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Previous studies have delineated the neural processes of motor response inhibition during a stop
signal task, with most reports focusing on the cortical mechanisms. A recent study highlighted the
importance of sub-cortical processes during stop signal inhibition in 13 individuals and suggested
that the subthalamic nucleus (STN) may play a role in blocking response execution (Aron and
Poldrack, 2006). Here in a functional magnetic resonance imaging (fMRI) study we replicated the
finding of greater activation in the STN during stop (success or error) trials, compared to go trials,
in a larger sample of subjects (n=30). However, since a contrast between stop and go trials involved
processes that could be distinguished from response inhibition, the role of subthalamic activity during
stop signal inhibition remained to be specified. To this end we followed an alternative strategy to
isolate the neural correlates of response inhibition (Li et al., 2006a). We compared individuals with
short and long stop signal reaction time (SSRT) as computed by the horse race model. The two groups
of subjects did not differ in any other aspects of stop signal performance. We showed greater activity
in the short than the long SSRT group in the caudate head during stop successes, as compared to stop
errors. Caudate activity was positively correlated with medial prefrontal activity previously shown
to mediate stop signal inhibition. Conversely, bilateral thalamic nuclei and other parts of the basal
ganglia, including the STN, showed greater activation in subjects with long than short SSRT. Thus,
fMRI delineated contrasting roles of the prefrontal-caudate and striato-thalamic activities in
mediating motor response inhibition.
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Introduction

Motor response inhibition and the stop signal task

Response inhibition allows flexible motor acts in changing environment. The stop signal task
(SST) has been widely used to investigate the behavioral and neural processes of motor
response inhibition (Logan, 1994; Logan and Cowan, 1984). In the SST, there are two different
types of trials: “go” and “stop.” In the go trials, participants are required to respond to an
imperative stimulus within a time window and, because the majority of the trials are go trials,
they set up a prepotent response tendency. In the stop trials, an additional stop signal instructs
participants to withhold their response. The rationale is that, when response inhibition is in
place, participants are able to stop upon seeing the stop signal, resulting in a stop success.
However, successful performance in the SST depends on a number of other cognitive processes
in addition to response inhibition. For instance, one needs to monitor for the stop signal in
order to initiate the inhibitory process in time to offset the prepotent tendency to respond during
stop trials. Moment-by-moment lapses in attention as can occur when one is under-motivated
or distracted make one prone to stop errors. Furthermore, because go trials appear more
frequently than stop trials, an “impulsive” thought that no stop signal will follow the go signal
leads to the execution of a response without a concurrent process of outcome monitoring. These
psychological processes influence stop signal performance but do not necessarily reflect one’s
capacity of response inhibition (Li et al., 2006a).

Logan and colleagues have developed algorithms to derive a reliable measure of response
inhibition, independent of these psychological variables (Logan, 1994; Logan and Cowan,
1984). For instance, with a tracking procedure in which the time delay between the stop and
go signals (stop signal delay or SSD) varied trial by trial according to participant’s performance,
investigators can estimate the stop signal reaction time (SSRT) — a counterpart of the go trial
RT - on the basis of a horse race model (Logan, 1994). Recent work that takes into account
the interaction between go and stop processes in the race model further solidifies the use of
SSRT as an index of response inhibition function (Boucher et al., 2007).

Isolating the neural correlates of response inhibition during the SST

Previous neuroimaging studies employing the SST have examined the cortical processes of
response inhibition (Aron and Poldrack, 2006; Li et al., 2006a; Liddle et al., 2002; Rubia et
al., 2003; Rubia et al., 2005). Of critical interest are the different paradigms and contrasts
investigators have used to isolate response inhibition. Because fMRI studies employing a block
design were vulnerable to a number of important confounds (Aron and Poldrack, 2005), we
focused the discussions on event-related paradigms. For instance, using a tracking procedure
and contrasting brain activations associated with stop success (SS) and stop error (SE) trials,
Rubia and colleagues observed greater activation in the inferior frontal cortices during SS,
compared to SE, trials (Rubia et al., 2003; 2005). However, as mentioned in the above, this
contrast did not control for differences in signal monitoring, post-response processing (as, for
instance, SS and SE trials are each subjectively rewarding and frustrating), and motor-related
processes. Successful performance in the SST requires sustained attention and constant
monitoring for the stop signal. Lapses in attention or failures in monitoring cause inhibition
failures, for example, when one responds to the go signal, assuming no stop signal will follow.
Therefore, by contrasting successful and failed inhibitions, one might simply be isolating
activations related to such signal monitoring process (Li et al., 2006a).

Other investigators compared stop and go trials to isolate the neural processes of stop signal
inhibition (Aron and Poldrack, 2006; Chevrier et al., In Press; Liddle et al., 2002; Pliszka et
al., 2006). A rationale for this contrast perhaps is that the stop but not go process involves
response inhibition. Compared to go trials, however, stop trials evoked more complicated
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perceptual signal processing. The visual/auditory processing of the stop signal admittedly is
the starting point of a series of processes leading to response inhibition but it is not identical
to response inhibition. Furthermore, response inhibition is not invariably evoked during stop
trials, and subjects succeed or fail in inhibitions depending on whether this capacity is in place.
Comparing stop and go trials without distinguishing stop success and error seems to be
inconsistent with the underlying rationale of the SST. Thus, Curtis and colleagues observed
greater activation in the frontal eye field during stop, compared to go, trials in an oculomotor
countermanding task, and suggested that this may reflect concurrent activation of the go
(saccade) and stop (fixation) motor processes within this brain region (Curtis et al., 2005).
Without showing differences between successful and failed inhibitions, the activity in frontal
eye field falls short of addressing the process of response inhibition and determining the trial
outcome.

Subcortical correlates of motor response inhibition

Subcortical structures and the basal ganglia, in particular, have been implicated in the
regulation of both simple and complex motor acts (David et al., 2005; DeLong, 2000; Graybiel,
2005; Hikosaka, 2007; Romanelli et al., 2005; Seger, 2006; Tan et al., 2006). Dysfunction in
the circuitry involving these subcortical structures has been implicated in a number of
neurological conditions, including Parkinson’s disease and attention deficit hyperactivity
disorder (Bevan et al., 2006; DeLong and Wichmann, 2007; Mehler-Wex et al., 2006; Robbins
et al., 2007). Among the subcortical structures, the subthalamic nucleus (STN) has received
much attention because of its role in the pathogenesis and treatment of Parkinson’s disease
(Benabid, 2003; Bevan et al., 2006; Breit et al., 2004; Grafton et al., 2006; Hamani et al.,
2005; Perlmutter and Mink, 2006). Deep brain stimulation (DBS) of the STN appeared to
alleviate dyskinesia and other motor symptoms in patients with Parkinson’s disease (Breit et
al., 2004; Grafton et al., 2006; Hamani et al., 2005; Perlmutter and Mink, 2006). Although a
reduction of excessive inhibitory activity in the STN may mediate the treatment effects, the
therapeutic mechanisms of DBS remain to be elucidated. It would thus be of great interest to
further explore the role of the STN and other subcortical processes in motor response inhibition
in an imaging setting.

A recent study investigated the effects of DBS on the performance of patients with Parkinson’s
disease during a choice SST and a go/no-go task (van den Wildenberg et al., 2006). The results
showed that DBS of the STN was associated with enhanced inhibitory control, as indicated by
a shorter SSRT. Interestingly, the stimulation also improved the choice go trial RT during the
SST but did not affect the simple go trial RT during the go/no-go task. Thus, it appears that
the STN plays a role not only in inhibiting but also in generating a motor response (van den
Wildenberg et al., 2006). Another recent experiment employed fMRI to examine the cortical
and subcortical mechanisms of response inhibition during a SST (Aron and Poldrack, 2006).
Testing the hypothesis that the STN suppresses the “direct” fronto-striatal pathway activated
by response initiation (the “go” process), these investigators showed greater activation in the
STN during stop trials (both stop successes and errors), compared to go trials (Aron and
Poldrack, 2006). Furthermore, they demonstrated greater activation in the STN in subjects with
short, compare to those with long, SSRT (though it was not clear whether the two groups
differed significantly in SSRT). Overall, these results suggest a role of the STN in stop signal
performance. In particular, the latter finding of SSRT-associated activity in the STN could
indicate a more specific role of the STN in motor response inhibition, as described by the horse
race model.

Goals of the current study

Here we aimed to examine thalamic and basal ganglia activities that may mediate stop signal
inhibition, as computed by the race model. Our earlier work demonstrated that men and women
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may show important differences in the neural processes underlying stop signal performance
(Li et al., 2006b); thus, we focused here on the results obtained in a group of 30 adult men
subjects. We contrasted SS vs. SE for individual subjects to account for stimulus condition
between trial types. In random effect analysis, we contrasted short vs. long SSRT groups of
individuals who are identical in all other aspects of stop signal performance including stop
success rate, thus accounting for the extent of attentional monitoring, in order to isolate the
neural correlates of response inhibition (Logan et al., 1994). The regions of interest (ROIs)
included bilateral caudate nucleus, putamen, pallidum, and STN. Thus, these ROIs broadly
encompass the subcortical elements of the cortical-basal ganglia-thalamic loop widely
implicated in motor control (DeLong, 1990; DeLong, 2000). We broadly hypothesized that
these structures demonstrate different activity between individuals with short and long SSRT.
Specifically, greater STN activity in the short, as compared to the long, SSRT group would
replicate the findings of Aron and Poldrack, 2006. On the other hand, greater STN activity in
the long, as compared to the short, SSRT group would be consistent with overactivity of the
basal ganglia circuitry in patients with Parkinson’s disease, who are known to be impaired in
flexible behavioral performance including showing prolonged SSRT in the stop signal task
(Gauggel et al., 2004).

Materials and Methods

Subjects and behavioral task

Thirty male adults (22—45 years of age, all right-handed and using their right thumb to respond)
were paid to participate in the study. All subjects signed a written consent after details of the
study were explained, in accordance to institute guidelines and procedures approved by the
Yale Human Investigation Committee.

We employed a simple reaction time task in this stop-signal paradigm (Li et al., 2006a; Logan
and Cowan, 1984; Fig. 1). There were two trial types: “go” and “stop,” randomly intermixed.
A small dot appeared on the screen to engage attention and eye fixation at the beginning of a
go trial. After a randomized time interval (fore-period) anywhere between 1 and 5 s, the dot
turned into a circle (the “go” signal), which served as an imperative stimulus, prompting the
subjects to quickly press a button. The circle vanished at button press or after 1 s had elapsed,
whichever came first, and the trial terminated. A premature button press prior to the appearance
of the circle also terminated the trial. Three quarters of all trials were go trials. The remaining
one quarter were stop trials. In a stop trial, an additional “X,” the “stop” signal, appeared after
and replaced the go signal. The subjects were told to withhold button press upon seeing the
stop signal. Likewise, a trial terminated at button press or when 1 s had elapsed since the
appearance of the stop signal. Clearly it would be easier for the subject to withhold the response
if the stop signal appeared immediately or early after the go signal, and the reverse applied if
the time interval between the stop and the go signals (or the stop-signal delay, SSD) was
extended. The SSD started at 200 ms and varied from one stop trial to the next according to a
staircase procedure: if the subject succeeded in withholding the response, the SSD increased
by 64 ms; conversely, if they failed, SSD decreased by 64 ms (De Jong et al., 1990; Levitt,
1970). There was an inter-trial-interval of 2 s. Subjects were instructed to respond to the go
signal quickly while keeping in mind that a stop signal could come up in a small number of
trials. Prior to the fMRI study each subject had a practice session outside the scanner. In the
scanner each subject completed four 10-min runs of the task with the SSD updated manually
across runs. Depending on the actual stimulus timing (trial varied in fore-period duration) and
speed of response, the total number of trials varied slightly across subjects in an experiment.
With the staircase procedure we anticipated that the subjects succeeded in withholding their
response in approximately half of the stop trials.
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We estimated a critical SSD that represents the time delay between go and stop signals that a
subject would require in order to succeed in 50% of the stop trials (Levitt, 1970). Specifically,
SSDs across trials were grouped into runs, with each run being defined as a monotonically
increasing or decreasing series. We derived a mid-run estimate by taking the middle SSD (or
average of two middle SSDs if there was an even number of SSDs) of every second run. The
critical SSD was computed by taking the mean of all mid-run SSDs. It was reported that, except
for experiments with a small number of trials (less than 30), the mid-run estimate was close to
the maximum likelihood estimate of X5 (50% positive response; i.e., 50% SS in the SST,
Wetherill et al., 1966). The stop signal reaction time or SSRT was computed for individual
subjects by subtracting the critical SSD from the median go trial RT (Levitt, 1970; Logan,
1994).

After the localization scans but before the BOLD (blood oxygenation level dependent, see
below) sessions, subjects were asked to rate their stress level on a Likert scale from 1 (minimal)
to 10 (most stressful ever). After they completed the third run of the task, subjects were again
asked to rate their frustration and stress level associated with the task on a Likert scale from 1
(minimal) to 10 (most frustrating and stressful ever). The difference in the two ratings was
taken to reflect task-related frustration (Li et al., In Press-a).

Imaging protocol

Conventional T1-weighted spin echo sagittal anatomical images were acquired for slice
localization using a 3T scanner (Siemens Trio). Anatomical images of the functional slice
locations were next obtained with spin echo imaging in the axial plane parallel to the AC-PC
line with TR =300 ms, TE = 2.5 ms, bandwidth = 300 Hz/pixel, flip angle = 60°, field of view
=220 x 220 mm, matrix = 256 x 256, 32 slices with slice thickness = 4mm and no gap.
Functional, blood oxygenation level dependent (BOLD) signals were then acquired with a
single-shot gradient echo echoplanar imaging (EPI) sequence. Thirty-two axial slices parallel
to the AC-PC line covering the whole brain were acquired with TR = 2,000 ms, TE = 25 ms,
bandwidth = 2004 Hz/pixel, flip angle = 85°, field of view =220 x 220 mm, matrix = 64 x 64,
32 slices with slice thickness = 4mm and no gap. Three hundred images were acquired in each
run for a total of 4 runs.

Data analysis and statistics

Data were analyzed with Statistical Parametric Mapping version 5 (SPM5, Welcome
Department of Imaging Neuroscience, University College London, U.K.). Images from the
first five TRs at the beginning of each trial were discarded to enable the signal to achieve
steady-state equilibrium between RF pulsing and relaxation. Images of each individual subject
were first corrected for slice timing, realigned (motion-corrected) and unwarped (Andersson
et al. 2001; Hutton et al., 2002). A mean functional image volume was constructed for each
subject for each run from the realigned image volumes. These mean images were normalized
to an MNI (Montreal Neurological Institute) EPI template with affine registration followed by
nonlinear transformation (Ashburner and Friston, 1999; Friston et al., 1995a). The
normalization parameters determined for the mean functional volume were then applied to the
corresponding functional image volumes for each subject. Finally, images were smoothed with
a Gaussian kernel of 6 mm at Full Width at Half Maximum. The data were high-pass filtered
(128 sec cutoff) to remove low-frequency signal drifts.

Four main types of trial outcome were first distinguished: go success (G), go error (F), stop
success (SS), and stop error (SE) trial. A statistical analytical design was constructed for each
individual subject, using the general linear model (GLM) with the onsets of go signal in each
of these trial types convolved with a canonical hemodynamic response function (HRF) and
with the temporal derivative of the canonical HRF and entered as regressors in the model
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(Friston et al., 1995b). Realignment parameters in all 6 dimensions were also entered in the
model. Serial autocorrelation was corrected by a first-degree autoregressive or AR(1) model.
The GLM estimated the component of variance that could be explained by each of the
regressors.

In the first-level analysis, we constructed for each individual subject a contrast between SS
and SE. The con or contrast (difference in ) images of the first-level analysis were then used
for the second-level group statistics (random effect analysis; Penny and Holmes, 2004). Brain
regions were identified using an atlas (Duvernoy, 1999; Mai et al., 2003). Because of our focus
on the subcortical structures, we employed small volume correction to examine results
specifically for the caudate nucleus, pallidum (internal and external segments combined), and
putamen, using anatomical templates from the Anatomical Automatic Labeling or AAL brain
atlas (Maldjian et al., 2003; Tzourio-Mazoyer et al., 2002). A recent study suggested that use
of masks drawn in standardized space is valid and useful for ROI analysis for small nuclei in
the basal ganglia (Prodoehl et al., In Press). For the subthalamic nucleus, we constructed box
ROls of asize 10 x 10 x 10 mm and centered at x=—10/+10, y=—15, z=-5, following Aron and
Poldrack, 2006. All templates are in MNI space and voxel activations are presented in MNI
coordinates. Functional ROIs of the anterior pre-supplementary motor (pre-SMA) area and
rostral anterior cingulate cortex (rACC) were also derived from our previous study for cross-
correlation with subcortical activities (Li et al., 2006a). We used MarsBaR to derive for each
individual subject the effect size of activity change for the ROIs (Brett et al., 2002;
http://marsbar.sourceforge.net/).

Stop signal performance

Table 1 shows the results of behavioral performance, separately for the subjects with short and
long SSRT, grouped with a median split. Note that our subjects succeeded in approximately
51% of the stop trials, suggesting the success of the tracking procedure. The median go trial
RT was indistinguishable between the four sessions (session 1 through 4: 547 + 137; 611 +
149; 597 + 146; 591 + 141 ms; p=0.351, ANOVA). Furthermore, for all 30 subjects the RT
and SSD was linearly correlated for stop trials (all p’s<0.001, 0.556<R’s<0.952, Pearson
regression), providing more evidence for the adequacy of the tracking procedure (Logan et al.,
1984).

Importantly, the two groups did not differ in the percentage of go or stop success, or the median
go trial RT. As expected of the staircase procedure, the SSD was greater for SE than for SS
trials, and this difference was indistinguishable between the two SSRT groups (p=0.952,
ANOVA). We also computed a fore-period (FP) effect to index the extent of motor preparation.
With the FP randomly varying between 1 and 5 s, we compared the RT of go trials with a FP
less than 3 s and those with a FP equal to or greater than 3 s (Bertelson and Tisseyre, 1968; Li
et al., 2005). The effect size of the FP effect did not differ between the short and long SSRT
groups. Furthermore, we computed RT difference between go trials following a stop error and
those following a go success, to index performance monitoring during the task (Rabbit,
1966; Li et al., 2006a; 2006c¢; Li et al., In Press-b). This post-error slowing (PES) effect also
did not differ between the two groups. Subjects in the two groups were indistinguishable in
their frustration rating (mean rank =16.8 vs. 14.2, Mann Whitney U test). Thus, the two groups
differed in SSRT but not any other aspects of stop signal performance.

Neural activity differentiating individuals with short and long SSRT

We first compared subjects with short and those with long SSRT for the whole brain. The
results showed that, compared to those with long SSRT, subjects with short SSRT demonstrated
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greater activation in the anterior pre-supplementary motor area (pre-SMA, x=—3, y=36, z=51,
voxel Z=3.75, 508 mm3), rostral anterior cingulate cortex (ACC, x=—9, y=51, z=6, voxel
Z=3.18, 508 mm3), consistent with our earlier reports (uncorrected p<0.005, 5 voxels in extent
of activation, Li et al., 2006a; Li et al., 2006b). The two prefrontal clusters survived correction
for multiple comparisons in small volume correction based on the ROIs identified from our
previous studies: p<0.05, FWE corrected). Caudate head also showed greater activation
bilaterally during short compared to long SSRT (x=—3, y=12, z=0, voxel Z=3.50, 832 mm?)
but no other subcortical activity was observed for this contrast at the same threshold.
Conversely, a number of cortical and subcortical structures including two loci in the region of
the thalamus/subthamalus, showed greater activation in the long, compared to the short, SSRT
group (uncorrected p<0.005, 5 voxels in extent of activation, Table 2). Figure 2 shows these
activities in the thalamus and other subcortical structures, with activities for short > long SSRT
also shown on the same axial slices for comparison.

We further examined the subcortical findings with small volume correction, focusing on the
basal ganglia (Table 3). Bilateral caudate head showed greater activation in the short, compared
to long, SSRT group. Moreover, the effect size of its activity is positively correlated with that
of the pre-SMA (R=0.481, p=0.011; Pearson’s regression). Conversely, right pallidum and
bilateral putamen and subthalamic nuclei (STN) showed greater activation in the long,
compared to short, SSRT group.

The STN is a small subcortical structure situated ventral to the thalamus and medial to the
posterior limb of the internal capsule and between the mediodorsal border of the substantia
nigra and the lateral border of the red nucleus (Ashkan et al., 2007; Lee et al., 2006; Rijkers et
al., 2007; Yelnik et al., 2007; Zhu et al., 2002). The location of peak activity in STN identified
both in the current study and in Aron and Poldrack appeared to be somewhat medial to the
MNI coordinates specified in previous studies (e.g., x=18, right STN, x=—16, left STN, Herzog
etal., 2006). Thus, we overlay the BOLD activation for long>short SSRT on coronal and axial
sections of a single-subject T1 structural image in order to better visualize the approximate
locations of the STNs (Fig. 3). Because of the geometrical proximity of the STN to thalamus
and other structures in the midbrain and brain stem, such as the substantia nigra and the red
nucleus, these results should be safely regarded as “in the region of the STN.”

Greater subthalamic activity during stop than during go trials

We sought to replicate the finding of greater subthalamic activity during stop compared to go
trials, as reported in Aron and Poldrack, 2006. With small volume correction for the STN
templates (the 10x10x10 mm?3 box), the results showed greater activity in the STN both during
stop success (Left STN: x=—12, y=—12, z=—6, voxel Z=2.44, 256mm3, p<0.05, corrected for
false discovery rate or FDR; Right STN: x=12, y=—12, z=—3, voxel Z=3.15, 448mms3, p<0.01,
corrected for FDR), and stop error (Left STN: x=—12, y=—12, z=—3, voxel Z=4.21, 448mm3,
p<0.001, corrected for FDR; Right STN: x=12, y=—12, z=—3, voxel Z=4.43, 512mm3, p<0.001,
corrected for FDR), as compared to go trials. Furthermore, STN showed greater activity during
stop error, compared to stop success, trials (Left STN: x=—12, y=—15, z=—3, voxel Z=3.97,
256mms3, p<0.001, corrected for FDR; Right STN: x=12, y=—15, z=—9, voxel Z=3.33,
320mm3, p<0.005, corrected for FDR). Figure 4 plots the time course of go trial, stop success
and stop error activities for right and left STNs, separately for the two SSRT groups.

Discussion

Caudate nucleus and cognitive motor control

The caudate head shows greater activation in association with short SSRT, and the extent of
its activation is positively correlated with activity in the pre-supplementary motor area (pre-
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SMA), a cortical structure that have been implicated in cognitive control and response planning
and selection (Boecker et al., 1998; Boecker et al., 2008; Brass and Haggard, 2007; de Jong
and Paans, 2007; Isoda and Hikosaka, 2007; Lau et al., 2004; Li et al., 2006a; Mueller et al.,
2007; Nachev et al., 2005; Rushworth et al., 2002; Shima et al., 1996; Simmonds et al., In
press; Sumner etal., 2007; Suskauer etal., In press). Earlier animal, clinical, and neuroimaging
research has provided extensive evidence for a role of the caudate nucleus in cognitive-motor
control. For instance, chemical lesion of the caudate head impaired monkey’s ability to
suppress a reflexive saccade to sudden visual onsets and to initiate a delayed saccade (Kori et
al., 1995). Stroke patients with lesions in the caudate nucleus demonstrated prominent motor
preserveration as demonstrated in a “star cancellation” task, a deficit that was independent of
the extent of visual neglect (Nys et al., 2006). Caudate nucleus increased activity during
cognitive planning in a set-shifting task (Monchi et al., 2006). Caudate nuclei showed greater
activity during force perturbation and during manual tracking of a visual stimulus, when
subjects were required to exercise motor control (Lungu et al., 2007; Tunik et al., 2007).
Furthermore, in a finger-tapping task in which subjects responded to auditory stimuli at varying
temporal frequencies, the left caudate head activated to a greater extent when the externally
guided responses were executed at a slow, compared to a high rate, suggesting that the caudate
nucleus responds more intensively during controlled than habitual, automatic movements
(Riecker et al., 2003).

Perhaps of direct relevance to the current findings is the study of Vink and colleagues, who
showed greater bilateral (particularly left-hemispheric) activation of the caudate head in
association with response inhibition during a choice RT stop signal task, in which the likelihood
of a stop trial is parametrically modulated by varying the number of its preceding go trials
(Vink et al., 2005). These investigators posited that the caudate nucleus becomes more active
when subjects respond in a controlled manner, in order to prevent an action from being
automatically executed. In a subsequent study, these authors showed that patients with
schizophrenia and their siblings were impaired along with diminished striatal activation during
response inhibition (Vink et al., 2006). Overall, these findings suggest a role of the caudate
nucleus in the controlled execution of movement. This role of the caudate nucleus during stop
signal inhibition is also supported by the current finding of correlated activity and its anatomical
connections with the pre-SMA, a structure extensively implicated in the volitional control of
action (Brass and Haggard, 2007; Inase et al., 1999; Lau et al., 2004; Lehéricy et al., 2004; Li
et al., 2006a; Mueller et al., 2007; Nachev et al., 2005; Sumner et al., 2007).

The striatothalamic circuitry and stop signal reaction time

Greater activity in the thalamus and basal ganglia (except the caudate nucleus) may delay stop
signal reaction time (SSRT). To account for this finding, it would be of interest to rule out
several possibilities to begin with. Note that the two SSRT groups do not differ in their go trial
RT, preparation for a response in terms of the fore-period effect, go or stop trial success rate,
or performance monitoring in terms of post-error slowing in RT. Only male subjects are
recruited in the current study and the two groups of individuals do not differ in age. The two
groups differ in one outcome measure —the SSRT — upon which the grouping was made. Thus,
difference in the striato-thalamic activity has to do with the speed of the stop process to reach
its finish line, as computed by the race model (Logan and Cowan, 1984). The association of
greater activity of the striato-thalamic circuitry with less inhibitory ability is reminiscent of the
overactivity of the basal ganglia circuitry in patients with Parkinson’s disease, who are known
to be impaired in flexible behavioral performance including showing prolonged SSRT in the
stop signal task (Gauggel et al., 2004). The finding of greater STN activity during prolonged
SSRT is also consistent with a recent study documenting the association of increasing
metabolism in the STN with disease progression in Parkinson’s disease (Huang et al., 2007).
Note that these observations do not offer a mechanistic explanation associating increased
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striato-thalamic activity with longer SSRT. Nevertheless, stop signal inhibition appears to be
expedited or impeded depending on whether the prefrontal cortices and caudate nucleus or the
striato-thalamic circuitry shows greater activity.

Role of subthalamic nucleus during visual motor processing

We replicated the finding of greater activity in the subthalamic nucleus (STN) during stop
trials, compared to go trials, as reported in Aron and Poldrack, 2006. The STN also showed
greater activity during stop errors, compared to stop successes. These results suggest that the
activity of this subcortical structure is perhaps more related to the processing of the stop signal
than to the processes that determine the outcome of a stop trial. Thus, compared to a go signal,
a stop signal can evoke “odd-ball” attentional effect in the STN, an interpretation in accord
with the findings that lesioning of the STN led to premature responding as a result of attention
and stimulus discrimination deficits (Baunez and Robbins, 1997; Tan et al., 2006). Recording
from the STN in patients with Parkinson’s disease undergoing ameliorative neurosurgery,
Brown and colleagues demonstrated local potentials evoked during performance errors in a
computer game that required temporal accuracy of movement (Brown etal., 2006). The evoked,
short-latency activity was greatest in response to small errors and influenced subsequent
movements. It was suggested that the human STN is involved in feedback-based learning.
Thus, STN may show greater activity during stop errors as part of the performance monitoring
processes during the stop signal task (SST).

A recent report showed that excitotoxic fiber-sparing lesioning of the STN did not alter SSRT
in rats performing a rodent version of the SST derived from Logan and Cowan (Eagle et al.,
2008; Logan and Cowan, 1984). Furthermore, STN lesions reduced go trial reaction time (RT)
and led to decreased accuracy of stopping at all stop-signal delays, indicative of a generalized
stopping impairment that was independent of the SSRT itself, a finding consistent with the
aforementioned study of Baunez and Robbins (Eagle et al., 2008). This latter finding suggests
that STN does not play a critical role in determining SSRT, the outcome measure of stop signal
inhibition, despite its involvement in other aspects of stop signal performance. Notably, rats
with STN lesions were unable to stop even in stop trials without delay while unimpaired in go
trial accuracy, suggesting that they were fundamentally impaired in the processing of the stop
signal. Taken together, these results indicate that the STN may influence stop signal
performance by mediating the attentional and/or visuomotor processing of the stop signal rather
than expediting response inhibition as computed by the horse race model (Eagle et al., 2008).

Studies in animals have extensively implicated the basal ganglia and the cortico-striato-
thalamic circuitry in motor control (Albin et al., 1989; Alexander and Crutcher, 1990). It has
been hypothesized that the “indirect” pathway, of which the STN is a critical component, may
play a role in modulating or perhaps opposing the activity of the “direct” pathway (Alexander
and Crutcher, 1990). Imbalance between the activities of the two pathways has been proposed
to account for the hypo- and hyperkinetic features of basal ganglia disorders (DeLong, 1990).
The STN is a critical node of the indirect pathway but it also receives direct inputs from many
cortical regions, including the primary motor, premotor, supplementary motor, and rostral and
caudal cingulate motor cortices (Aravamuthan et al., In Press; Hamani et al., 2004; Monakow
etal., 1978; Nambu et al. 1996; Nambu et al., 1997; Nambu et al., 2000; Takada et al., 2001;
note that the STN does not appear to receive direct projection from the inferior frontal cortex,
as investigated by Aron and Poldrack, 2006). Physiological evidence suggests that the STN
should be considered as another input station by which the motor cortices regulate basal ganglia
output at a rate faster than both the direct and indirect pathways (Nambu et al., 2000). Notably,
although the connections within the cortico-striato-thalamic “loops” are well defined
chemically (excitatory or inhibitory), none of them have individually been assigned a specific
role in motor response inhibition. For instance, despite the focus of earlier unit recording studies
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on saccade-related tonic-pause neurons, more recent work have documented saccade-related
“burst” neuronal responses, in the pars reticulata of the substantia nigra, an output nucleus of
the basal ganglia (Bayer et al., 2004; Handel and Glimcher, 1999; Handel and Glimcher,
2000; Hikosaka and Wurtz, 1983a; Hikosaka and Wurtz, 1983b; Sato and Hikosata, 2002).

Likewise, functional imaging studies have provided evidence that appears to implicate the STN
in both the excitatory and inhibitory mechanisms of motor control. For instance, a recent fMRI
study found that the internal portion of the globus pallidus and the STN but not other nuclei in
the striato-thalamic circuitry increased in percent signal change with force amplitude output
during pinch grips (Spraker et al., 2007). An earlier study employing a set shifting task
suggested that the caudate nucleus and the putamen are important in the planning and the
execution, respectively, of a self-generated novel action, whereas the STN may be required
when a new motor program is solicited independently of the choice of strategy (Monchi et al.,
2006). Furthermore, in audio-paced finger tapping tasks varying in movement complexity and
frequency, STN as well as rostral frontal areas, caudate nucleus, and ventroanterior/
ventrolateral thalamus increased in BOLD signals mainly during complex and high-frequency
tasks (Lehéricy et al., 2006). In contrast, in the posterior putamen and the sensorimotor cortex,
signal increased with movement frequency but not with movement complexity. Overall, these
studies have depicted a picture of the diverse roles the STN plays in visuomotor control.

The STN results on short versus long SSRT group thus contrasted the current study and Aron
and Poldrack, 2006. There are several differences in the stop signal paradigm between the two
studies. First, the current and previous study each employed a simple and choice reaction time
task. Second, in the current study the presentation of go and stop trials were completely
randomized, whereas in the previous study it was pseudorandomized because of a fixed number
of go and stop trials and other constraints imposed on trial presentation. Third, the current and
previous study each used a random (1 to 5 s) and fixed (0.5 s) fore-period. Fourth, the current
and previous study each used a visual and auditory stimulus as the stop signal. Fifth, the current
and previous study estimated the SSRT by subtracting from the median go RT a critical SSD
computed by different algorithms, although the values of SSRT were comparable. We do not
know whether these differences could readily account for the disparity in the results, which
would await more studies to resolve.

Implications for the direct versus indirect pathways of motor control

More generally, the current results suggest that the model of direct and indirect pathway of the
cortico-subcortical circuits for motor control could be reconsidered (Alexander et al., 1990).
This model postulates that two functionally opposing basal ganglia circuits serve to regulate
thalamo-cortical activities, with activation of the direct pathway facilitating movement and
activation of the indirect pathway inhibiting movement (De Long, 2000). As briefly mentioned
in the above, the connections between the basal ganglia nuclei are well defined chemically,
with all except the subthalamic projections to the output nuclei being inhibitory. Thus, motor
execution is mediated through the direct pathway with greater activity in the putamen, less
activity in the internal segment of the pallidum (GPi), and again greater activity in the thalamus.
In contrast, the indirect pathway mediates response inhibition by involving less activity in the
external segment of the pallidum (GPe), greater activity in the GPi (either via direct inhibition
from the GPe, or excitation from the STN, which is inhibited by the GPe), and less activity in
the thalamus. Since short SSRT is associated with greater motor response inhibition and the
indirect pathway, one would predict on the basis of these interconnections greater activity in
the GPi and STN and less activity in the GPe and thalamus during short as compared to long
SSRT. Limited spatial resolution precludes any meaningful demarcation and inferences from
being drawn of GPe and GPi. However, the current findings of greater thalamic and subthalamic
activity in association with long SSRT each agrees and disagrees, respectively, with the
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hypothesis. The current results thus indicated that the basal ganglia circuits need be more fully
considered, as has also been suggested by recent imaging work (Marchand et al., 2007a;
Marchand et al., 2007b).

Although the caudate nucleus is also an input nucleus of the basal ganglia, it appears to assume
a greater role in higher cortical functions than motor control, compared to the putamen (Afifi,
2003; Carbon and Marié, 2003; Poldrack, 2002; Hikosaka, 2007; Knutson and Cooper,
2005). For instance, caudate neurons respond to reward contingency and eye movement,
processes which are highly relevant during executive control. While putamen mostly receives
projection from sensorimotor cortices, the caudate nucleus receives projections from
association cortical areas (Afifi, 2003; De Long, 2000). Greater caudate activity as we have
observed in association with short SSRT thus seems to reflect more controlled response during
the stop signal task. Further studies would be warranted to further delineate the role of the
caudate nucleus in the regulation of motor response via direct versus indirect pathways.

To summarize, we demonstrated greater activity in the caudate nucleus in association with
short SSRT. With its functional connections with the pre-SMA, we thus seem to have identified
a cortico-striatal circuitry associated with expedient response inhibition. In contrast, the
thalamus and other parts of the basal ganglia, including the STN, show greater activity in
association with long SSRT, consistent with the idea that over-activity in the striato-thalamic
circuitry might impair flexible motor response, as observed in patients with Parkinson’s
disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

(a) stop signal paradigm. In “go or G” trials (75%) observers responded to the go signal (a
circle) and in “stop” trials (25%) they had to withhold the response when they saw the stop
signal (an X). In both trials the go signal appeared after a randomized time interval between 1
to 5 s (the fore-period or FP, uniform distribution) following the appearance of the fixation
point. The stop signal followed the go signal by a time delay — the stop signal delay (SSD).
The SSD was updated according to a staircase procedure, whereby it increased and decreased
by 64 ms following a stop success (SS) and stop error (SE) trial, respectively.
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FIGURE 2.

(a) Subcortical structures showing greater activation in individuals with long SSRT, as
compared to those with short SSRT, for the contrast “stop success > stop error,” at p<0.005,
uncorrected for multiple comparisons (warm color). BOLD signals are overlaid on axial slices
(from z=—8mm to +12mm) of a smoothed structural image. (b) Activations for the reverse
contrast — short > long SSRT — were shown for the same axial slices for comparison (cold
color). Color bar represents voxel T value. Neurological orientation: R=R.
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FIGURE 3.

Subcortical structures showing greater activation in individuals with long SSRT, as compared
to those with short SSRT, for the contrast “stop success > stop error,” overlaid on (a) coronal
slices from y=—22mm to —16mm and on (b) axial slices from z=0mm to +8mm of a single
subject T1 image. The regions of bilateral STN were highlighted. Color bar indicates voxel T
value.
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FIGURE 4.

Time course plots of percent signal change (y) after stimulus onset (x, in seconds), for the right
and left subthalamic nuclei (STN) and separately for the short and long SSRT groups. Black,

red and blue lines indicate go success (G), stop success (SS) and stop error (SE), trials,

respectively.
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