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Common and Differential Ventrolateral Prefrontal Activity
during Inhibition of Hand and Eye Movements
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The inferior frontal cortex, particularly the ventrolateral prefrontal cortex (VLPFC) in the right hemisphere, has been implicated to serve
as a general inhibitory mechanism in the cognitive control of behavior. Because this notion was primarily based on studies of response
inhibition in manual tasks, it has yet to be validated in other response modalities. We conducted a functional magnetic resonance imaging
study to examine whether the VLPFC is commonly activated during inhibition of responses by hand and by eye within the same subjects.
We used the stop-signal task, a relatively pure measure of response inhibition, as the behavioral paradigm. Results from 12 subjects
showed that both the right and the left caudal VLPFC and anterior insula, rostral to the premotor area, are activated during inhibition of
both manual and saccadic responses. Within the posterior VLPFC, activations overlapped to a significant extent across the two response
modalities, although a weaker functionally differentiation was also found along the dorsoventral axis. Other areas such as medial superior
frontal gyrus (pre-supplementary motor area/supplementary eye field), dorsolateral prefrontal cortex, and inferior parietal cortex were
also activated during canceling both hand and eye movements. Our findings suggest that a common VLPFC network is involved in
response inhibition, although the specific control of the different response modalities may be partially segregated within the lateral
prefrontal cortex.
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Introduction
The lack of inhibitory control or disinhibition has been consid-
ered a hallmark of patients with frontal lobe damage (Shallice and
Burgess, 1993, 1996). To study the neural substrates underlying
inhibitory control, researchers have applied the stop-signal par-
adigm (Logan et al., 1984), of which canceling a planned response
is required on the presentation of an external cue. Using this
paradigm, a recent study of patients with damages to the frontal
lobes indicated that the right inferior frontal gyrus (IFG) or ven-
trolateral prefrontal cortex (VLPFC) is critical for response inhi-
bition (Aron et al., 2003). They found that the deficit on perform-
ing the stop-signal task was strongly correlated with the size of
damage involving the right IFG but not with that of the left IFG.
The application of transcranial magnetic stimulation (TMS) to
the right IFG also produced a temporary reduction in perfor-
mance on the stop-signal task, whereas little effect was observed
when stimulating other right hemispheric regions (Chambers et
al., 2006); however, they did not examine the left IFG. In neuro-
imaging studies, activation of the right IFG is usually observed in
response inhibition tasks such as the stop-signal task (Rubia et al.,
2001) and go/no-go task (Garavan et al., 1999; Konishi et al.,

1999), as well as in cognitive control tasks requiring inhibitory
processes such as the Wisconsin Card Sorting Task (WCST) (Na-
gahama et al., 2001) and the flanker task (Hazeltine et al., 2000).

Combining findings from neuroimaging and patient studies,
the right IFG has been postulated to serve as a general inhibitory
mechanism for controlling goal-directed behavior (Konishi et al.,
1999; Aron et al., 2004). There are at least three observations
challenging the specificity of right IFG in inhibitory control. First,
the left IFG and other frontal and parietal regions are often acti-
vated along with the right IFG during response inhibition in neu-
roimaging studies (Wager et al., 2005). Second, an area near the
junction of inferior frontal sulcus and precentral sulcus (IFJ) has
also been suggested to play a central role in cognitive control tasks
(e.g., Stroop) (Derrfuss et al., 2005). Third, studies of nonhuman
primates and humans have demonstrated that the frontal eye
fields (FEF) and supplementary eye fields (SEF) exhibit activity
patterns related to the process of stopping saccadic eye move-
ments (Hanes et al., 1998; Stuphorn et al., 2000; Curtis et al.,
2005). Perhaps the oculomotor system has its own inhibitory
control mechanism, although it is also possible that the SEF and
FEF receive inhibitory commands from the lateral prefrontal
areas.

Because the implication of the right VLPFC as a general inhib-
itory control is almost exclusively based on data from studies
involving only manual responses, it has yet to be validated in
other response modalities (e.g., oculomotor). We recorded blood
oxygenation level-dependent (BOLD) responses in human par-
ticipants while they performed a manual and a saccade version of
the stop-signal task. We applied both group and single-subject
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analyses to determine whether or not the VLPFC is commonly
involved in inhibiting both hand and eye movements.

Materials and Methods
Subjects
Fifteen healthy young adults were recruited from the university campus
and the psychology subject pool, none with a history of neurological,
psychiatric, and addictive disorders according to self-report. Three sub-
jects were excluded from analysis because of excessive head motion. Data
from the remaining 12 subjects (six men and six women, aged between 19
and 28 years) were included in this report. All participants have normal
or corrected-to-normal vision. Only right-handed individuals partici-
pated in the experiment. Their handedness scores were between 0.79 and
1, which were assessed by the Edinburgh scale (Oldfield, 1971). All par-
ticipants provided written consent approved by the local Institutional
Review Board.

Behavioral tasks
Manual and saccade stop-signal task. The stop-signal paradigm, also
called the countermanding paradigm or the go–stop task, was originally
developed by Logan (for review, see Logan et al., 1984). Because the stop
signal is presented after the go signal in the stop-signal paradigm, it
ensures that the response has been initiated before it is inhibited; this may
not be the case in other common response inhibition paradigms such as
the go/no-go, antisaccade, and flanker tasks. The go/no-go task requires
the subject to respond to the target stimulus and not respond to the
nontarget stimulus, the antisaccade task requires the subject to generate
movements opposite to the direction of the target, and the flanker task
requires the subject to respond to a stimulus that is incompatible with the
response associated with nearby distracters. These latter tasks involve
additional cognitive processes, including stimulus discrimination, re-
sponse selection/switch, and planning. The stop-signal paradigm has
been applied recently in functional magnetic resonance imaging (fMRI)
research for studying a relatively pure form of response inhibition (Rubia
et al., 2001, 2003; Aron and Poldrack, 2006; Li et al., 2006).

In the present experiment, the stop-signal tasks consisted of go trials
and stop trials (see Fig. 1 A, B). Each trial was 3 s long. On each trial, after
an initial fixation period, a plus sign (go signal) was displayed on either
the left or the right side of the screen at �10° of eccentricity from the
central fixation. On �30% of the trials, a circle (stop signal) was dis-
played for 300 ms at the center shortly after the presentation of the go
signal. Subjects were instructed to respond as fast as possible to the go
signal and try their best to cancel the planned response on the appearance
of the stop signal. A stop was considered successful if subjects made no
response during a 1 s time window. The stop-signal delay (SSD), the
delay between the go signal and stop signal, was defined individually
using their behavioral data from a training session before scanning (see
below). The stop-signal reaction time (SSRT) for each subject was esti-
mated by applying the race model (Logan et al., 1984): SSRT � T � mean
SSD, where T is the point when the integral of the observed distribution
of go reaction times (RTs) equals the probability of unsuccessful stop.

Each subject performed three runs of the manual version and three
runs of the saccade version of the stop-signal task during scanning. In the
manual stop-signal task, subjects responded by pressing the left or the
right button in correspondence with the side of the go signal. In
the saccade stop-signal task, subjects responded by making a leftward or
a rightward saccade to the go signal. The sequences of go and stop trials
were randomly generated using the “optseq” algorithm, which was de-
signed to increase the sensitivity of detecting changes in BOLD signal
across task conditions (Dale, 1999) (http://surfer.nmr.mgh.harvard.edu/
optseq). Each sequence (a run) had 46 go trials, 20 stop trials, and 36 null
events (in multiples of 1.5 s). Null events were intertrial intervals, during
which subjects simply fixated at the center of the screen and made no
responses. The inclusion of null events between task trials also made the
onset of task trials unpredictable. The interval between go signals ranged
between 3 and 7.5 s (average of 3.81 s). Each run was finished with a blank
period (21 s) after the presentation of the last visual stimulus. The central
fixation was displayed on the screen the whole time, and the subjects were
told to maintain their fixation.

Hand motor and oculomotor control tasks. Control tasks were con-
ducted for identifying the hand motor and oculomotor regions function-
ally for each individual. Each subject performed one run of each control
task. During the motor control run, subjects pressed a button twice with
their left or right thumb in correspondence with the onset of a checker-
board on the left and right side of the central fixation. During the oculo-
motor control run, subjects made double-step saccades to two dots ap-
peared on either the left or the right side of the central fixation. The visual
stimuli were randomly displayed on the left/right side of the screen, and
the interstimulus interval was between 3 and 10.5 s (average of 4.83 s).

Procedure and apparatus
To avoid practice effects, each subject was trained on both the manual
and the saccade stop-signal tasks on the day before scanning for �1.5 h.
Each subject practiced the stop-signal tasks with four different SSDs: 50,
100, 200, and 300 ms for the manual version and 50, 80, 150, and 220 ms
for the saccade version. By linear interpolation using the training data, a
short SSD and a long SSD were selected for each stop-signal task to be
used for each individual in the scanning session. The purpose was to
equate task performance across the two response modalities and across
subjects to achieve an accuracy of 80 and 60% for the short and the long
SSD conditions, respectively. Applying two SSDs was also for reducing
habituation over the course of scanning and for better matching of
performance.

To access performance on oculomotor inhibition, subjects completed
a postscanning session on the same saccade stop-signal task that they
performed inside the magnet. Eye position was monitored and recorded
outside of the magnet using the Eyelink II eye tracker (SR Research,
Osgoode, Ontario, Canada). The sampling rate was 500 Hz. The average
gaze position error was �0.5° (with noise limited at �0.01° root mean
square). Visual stimuli were presented on the computer screen, and sub-
jects were positioned with their head on a chin rest (which was 69 cm
away from the screen). Each subject completed a calibration procedure
before every experimental block. Saccades were determined using initial
velocity (�35°/s) and acceleration (�9500°/s 2).

Visual stimuli were rear projected onto a screen positioned at the back
of the magnet bore opening. Subjects viewed the visual display through a
mirror mounted on the head coil. Visual presentation was controlled,
and response data were recorded with “E-prime” (Psychology Software
Tools, Pittsburgh, PA), running on a personal computer (PC) with the
Windows XP operating system (Pentium 4, Dell Dimension 5100; Dell
Computer Company, Round Rock, TX). A response box with four but-
tons interfaced with the PC through the parallel port was used for col-
lecting manual responses. Visual stimulus presentation was synchro-
nized with image acquisition through a digital interface. All visual stimuli
were orange in color against a black background.

Image acquisition and protocol
Whole-brain images were acquired using a Philips (Cleveland, OH) 3 T
Achieva system with an eight-channel head coil. Head movement was
minimized using foam padding and a tape across the forehead. The fol-
lowing scanning protocols were used to collect images. First, a series of
three-plane localizer images was acquired followed by a series of high-
resolution structural images [T1-weighted three-dimensional turbo field
echo; 176 sagittal slices; slice thickness, 1 mm; repetition time (TR), 9.9
ms; echo time (TE), 4.6 ms; matrix, 256 � 256; field of view (FOV), 25 �
25 cm]. A series of T1-weighted in-plane structural images was acquired
parallel to the anterior–posterior commissural (AC–PC) line (24 axial
slices; slice thickness, 5 mm; TR, 300 ms; TE, 5.0 ms; matrix, 256 � 256;
FOV, 22 � 22 cm). Subsequently, eight series of functional images were
acquired along the same AC–PC plane using a standard T2*-sensitive
echo planar pulse sequence (24 axial slices; 5 mm thick, interleaved; TR,
1500 ms; TE, 30ms; matrix, 64 � 64; FOV, 22 � 22 cm; flip angle, 80°).
Four image volumes were discarded at the beginning of each series to
allow the MR signal to reach equilibrium. For each subject, we collected
182 volumes/session (273 s) for three sessions for the stop-signal task in
each response modality and 162 volumes (243 s) for each control task.
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Image processing
All images were processed with SPM2 (Welcome Department of Imaging
Neuroscience, University College London, London, UK; http://www.
fil.ion.ucl.ac.uk/spm/) and Matlab (version 6.0; MathWorks, Natick,
MA). DICOM (Digital Imaging and Communications in Medicine) im-
ages were converted into the analyzed image format with MRIcro (http://
www.sph.sc.edu/comd/rorden/mricro.html). Images from each individ-
ual were first screened for obvious artifacts such as ghosting and motion.
Images were oriented to approximately the same direction followed by
correcting the acquisition time delay between the slices. Images were
realigned relative to the first volume of the middle run; runs with images
of �3 mm of translational motion and 2° of rotational motion were
removed from additional analysis. Data from the 12 subjects were all
within the motion criteria, so none of the runs was removed. The in-
plane and high-resolution anatomical images were segmented (into gray
and white matter) and coregistered with the mean functional image. All
images were then normalized to the Montreal Neurological Institute
(MNI) gray matter template, using a 12-parameter affine registration
followed by a series of nonlinear transformations (Friston et al., 1995).
The functional images were subsequently resampled to 3 � 3 � 3 mm
voxel size and spatially smoothed with a Gaussian kernel of 8 mm full-
width at half-maximum. The data were high-pass filtered with a cutoff of
1⁄128 Hz to remove low-frequency drifts.

Image analysis
We applied both voxel-by-voxel analysis (SPM2) and regions of interest
(ROIs) analysis to analyze the imaging data. For the voxel-by-voxel anal-
ysis, a design model was constructed for the stop-signal task in each
response modality using the onset times of the four task conditions: left
go, right go, left stop, and right stop. Each event vector was convolved
with a canonical hemodynamic response function and used as a regressor
(Friston et al., 1995). (Because we did not find differences in activation
comparing the left and right responses, those data were combined for the
analysis and results described below.) Estimated parameters of the re-
gressors (beta weights) were calculated for each voxel using the general
linear model. Random effects analysis was applied to test for statistical
differences between conditions for the group. To reduce the probability
of type 1 error, a combination of significance threshold ( p � 0.001,
uncorrected) and cluster filter (nine contiguous voxels) was applied to
reveal activation clusters in the group maps (Forman et al., 1995; Poline
et al., 1997). The coordinates were reported according to the MNI system
(http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach). We first
used t tests to identify regions involved in response inhibition in each
response modality by contrasting the stop versus the go conditions. Mo-
tor, oculomotor, and visual-related activations were identified as refer-
ences using data from the control tasks. It is important to confirm that
our findings could not be simply attributed to the sensory and motor
effects. To identify common activations across response inhibition in
both modalities, we applied the conjunction analytic procedures to de-
termine activations that were above threshold in both saccade and man-
ual stop– go contrasts (Friston et al., 2005; Nichols et al., 2005). We also
tested whether the brain regions involved in response inhibition show
modality-specific effects by directly comparing the stop– go contrasts of
the saccade and manual data. A lower threshold was applied on the direct
contrasts because of the double subtraction ( p � 0.01, uncorrected), and
the results were masked by the stop– go contrast ( p � 0.001 uncorrected
and cluster size of at least nine). For example, the saccade stop– go con-
trast was applied to limit the search for regions that show greater activity
in canceling saccades than in canceling manual responses and vice versa
for the manual data.

We applied ROI analysis to assess the statistical significance of activa-
tions within the VLPFC in correspondence with inhibition of hand and
eye movements. Four anatomical ROIs were defined: the three subdivi-
sions of IFG (pars opercularis, pars triangularis, and pars orbitalis) and
the combined whole (see Fig. 1 F). These anatomical ROIs were defined
anatomically using AAL (WFU_PickAtlas by Advanced Neuroscience
Imaging Research Lab, Winston-Salem, NC; http://www.fmri.wfubmc.
edu/download.htm) and were used for confirming whether an activated
cluster is within the anatomical boundary of IFG and, if so, in which

subdivision. Functional ROIs were defined using the activation
clusters from the conjunction analysis and from the direct comparison
of saccade stop– go and manual stop– go contrasts. ROI data from
each subject were extracted using Marsbar (Brett et al., 2002)
(http://marsbar.sourceforge.net/).

We conducted two sets ROI analysis to determine the extent of activa-
tion overlap and segregation within the IFG during inhibition of hand
and eye movements. First, for each functional ROI, we applied paired t
tests to determine whether the beta weights from the stop– go contrasts
are significantly different across the two response modalities (see Figs. 2,
3). We also calculated the correlation between beta weights and stop-
signal performance (SSRT) of each response modality. Second, for each
individual, we located the largest suprathreshold cluster with significant
local maxima within the anatomically defined IFG in the stop– go con-
trast map of each response modality (t � 3; cluster size more than three).
We further limited the search to the ventral part of IFG as opposed to the
more dorsal IFJ, because the former is usually activated in stop-signal
tasks whereas the latter is usually activated in other cognitive control
tasks (see Introduction). The IFJ is between 27 and 40 mm in the z
direction (for review, see Derrfuss et al., 2004); we therefore defined
ventral IFG as the area below z � 27 mm. We applied paired t tests to
assess differences between the two response modalities in terms of both
location (coordinates) and magnitude (beta weights). Similar results
were obtained when using the peak voxel.

Results
Behavioral results
High behavioral performance was observed on go trials in the
manual stop-signal task during scanning (mean � SD; accuracy,
98 � 5%; RT, 453 � 86 ms) and in the postscanning saccade
stop-signal task (accuracy, 95 � 10%; RT, 293 � 64 ms). (Eye
movements were only recorded outside of the magnet.) The
mean accuracy of the group on stop trials in the manual and
saccade stop-signal tasks was 70 � 18% (short SSD, 83 � 12%;
long SSD, 57 � 27%) and 68 � 23% (short SSD, 69 � 23%; long
SSD, 67 � 23%), respectively, indicating that the overall stop
performance was equated across the two response modalities.
The mean SSRT was 222 � 41 ms for the manual task and 186 �
77 ms for the saccade task, with the difference between them
approaching significance (t(11) � 1.75; p � 0.11, two-tail paired t
test). The difference in SSRT between the two response modali-
ties was expected according to a previous study (Logan and Irwin,
2000).

Cortical activations during manual and saccade
stop-signal tasks
Group stop– go contrast maps showed greater activations in both
lateral and medial prefrontal cortexes during canceling hand and
eye movements relative to executing the movements (Fig. 1C,D).
These prefrontal activations were mostly anterior to the motor-
and oculomotor-related activations (i.e., primary motor, premo-
tor, and FEF) identified by the control tasks. Within the inferior
frontal cortex of both hemispheres, posterior IFG and anterior
insula showed greater activity in response to the stop signal than
to the go signal in both manual and saccade stop-signal tasks.
Figure 1E displays the overlap and the partial segregation of ac-
tivation in the IFG across the two response modalities (see be-
low). Aside from the IFG/insula, several regions, including the
medial superior frontal gyrus (SFG), anterior cingulate cortex
[Brodmann’s area (BA) 32], dorsolateral PFC (BA 10/46), middle
temporal gyrus (BA 19/21), and inferior parietal lobe (IPL) (BA
40), showed stronger activity on stop trials than on go trials dur-
ing the manual stop-signal task ( p � 0.05, corrected at cluster
level). The dorsolateral PFC (BA 46) and medial SFG showed
stronger activity on stop trials than on go trials during the saccade

Leung and Cai • VLPFC and Inhibition of Hand and Eye Movements J. Neurosci., September 12, 2007 • 27(37):9893–9900 • 9895



stop-signal task ( p � 0.05, corrected at cluster level). Unlike
previous findings of greater IFJ activity in cognitive control tasks
(Derrfuss et al., 2004), suprathreshold activity in this area was not
evident in the stop– go contrast in either response modality. We
therefore did not further analyze this region.

Overlap in activation within the IFG during inhibition of
hand and eye movements
We applied conjunction analysis to identify cortical regions that
were significantly activated in both stop-signal tasks. A voxel was
considered conjunctively activated in canceling manual and sac-
cadic responses if it was suprathreshold in the stop– go contrast of
both response modalities ( p � 0.001, uncorrected). Figure 2
shows the regions that are conjunctively activated during re-
sponse inhibition in both modalities, and their coordinates are
listed in Table 1 (top half). The main cluster of conjunctive acti-
vation was in the posterior IFG/insula ( p � 0.05, corrected), and
it was more extensive in the right than in the left hemisphere. The
activation in IFG extended across the three subdivisions of the
IFG, although mostly in the pars triangularis and pars orbitalis
(refer to Fig. 1F and methods for anatomical definitions). ROI
analysis confirmed that these activations do not differ signifi-
cantly between inhibition of eye and hand movements (F � 1).
The activation in the right IFG was stronger than that in the left
IFG (F(1,11) � 8.66; p � 0.02). [The hemisphere by response
modality interaction was not significant (F � 1).] Furthermore,
suprathreshold activations in both stop– go contrasts were ob-
served in the medial SFG [pre-supplementary motor area (SMA)/
SEF], the right middle frontal gyrus, and the right IPL.

Segregation in activation within the IFG during inhibition of
hand and eye movements
Although the IFG was commonly activated in both tasks, there
was some degree of segregation within the ventral IFG for inhib-
iting manual responses versus inhibiting saccades (Fig. 1E). Dif-
ferential activation in the IFG across response modalities was
revealed by a direct comparison of the manual and saccade
stop– go contrasts. Only regions that showed suprathreshold ac-
tivation in each individual stop– go contrast were subjected to the
direct contrast. A more dorsal and posterior part of IFG (mostly
pars opercularis) showed stronger activity during canceling eye
movements than hand movements, whereas a more ventral and
anterior part of IFG (pars orbitalis) showed the opposite pattern
(Fig. 3A,B; Table 1, bottom half). Even at a lower threshold ( p �
0.05, uncorrected), both pars triangularis and pars opercularis
did not show greater activity in manual response inhibition,
whereas pars orbitalis did not show greater activity in saccade
inhibition relative to each of their counterparts. This dorsoven-
tral relationship was observed for both hemispheres, although the
segregation in the right IFG was only revealed at a lower threshold
( p � 0.01, uncorrected). ROI analysis confirmed that the
modality-specific effects in IFG are significant in both hemi-
spheres ( p � 0.02 for all comparisons) (Fig. 3A,B, insets) (for
other regions that showed modality-specific effects, see supple-
mental data, available at www.jneurosci.org as supplemental ma-
terial). To further confirm this observation, we calculated the
correlation between stop-signal performance (estimated SSRT)
and beta values for the four IFG activation clusters shown in
Figure 3. Results from the regression analysis showed that activity
of the right (r 2 � 0.09; p � 0.35) and the left (r 2 � 0.19; p � 0.15)

Figure 1. Stop-signal paradigm and cortical activations during stopping hand and eye movements. A, Visual events were the same for go trials and stop trials of the manual and saccade
stop-signal tasks. The appearance of a peripheral target (go signal) indicates whether to make a left or a right response, whereas the appearance of a circle (stop signal) at the center shortly after the
go signal indicates that the planned response should now be canceled. B, Timing of visual events during a stop trial. SSD is the interval between the go and stop signal. SSD was assigned individually
to equate performance across response modalities and across subjects. C, Activations corresponding to manual response inhibition (red) and hand motor control (green) are shown on the right and
left hemispheres of the rendered MNI single-subject brain. D, Activations corresponding to saccade inhibition (red) and saccade control (green). E, Activations corresponding to manual response
inhibition (blue) and saccade inhibition (red) and their overlap (whiter color). White circles mark the locations of overlapping activations in the ventral IFG. For the exact locations of the overlapped
activations, refer to Figure 2 and Table 1. F, IFG subdivisions in the right hemisphere: cyan area, pars opercularis; magenta area, pars triangularis; orange area, pars orbitalis. The central sulcus (CS)
is traced with a blue line. Note that activations for response inhibition in each response modality were derived from stop– go contrast, whereas activations for hand motor and saccade control were
derived from hand/saccadic responses relative to the fixation baseline. Threshold is p � 0.001 (uncorrected, cluster size of at least 9).
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IFG activation clusters (saccade inhibi-
tion � manual inhibition) in Figure 3A
correlate negatively with SSRT for stop-
ping saccades (Fig. 3C). [The r 2 values
were 0.46 ( p � 0.02) and 0.39 ( p � 0.04),
respectively, for the right and the left IFG
after removing the subject whose SSRT
was 2 SDs away from the mean SSRT of the
saccade stop-signal task.] Conversely,
these two IFG clusters for saccade inhibi-
tion did not show significant correlation
with SSRT for stopping hand movements
(both with r 2 � 0.2 and p � 0.15). More-
over, the IFG activation clusters (manual
response inhibition � saccade inhibition)
in Figure 3B correlate negatively with
SSRT for stopping manual responses (Fig.
3D) (right IFG, r 2 � 0.14, p � 0.22; left
IFG, r 2 � 0.33, p � 0.05). Conversely,
these two IFG clusters for manual inhibi-
tion did not show significant correlation
with SSRT for stopping eye movements
even after removing the outlier (both with
r 2 � 0.1 and p � 0.4).

We further conducted single-subject
ROI analysis to determine whether the ac-
tivation loci within the IFG are spatially
segregated across the two inhibition con-
ditions. We applied a relatively stringent
threshold to the stop– go contrast of each
response modality to identify the activa-
tion cluster within the ventral IFG of each
individual. Three subjects did not show ac-
tivations in the right IFG and two not in
the left IFG at this threshold setting. Figure
4 illustrates the distribution of the individ-
ual activation loci within the ventral IFG
on a coronal slice centered at the mean

y-coordinate. The activation loci in the right IFG of the two re-
sponse modalities were marginally significantly separated along
the x- and z-axes (t(8) � 2.31; p � 0.05). Activation loci in the left
IFG were significant separated along the z-axis (t(9) � 4.21; p �
0.002). Thus, for both the left and the right IFG, activations dur-
ing manual response inhibition in individual subjects were more
ventral compared with activations during saccade inhibition.
Correspondingly, the average signal changes of the group (beta
weights at the activation loci) were significantly different for in-
hibiting movements across the two response modalities (all p
values �0.05).

Discussion
It has been implicated that the right VLPFC is critical for inhibi-
tory control of behavior (Aron et al., 2004). Here we delineated
activations within the posterior VLPFC in both hemispheres for
stopping hand and eye movements in the same group of subjects.
Our results showed that the activations in IFG of both hemi-
spheres overlapped to a significant extent during response inhi-
bition across the two modalities. In addition, our results showed
a more ventral activation during stopping manual responses
compared with a more dorsal activation of IFG during stopping
saccades.

Figure 2. Common activations in response inhibition. A, Suprathreshold activations were localized in the ventral IFG/insula in
both manual and saccade stop– go contrast ( p � 0.001, uncorrected). Common activations were also found in the MFG and
medial SFG (see Table 1). Numbers indicate the y-coordinates in millimeters of the coronal slices. L, Left; R, right. B, Same results
are shown on the lateral surface of the right and left hemispheres of the rendered MNI single-subject brain. C, Average beta values
of the right IFG (RIFG) and left IFG (LIFG) clusters (in A) reveal similar level of activation in inhibiting hand and eye movements.
Beta values are the parameter estimates of the SPM model (in arbitrary units). Error bars indicate the SEM.

Table 1. Results from conjunction analysis and direct contrast between saccade
and manual inhibition �eye (stop– go) versus hand (stop– go)	

Region BA Cluster size x y z T Z

Conjunction
Right insula 178 30 18 3 6.03 4.59
Right IFG 47 42 18 �6 5.50 4.32
Left IFG 47 119 �42 12 �6 5.74 4.44
Left insula �27 21 3 5.38 4.25
Medial SFG 8 53 9 18 54 6.19 4.66
Right MFG* 10/46 35 36 48 21 4.61 3.81
Right IPL* 40 31 57 �45 45 4.02 3.44

Eye � hand
Left IFG 44/6 17 �45 6 12 5.27 3.65

�54 3 15 4.50 3.32
Right IFG* 45/44 16 45 18 12 3.66 2.90

44 54 15 9 3.13 2.59
Hand � eye

Left IFG* 47 14 �24 24 �21 4.46 3.30
�27 15 �15 3.06 2.55

9 �39 21 �9 3.44 2.77
Right IFG* 47 10 30 24 �15 3.24 2.66

For the direct contrasts, 
Eye � hand
 result was masked with the stop– go contrast for the saccade task, whereas

Hand � eye
 result was masked with the stop– go contrast for the manual task. T values, Z values, and MNI
coordinates (x, y, z in mm) of the activation peaks in the clusters are listed. Unless otherwise stated, all local maxima
were significant after corrected for false discovery rate (p � 0.05). Eye, Saccade inhibition; Hand, manual inhibition.
*p � 0.13 (false discovery rate), approaching significance.
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Common inhibitory mechanism
Our data showed that the posterior and ventral part of the VLPFC
(and insula) in both hemispheres are commonly involved in re-
sponse inhibition across the hand-motor and oculomotor sys-
tems. This finding thus lends support to the hypothesis of VLPFC
serving as a common inhibitory mechanism in cognitive control
(Konishi et al., 1999; Aron et al., 2004). In addition, the apparent
greater overlap in activation in the right VLPFC compared with
the left VLPFC supports the right-dominance theory of response
inhibition. The hemispheric differences in activity were signifi-
cant in the present study for response inhibition in both modal-
ities. Konishi et al. (1999) have demonstrated previously that the
greater no-go than go activation in the right VLPFC is indepen-
dent of the responding hand. Ideally, we would conduct the same
analysis, except we did not have enough statistical power for such
comparisons under the current design.

The loci of common activations in the present study do not

coincide with IFJ, the region that is commonly involved in nu-
merous cognitive control tasks, including the task switching par-
adigm and the Stroop task (Derrfuss et al., 2004). At lower thresh-
olds, the IFG activation in the present study does spread to cover
the IFJ. In contrast, the common activations in bilateral VLPFC/
insula in the present study are very close, within 8 mm in all
directions, to the areas identified in a recent study as the “core”
regions for implementing general task control (called “task set”)
across a variety of 10 cognitive tasks (Dosenbach et al., 2006). The
only other core region that they identified is in the medial supe-
rior frontal cortex, which is also within the 8 mm range from the
part of medial SFG activated in both of our stop-signal tasks.
Response inhibition tasks were not included in the study by
Dosenbach et al. Our findings thus provide additional evidence
that these two prefrontal regions are involved in supporting com-
mon control mechanisms across two major output modalities.

VLPFC and inhibition of manual responses
The activation of VLPFC and insula during inhibiting manual
responses is consistent with previous findings. Previous lesion
studies in animals have first demonstrated that the inferior pre-
frontal cortex has a critical role in inhibiting unwanted arm
movements (Iversen and Mishkin, 1970). Although recent lesion
and TMS data strongly suggested that the right VLPFC is impor-
tant for response inhibition in humans (Aron et al., 2003; Cham-
bers et al., 2006), fMRI data showed that VLPFC in both hemi-
spheres as well as other frontal and parietal regions are involved
in inhibition of manual responses (Garavan et al., 1999, Rubia et
al., 2003; Li et al., 2006). In fact, numerous activation peaks were
evident within the lateral PFC in both hemispheres as revealed by
a recent meta analysis of neuroimaging data from previous stud-
ies of the WCST and the go/no-go task (Buchsbaum et al., 2005).
The variation in activation loci within the VLPFC could be a
result of variation in task performance (e.g., successful and un-
successful stop) and task parameters (e.g., differences in visual
cues and response demands). It has been shown that the VLPFC is
related with successful response inhibition (Rubia et al., 2003),
and its activity is modulated by the number of preceding go trials
(Durston et al., 2002). Besides, an electrophysiology study has
demonstrated that neurons in the VLPFC differentiate between
no-go cues (color vs motion) for guiding the upcoming no-go
responses (Sakagami et al., 2001). Furthermore, comparing acti-
vations during the stop-signal task and the sensorimotor control
task, our data showed that the caudal VLPFC is more active dur-
ing canceling an intended response, whereas the ventral premo-
tor area is primarily active during the mapping of sensorimotor

Figure 3. Differential activations in ventral IFG in response inhibition. A, A more dorsal part
of the IFG showed stronger activity in inhibiting eye movements relative to inhibiting hand
movements. B, A more ventral part of the IFG showed stronger activity in inhibiting hand
movements relative to eye movements. Activation data shown in A and B ( p � 0.01, uncor-
rected; cluster size of at least 9) are masked, respectively, by the saccade and the manual
stop– go contrast. See Table 1. Insets on the right show the corresponding bar charts of the
average beta values and SEs of the activation clusters (extracted from the maps on the left) for
each response modality. The number on the left corner of each slice indicates the y-coordinates
for coronal slices and x-coordinates for sagittal slices. L, Left; R, right; paired t tests, *p � 0.02,
**p � 0.002. C, Scatter plots of saccade SSRT ( y-axis) and beta weights (x-axis) for the right
(RIFG) and left (LIFG) activation clusters (in A) across all subjects. The red dot indicates the
subject whose SSRT in the saccade stop-signal task was 2 SDs from the mean. D, Scatter plots of
manual SSRT ( y-axis) and beta weights (x-axis) for the activation clusters (in B) across all
subjects. Note that shorter SSRT is associated with higher fMRI signal in all the plots. For r 2

values, see Results.

Figure 4. The coronal image on the left shows the activation loci within the ventral IFG of
individual subjects for inhibition of eye movements (magenta circles) and hand movements
(cyan pluses). The bar charts on the right show the average x-, y-, and z-coordinate values in
millimeters for the right IFG (RIFG) and left IFG (LIFG). The x-coordinate values of the LIFG are
plotted as positive values. *p � 0.05, **p � 0.002. L, Left; R, right.
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responses. Our findings thus support the notion that response
control is organized along the rostrocaudal axis of the lateral PFC,
as suggested by Petrides (2005).

VLPFC and inhibition of saccades
Our results indicated that the activation of VLPFC in canceling
saccades is anterior to the activation of FEF and the ventral pre-
motor cortex in executing saccades. The control of saccadic eye
movements is commonly associated with the anterior arcuate
regions (FEF) in monkeys (Goldberg and Segraves, 1989), and a
homolog has been defined in the human brain (Paus, 1996).
However, there has been no clear evidence from the literature
suggesting that the VLPFC is involved in the cognitive control of
eye movements until very recently. In an electrophysiology study
of nonhuman primates, Hasegawa et al. (2004) showed that neu-
rons in the caudal VLPFC anterior to the FEF exhibit activity that
is selective to unwanted stimuli and perhaps coding the signal for
inhibiting unwanted eye movements. A recent fMRI study first
showed that the right VLPFC (and insula) along with SEF and
FEF is activated during an oculomotor task requiring subjects to
make decisions on whether or not to execute a saccade (Heinen et
al., 2006). These investigators demonstrated that the VLPFC, un-
like SEF and FEF, is more active during the decision making
process rather than the actual planning or generation of saccades.
Compared with the activation in VLPFC during saccade inhibi-
tion in our study, the coordinates of the activation in the study by
Heinen et al. was at approximately the same z-level but was more
medial (mean locus of six subjects, x � 29, y � 23, z � 7).
Furthermore, although the activation of VLPFC has rarely been
shown in neuroimaging studies of antisaccade, a study using a
modified antisaccade task that assimilates the typical go/no-go
design have found enhanced activity in the VLPFC in an antisac-
cade condition compared with a matched prosaccade condition
(Chikazoe et al., 2007). They reported a ventral and a more dorsal
locus in VLPFC, which matches the conjunction and saccade-
related activation in the present study, respectively. Our results
therefore provide novel evidence showing that a part of the cau-
dal VLPFC in the human brain, dorsal to the part involved in
manual response inhibition, may be particularly involved in me-
diating saccade inhibition.

Activations in other cortical areas during response inhibition
Other cortical regions, including the dorsolateral PFC, pre-SMA/
SEF, and IPL, were also active during canceling movements in
both response modalities. It has been implicated that the dorso-
lateral PFC plays a critical role in oculomotor control (Pierrot-
Deseilligny et al., 2005), working memory (Goldman-Rakic,
1987), and more generally in the cognitive control of behavior
(Miller and Cohen, 2001). Previous neuroimaging studies of
manual response inhibition have observed greater activity in the
dorsolateral PFC and IPL corresponding to no-go responses than
go responses (Wager et al., 2005). The inhibition of prepotent
saccades, as shown by studies of antisaccade performance, has
also been associated with the functions of dorsolateral PFC (Mu-
noz and Everling, 2004). Compared with the stop-signal para-
digm, the antisaccade task requires visuospatial transformation
as well as response selection and reprogramming, which may be
the functions of dorsolateral PFC. Indeed, others have suggested
that the dorsolateral PFC is associated with response selection,
guiding by spatial working memory (Rowe et al., 2000). Here, we
found an apparently greater activation in the dorsolateral PFC
during stopping saccades compared with stopping manual
responses.

In summary, our results revealed both common and differen-
tial activations within the posterior VLPFC during inhibitory
control of hand and eye movements. We suggest that the com-
mon activations (particularly in the right IFG and insula) reflect
cognitive operations such as the representation of stop-signal and
the retrieval of task rules, and that the differential activations
(particularly in the left IFG) reflect segregated response control
processes. Various parts of the VLPFC have been associated pre-
viously with the processing of response rules (Bunge, 2004; Sakai
and Passingham, 2006), response selection (Liu et al., 2006), and
working memory (Smith and Jonides, 1999). The caudal part of
VLPFC is likely a part of the response control network involving
the dorsolateral PFC, medial SFG, and inferior parietal areas in
directing goal-oriented actions. Because the current study does
not distinguish among error trials and correct trials, our findings
may reflect all the component processes of response inhibition.
Future studies should apply other methods such as TMS to dis-
tinguish the role of the left and the right IFG in response inhibi-
tion. The distinction between the activation of caudal VLPFC and
anterior insula also warrants additional investigation in future
response inhibition studies. Nonetheless, our study is the first to
show that the hand-motor and oculomotor systems appear to
have overlapping and partially separated inhibitory control pro-
cesses involving differentiable subdivisions of the ventrolateral
prefrontal cortex.
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