor area; STN, subthalamic nucleus; GPe,
globus pallidus, external segment; GPi, globus pallidus, internal
segment, VA, ventral anterior nucleus of the thalamus.

Figure 3.

Four subcortical regions of interest. Starting in the lower left corner and proceeding clockwise,

regions of interest are subthalamic nucleus, ventral anterior nucleus of the thalamus, globus pal-

lidus internal segment, and globus pallidus external segment. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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normalized image volumes acquired during rest, so it
would not be affected by activation, and noise was calcu-
lated as the standard deviation in the outermost edge
voxels in acquired images. A scale factor was applied
to the acquired image noise to compensate for intensity
adjustments applied during the SPM normalization
process.

Functional connectivity comparisons

We first examined the overall pattern of connectivity
strengths among the cortical and subcortical regions, using
an omnibus repeated measures analysis of variance
(ANOVA). This analysis compared connectivity of individ-
ual cortical and subcortical regions, using cortical regions
(SMA vs. S1 vs. M1) and subcortical regions (STN vs. cau-
date vs. VA vs. putamen) as two within-subjects factors.
This analysis determined whether (a) specific regions
exhibited stronger overall connectivity values than other
regions (reflected in statistically significant main effects),
and (b) specific pairs exhibited stronger connectivity val-
ues than other pairs (reflected in a statistically significant
interaction between the two within-subjects factors).
Follow-up analyses were conducted as needed to further
explicate the overall patterns indicated by the omnibus
test (see Results). Next, we examined overall pattern of
subcortical–subcortical connectivity strengths in an omni-
bus repeated measures ANOVA. However, because not all
subcortical structures connect to all other subcortical struc-
tures, a single ANOVA could not accomplish this. To that
end, we conducted two omnibus tests. In the first
ANOVA, we used connectivity of caudate vs. putamen vs.
STN as one within subjects factor, and connectivity of GPe
vs. GPi as a second within subjects factor. In the second
ANOVA, we used GPe vs. GPi vs. VA as one within-sub-
jects factor, and caudate vs. putamen as a second within-

subjects factor. Again, follow-up analyses were conducted
as needed (see Results).

Functional connectivity and behavioral data

Finally, analyses were completed to determine if correla-
tions existed between connectivity and either performance
on neuropsychological testing completed outside of the
scanner. To minimize the number of correlations, we only
examined associations of behavioral data with a limited
number of connectivity pairs that provided information
about all pathway components (input, intrinsic, and
output).

BEHAVIORAL RESULTS

Neuropsychological Evaluation and Data

Obtained During the Scan

Participants performed all tasks on par with expecta-
tions based on our prior research with these tasks [Suchy
et al., 2005; Suchy and Kraybill, 2007]. The AS task took on
average 28.40 s to complete (SD ¼ 8.53). The mean time to
complete a sequence on the PTT task across the four
blocks was 2.34 s (SD ¼ 0.47). The mean number of errors
across the four PTT blocks was 7.20 (SD ¼ 9.31). The mean
motor planning latency across the four PTT blocks was
0.83 s (SD ¼ 0.11). For all variables, higher values reflect
poorer (i.e., slower, less accurate) performance. The corre-
lation matrix among the behavioral variables is presented
in Table II. As can be seen from the table, motor planning
latency correlated with performance on the AS task, con-
sistent with prior research [Kraybill and Suchy, 2008;
Suchy et al., 2005; Suchy and Kraybill, 2007; Suchy et al.,

Figure 4.

Timecourses of regions of interest.

Figure 5.

Mean signal to noise ratios for each region of interest.
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2010]. Importantly, although motor speed also correlated
with motor planning, the dissociation of the constructs
measured by the two variables is evident from the lack of
correlation between motor speed and the AS task. This
latter finding also suggests that motor speed contributes a
negligible amount of variance to the AS task performance.
The fact that motor planning was correlated both with
motor speed and performance on a measure of executive
functioning is consistent with the suggestion that motor
planning reflects an integration of motor and cognitive
processes.

For the motor activation paradigm used during scan-
ning, the number of task repetitions per run for each sub-
ject was recorded by E-prime. The mean for the group
was 14.06 (SD ¼ 4.54) repetitions (higher values reflecting
better performance). As can be seen in Table II, the
number of repetitions completed on this task exhibited a
trend toward correlation with the AS task and the PTT
task accuracy, reflecting that this task requires both motor
learning abilities and executive abilities for successful
completion.

FUNCTIONAL IMAGING RESULTS

Functional Connectivity of

Cortical-Subcortical Pathways

Mean connectivity coefficients of the cortical (M1, S1,
and SMA) with subcortical regions (caudate, putamen,
STN, and VA) are presented in Table III. Omnibus
repeated measures analysis of variance was used to first
examine the overall pattern of relationships among con-
nectivity pairs, with follow-up ANOVA conducted to
explicate the omnibus results by directly comparing con-
nectivity strengths of individual regions. The initial omni-
bus analysis (in which connectivity strengths of SMA vs.
M1 vs. S1 served as one within-subjects factor, and con-
nectivity strengths of STN vs. caudate vs. putamen vs. VA
served as a second within-subjects factor) revealed a large
main effect of connectivity among the cortical regions
[F(2,38) ¼ 13.93, P < 0.001], indicating that the three corti-
cal regions significantly differed from each other with
respect to the magnitude of connectivity with subcortical
regions. The same analysis also demonstrated a large main
effect of connectivity among the subcortical regions

[F(3,28) ¼ 12.80, P < 0.001] indicating that the connectivity
strengths of the four subcortical regions (with the cortical
regions) were significantly different from each other. Fol-
low-up ANOVAs directly comparing connectivity
strengths of the individual cortical regions demonstrated
that, overall, SMA showed significantly stronger coactiva-
tion with subcortical regions than either M1 [F(1,19) ¼
20.97, P < 0.001] or S1 [F(1,19) ¼ 7.60, P ¼ 0.013]. Further,
S1 showed significantly stronger connectivity than M1
[F(1,19) ¼ 10.94, P ¼ 0.004]. Additional follow-up
ANOVAs directly comparing connectivity strengths of the
subcortical regions demonstrated that, overall, putamen
showed significantly stronger connectivity (with cortical
regions) than any of the three remaining subcortical
regions, that is, stronger than STN [F(1,19) ¼ 35.73, P <
0.001], caudate nucleus [F(1,19) ¼ 17.58, P < 0.001], or VA
[F(1,19) ¼ 15.61, P ¼ 0.001].

However, the initial omnibus ANOVA also revealed an
interaction (albeit somewhat weaker than the main effects)
between cortical and subcortical connectivity strengths
[F(6,14) ¼ 3.47, P ¼ 0.026], suggesting that additional fol-
low-up analyses (i.e., paired t-tests) directly comparing
individual connectivity pairs were also indicated. These
direct comparisons showed that the single strongest con-
nectivity pair was between putamen and SMA, showing a
significantly stronger connectivity coefficient than all other
examined pairs (t values ranging from 3.91 to 7.46, P val-
ues equal or less than 0.001, df ¼ 19). The second strongest
connection was that between putamen and S1, yielding
significantly stronger connectivity coefficients than all con-
nectivity pairs between S1/M1 and VA/STN/caudate (t

TABLE II. Correlation among behavioral variables

PTT motor speed PTT accuracy PTT motor planning AS task IQ estimate

Complex left task �0.017 �0.414* �0.550** �0.438* 0.038
PTT motor speed �0.653** 0.492* 0.097 �0.558**
PTT accuracy 0.173 0.267 0.153
PTT motor planning 0.549** �0.343
AS task �0.325

PTT, Push-Turn-Taptap task; AS, alphanumeric sequencing.
**P¼ 0.001, *P ¼ < 0.05, one tailed.

TABLE III. Functional connectivity coefficients of

cortical with subcortical structures of the cortico-basal

ganglia circuitry

Caudate STN VA Putamen

SMA 0.5825 0.5231 0.5808 0.7808
M1 0.4703 0.4182 0.4294 0.6130
S1 0.5302 0.4820 0.4824 0.6561

N ¼ 20.
SMA, supplementary motor area; STN, subthalamic nucleus, VA,
ventral anterior nucleus of the thalamus.
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values ranging from 3.67 to 5.16, P values equal or less
than 0.002, df ¼ 19), as well as significantly stronger con-
nectivity than that between SMA and STN (t ¼ 2.82, df ¼
19, P ¼ 0.011). Figure 6 shows a summary of all
comparisons.

Functional Connectivity of Subcortical to

Subcortical (Intrinsic) Pathways

To evaluate the coactivation of subcortical structures
with other subcortical structures to which they have
known anatomical connections, mean connectivity coeffi-
cients of the subcortical structures with each other were
determined (Table IV). As was done with the cortical–sub-

cortical connectivity, we first conducted an omnibus
repeated measures ANOVA to determine the overall pat-
tern of connectivity strengths. However, because not all
subcortical structures connect to all other subcortical struc-
tures, a single ANOVA could not accomplish this. To that
end, we conducted two omnibus tests. In the first
ANOVA, we used connectivity of caudate vs. putamen vs.
STN as one within subjects factor, and connectivity of GPe
vs. GPi as a second within subjects factor (the values
included in this analysis are indicated in bold in Table IV).
The results yielded a large main effect of external versus
internal segment of the pallidum [F(1,19) ¼ 135.48, P <
0.001] demonstrating that GPe connectivity with caudate,
putamen and STN was significantly stronger than GPi con-
nectivity with the same structures (Fig. 7). Additionally,
the results yielded an interaction between the two factors
[F(2,38) ¼ 71.72, P < 0.001]. To explicate this interaction,
we conducted follow-up paired t-tests, directly comparing
connectivity pairs. These analyses demonstrated that puta-
men—GPe connectivity was significantly stronger than
connectivity of either the caudate [t(19) ¼ 6.67, P <.001] or
STN [t(19) ¼ 8.28, P <.001] with GPe. In contrast, these
results indicated that connectivity strengths of putamen,
caudate and STN with GPi were not significantly different
from each other (See Fig. 7).

Next, we conducted a second omnibus test, comparing
the strength of the connectivities of the VA with caudate
and putamen to the connectivities of the GPe and the GPi
with those structures (the values included in this analysis
are indicated in italics in Table IV). Specifically, we con-
ducted a repeated measures analysis of variance, using
GPe vs. GPi vs. VA as one within-subjects factor, and
caudate vs. putamen as a second within-subjects factor.
The results showed a main effect of the first factor [F(2,18)
¼ 85.76, P <.001], reflecting an overall difference in the
connectivity strengths among GPe, GPi, and VA. Follow-
up ANOVAs aimed at directly comparing these three
regions’ connectivities revealed that both the GPe [F(1,19)
¼ 163.91, P <.001] and the VA [F(1,19) ¼ 125.61, P <.001]

Figure 6.

Comparison of Functional connectivity of SMA versus M1 and

S1 with subcortical structures of the cortico-basal ganglia cir-

cuitry. Error bars represent þ1 standard error of the mean.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

TABLE IV. Functional connectivity coefficients

of pairs of subcortical structures of the

cortico-basal ganglia circuitry

GPe GPi VA

Caudate 0.8568 0.4813 1.1931

PUT 1.1326 0.4838 0.8266
STN 0.8049 0.5033 —
GPi — — 0.5067

STN, subthalamic nucleus; GPe, globus pallidus, external segment;
GPi, globus pallidus, internal segment, VA, ventral anterior nu-
cleus of the thalamus; PUT, putamen.
Values in bold and italic fonts indicate connectivities used in anal-
yses of subcortical to subcortical functional connectivity. Values in
bold were included in ANOVA using connectivity of caudate vs.
putamen vs. STN as one within subjects factor, and connectivity
of GPe vs. GPi as a second within subjects factor. Values in italics
were included in ANOVA using GPe vs. GPi vs. VA as one
within–subjects factor, and caudate vs. putamen as a second
within–subjects factor.

Figure 7.

Differential connectivity strength of the putamen with GPe ver-

sus GPi, relative to connectivity strengths of other subcortical

structures. Error bars represent þ1 standard error of the mean.
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have significantly stronger overall connectivities with other
subcortical structures than did GPi with other subcortical
structures. In contrast, direct comparison of the overall
connectivity of the GPe with that of VA to other subcorti-
cal regions indicated no significant difference [F(1,19) ¼
0.156, P ¼ 0.697]. Lastly, because both omnibus tests also
showed a significant interaction between their respective
within-subjects factors [F(2,18) ¼ 60.84, P < 0.001 and
F(2,18) ¼ 49.08, P < 0.001], we conducted follow-up paired
t-tests to explicate the results. These direct comparisons of
individual connectivity pairs showed that both the cau-
date-VA and the putamen-GPe connectivities were stron-
ger than all the other connectivity pairs (paired t values
ranging from 6.03 to 14.15, all P values < 0.001), except
than each other (P ¼ 0.213). In contrast, the connectivity
strength was comparable across all connectivity pairs

between GPi and other subcortical structures. The overall
profile of connectivity strengths across the seven regions is
shown in Figure 8.

Analyses of Signal-to-Noise Ratios

As described above, it is possible that dissimilarities of
SNRs among the various ROIs might confound the connec-
tivity results. Thus, the connectivity of all 12 cortical–sub-
cortical pathways were correlated with the square root of
the sum of the squares of the SNR for the two ROIs
involved, to ascertain the influence of SNR on connectivity
strength. The resulting significance values were submitted
to a False Discovery Rate multiple comparisons procedure
with a threshold of 0.05. None of the correlations were sig-
nificant. Thus, we found no evidence that region-specific
differences in SNR impacted our results.

Correlations of Strength of Functional

Connectivity With Behavioral Data

Significant negative correlations were found between
performance on the neurocognitive testing completed out-
side the magnet and strength of functional connectivity
(Table V). Higher values on the PTT and AS task reflect
slower and less accurate performance, thus the negative
correlations mean that better performances were associated
with stronger connectivities. These analyses demonstrated
that most cortical inputs to the circuitry (SMA connectivity
with caudate, putamen, and STN) were correlated with
both better performance on PTT motor speed and plan-
ning as well as the AS task. In regard to intrinsic connec-
tions, GPe connectivity with all input nuclei was
correlated with better performance on PTT motor plan-
ning, but motor speed and the AS task only correlated
with the STN-GPe pair. The caudate-VA intrinsic

Figure 8.

Comparison of functional connectivity of subcortical structures

of the cortico-basal ganglia circuitry. Error bars represent þ1

standard error of the mean. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

TABLE V. Correlations of strength of functional connectivity with performance on neurocognitive testing

Pathways Specific connectivity pairs

Performance on neurocognitive testing

PTT motor speed PTT motor planning AS task

Input SMA-caudate �0.440* �0.657** �0.592**
(cortex and input nuclei) SMA-STN �0.391* �0.437* �0.616**

SMA-putamen �0.067 �0.447* �0.683**
Intrinsic Putamen-GPe �0.270 �0.641** �0.250
(GPe and input nuclei) Caudate-GPe �0.141 �0.495* �0.285

STN-GPe �0.519** �0.603** �0.615**
Intrinsic

(caudate and VA)
Caudate-VA �0.001 �0.666** �0.330

Output

(thalamus and cortex) VA-SMA �0.308 �0.533** �0.372

N ¼ 21 *p<0.05, **p<0.01, one tailed.
AS, alphanumeric sequencing task; PTT, push-turn-taptap task; SMA, supplementary motor area; STN, subthalamic nucleus; GPe,
globus pallidus, external segment; GPe, globus pallidus, internal segment, VA, ventral anterior nucleus of the thalamus.
Higher values on the PTT and AS task reflect poorer (i.e., slower, less accurate) performance.
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connection was correlated with better performance on the
motor planning only. Finally, circuit output to the cortex
(VA to SMA pair) was also correlated with motor
planning.

To determine whether the four observed significant
correlations between specific connectivity pairs and execu-
tive functioning (as assessed by the AS task) could be
explained by the necessary motor output associated with
this task, we re-examined these correlations after control-
ling for three aspects of motor performance assessed by
the PTT task. The results showed the following partial cor-
relation values between the AS and the connectivity
pairs: �0.454 for SMA-caudate, �0.592 for SMA-STN,
�0.751 for SMA-putamen, and �0.563 for STN-GPe. These
findings demonstrate that motor output alone cannot
explain the relationship between AS task performance and
components of both circuit input (SMA—caudate and STN
pairs) and intrinsic (STN-GPe) connectivity.

DISCUSSION

The primary aim of this study was to enhance our
understanding of the functional architecture of the cortico-
basal ganglia circuitry during motor behavior. Key find-
ings are discussed in the following subsections.

Input Pathways

Our results provide the first evidence of the relative
engagement of circuit input pathways during motor task
execution. It was previously unknown whether subpath-
ways between cortical regions (M1, S1, and SMA) and the
striatum (caudate and putamen) were equally engaged
during motor behaviors. Direct comparisons revealed sig-
nificant differences in connectivity strength (Fig. 6) with
the strongest connectivity pair being SMA and putamen.
Furthermore, SMA connectivity with caudate and STN
was stronger than that of M1 and S1 (with the exception
of putamen connectivities). These results suggests that
SMA—striatum interactions, especially SMA—putamen,
are particularly relevant for motor behavior.

Correlations between connectivity pairs and behavioral
data (Table V) provide further support for the critical role
of SMA—input nuclei interactions in motor output, and
indicate these subpathways contribute to both motor and
cognitive domains of motor execution. All SMA subpath-
ways were correlated with better performance on the PTT
(motor efficacy and planning) and AS (cognition) tasks,
with the exception of the SMA-putamen pair, which was
not correlated with motor speed.

These findings are consistent with evidence of SMA—
putamen anatomical [Lehericy et al., 2004] and functional
[Postuma and Dagher 2006] connectivity in humans. Further,
SMA—basal ganglia interactions have been shown to play a
role in motor learning [Ma et al., 2010]. The SMA is also
known to be involved with initiating and preparing motor
responses; however, its contributions continue during motor

execution [Brendel et al., 2010] and are thought to occur in
parallel with M1 [Chen et al., 1991]. Our results suggest that
at least some of these parallel operations involve providing
input to the cortico-basal ganglia circuitry.

Enhancing our understanding of SMA—input nuclei
interactions has clinical relevance. For example, abnormal-
ities of SMA—putamen connectivity have been found dur-
ing motor behavior in Parkinson’s disease [Wu et al.,
2010a,b] and these likely contribute to impaired task per-
formance. Our findings in healthy subjects provide addi-
tional support for the critical role of SMA—striatal
interactions during task execution. Further, these results
indicate that disruptions of SMA—caudate/STN commu-
nication may specifically impact both motor planning and
motor speed as well as cognitive functions, while aberrant
SMA—putamen connectivity may impact cognitive and
motor planning domains only.

Intrinsic Pathways

Direct comparisons revealed that both the caudate-VA
and the putamen-GPe connectivities were significantly
stronger than all the other subcortical connectivity pairs
(Fig. 8). With respect to the caudate—VA feedback path-
way, VA to caudate projections have been demonstrated
in animal studies [Tanaka et al., 1986], and are known to
provide a major source of excitatory input to the striatum,
inducing burst firing in striatal output neurons [McFarland
and Haber, 2000]. However, the function of this pathway
in motor execution has not been well characterized. The
strong connectivity of the caudate—VA pathway evi-
denced during motor task execution supports the notion
that thalamic feedback to the striatum may play an impor-
tant role in motor behavior. Importantly, correlational
analysis (Table V) confirmed this role and suggested a spe-
cific motor planning function.

Our analyses also provided information about the intrin-
sic pathways between the GPe and input nuclei. As
described above, putamen-GPe and caudate-VA connectiv-
ities were both significantly stronger than those for all the
other subcortical pairs (Fig. 8). Further, GPe connectivity
with caudate, putamen, and STN was significantly stron-
ger than GPi connectivity with the same structures (Fig. 7).
The GPe is an intrinsic nucleus of the cortico-basal ganglia
circuitry. However, it is unclear whether it serves primar-
ily as a relay or if it may also have other functions. Since
it is reciprocally connected to input nuclei (striatum and
STN) and projects to the GPi/SNr, it has been suggested
that the GPe could control some activity of other basal
ganglia structures [Bolam et al., 2000]. A recent study
found that deep brain stimulation of the GPe in Hunting-
ton’s disease impacted activity and connectivity within the
cortico-basal ganglia circuitry as well as cortical networks
[Ligot et al., 2011], which suggests the possibility of fairly
wide ranging control functions. However, it is conceivable
those results were related to aberrant connectivity second-
ary to disease. Our finding of strong connectivity with all
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other subcortical structures in healthy subjects indicates
that the GPe plays an important role in at least motor task
execution. However, we also found that GPe connectivity
was significantly stronger than GPi and comparable to VA
connectivity with other subcortical structures (Fig. 8). GPe
and GPi have been thought to have relay functions; there-
fore one interpretation of these findings is that GPe may
have a fundamentally different role than GPi and might
be involved in more complex processing.

Correlations with neurocognitive testing performance
(Table V) also support the possibility of higher order proc-
essing by the GPe. Connectivity of this structure with all
input nuclei (caudate, putamen and STN) was correlated
with motor planning. Further, STN-GPe connectivity was
also correlated with motor efficiency (PTT motor speed)
and cognition (AS task). These findings indicate that fur-
ther research into possible higher order processing by the
GPe is warranted.

Connectivity between the GPe and STN reported herein
warrants comment. The STN receives short-latency input
from SMA and other cortical regions [Fujimoto and Kita,
1993; Monakow et al., 1978] and sends excitatory output to
both the GPi/SNr and GPe [Smith et al., 1990]. This is the
so-called cortico-subthalamo-pallidal ‘‘hyperdirect’’ path-
way that is proposed to have an inhibitory function [Aron
et al., 2007; Aron and Poldrack, 2006; Ballanger et al., 2009;
Nambu et al., 2002]. However, there is evidence of more
complex processing by the STN. For example, there is evi-
dence that the human STN is involved in feedback-based
learning [Brown et al., 2006] and when a new motor pro-
gram is solicited independently of the choice of strategy
[Monchi et al., 2006]. Further, a study of response inhibi-
tion found greater STN activation during stop trials as
compared with go trials but also found greater activity
during stop errors, compared to stop successes [Li et al.,
2008]. The authors of that study reviewed a number of
studies in addition to their own and concluded that STN
activity might be more related to attentional or visuomotor
processing of the stop signal than to the processes that
determine the outcome of a stop trial.

Our finding that greater speed of task completion (PTT
motor speed) is associated with the strength of connectiv-
ities within intrinsic (GPe-STN) and input (SMA-STN)
pathways supports the argument that the STN hyperdirect
pathway is not directly inhibitory and that other regions
may be more relevant for the outcome of the stop signal
[Duann et al., 2009; Li et al., 2008]. Additionally, the corre-
lation we found between STN-GPe connectivity strength
and both motor planning (PTT) and cognition (AS) further
supports the hypothesis of higher order processing along
the STN hyperdirect pathway.

In addition to the GPe-STN pathway discussed above,
projections from the striatum (caudate and putamen) to
the GPe and from GPe back to striatum are also inhibitory
[Bolam et al., 2000] and would be expected to result in
negative connectivity. In contrast, we found that putamen-
GPe connectivity was among the strongest and caudate—

GPe connectivity was relatively strong (Fig. 8). Similarly,
inhibitory striatum to GPi fibers would predict negative
connectivity while excitatory STN to GPi inputs would
predict strong connectivity. Instead, we found no signifi-
cant differences in the strength of connectivity of these
regions with GPi (Fig. 8). These results raise the intriguing
question of why would structures that are connected by
inhibitory neurons seem to exhibit strong coactivation.

Connectivity results presented herein provide a ‘‘big pic-
ture’’ view of cortico-basal ganglia circuit function across
the duration of task execution. Although it could be
argued that these results are an artifact of the low tempo-
ral resolution of fMRI, the results on the whole suggest
otherwise. In particular, growing evidence suggests that
nuclei connected by inhibitory fibers do in fact exhibit
strong functional connectivity. For example, we have pre-
viously found that basal ganglia intrinsic structures receiv-
ing primarily inhibitory input activate during motor task
execution [Marchand et al., 2007b]. Further, we have
reported [Marchand et al., 2007d] failure to find evidence
of deactivation among basal ganglia intrinsic structures
that receive inhibitory input during motor behavior.
Finally, we have provided evidence of strong functional
connectivity across the striatum—GPe inhibitory pathway
in response to a motor activation paradigm in a separate
study [Marchand et al., 2008]. The results reported herein
both replicate and extend our previous findings.

In this study, we provide the first evidence that func-
tional connectivity across intrinsic inhibitory pathways is
not an artifact of fMRI by demonstrating that connectivity
is positively correlated with motor task performance (Ta-
ble V). Negative correlations would be expected if the
interactions were predominately of an inhibitory nature.
That said, there is no doubt that the fibers connecting
these structures are inhibitory. Thus, we must consider
whether it is possible to explain this unexpected result.

One possibility is that positive information transfer,
rather than inhibition, occurs by way of cortico-basal gan-
glia inhibitory pathways, at least in some instances. There
is evidence for this sort of information transfer in an avian
model of basal ganglia function [Leblois et al., 2009] where
fast signaling through disinhibition, rather than excitatory
drive, may result in an increased firing probability in post-
synaptic neurons. In other words, firing of inhibitory pre-
synaptic neurons results in firing of postsynaptic neurons
through the mechanism of postinhibitory rebound [Leblois
et al., 2009]. Postinhibitory rebound is not directly testable
using fMRI and it is unknown if this mechanism exits in
the human basal ganglia. Nonetheless, our findings could
be consistent with this type of information transfer. Cer-
tainly, other currently unknown mechanisms might be
involved as well.

Output Pathways

Strength of functional connectivity along the VA-SMA
output pathway was correlated with our measure of motor
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planning, but not with either motor efficiency or cognition
(Table V). One interpretation of this finding is that during
motor behavior, circuit feedback to the cortex is more rele-
vant for planning subsequent behaviors than execution of
the current movement. Also, the PTT motor planning task
may serve as an indirect measure of cognitive/motor inte-
gration. Thus, our finding may add some support to the
argument that one function of these circuits is to integrate
motor and cognitive information, for review see [March-
and, 2010]. Further our results are in agreement with the
general concept of motor and cognitive integration [Koech-
lin et al., 2003; Suchy and Kraybill, 2007]. There is increas-
ing evidence that motor networks in general may directly
support executive processing [Hikosaka and Isoda, 2010;
Kim et al.; Koechlin et al., 2003]. Further, given that motor
and executive performances often correlate [Kraybill and
Suchy, 2008; Suchy et al., 1997, 2010], it has been sug-
gested that executive functions may represent an evolu-
tionary extension of the motor system [Suchy and
Kraybill, 2007]. Further studies should examine motor and
cognitive processing within the cortico-basal ganglia cir-
cuitry with a focus on the interface between the two
domains.

Implications for Future Research

We have previously found motor paradigms to serve as
effective probes of cortico-basal ganglia circuitry in both
bipolar [Marchand et al., 2007a,c] and panic [Marchand
et al., 2009] disorder. We hope to continue to use motor
tasks in fMRI studies of psychiatric disorders because of
robust activation [Marchand et al., 2008], excellent group
reliability [Lee et al., 2010] and sensitivity to age-related
changes in the functional architecture of the cortico-basal
ganglia circuitry [Marchand et al., 2011]. However, it was
previously unclear whether activation and connectivity
associated with this task reflected only motor function.
This study indicates that the complex motor task demon-
strates connectivities associated with both motor and cog-
nitive domains and possibly the integration of these at the
level of the cortico-basal ganglia circuitry.

We have previously demonstrated [Marchand et al.,
2011] that the correlation of functional connectivity
strength with neurocognitive task performance is useful in
neuroimaging studies of the basal ganglia. Herein, we pro-
vide replication of the method using the same instruments
and activation paradigm. This method has the potential to
greatly enhance our understanding of cortico-basal ganglia
circuit function by providing evidence of how specific cir-
cuit components contribute to behavioral output in basal
ganglia disorders. Perhaps more importantly, the finding
that different behavioral variables correlated with different
connectivity pairs raises the possibility that performance
profile on the PTT and AS may serve as measures of cir-
cuit integrity that could be developed to the point of being
clinically useful in detecting subtle clues to the onset of
basal ganglia pathology, before overt neurological or psy-

chiatric symptoms are present. Further, this performance
profile used in conjunction with functional connectivity
might provide a more robust measure of integrity than ei-
ther method alone. Other methods, such as diffusion ten-
sor imaging [Ystad et al., 2011] and independent
component analysis combined with resting state fMRI
[Ystad et al., 2010] have been shown to provide important
information about basal ganglia function. Adding these
approaches along with voxel based morphometry and the
evaluation of cortico-cerebellar connectivity may benefit
future studies of PTT and AS performance profile.

Limitations

There are several limitations of this work that must be
acknowledged. The first is that we only studied female
subjects who were strongly right handed. It is unknown
whether our results will generalize to males, since to our
knowledge, comparisons of male and female responses
have not been published for either the PTT and AS or the
activation paradigm we used. However, gender-specific
activation patterns have been reported in response to fMRI
using a cognitive paradigm [Bell et al., 2006]. Also, activa-
tion associated with stop signal inhibition has been shown
to have gender-specific activation in the basal ganglia [Li
et al., 2006]. Thus, further studies comparing genders are
warranted. Also, our activation paradigm was only com-
pleted with the nondominant hand and we did not ana-
lyze connectivity data from the opposite hemisphere.
Because of length considerations, we felt analyses of the op-
posite hemisphere data were most appropriate for a follow-
up paper. Additional studies will need to assess results
using the dominant hand. Another limitation is that our
sample size was relatively small given the number of statis-
tical comparisons made. However, examination of p values
reveals that the majority of reported results were highly sig-
nificant (P < 0.001), suggesting that the probability of spuri-
ous findings is quite low. Finally, anatomical precision is
always a concern in studies of the basal ganglia. As previ-
ously mentioned, a comparison of hand-drawn anatomical
ROIs to the use of atlases found no substantial difference in
the result [Prodoehl et al., 2008] and this approach has been
used by others [Boecker et al., 2008]. Nonetheless, technical
limitations inherent in studies such as this must be consid-
ered when interpreting results.

CONCLUSIONS

Main findings of this study include evidence of the rela-
tive importance of interactions between the SMA and stria-
tum as well as between the VA nucleus of the thalamus
and the striatum during motor task execution. Further, we
demonstrate that both the GPe and the STN hyperdirect
pathway may play a role in higher order processing.
Potentially controversial findings indicate that functional
connectivity may exist across inhibitory pathways and that
this coactivation may be important for motor behavior.
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Finally, our results support the use of functional connec-
tivity and neurocognitive testing methods as probes of
these circuits in both healthy subjects and those with neu-
ropsychiatric disorders.
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