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Abstract: This study investigated the preparatory control of motor inhibition and motor execution using
a stop signal task (SST) and functional magnetic resonance imaging (fMRI). In the SST, a frequent “go”
signal triggered a prepotent response and a less frequent “stop” signal prompted the inhibition of this
response. Preparatory control of motor inhibition and execution in the stop signal trials were examined
by contrasting brain activation between stop success and stop error trials during the fore-period, in which
participants prepared to respond to go or to stop. Results from 91 healthy adults showed greater activa-
tion in the right prefrontal cortex and inferior parietal lobule during preparatory motor inhibition. Prepar-
atory motor execution activated bilateral putamen, primary motor cortices, posterior cingulate cortex,
ventromedial prefrontal cortex, and superior temporal/intraparietal sulci. Furthermore, the extents of
these inhibition and execution activities were inversely correlated across subjects. On the basis of a me-
dian split of the stop signal reaction time (SSRT), subjects with short SSRT showed greater activity in the
right orbital frontal cortex during preparatory inhibition. These new findings suggest that the go and stop
processes interact prior to target presentation in the SST, in accord with recent computational models of
stop signal inhibition. Hum Brain Mapp 33:2785-2796, 2012.  © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

In the stop signal task (SST), participants are required to
respond to a go signal during “go trials” which occur fre-
quently and set up a prepotent response tendency. In
“stop trials” where a stop signal follows the go signal, par-
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ticipants are required to inhibit the response. The SST is
widely used to study the cerebral processes of cognitive
control [Verbruggen and Logan, 2008].

An important issue in the study of stop signal inhibition
concerns the influence of top-down/preparatory control.
Neuronal recordings have documented these preparatory
activities in animals [Everling and Munoz, 2000; Johnston
et al., 2007; Narayanan and Laubach, 2009]. For example,
Stuphorn et al. [2010] showed that neurons in the supple-
mentary eye field (SEF) exhibited stronger activation
before target presentation in successfully than unsuccess-
fully inhibited stop trials, indicating a role of the SEF in
preparatory motor inhibition. In another study, Lo et al.
[2009] observed high baseline activity in the fixation neu-
rons of frontal eye field and superior colliculus before stop
signal onset. These fixation neurons inhibited movement
neurons, suggesting a top-down control for movement
inhibition.

Preparatory processes related to motor inhibition have
been studied using functional magnetic resonance imaging
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(fMRI) in humans. Jaffard and colleagues [2008] examined
the neural processes underlying proactive inhibition in a
simple reaction time task that involved target detection
(see also Ballanger, 2009]. By comparing trials in which
participants had to withhold movements while waiting for
target appearance (not cued; inhibition in place) and trials
in which a cue signaled the appearance of an upcoming
target (cued; inhibition released), they observed greater
activation of the superior medial prefrontal cortex and in-
ferior parietal lobule in support of preparatory inhibitory
control. More recently, Chikazoe et al. [2009] examined the
preparation of inhibition in a SST. In addition to the
‘uncertain-go” trials where the go signal could be followed
by a stop signal (inhibition in place), they introduced the
‘certain-go’ trials where the go signal was never followed
by a stop signal (inhibition released). The results showed
greater activation in the pre-supplementary motor area, in-
ferior frontal gyrus, and bilateral insula during uncertain-
go as compared to certain-go trials.

Although these two studies provided important clues to
the neural processes underlying preparatory inhibition, a
few potential confounds need to be considered. First, a cue
that signals an upcoming target may lead to an odd-ball
effect by engaging attention and deactivating the default
mode brain regions, as discussed in the study [Jaffard et al.,
2008]. Second, neither study addressed preparatory inhibi-
tion that influenced behavioral outcomes. To do this, for
instance, one would have to consider the greater difference
in reaction time when the cue-target interval is long (stimu-
lus onset asynchrony or SOA = 500 ms) than short (SOA =
100 ms) between cued and not-cued trials by directly exam-
ining trial by SOA interaction [Jaffard et al., 2008]. Simi-
larly, Chikazoe et al. [2009] did not distinguish between
success and failure of inhibition and thus fell short of
addressing how preparatory control might influence behav-
ioral outcomes. Furthermore, in both studies, the trial-by-
trial uncertainty might have introduced affective processes
that were not directly related to motor response inhibition.
The current work aimed to circumvent these issues and elu-
cidate preparatory processes that determined behavioral
outcomes—stop success or error—in the SST.

In our previous studies of the SST, we examined regional
brain activations with hemodynamic responses associated
with go target onsets [Li et al., 2006b, 2008a,b,c]. Such a
model did not capture preparatory activities, which required
the events of interest to be described with the onsets of fixa-
tion point at the beginning of a trial. On the other hand,
because the fixation point and go signal onsets in our SST
were within 5 s of each other (see Materials and Methods),
while the canonical hemodynamic response peaks at 6-10 s,
it was not feasible to include both events in a single model to
extract activation related specifically to preparation [Huettel
et al.,, 2009; Huettel and McCarthy, 2000, 2001; Soon et al.,
2003]. In the current study, we instead constructed two sepa-
rate models to describe activations associated with the fixa-
tion point (F model) and go signal onsets (G model), and
characterize the preparatory and signal-evoked processes,

respectively. By contrasting the two models with appropriate
masks, we expected to identify regional brain activations spe-
cific to preparatory processes during stop signal inhibition.

We hypothesized that preparatory motor execution and
inhibition would each involve structures known to exhibit
delayed motor activities (e.g., primary motor cortex;
Alexander and Crutcher, 1990] and to mediate attentional
monitoring (e.g., inferior parietal lobule; Corbetta and
Shulman, 2002]. On the basis of Lo et al.’s computational
model [2009] of neuronal behaviors during saccade coun-
termanding, we also expected a negative correlation
between preparatory motor execution and inhibition. Spe-
cifically, the extent of regional brain activations during
preparatory motor inhibition and execution should corre-
late inversely across subjects.

MATERIALS AND METHODS
Participants and Behavioral Task

Ninety-one healthy adults (46 males) with a mean age of
28.9 years (SD = 7.9) participated in the study. Participants
met the following criteria for recruitment: age between 18
and 60; right-handed and able to read and write English;
no current or history of diagnosis of any Axis I psychiatric
or substance (except nicotine) use disorders; no current
use of psychotropic medications; no significant current
medical conditions including neurological, cardiovascular,
endocrine, renal, hepatic, or thyroid disorders. Women
who were pregnant or breast feeding were not recruited.
Participants tested negative for cocaine, amphetamines,
opioids, and benzodiazepines prior to their fMRI. All par-
ticipants signed a written consent after they were given a
detailed explanation of the study in accordance with insti-
tute guidelines and procedures approved by the Yale
Human Investigation Committee.

All participants performed a stop signal task or SST
(Fig. 1; Li et al.,, 2006b; Logan and Cowan, 1984; Logan
et al., 1984]. Two types of trials, “GO” and “STOP” were
randomly presented with an inter-trial-interval of 2 s (the
time between the end of the previous trial and the start of
the current trial). A fixation dot appeared on screen to sig-
nal the beginning of each trial. The dot was replaced by a
“circle”—the go signal—after a time interval, the “fore-pe-
riod,” which varied from 1 s to 5 s. The randomized fore-
period minimized anticipation and allowed jittering of
events of interest. Participants were instructed to press a
button using the right index finger when they saw the
circle. The circle disappeared at button press or after 1 s if
the participant failed to respond.

In approximately one quarter of the trials, the circle was
followed by a “cross”—the stop signal. Participants were
instructed not to press the button when they saw the
cross. The trial terminated at button press or after 1 s if
the participant successfully inhibited the response. The
time between the go and stop signals, the stop signal delay
(SSD), started at 200 ms and varied from one stop trial to
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Figure 1.

Stop signal paradigm. In GO trials (75%, Trial N), participants
responded to the go signal (a circle) and in STOP trials (25%,
Trial N+1) they had to withhold the response when they saw
the stop signal (a cross). In both trials, the go signal appeared af-
ter a randomized time interval between | and 5 s (the fore-pe-
riod or FP, uniform distribution) following the appearance of the
fixation point. The stop signal followed the go signal by a time

the next according to a staircase procedure. If the partici-
pant successfully inhibited the response, the SSD increased
by 67 ms in the next stop trial; if the participant failed in
inhibiting the response, the SSD decreased by 67 ms. With
the staircase procedure we anticipated that participants
would succeed in withholding the response half of the
time.

Participants were trained on the task before their fMRL
They were instructed to quickly press the button when they
saw the go signal while keeping in mind that a stop signal
might come up in some trials. In the scanner, they com-
pleted four sessions of the task, each lasting 10 minutes.

Behavioral Data Analysis

A critical SSD was computed for each participant; it rep-
resented the time delay required for the participant to suc-
cessfully withhold a response in half of the stop trials
[Levitt, 1971]. SSDs across stop trials were grouped into
runs (sequences of trials), with each run defined as a
monotonically increasing or decreasing series. We derived
a mid-run estimate by taking the middle SSD of every sec-
ond run. The critical SSD was computed by taking the
mean of all mid-run SSDs (Supporting Information Fig. 1).
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 X5y (50% SS
in the SST, Wetheril et al., 1966]. The stop signal reaction
time (SSRT) was then computed for each participant by
subtracting the critical SSD from the median reaction time
in go trials [Logan and Cowan, 1984; Logan et al., 1984].

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 func-
tional slice locations were next obtained with spin-echo
imaging in the axial plan parallel to the AC-PC line with

delay - the stop signal delay (SSD). The SSD was updated
according to a staircase procedure, whereby it increased and
decreased by 67 ms following a stop success (SS) and stop error
(SE) trial, respectively. The inter-trial-interval (ITI) was 2 s. In
this diagram, a GO trial was followed by a STOP trial to illus-
trate the two trial types and the ITI.

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 = 4 mm and no
gap. Functional blood oxygenation level dependent
(BOLD) signals were then acquired with a single-shot gra-
dient-echo echo-planar 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 = 2,004 Hz/pixel, flip angle = 85°, field of
view = 220 x 220 mm?, matrix = 64 x 64, 32 slices with
slice thickness = 4 mm and no gap. Three hundred images
were acquired in each run for a total of four runs.

Spatial Preprocessing of Brain Images

Data were analyzed with Statistical Parametric Mapping
(SPMS8, Wellcome Department of Imaging Neuroscience,
University College London, UK). Images from the first five
TRs at the beginning of each trial were discarded to enable
the signal to achieve steady-state equilibrium between ra-
dio frequency pulsing and relaxation. Images of each indi-
vidual subject were realigned (motion-corrected) and
corrected for slice timing. A mean functional image vol-
ume was constructed for each subject for each run from
the realigned image volumes. These mean images were co-
registered with the high resolution structural image and
then segmented for normalization to an MNI (Montreal
Neurological Institute) EPI template with affine registra-
tion followed by nonlinear transformation [Ashburner and
Friston, 1999; Friston et al.,, 1995a]. Finally, images were
smoothed with a Gaussian kernel of 8 mm at Full Width
at Half Maximum.

General Linear Model

There were four possible trial outcomes: Go success
(GS), go error (GE), stop success (SS), and stop error (SE)
(Fig. 1). Two GLMs were constructed. The first GLM, the
G model, was built with the onsets of the go signal from
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Figure 2.
A flow chart illustrating the general analyses step by step.

every trial convolved with a canonical hemodynamic
response function (HRF) and the temporal derivative of
the canonical HRF [Friston et al., 1995b]. For GS trials, the
go signal onset was parametrically modulated by the reac-
tion time and its temporal derivative; for SS and SE trials,
the go signal onset was parametrically modulated by the
SSD and its temporal derivative [Biichel et al., 1996, 1998;
Cohen, 1997; Li et al., 2006b]. Realignment parameters in
all 6 dimensions were also entered in the model. Serial
autocorrelation of the time series was corrected by a first
degree autoregressive or AR(1) model [Della-Maggiore
et al., 2002; Friston et al., 2000]. The data were high-pass
filtered (1/128 Hz cutoff) to remove low-frequency signal
drifts. The GLM estimated the component of variance that
could be explained by each of the regressors. Otherwise
identical, the second GLM - the F model - was built with
the onsets of the fixation point instead of the go signal.
We use a subscripted ‘G” and ‘F’ to denote the model that
the trial was in. For example, SE; and SEp each represent
the SE trials in the G and F model, respectively.

Figure 2 illustrates the steps of our analyses. In the first
level analysis, we constructed for each participant the con-
trasts SSg>SEg and SEg>SSg from the G model as well as
SSg>SEr and SEE>SSg from the F model. Note that the ca-
nonical hemodynamic response is slow, peaking at 6-10 s
and lasting for 20 s, while the fixation point and go signal
onsets differed only by an average (fore-period) of 3 s, it
was not feasible to include both events in a single model
[Huettel et al., 2009; Huettel and McCarthy, 2000, 2001;
Soon et al., 2003]. On the other hand, the G or F model
alone could not distinguish between preparatory and sig-
nal-evoked processes. However, the contrasts SSg>SEg
and SEG>SS¢ described differences in signal-evoked cere-
bral processes of response inhibition and execution,
whereas the contrasts SSg>SEr and SEg>SSg captured, to a

larger extent, differences in preparatory processes of
response inhibition and execution. By comparing the F
and G models with appropriate masks, we could identify
regional brain activations specific to the preparatory proc-
esses of motor inhibition and execution. Furthermore, with
SSRT as an index of inhibitory control [Li et al., 2006b;
Logan and Cowan, 1984; Logan et al., 1984], we examined
whether the activities of specific brain areas during pre-
paratory control would interact with SSRT.

To this end, in second level analysis, we used a flexible
factorial design [Glascher and Gitelman, 2008] with the
model (F vs. G) as the within-subject factor and SSRT as
the between-subject factor. We were interested in the main
effects of the model (F vs. G), i.e., (SSg>SEg)>(SSg>SEG)
and (SEp>SSg)>(SEc>SSg), which reflect preparatory proc-
esses of motor inhibition and execution, respectively.
However, each of these “compound” contrasts could be
interpreted in two different ways. For example, the con-
trast (SSp>SEg)>(SSg>SEg) would produce identical acti-
vations as in (SEg>SSg)>(SEg>SSg). To ensure that
activation reflects the former but not the latter, we created
a mask that included areas in (SSg>SEr) and excluded
areas in (SEg>SSg), both evaluated at P < 0.001, uncor-
rected. That is, we examined (SSg>SEg)>(SSc>SEg) with a
mask of “(SSg>SEp) and ~ (SEg>SSg)”. Similarly, we
examined (SEg>SSg)>(SEG>SS;) with a mask of
“(SEg>SSg) and ~ (SSg>SEg)” to examine the preparatory
processes of motor execution. Please see Supporting Infor-
mation Figure 2 for additional explanations.

The interaction examined the difference in preparatory
processes in participants with different SSRTs. The same
masks were applied to the interactions. Specifically, the
mask of “(SSp>SEp) and ~ (SEg>SSg)” was applied to
[(SSk>SEp)>(S56>5EG)lshort > [(SSe>SER)>(SS6>SEG)]Long/
and the mask of “(SEg>SSp) and ~ (SSg>SEg)” was
apphed to [(SEF>SSF)>(SEG>SSG)]5h0rt > [(SEF>SSF)>
(SEG>SSG)]Long-

Correlation Between Regional Brain
Activations and SSRT

We used MarsBaR [Brett et al., 2002] to derive for each
individual subject the effect size of activity change for
regions of interest (ROI) identified for preparatory proc-
esses. In linear regressions we correlated across subjects
the effect sizes between preparatory motor inhibition and
execution to test whether these two processes were inde-
pendent or interacting.

RESULTS
Behavioral Performance

Table I summarized the general performance on the
SST. The median go trial reaction time was slightly shorter
than the mean go trial reaction time, consistent with the
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TABLE |. Behavioral performance on the stop signal
task across subjects

Performance

Range Mean =+ standard deviation
Median GORT 315 < 762 ms 575 + 96 ms
Mean GORT 345 « 762 ms 583 £+ 90 ms
SSRT 98 < 266 ms 201 + 33 ms
GS% 89.8 < 100 964 + 29
SS% 449 < 55.3 504 + 2.2

GORT, go trial reaction time; SSRT, stop signal reaction time;
GS%, percentage of go success trials; SS%, percentage of stop suc-
cess trials.

right-skewed reaction time distributions observed for the
SST [Logan and Cowan, 1984; Logan et al., 1984]. On aver-
age, participants made errors in roughly half of the stop
trials, suggesting that their overall performance was
adequately tracked by the staircase procedure.

Preparatory Processes: Main Effects of Model

Following our previous work [Li et al., 2006a, 2009], we
examined for gender differences in the current study. Spe-
cifically, we included gender as a regressor in our analyses
and found no differences between men and women. We
therefore reported the results by combining men and
women.

The two main effects each reflected preparatory proc-
esses for motor inhibition and execution:
(SSE>SEg)>(SSc>SEG) and (SEg>SSg)>(SEg>SSg). Figure 3
and Supporting Information Table I showed the results of
regional brain activations at P < 0.001, uncorrected. As
described above, the contrast (SSg>SEp)>(SSg>SEg) was
masked for small volume correction (SVC) by an ROI that
included areas identified from SSp>SEr and excluded
areas from SE;>SSg, both evaluated at P < 0.001, uncor-
rected. Similarly, the contrast (SEg>SSg)>(SEc>SSs) was
masked by an ROI that included areas identified from
SEp>SSg and excluded areas from SSg>SEg, both eval-
uated at P < 0.001, uncorrected (Supporting Information
Figs. 3 and 4).

The results of SVC were obtained at a threshold of P <
0.05, corrected for false discovery rate or FDR [Genovese
et al., 2002] and a cluster size greater than 10 voxels. The
areas involved in preparatory motor inhibition included
the right prefrontal cortex (PFC) and inferior parietal
lobule (IPL). The areas involved in preparatory motor exe-
cution included bilateral putamen, bilateral primary motor
cortices (PMC), posterior cingulate cortex (PCC), ventro-
medial prefrontal cortex (VMPFC), bilateral parahippo-
campi, left hippocampus, left middle occipital gyri (MOG),
and left posterior ascending segment of superior tempo-
ral/intraparietal sulci (STS/IPS). Figure 4 shows the T

maps overlaid on a structural image with identified brain
areas listed in Table IL

To examine whether these preparatory activities of
motor execution and inhibition are independent or inter-
acting, we correlated the effect sizes of the regional brain
activations across subjects. The results showed that prepar-
atory activities of motor execution and inhibition were
inversely correlated between most of these brain regions
(Table IIT). As an example, Figure 5 illustrates the correla-
tion between motor preparatory activity of the putamen
and preparatory inhibitory activity of the IPL.

Interaction of Preparatory Activity and SSRT

Individuals with short SSRT showed greater preparatory
motor inhibition [(SSg>SEgr)>(SSc>SEc)lshort > [(SSk>SEr)
>(556>SEG)]Long in the right orbital frontal cortex (OFC, x
=45,y =32,z = —11, Z = 3.21, pswe = 0.003, cluster size
= 2), compared with those with long SSRT (see Fig. 6).
Individuals with short and long SSRT did not show differ-
ences in preparatory motor execution. The effect size of
OFC was significantly and negatively correlated with
SSRT (r = —0.2316, P = 0.0272).

DISCUSSION

This study investigated preparatory processes of motor
inhibition and execution during the stop signal task (SST).
We modeled the time series separately with the fixation
point and go signal onsets for stop success and stop error
trials. By comparing the two models we identified regional
brain activations related to these preparatory processes.

Preparatory Motor Inhibition

The contrast (SSg>SEg)>(SSc>SEg) revealed activation
in the right prefrontal cortex (PFC) and inferior parietal
lobules (IPL), suggesting a role of these structures in pre-
paratory motor inhibition. These preparatory inhibitory
activities were differentially associated with stop success
and stop error. The current findings thus extended Chika-
zoe et al. [2009] and Jaffard et al. [2008] by confirming that
these preparatory inhibitory activities are explicitly related
to behavioral outcomes.

The right dorsal PFC and IPL, together as parts of the
fronto-parietal network, were shown to be involved in
mediating top-down attentional control [Corbetta and
Shulman, 2002; Miller and Cohen, 2001; Sakai and Passing-
ham, 2003]. Activation in the dorsal PFC has been reported
in top-down attentional control in various cognitive tasks
that required sustained attention [Buschman and Miller,
2007; Wilkins et al.,, 1987], inhibition [Fassbender et al.,
2006; Hester et al., 2004], and perceptual/visual attention
shifting [Coull et al., 2000; Robbins, 2007]. Using the same
SST, our previous study revealed greater activation in the
right PFC during stop success than stop error trials,
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Figure 3.
Regional brain activations identified from the ‘compound’ contrast that includes
(SSe>SEg)>(SSg>SEg) in warm color and the ‘compound’ contrast that includes
(SEE>SSg)>(SEG>SSg) in cold color overlaid on a Tl structural image. Whole brain analysis,
p<0.001, uncorrected. Color bar represents voxel T value.
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Figure 4.

() Regional brain activations identified from
“(SSg>SEg)>(SSg>SEg) and SSg>SEg but not SEg>SSg”. Activa-
tion was found in the right prefrontal cortex (PFC) and inferior
parietal lobule (IPL). (b) Regional brain activations identified
from “(SEg>SSg)>(SEg>SSg) and SEg>SSg but not SSg>SEg”.
Activation was found in bilateral putamen, bilateral primary

suggesting its importance in attentional control [Li et al.,
2006b]. Our current study hence extended the function of
the right PFC; attentional control was in place as early as
during the preparatory period in the SST.

Our results were also consistent with the finding of
greater IPL activation during no-cued (inhibition in place)
than cued (inhibition released) trials as reported in Jaffard
et al. [2008]. In a visual-cuing experiment, IPL was acti-
vated during cue but not target presentation, indicating its
role in top-down attentional control [Hopfinger et al.,
2000]. Corbetta and Shulman [2002] showed that activation
of bilateral ventral IPL’s predicts attention to cue location
during the pre-cueing period in visual perception tasks.

motor cortices (PMC), posterior cingulate cortex (PCC), ven-
tromedial prefrontal cortex (VMPFC), right middle temporal
gyrus (MTG), bilateral parahippocampi, left hippocampus, left
middle occipital gyrus (MOG), and left superior temporal/intra-
parietal sulci (STS/IPS). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Taken together, the PFC and IPL activation in the current
study may suggest allocation of attention to the stop signal
during preparatory motor inhibition.

Preparatory Motor Execution

We observed greater activation in bilateral putamen, pri-
mary motor cortices (PMC), posterior cingulate cortex
(PCC), ventromedial prefrontal cortex (VMPFC), and supe-
rior temporal/intraparietal sulci (STS/IPS) during prepara-
tory motor preparation. In particular, the effect size of
preparatory motor activities in several structures including
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TABLE Il. Regional brain activations for preparatory motor inhibition and execution with masking

MNI Coordinate

Cluster FDR P Z
Contrast Side Region Size Value Value X Y Z

(SSg>SEg)>(SSg>SEG) R PEC 16 0.000 4.69 24 50 25
R IPL 53 0.000 4.57 63 —46 31

(SEg>SSg)>(SEG>SSc) R Putamen 258 0.000 7.29 18 5 -8
L Putamen 114 0.000 6.22 -9 2 -8

R MTG 54 0.000 6.06 48 —58 -5

R PMC 285 0.000 5.86 30 —28 49

R/L PCC 144 0.000 5.85 -3 —55 19

L Hippocampus 16 0.000 5.79 -30 -10 -20

L STS/IPS 61 0.000 5.51 —42 -70 28

L MOG 28 0.000 494 -27 —-82 13

R/L VMPEC 10 0.000 4.85 3 56 -2

L PMC 208 0.000 4.85 -9 —28 55

L Parahippocampus 21 0.002 4.17 -33 -37 =11

R Parahippocampus 11 0.004 3.98 36 -31 —-14

PEC, prefrontal cortex; IPL, inferior parietal lobule; MTG, middle temporal gyrus; PMC, primary motor cortex; PCC, posterior cingulate
cortex; STS/IPS, posterior ascending segment of superior temporal/intraparietal sulci; MOG, middle occipital gyrus; VMPFC, ventrome-

dial prefrontal cortex.

the putamen and STS/IPS was inversely correlated with
preparatory inhibitory activities of the PFC and IPL, indi-
cating an interaction between these two processes
[Boucher et al., 2007; Schall and Boucher, 2007]. This find-
ing supported a recent computational neuronal model
showing that the go and stop processes interact early dur-
ing the preparatory period [Lo et al., 2009].

The activation in bilateral putamen and PMC are con-
sistent with numerous previous studies implicating these
structures in movement preparation [Hauber, 1998; March-

and et al., 2008; Tanji and Mushiake, 1996]. For instance,
in unit recordings of monkeys, Alexander and Crutcher
[1990] showed increased neuronal activities in the puta-
men and PMC before stimulus presentation that signaled a
hand movement. Jaeger et al. [1993] identified different
sets of neurons in the basal ganglia for different aspects of
motor preparation (e.g.,, movement direction and ampli-
tude) and suggested that motor preparation is processed
simultaneously in different areas in the basal ganglia. In
an fMRI study of humans comparing self-initiated and

TABLE Ill. Linear correlations (in Pearson’s r) between regional brain activations during preparatory motor
inhibition and execution

Preparatory motor inhibition

R PFC R IPL
Preparatory motor execution r P r P
R Putamen -0.3927 0.0001* —0.4387 0.0000*
L Putamen —0.4197 0.0000* —0.3960 0.0001*
R MTG —0.4312 0.0000* —0.3385 0.0010*
R PMC —0.2845 0.0063 —0.2339 0.0256
R/L PCC —0.2072 0.0488 —0.0510 0.6311
L Hippocampus —0.1515 0.1518 —0.0579 0.5859
L STS/IPS —0.4073 0.0001* —0.1648 0.1186
L MOG —0.1230 0.2454 —0.2126 0.0430
R/L VMPEC —0.3075 0.0030 —0.1730 0.1010
L PMC —0.2771 0.0078 —-0.3134 0.0025
L Parahippocampus —0.1640 0.1204 0.0187 0.8601
R Parahippocampus —0.1561 0.1395 —0.1403 0.1846

PEC, prefrontal cortex; IPL, inferior parietal lobule; MTG, middle temporal gyrus; PMC, primary motor cortex; PCC, posterior cingulate
cortex; STS/IPS, posterior ascending segment of superior temporal/intraparietal sulci; MOG, middle occipital gyrus; VMPFC, ventrome-
dial prefrontal cortex. *P < 0.05/24 or P < 0.0021, corrected for multiple comparisons.
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Linear correlation of preparatory motor activity in bilateral putamen and preparatory inhibitory
activity in the right inferior parietal lobule (IPL) across subjects. Each data point represented one

subject (n = 9I).

externally cued movements, Wiese et al. [2004] reported
greater activation in the putamen for self-initiated hand
movements.

It is well known that the PMC is involved in movement
preparation and execution [Alexander and Crutcher, 1990;
Michelon et al., 2006; Zang et al., 2003]. In an fMRI study
of delayed sequential movements, Cui et al. [2000]
reported activation of bilateral PMC in movement prepara-
tion with weaker activation in the ipsilateral than contra-
lateral brain. In another study, transcranial magnetic
stimulation of the PMC disrupted memory consolidation
for movement preparation but not execution in the ipsilat-
eral hand, suggesting a necessary role of the PMC for
movement preparation in the ipsilateral effectors [Cohen
and Poldrack, 2008]. Consistent with these results, the
bilateral PMC activation in our study indicates its involve-
ment in preparatory motor execution.

Activation in the putamen during motor preparation is
consistent with the formulation of direct and indirect path-
ways in motor control, in which the putamen facilitates
movement execution [Afifi, 2003; Alexander and Crutcher,
1990; DeLong and Wichman, 2007]. A recent study employ-
ing a variant of the SST suggested that the putamen is
involved in response inhibition, thus seemingly inconsis-
tent with the current findings [Zandbelt and Vink, 2010]. In
the latter study, participants responded in order to “arrest”
a moving bar at a target position but had to withhold the
response if the bar stopped moving automatically. By con-
trasting stop success and stop error trials, the investigators
observed greater activation in the inferior parietal lobules
and midde/inferior/orbital frontal gyri as well as the puta-
men. Moreover, activation of the putamen increased for tri-
als with greater probability of a stop signal. While greater
activation of the frontal and parietal regions, presumably
reflecting increased signal monitoring, were observed in

many previous studies [Hampshire et al., 2009, 2010; Leung
and Cai, 2007; Li et al., 2006b, 2009; Rubia et al., 2001;
Sharp et al., 2010], the findings of putamen activation war-
ranted new considerations. The putamen responds to
smooth pursuit eye movement and imagery of motion
stimuli [Kimming et al., 2008; Kovacs et al., 2008; Li, 2000;
Lynch, 2009; Previc et al.,, 2000]. Thus, one possibility is
that, in this stop signal task, stop success trials involved
greater monitoring of the eye movement that persued the
visual stimulus than stop error trials required. These con-
siderations suggest that the roles of basal ganglia in motor
control need to be investigated beyond the conceptual
framework of direct/indirect pathways [Li et al., 2008c;
Marchand, 2010; Marchand et al., 2007, 2008].

Figure 6.
Regional activation of interaction between preparatory control
and SSRT. [(SSg>SEg)>(SSc>SEG)Ishore > [(SSe>SEg)>(SSg>
SEG)]Long showed greater activation in the right orbital frontal
cortex (OFC). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Another area associated with preparatory motor execu-
tion is the posterior ascending segment of superior tempo-
ral/intraparietal sulci (STS/IPS). The STS is involved in a
number of different cognitive functions including prepara-
tion for pointing movements [Astafiev et al., 2003; see
review in Hein and Knight, 2008]. The IPS is known to
mediate motor intention [Snyder et al., 1997, 1998] and
encode cognitive sets [Stoet and Snyder, 2004]. Neurophys-
iological studies on monkeys suggested that the posterior
parietal cortex integrates sensorimotor information for
visuo-motor coordination [Hinkley et al., 2009] and for
motor selection and planning [Cui and Andersen, 2007]. In
humans, this multisensory integration is critical in early
movement planning [Andersen and Buneo, 2002]. There-
fore, the STS/IPS activation during preparatory motor exe-
cution is consistent with their roles in movement planning.

A few other brain regions including the PCC and
VMPEFC also showed preparatory motor activities. How-
ever, unlike the putamen and STS/IPS, these activities
were largely not significantly correlated with preparatory
inhibitory activities of the right PFC and IPL, suggesting a
less specific function in determining stop signal inhibition.
Greater PCC activation during preparatory motor execu-
tion is consistent with its role in sensory-motor integration
in animals (e.g. Dean and Platt, 2006; Olson and Musil,
1992] and in humans [Antal et al., 2008]. A recent fMRI
study of golf performance showed greater activation in the
PCC before club swing in novices than in professional
golfers, indicating its contribution to motor planning for
complex tasks without intensive practice [Milton et al.,
2007]. An earlier study in healthy adults using an atten-
tional detection task showed that PCC activity was corre-
lated inversely with go reaction time, suggesting a cue-
induced anticipatory bias [Mesulam et al., 2001]. More-
over, PCC and VMPEFC activation predicted stop errors, as
compared with stop successes, in the same SST [Li et al.,
2007]. Taken together, the PCC and VMPFC activation
could reflect the preparation with a bias towards making a
movement.

Interaction of Preparatory Activity and SSRT

Individuals with short SSRT showed greater activation
in the right orbital frontal cortex (OFC) during preparatory
motor inhibition, compared to those with long SSRT. Our
previous studies of functional connectivity during stop sig-
nal performance suggested that the right OFC plays a role
in attentional monitoring in the process of response inhibi-
tion [Duann et al.,, 2009; see also Hampshire et al., 2010;
Sharp et al., 2010]. More recently, in an independent com-
ponent analysis, we showed that the right fronto-parietal
network including the OFC is primarily responsible for
attentional allocation to the stop signal to expedite
response inhibition [Zhang and Li, 2011]. Therefore, the
finding of greater activation in the right OFC may suggest

superiority of attentional/inhibitory control during the
preparatory period in subjects with short SSRT.

CONCLUSION

With a novel contrast, we identified neural processes of
preparatory control for motor inhibition and execution in
the stop signal task. In confirmation of our hypothesis,
preparatory motor inhibition activated structures known
to control attention while inhibiting movement; motor
preparation engaged the cortical and subcortical brain
regions where neurons show motor planning activities. In
particular, the extents of preparatory inhibition and execu-
tion were negatively correlated across subjects, suggesting
a mutual inhibition of the go and stop processes before
signal onsets. These findings extended the literature of
stop signal task which has heretofore focused on signal-eli-
cited processes and confirmed the importance of top-down
control of stop signal inhibition.
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