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Abstract: Limited processing resources are allocated preferentially to events that are relevant for behavior.
Research using the novelty “oddball” paradigm suggests that a widespread network of limbic, paralimbic, and
association areas supports the goal-directed processing of task-relevant target events. In that paradigm, greater
activity in diverse brain areas is elicited by rare task-relevant events that require a subsequent motor response
than by rare task-irrelevant novel events that require no response. Both stimulus infrequency (unexpectedness)
and novelty, however, may contribute to the pattern of activity observed using that paradigm. The goal of the
present study was to examine the supramodal neural activity elicited by regularly occurring, equiprobable,
and non-novel stimuli that differed in the subsequent behavior they prescribed. We employed event-related
functional magnetic resonance imaging (fMRI) during auditory and visual versions of a Go/NoGo task.
Participants made a motor response to the designated “Go” (target) stimulus, and no motor response to the
equiprobable “NoGo” (nontarget) stimulus. We hypothesized that task-relevant Go events would elicit
relatively greater hemodynamic activity than would NoGo events throughout a network of limbic, paralimbic,
and association areas. Indeed, Go events elicited greater activity than did NoGo events in the amygdala-
hippocampus, paralimbic cortex at the anterior superior temporal sulcus, insula, posterior orbitofrontal cortex,
and anterior and posterior cingulate cortex, as well as in heteromodal association areas located at the
temporoparietal junction, anterior intraparietal sulcus and precuneus, and premotor cortex. Paralimbic cortex
offers an important site for the convergence of motivational/goal-directed influences from limbic cortex with
stimulus processing and response selection mediated within the frontoparietal areas. Hum Brain Mapp 24:
35–49, 2005. © 2004 Wiley-Liss, Inc.
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INTRODUCTION

Effective behavior is predicated in large part on the pref-
erential allocation of limited processing resources to events
that are relevant to the organism’s goals. Dysfunction in the
neural substrate supporting goal-directed processing may
precipitate symptoms such as apathy, which are observed in
various psychiatric and neurologic illnesses, including
schizophrenia and Alzheimer’s disease [Brown and Pluck,
2000]. Within the laboratory setting, goal-directed processes
may be examined readily using paradigms that incorporate
the processing of a target stimulus that signals the need to
engage in a prescribed motor response. Using event-related
functional magnetic resonance imaging (fMRI), the present
study sought to elucidate the supramodal network of brain
areas that supports goal-directed stimulus-response process-
ing by examining the neural activity elicited during the
processing of simple auditory and visual target stimuli.

Previous research using the “oddball” target detection
paradigm suggests that multiple brain areas may support
goal-directed processing. In the oddball paradigm, partici-
pants are required typically to detect and respond behavior-
ally to an infrequent target event that occurs against a back-
ground of frequent nontarget (standard) events for which no
behavioral response is required. A variant of this task addi-
tionally incorporates infrequent novel or distracter stimuli
that also require no motor response. Based on intracranial
recordings made during auditory and visual oddball detec-
tion, Halgren et al. [1998] reported a supramodal network of
brain areas that seemed to be specialized for processing of
infrequent target stimuli that specified a behavioral re-
sponse. This network incorporated medial temporal (hip-
pocampal and perirhinal) cortex, cortex at the superior tem-
poral sulcus, ventrolateral/orbitofrontal cortex, and
superior posterior parietal cortex (i.e., cortex at the intrapa-
rietal sulcus). Halgren et al. [1998] identified additional
brain areas that were active during the processing of the
task-relevant target events, but not exclusively, including
inferior parietal cortex (at the temporoparietal junction),
cingulate, and dorsolateral prefrontal cortex. These areas
were active during processing of rare, task-relevant target
stimuli that necessitated a motor response as well as that of
rare, task-irrelevant novel/distracter stimuli for which no
behavioral response was required. This finding led Halgren
et al. [1998] to propose that these areas are specialized for
orientation of attention to salient stimuli, regardless of
whether or not they are overtly attended.

Using event-related fMRI during auditory and visual odd-
ball detection, Kiehl et al. [2001a,b] confirmed that an infre-
quent target stimulus elicits relatively greater activation
than does frequently occurring nontarget stimuli in a wide-
spread network of brain areas. These regions incorporate
limbic cortex in amygdala-parahippocampal gyrus, paralim-
bic cortex (i.e., anterior and posterior cingulate gyri, and
cortex in the frontal operculum encompassing the anterior
superior temporal sulcus [STS], insula, and inferior frontal/
orbitofrontal gyrus), as well as bilateral cortex at the tem-
poroparietal junction, intraparietal sulcus (extending medi-

ally into precuneus), superior frontal (premotor) cortex, and
sensorimotor, subcortical (putamen and thalamus), and cer-
ebellar regions [see also Ardekani et al., 2002; Braver et al.
2001; Clark et al., 2000; Linden et al., 1999; McCarthy et al.,
1997; Menon et al., 1997; Stevens et al., 2000].

These results suggest that processing of a stimulus desig-
nated for a behavioral response elicits activity within a
network of brain areas. However, the ability to infer the
brain regions that support goal-directed processing from the
comparison of the activity elicited by the target and nontar-
get events in the oddball paradigm is confounded by the
attentional capture (i.e., orienting) evoked by the relative
infrequency of the target event. Using event-related poten-
tials (ERPs), several investigators [Duncan-Johnson and
Donchin, 1977; Katayama and Polich, 1996; Polich et al.,
1996] have demonstrated that the amplitude of the P300
potential elicited by target events increases as target infre-
quency increases (i.e., target probability decreases). Changes
in target probability have also been associated with changes
in the hemodynamic response elicited during fMRI of the
oddball paradigm [Casey et al., 2001; Horovitz et al., 2002].

Kiehl et al. [2001a,b] directly compared the activity
evoked by equally infrequent target and novel stimuli that
occurred against a background of frequent, regularly re-
peated nontarget stimuli. Many areas activated by target
stimuli were also activated by novel events for which no
motor response was required. However, the activation elic-
ited by task-relevant target events was significantly greater
than that elicited by novel events in each area described
above for target relative to nontarget processing. Even when
comparing events of equivalent infrequency, there thus
seems to be preferential recruitment of a widespread net-
work of areas for stimuli relevant to the participant’s behav-
ioral goal. However, the contribution of differential famil-
iarity of target and novel stimuli to the observed pattern of
activation remains unknown. Although the network seemed
to be activated for processing of both auditory [Kiehl et al.,
2001b] and visual [Kiehl et al., 2001a] stimuli, assessment of
hemodynamic response elicited in multiple stimulus modal-
ities within the same participants is required to confirm
whether the network of brain areas recruited during goal-
directed target processing is indeed supramodal (i.e., mo-
dality nonspecific).

To distinguish the brain response associated with goal-
directed target processing from that associated with the
attentional capture elicited by stimulus infrequency or nov-
elty, one might examine the brain response elicited during
the performance of a task in which a target stimulus that
requires a behavioural response is equiprobable with a non-
novel stimulus that requires no motor response. An example
of this method is the Go/NoGo paradigm. In this paradigm,
the salience of the target (Go) and nontarget (NoGo) stimu-
lus may be made equivalent in all respects but the critical
aspect, namely, the behavioral goal that is ascribed solely to
the target stimulus.

The Go/NoGo paradigm has been used previously to
elucidate the brain areas that support the response inhibition
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processes involved in withholding a motor response to the
NoGo event. To optimize examination of response inhibition
function, typically a Go/NoGo variant is used that induces
a prepotent response tendency by including of few NoGo
trials (generally between 6–25%) among a preponderance of
Go events [e.g., de Zubicaray et al., 2000; Durston et al., 2002;
Ford et al., 2004; Garavan et al., 2002; Kiehl et al., 2000;
Mathalon et al., 2003; Mostofsky et al., 2003]. The brain areas
supporting response inhibition are then inferred from the
brain activity elicited by the NoGo event relative to a Go
event baseline or control task. These studies, which have
been conducted in the visual modality only, generally con-
cur in reporting activation elicited during response inhibi-
tion on NoGo trials in the anterior cingulate cortex, dorso-
lateral prefrontal cortex, premotor cortex, and posterior
parietal cortex, particularly in the right hemisphere. How-
ever, NoGo stimulus infrequency in these task variants in-
creases the salience of the Go stimulus, and confounds ex-
amination of the NoGo stimulus relative to goal-directed
processing of the task-relevant Go stimulus. The infre-
quency of NoGo stimuli enhances an expectation that the
next stimulus will be a Go stimulus, thereby promoting a
more rapid, and less considered, decision in favor of re-
sponding to Go stimuli. Other studies, from our laboratory
[Liddle et al., 2001] and others [Konishi et al., 1998; Wa-
tanabe et al., 2002], have studied response inhibition using
equiprobable visual Go/NoGo tasks during event-related
fMRI. These studies, however, established a prepotent mo-
tor response by introducing a cue stimulus (or series of cue
stimuli) to signal the impending presentation of the next test
event (irrespective of event type), thereby facilitating rapid
Go responses and creating a bias toward responding. In such
cases, the salience of the NoGo stimulus (and withholding
an inappropriate motor response to that stimulus) is again
increased relative to the Go stimulus. Similarly, interpreta-
tion of the findings of Braver et al. [2001], who also em-
ployed a task in which Go and NoGo trials were equally
probable, is complicated by the inclusion of multiple Go
stimulus variants (i.e., any letter that was not an X) versus
only a single NoGo (i.e., letter X) stimulus. The differential
frequency and familiarity of the Go and NoGo stimuli may
have created a difference in salience between the event types
that confounds an examination of goal-directed processing
differences.

We employed event-related fMRI to examine the neural
response elicited commonly across auditory and visual mo-
dalities during processing of and motor response to a Go
stimulus relative to an equiprobable NoGo stimulus requir-
ing no motor response. To remove the attentional effect of
event-infrequency and stimulus novelty, we repeatedly pre-
sented only two stimuli, one of which was designated the Go
event and the other the NoGo event. Based on the oddball
detection studies of Kiehl et al. [2001a,b], we hypothesized
that goal-directed processing of the task-relevant Go stimu-
lus would elicit greater activity than would the NoGo stim-
ulus in a supramodal network incorporating limbic, paral-
imbic, and neocortical association areas. The target stimuli-

elicited activity in the oddball detection research by Halgren
et al. [1998] and Kiehl et al. [2001a,b] suggests that this
network may encompass the amygdala/hippocampus,
paralimbic cortex at the frontal operculum and in the ante-
rior and posterior cingulate gyri, as well as association cor-
tex at the temporoparietal junction, the intraparietal sulcus
and precuneus, and superior frontal (premotor) cortex. The
Go/NoGo variant employed was not designed to elicit
marked response inhibition processes on NoGo events.
Should participants have acquired a prepotent tendency for
motor responding, however, previous response inhibition
research suggests that NoGo events might elicit relatively
greater activity than would Go events in the anterior cingu-
late, dorsolateral prefrontal, premotor, and parietal cortices,
particularly in the right hemisphere.

SUBJECTS AND METHODS

Participants

Ten right-handed volunteers (mean age � SD, 24.4 � 5.1
years; 5 females) with normal visual and auditory acuity
participated in the study [handedness assessed using the
questionnaire of Annett, 1970]. Participants were medica-
tion-free and without history of neurologic or psychiatric
illness. All procedures complied with University and Hos-
pital ethical requirements, and participants provided writ-
ten informed consent before scanning.

Task

Visual and auditory stimuli were presented to the partic-
ipant by a computer-controlled presentation system (online
at http://nilab.psychiatry.ubc.ca/vapp). Visual stimuli
were displayed on a rear projection screen mounted at the
entrance to the magnet bore. Participants viewed the screen
from approximately 2 m away via a mirror system attached
to the head coil. The scanning room and magnet bore were
darkened to permit easy visualization of the stimuli. During
both visual and auditory scanning runs, a white 62 � 32 cm
rectangular box was presented continuously on the screen to
ensure a restricted fixation space during all tasks.

Only two stimuli (occurrence probability � 0.5) were used
in each sensory modality so that Go and NoGo events were
equally salient in frequency and familiarity. Designated Go
and NoGo stimuli were also counterbalanced across partic-
ipants to ensure that particular stimulus characteristics
would not contribute to salience differences between the Go
and NoGo event types. In this way, the Go and NoGo events
differed only in terms of the behavioral goal associated with
the stimuli.

In the visual task, the Go and NoGo trials were counter-
balanced such that five participants were instructed to re-
spond to the stimulus letter X and to make no motor re-
sponse to the letter K. The other five subjects responded to
the letter K and made no motor response to the letter X. The
letters were presented in random order, in white font against
a black background, for a period of 200 ms and subtended a
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visual angle of approximately 6 degrees. Two visual stimu-
lus runs, each containing 35 Go and 35 NoGo trials, were
presented to the participant. An ISI of 7-s ensured that the
stimuli had an equal probability of occurring 0, 1, or 2 s after
commencement of the 3-s image volume acquisition period
(i.e., TR). The hemodynamic response to each stimulus type
was thus sampled effectively at 1-s intervals [Josephs et al.,
1997]. A constant ISI of 7 s was also chosen to minimize any
orienting response due to unpredictability of stimulus oc-
currence.

Auditory stimuli were delivered to the participant via
insert earphones fitted into 30-dB sound-attenuating MRI-
compatible headphones. Five participants were instructed to
respond to a 1,000-Hz tone and make no response to a
1,500-Hz tone, whereas the other five subjects responded to
the 1,500-Hz tone and made no response to the 1,000-Hz
tone. As in the visual paradigm, stimulus duration was 200
ms with an ISI of 7 s. All stimuli were presented at approx-
imately 80 dB, and each participant indicated their ability to
hear and discriminate stimuli from background noise cre-
ated by the scanner. Two auditory stimulus runs, each con-
taining 35 Go and 35 NoGo stimuli, were collected in each
participant. The presentation order of the visual and audi-
tory runs was counterbalanced so that half of the partici-
pants completed the two auditory runs before the visual
runs.

Across both stimulus modalities, participants were in-
formed of the importance of fast and accurate performance.
Participants responded with a right index-finger button
press to the Go stimuli using a commercially available MRI-
compatible fiberoptic response device (Lightwave Medical,
Vancouver, BC). Reaction times to Go events were com-
puted for trials in which the participants responded within
1,500 ms of stimulus onset. Failure to respond to a Go event
within 1,500 ms of stimulus onset constituted an error of
omission. Errors of commission were defined as responses
that occurred within 1,500 ms of a NoGo stimulus onset. To
ensure comprehension of the task instructions, participants
carried out a practice block of 10 trials before scanning.

Post-hoc examination of randomly ordered stimulus pre-
sentation demonstrated that almost 60% of trials involved a
switch from one stimulus event type to the other on subse-
quent trials, with only 41% of stimuli following a stimulus of
the same type. If participants had become aware of the slight
bias toward switching after each trial, the decision to re-
spond to a stimulus or not may have become slightly easier
and thus have evoked a relatively reduced hemodynamic
stimulus response. Although this would make it harder to
detect the brain response to stimuli relative to baseline, it
should not have differentially affected the hemodynamic
response elicited by Go and NoGo events.

Imaging Parameters

Functional images were acquired in transaxial planes par-
allel to the anterior-posterior commissure line on a standard
clinical GE 1.5-T system fitted with a Horizon Echo-speed
upgrade. A custom head holder was used to prevent move-

ment. Conventional spin-echo T1-weighted sagittal localiz-
ing images were acquired to view positioning of the partic-
ipant’s head in the scanner and to prescribe the functional
image volumes. Blood oxygen level-dependent (BOLD) con-
trast images were collected with a gradient-echo sequence
(TR/TE 3,000/40 ms, flip angle 90 degrees, 24 � 24 cm field
of view, 64 � 64 matrix, 62.5-kHz bandwidth, 3.75 mm
� 3.75 mm in plane resolution, 5 mm thickness, 29 slices)
that effectively covered the entire brain (145 mm axial ex-
tent). In each run, 167 brain volumes were acquired. Four
images collected before presentation of stimuli were dis-
carded from subsequent analyses to remove effects of the T1

stabilization process.

Image Processing

Functional images were analyzed using the Statistical
Parametric Mapping 99 software (SPM99; Wellcome Depart-
ment of Cognitive Neurology, London, UK; online at
http://www.fil.ion.ucl.ac.uk/spm). Images were recon-
structed offline. Each scanning series was realigned inde-
pendently and motion-corrected using the procedure de-
scribed by Friston et al. [1996]. Corrections for translations
and rotations did not exceed 2.5 mm and 3 degrees, respec-
tively, for any participant. A mean functional image was
constructed independently for each scanning series (i.e.,
“session”) in each participant, and used to derive parame-
ters for spatial normalization into the modified Talairach
[Talairach and Tournoux, 1988] stereotaxic space imple-
mented in SPM99. Both affine and nonlinear components
were used in the normalization [Friston et al., 1995a]. The
normalization parameters for each mean image were then
applied to the corresponding functional images for each
session, and the images resampled into isotropic 4-mm vox-
els. The normalized images were subsequently smoothed
with an 8-mm full-width at half-maximum (FWHM) Gauss-
ian kernel to optimize the signal-to-noise ratio and to com-
pensate for intersubject anatomic variation. High-frequency
noise associated with scanner artefacts was removed using a
0.16-Hz low-pass fifth-order IIR Butterworth filter applied to
the fMRI time series at each voxel. A high-pass filter was
applied to remove noise associated with low-frequency con-
founds (e.g., respiratory artefact).

Image Analysis

Statistical analysis was carried out using the general linear
model approach implemented in SPM99 to estimate and
statistically test the effect of the Go and NoGo events on the
hemodynamic response within each voxel. Event-related re-
sponses to Go and NoGo stimuli were modelled using a
synthetic hemodynamic response function (HRF) comprised
of two gamma functions and their temporal derivatives
[Friston et al., 1998; Josephs et al., 1997]. The first gamma
function modelled the hemodynamic response using a peak
latency of 6 s, and the second gamma function modelled the
small “overshoot” of the hemodynamic response on recov-
ery. The temporal derivatives of the gamma functions were
included to compensate for slight variation in the peak
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latency of the onset of the hemodynamic response. Errors of
commission and omission were modelled separately from
correct responses to Go events and correct nonresponses to
NoGo events. The confounding effects of fluctuations in
global signal intensity between image volumes were re-
moved using an adjusted proportional scaling routine [Des-
jardins et al., 2001]. Although all coordinates in the present
study are reported and displayed in the modified Talairach
stereotaxic space implemented in SPM99, a transformation
algorithm was applied to these coordinates to localize acti-
vations within standard Talairach space [Talairach and Tour-
noux, 1988; see http://www.mrc-cbu.cam.ac.uk/Imaging/
mnispace.html for the transformation algorithm].

Conjunction analyses across sensory modalities

Contrasts were specified to estimate and test for differ-
ences in amplitude of the fitted hemodynamic response
between Go and NoGo events, and between each of these
event types and baseline (“resting”) activation, using t-tests
at each voxel. Conjunction analyses [Friston et al., 1999a;
Price et al., 1997a,b] were carried out to identify brain re-
gions that were activated commonly across auditory and
visual modalities. The results from the conjunction analyses
form the basis of this study because they enable elucidation
of supramodal activity (i.e., activity common across auditory
and visual modalities) using a small sample of participants
[Friston et al., 1999b]. As t-tests were conducted in each
voxel across the entire brain, a correction for multiple com-
parisons based on the theory of Gaussian fields was applied
(as implemented in SPM99) [Friston et al., 1995b] and all
reported voxels satisfy a corrected significance criterion of P
� 0.05.

Random-effects (Between-subject) analyses
within sensory modalities

To verify results obtained in the conjunction analyses with
analyses that take into account both inter- and intrasubject
variability, direct comparisons of amplitudes of fitted hemo-
dynamic response to Go and NoGo events were conducted
separately within each sensory modality using second-level
random-effects analyses [Friston et al., 1999a]. For the audi-
tory and visual modality separately, images of parameter
estimates contrasting the amplitude of the fitted response in
each voxel for Go relative to NoGo trials, and NoGo relative
to Go trials, were computed for each participant. These
contrast images were then entered into separate second-
level, one-sample t-tests (9 df). The resultant SPM(t) in each
sensory modality was thresholded at a t-value of 2.82 (cor-
responding to a significance threshold of P � 0.01 uncor-
rected for multiple comparisons), and significant clusters of
activation were determined at a cluster significance of P
� 0.05 corrected for multiple comparisons [Friston et al.,
1994].

Similar thresholding was applied in further random-ef-
fects analyses that tested for modality-specific (i.e., non-
supramodal) activations in the direct comparison of Go and
NoGo events. Contrast images comparing Go and NoGo

event responses for each subject, separately for each modal-
ity, were entered into a second-level, paired t-test (9 df) to
elucidate any brain areas in which the Go relative to NoGo
comparison was significantly greater in one sensory modal-
ity than in the other.

RESULTS

Behavioral Data

The mean (�SD) reaction time and percentage of correct
hits for Go events was 425 � 87 ms and 99.0%, respectively,
in the auditory modality, and 402 � 46 ms and 99.9%,
respectively, in the visual modality. Mean reaction time did
not differ significantly across modalities (t[9] � 0.973, P
� 0.35). Of 10 participants, 3 made a total of seven errors of
omission in the auditory task, and 1 participant made one
error of omission in the visual task. The mean (�SD) per-
centage of false alarms to NoGo events (i.e., errors of com-
mission) was 2.1 � 1.18% and 5.7 � 2.75% in the auditory
and visual modalities, respectively. Although errors of omis-
sion did not differ significantly across modalities (t[9] �
1.765, P � 0.11), participants made significantly more errors
of commission during the visual task than during the audi-
tory task (t[9] � �2.785, P � 0.02).

Imaging Data

Conjunction analyses across sensory modalities

Go versus NoGo event comparisons. Table I and Figure 1
(red colormap) show results of the conjunction analysis con-
ducted across auditory and visual sensory modalities. The
results indicate brain areas in which a significantly greater
hemodynamic response was elicited by Go events than by
NoGo events. Go events elicited greater activity than did
NoGo events in widespread neocortex, including in the lim-
bic cortex, bilateral paralimbic cortex in the frontal opercu-
lum, caudal anterior cingulate, mid-cingulate and posterior
cingulate gyri, in association cortex at the temporoparietal
junction, the anterior intraparietal sulcus extending medially
and posteriorly into the precuneus, as well as in bilateral
frontal cortex. Additional cortical and subcortical (e.g., basal
ganglia and thalamus) regions of activation are reported in
Table I.

Figure 1 also illustrates the results of the conjunction
analysis that tested for regions in which NoGo events elic-
ited a greater hemodynamic response than did Go events
(blue colormap). This analysis revealed activation in the
rostral extreme of the anterior cingulate cortex (Brodmann
area [BA] 32; x, y, z coordinate of the voxel of peak activation
� �8, 36, �4, t[9] � 4.30, P � 0.000002 corrected, 12 voxels)
and in the left lateral inferior frontal gyrus (BA 45; x, y, z
� �56, 24, 20, t[9] � 3.27, P � 0.005 corrected, 2 voxels). Two
further single voxels of activation survived correction for
multiple comparisons across the whole brain and were lo-
cated in the superior frontal cortex (BA 6; x, y, z � �56, �64,
40, t[9] � 3.21, P � 0.01 corrected) and in the posterior aspect
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TABLE I. Supramodal brain regions in which a greater hemodynamic response was elicited during the processing
Go events than during NoGo events, based on a conjunction analysis of the auditory and visual sensory modalities

Functional anatomic area (BA)

Talairach coordinates

t Pcorrx y z

Limbic-paralimbic cortex
L amygdala �28 4 �20 5.27 0.000
R hippocampus 32 �16 �16 3.83 0.001
L anterior superior temporal sulcus (38/21/22) �60 4 �4 6.54 0.000
R anterior superior temporal sulcus (38/21/22) 52 16 �8 6.32 0.000
L orbitofrontal cortex (47) �20 16 �24 4.34 0.000
R orbitofrontal cortex (47) 20 16 �16 3.84 0.001
L anterior insula (13) �44 12 �4 3.45 0.008
R anterior insula (13) 44 16 �8 3.94 0.000
Caudal anterior cingulate cortex (24/32) 0 8 40 8.81 0.000
Mid-cingulate cortex (24) �4 �8 48 9.41 0.000
Posterior cingulate cortex (29/30/23) 0 �44 20 3.76 0.001

Temporoparietal junction
L superior temporal gyrus (22) �64 �36 20 7.10 0.000
R superior temporal gyrus (22) 56 �40 20 4.65 0.000
L inferior parietal lobule (40/39) �60 �40 20 4.97 0.000
R inferior parietal lobule (40/39) 56 �40 24 4.68 0.000

Intraparietal sulcus
L superior parietal lobule (7) �16 �56 64 6.03 0.000
R superior parietal lobule (7) 32 �56 56 3.27 0.024
L inferior parietal lobule (40) �52 �36 48 9.71 0.000
R inferior parietal lobule (40) 44 �40 48 3.15 0.050
L precuneus (7) �12 �52 68 5.59 0.000
R precuneus (7) 8 �52 68 5.95 0.000

Dorsal and ventral frontal cortex
L middle frontal gyrus (9/8) �40 32 40 3.36 0.014
R middle-superior frontal gyri (10/46) 40 40 24 3.33 0.017
L precentral gyrus (6/4) �64 0 24 4.46 0.000
R precentral gyrus (6/4) 32 �16 64 6.34 0.000

Other neocortex
R superior frontal gyrus (11) 24 56 �12 3.18 0.042
Medial frontal gyrus (6) �4 �20 52 10.83 0.000
L postcentral gyrus (3/2/1/5) �32 �32 68 14.63 0.000
R postcentral gyrus (3/2/1/5) 24 �32 68 6.01 0.000
L superior-transverse temporal gyrus (42/41/22) �56 �28 16 12.64 0.000
R superior-transverse temporal gyrus (42/41/22) 60 �20 8 5.07 0.000
L middle-inferior temporal/middle occipital gyri (39/19/37) �48 �72 8 5.63 0.000
R middle-inferior temporal/middle occipital gyri (39/19/37) 56 �64 �4 5.65 0.000
L lingual gyrus/cuneus (18/17) �16 �84 4 4.66 0.000
R lingual gyrus/cuneus (18/17) 4 �88 8 4.05 0.000

Subcortical structures
L thalamus �20 �16 8 5.22 0.000
R thalamus 12 �4 12 4.87 0.000
R caudate 12 20 �4 3.29 0.021
L lentiform (putamen/lateral globus pallidus) �28 0 4 5.41 0.000
R lentiform (putamen/lateral globus pallidus) 24 4 0 4.48 0.000
Midbrain �4 �28 �8 4.20 0.000
Pons �8 �28 �28 3.21 0.036
L cerebellum �24 �72 �28 5.20 0.000
R cerebellum 12 �60 �20 10.15 0.000

Talairach coordinates of each voxel, the t score, and the probability of achieving that t score when a correction for multiple comparisons
conducted throughout the whole brain (Pcorr) is applied, are reported.
Any P given as 0.000 signifies that the value was �0.0005.
BA, Brodmann area; L, left; R, right.
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of the inferior parietal lobule (BA 39; x, y, z � �12, 12, 64, t
� 3.11, P � 0.05 corrected).

Go and NoGo events relative to baseline. Conjunction anal-
yses conducted across the auditory and visual modalities for
Go events relative to a baseline of rest and for NoGo events
relative to a baseline of rest revealed several brain regions
that were activated significantly in both conditions and that
did not show a differential effect for Go and NoGo events
(Fig. 2, Table II). These areas included superior aspects of the
rostral anterior cingulate cortex, sections of insular cortex
bilaterally, and ventrolateral and dorsolateral prefrontal-
premotor cortex, particularly in the right hemisphere.

Random-effects analyses conducted within the
sensory modalities

Go versus NoGo event comparisons. The random-effects
analyses conducted separately for auditory and visual sen-
sory modalities closely replicated the pattern of activity
revealed in the conjunction analyses across modalities (Table
III and IV, Fig. 3 and 4, respectively). In the auditory mo-
dality, two clusters of activation survived correction for
multiple comparisons conducted across the whole brain,
whereas five clusters survived correction in the visual mo-
dality. In both modalities, these clusters incorporated bilat-
eral activation in limbic cortex, in paralimbic cortex at the
frontal operculum and in the caudal anterior cingulate and
posterior cingulate gyri, and in posterior association cortex
at the temporoparietal junction and intraparietal sulcus ex-
tending medially into the precuneus.

No significant clusters of activation were reported in the
random-effects analyses that tested for regions in which
greater activity was elicited during NoGo events than dur-
ing Go events. In the auditory modality, a small, nonsignif-
icant cluster of four voxels was observed in rostral anterior
cingulate cortex (BA 32; x, y, z coordinate of the voxel of
peak activation within the cluster � �8, 36, �8, t � 3.67, P
� 0.003 uncorrected). In the visual modality, the corre-
sponding nonsignificant cluster in the rostral anterior cin-
gulate cortex comprised only two voxels (x, y, z coordinate
of the voxel of peak activation � �12, 36, �8, t � 3.90, P
� 0.002 uncorrected).

Modality of presentation comparisons for go and NoGo
events. The random-effects analyses that directly compared
sensory modalities on the Go relative to NoGo event con-
trast failed to reveal any brain areas in which the auditory
modality was more active than was the visual modality. A
cluster of 37 voxels located in the medial frontal cortex (BA
10, x, y, z coordinate of the voxel of peak activation � �8, 52,
20, t[9] � 6.53, P � 0.005 uncorrected) was significantly more
active in the visual modality than in the auditory modality.
Behavioral data indicated a slightly higher number of false
alarms committed to NoGo events in the visual modality
than in the auditory modality. These results suggest that
discriminating Go and NoGo events in the visual modality
may have been slightly more difficult than that in the audi-
tory task. The paucity of differences between modalities,
however, is consistent with the concept of a supramodal

Figure 1.
Illustration of the brain regions in which a
significantly different amplitude of the hemo-
dynamic response was elicited by Go and
NoGo events, as revealed by a conjunction
analysis of the auditory and visual sensory mo-
dalities. Red colormap: Significantly greater ac-
tivity elicited during Go than during NoGo
events. Blue colormap: The converse condi-
tion, in which significantly greater activity was
elicited during NoGo than during Go events.
Data are presented in the modified Talairach
space used in SPM99, and rendered onto
transaxial slices of a standard reference brain
according to neurologic convention (i.e., the
left hemisphere is illustrated on the left).
Transaxial slices are presented in 4-mm incre-
ments starting from z � �52 below to z � 64
mm above the AC-PC plane. The image is
thresholded at a significance level of P � 0.05
corrected for multiple comparisons con-
ducted throughout the whole brain. The range
of t-score values in each comparison are de-
fined in the colored bars located at right.
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network for processing and responding to task-relevant
stimuli processing and response.

DISCUSSION
The results demonstrate that a widespread, supramodal

network of brain areas is recruited preferentially during
processing of a target stimulus that prescribes a subsequent

motor response relative to processing of an equally probable
and familiar stimulus that does not require a motor re-
sponse. This network incorporates limbic cortex (amygdala-
hippocampus), paralimbic cortex at the anterior STS, insula,
posterior orbitofrontal/inferior frontal gyrus, caudal ante-
rior cingulate, mid-cingulate, and posterior cingulate gyri,
and association cortex at the temporoparietal junction, ante-

Figure 2.
Illustration of brain regions significantly but
not differentially activated by Go and NoGo
events (each relative to baseline), as shown by
a conjunction analysis of the auditory and vi-
sual sensory modalities (in green). White ar-
eas: Areas in which significantly greater activity
was elicited during Go events than during
NoGo events (see also Fig. 1). Residual areas
in which significant activity was elicited during
NoGo events only are indicated in pink. Data
are presented in the format used in Figure 1.
The image is thresholded at a significance level
of P � 0.05 corrected for multiple compari-
sons conducted throughout the whole brain.

TABLE II. Brain regions activated during Go and NoGo events relative to a rest baseline but not differentially
active during Go and NoGo events, based on a conjunction analysis of the auditory and visual sensory modalities

Functional anatomic area (BA)

Go events vs. baseline NoGo events vs. baseline

x y z t Pcorr x y z t Pcorr

L rostral anterior cingulate gyrus (24/32) �12 28 24 3.34 0.015 �12 28 24 3.17 0.044
R rostral anterior cingulate gyrus (24/32) 8 28 24 4.88 0.000 8 28 24 4.66 0.000
L mid insula �40 0 4 5.77 0.000 �40 4 4 3.57 0.003
R mid insula 36 0 8 6.74 0.000 36 0 8 5.30 0.000
L inferior-middle frontal gyrus (44/45/9) �48 16 20 4.22 0.000 �44 16 20 4.54 0.000
R inferior-middle frontal gyrus (44/45/9) 48 20 20 7.97 0.000 48 20 20 7.74 0.000
L precentral-middle frontal gyrus (6) �52 �4 40 5.66 0.000 �44 �8 52 7.51 0.000
R precentral-middle frontal gyrus (6) 44 �4 52 7.68 0.000 44 �4 52 7.96 0.000

Table shows Talairach coordinates of each voxel (x, y, z), t score, and probability of achieving that t score when a correction for multiple
comparisons conducted throughout the whole brain (Pcorr) is applied.
Any P given as 0.000 signifies that the value was � 0.0005.
BA, Brodmann area; L, left; R, right.
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TABLE III. Selected local maxima contained within the two significant clusters of activation reported for the
auditory sensory modality in which Go events elicited a greater hemodynamic response did than NoGo events

Functional anatomic area (BA)

Talairach coordinates

t Pcorr Puncorrx y z

Limbic-paralimbic cortex
L amygdalaa �20 4 �20 4.76 1.000 0.001
R amygdalaa 28 0 �16 2.85 1.000 0.009
L hippocampusa �24 �16 �16 3.41 1.000 0.004
R hippocampusa 32 �16 �16 3.97 1.000 0.002
R hippocampusa 36 �20 �12 5.92 0.998 0.000
L anterior superior temporal sulcus (38/21/22)a �56 �4 0 5.80 0.999 0.000
R anterior superior temporal sulcus (38/21/22)a 60 4 �4 6.76 0.966 0.000
L orbitofrontal cortex (47)a �20 20 �16 4.03 1.000 0.001
R orbitofrontal cortex (47)a 16 20 �20 3.20 1.000 0.005
L anterior insula (13)a �40 0 0 4.19 1.000 0.001
R anterior insula (13)a 42 8 �4 3.46 1.000 0.004
Caudal anterior cingulate cortex (24/32)a 4 16 40 6.35 0.990 0.000
Mid-cingulate cortex (24)a 0 0 44 4.52 1.000 0.001
Posterior cingulate cortex (31)a �12 �24 44 6.14 0.995 0.000

Temporoparietal junction
L superior temporal gyrus (22)a �64 �36 8 3.87 1.000 0.002
R superior temporal gyrus (22)a 64 �28 12 2.88 1.000 0.009
L inferior parietal lobule (40/39)a �64 �32 28 10.65 0.025 0.000
R inferior parietal lobule (40/39)a 64 �28 24 4.50 1.000 0.001

Intraparietal sulcus
L superior parietal lobule (7)a �28 �52 64 7.39 0.500 0.000
R superior parietal lobule (7)a 24 �52 68 4.05 1.000 0.001
L inferior parietal lobule (40)a �44 �40 52 10.00 0.043 0.000
R inferior parietal lobule (40)a 52 �36 44 5.30 1.000 0.000
L precuneus (7)a �12 �52 56 9.18 0.088 0.000
R precuneus (7)a 12 �64 64 3.91 1.000 0.002

Dorsal and ventral frontal cortex
L precentral gyrus (6)a �60 0 32 3.61 1.000 0.003
R precentral gyrus (4)a 60 �20 44 5.74 0.999 0.000
R middle-inferior frontal gyrus (9)a 52 8 40 4.73 1.000 0.001
R inferior frontal gyrus (44/45)a 52 12 32 3.04 1.000 0.007
R middle frontal/precentral gyri (9/6)a 52 12 38 4.28 1.000 0.001

Other neocortex
Medial frontal gyrus (6)a �4 0 52 11.55 0.013 0.000
R postcentral gyrus (40)a 60 �20 20 12.05 0.009 0.000
R postcentral gyrus (3)a 20 �40 60 6.06 0.996 0.000
L superior-transverse temporal gyrus (42/41/22)a �60 �24 12 5.07 1.000 0.000
R superior-transverse temporal gyrus (42/41/22)a 60 �28 16 5.20 1.000 0.000
L middle temporal gyrus (39/37)b �48 �72 8 8.83 0.120 0.000
L cuneus/lingual gyrus (23/17/18)a �16 �72 8 5.95 0.998 0.000
R cuneus/lingual-fusiform gyri (23/18)a 4 �72 8 4.17 1.000 0.001

Subcortical structures
L thalamusa �20 �20 0 7.19 0.622 0.000
R thalamusa 12 �16 4 5.16 1.000 0.000
R caudatea 8 8 0 2.84 1.000 0.009
L lentiform (putamen/lateral globus pallidus)a �28 �12 �4 8.93 0.110 0.000
R lentiform (putamen/lateral globus pallidus)a 16 4 4 6.12 0.995 0.000
Midbraina 0 �28 �12 4.59 1.000 0.001
Ponsa �8 �28 �28 3.02 1.000 0.007
L cerebellum (pyramis)a �8 �80 �36 6.39 0.988 0.000
L cerebellum (uvula)a �28 �68 �32 5.35 1.000 0.000
R cerebellum (culmen)a 16 �56 �24 9.64 0.059 0.000
R cerebelluma 28 �52 �36 4.66 1.000 0.001

Table shows Talairach coordinates, t score, and the probability of achieving that t score, both when correcting for multiple comparisons
conducted throughout the whole brain (Pcorr) and when no correction is applied (Puncorr), for each local maximum.
a Cluster of 3,274 voxels, P � 0.0005, corrected.
b Cluster of 47 voxels, P � 0.041 corrected.
Any P given as 0.000 signifies that the value was �0.0005.
BA, Brodmann area; L, left; R, right.

� A Supramodal Network for Target Processing �

� 43 �



TABLE IV. Selected local maxima contained within the five significant clusters of activation reported for the visual
sensory modality in which Go events elicited a greater hemodynamic response than did NoGo events

Functional anatomic area (BA)

Talairach coordinates

t Pcorr Puncorrx y z

Limbic-paralimbic cortex
L amygdalaa �28 0 �16 5.38 1.000 0.000
R amygdalaa 20 4 �20 3.94 1.000 0.002
L hippocampusa �36 �20 �16 3.97 1.000 0.002
R hippocampusd 36 �16 �16 2.88 1.000 0.009
L anterior superior temporal sulcus (38/21/22)a �56 4 0 6.29 0.987 0.000
R anterior superior temporal sulcus (38/21/22)c 56 12 �8 7.36 0.518 0.000
L orbitofrontal cortex (47)a �24 12 �20 5.42 1.000 0.000
R orbitofrontal cortex (47)c 48 20 �4 6.27 0.988 0.000
R orbitofrontal cortex (47)a 24 8 �16 5.71 0.999 0.000
L anterior insula (13)a �32 8 �4 5.22 1.000 0.000
R anterior insula (13)c 42 12 �4 4.47 1.000 0.001
Rostral anterior cingulate cortex (24)a 0 32 28 3.28 1.000 0.005
Caudal anterior cingulate cortex (24/32)a 4 16 40 5.28 1.000 0.000
Mid-cingulate cortex (24)a 8 �20 44 7.38 0.508 0.000
Posterior cingulate cortex (31)a �12 �28 44 7.77 0.338 0.000
Posterior cingulate cortex (30)a 8 �56 4 3.23 1.000 0.005

Temporoparietal junction
L superior temporal gyrus (22)a �64 �36 12 7.07 0.709 0.000
R superior temporal gyrus (22)b 56 �36 8 5.58 0.999 0.000
L inferior parietal lobule (40/39)a �60 �32 24 9.57 0.062 0.000
R inferior parietal lobule (40/39)b 56 �44 24 6.74 0.958 0.000

Intraparietal sulcus
L superior parietal lobule (7)a �16 �56 64 5.55 1.000 0.000
R superior parietal lobule (7)a 20 �52 64 3.57 1.000 0.003
L inferior parietal lobule (40)a �52 �40 56 7.55 0.426 0.000
L precuneus (7)a 8 �56 64 3.04 1.000 0.007
R precuneus (7)a 4 �60 68 10.11 0.039 0.000

Dorsal and ventral frontal cortex
L precentral gyrus (4/6)a �60 �16 44 5.89 0.998 0.000
R inferior frontal gyrus (45)c 56 24 4 3.30 1.000 0.005
R inferior frontal/precentral gyrus (44/6)b 60 4 20 5.82 0.998 0.000
R precentral gyrus (4)b 60 �20 40 4.19 1.000 0.001

Other neocortex
Medial frontal gyrus (6)a �4 �20 52 6.75 0.957 0.000
L postcentral gyrus (2)a �44 �24 52 10.44 0.030 0.000
L postcentral gyrus (40)a �56 �24 16 5.09 1.000 0.000
R postcentral gyrus (2/3)b 60 �20 24 8.56 0.155 0.000
R postcentral gyrus (1/2)b 56 �28 48 3.85 1.000 0.002
L superior-transverse temporal gyrus (42/41/22)a �56 �28 16 5.55 1.000 0.000
R superior-transverse temporal gyrus (42/41/22)b 56 �24 12 6.94 0.937 0.000
R middle-inferior temporal gyri (21)d 64 �28 �16 3.15 1.000 0.006
L inferior-middle occipital gyri (19/18)a �44 �76 �12 3.28 1.000 0.005
R inferior-middle occipital/lingual gyri (18)a 40 �84 �12 3.88 1.000 0.002
L cuneus (19)e 0 �84 32 4.09 1.000 0.001
L cuneus/lingual gyrus (17/18/19)a �8 �88 4 3.61 1.000 0.003
R cuneus/lingual gyrus (19)a 24 �76 �8 5.49 1.000 0.000

Subcortical structures
L thalamusa �8 �12 12 7.14 0.657 0.000
R thalamusa 16 �8 12 9.05 0.513 0.000
L caudatea �4 12 0 2.86 1.000 0.009
R caudatea 12 24 0 5.85 0.998 0.000
L lentiform (putamen/lateral globus pallidus)a �28 8 0 6.35 0.985 0.000
R lentiform (putamen/lateral globus pallidus)a 24 8 0 3.92 1.000 0.002
Midbraina 8 �32 �20 5.22 1.000 0.000
Ponsa 0 �12 �32 3.46 1.000 0.004
L cerebellum (cerebellar tonsil)a �40 �52 �40 9.40 0.072 0.000
R cerebellum (culmen)a 20 �52 �24 11.23 0.016 0.000

Table shows Talairach coordinates, t score, and the probability of achieving that t score, both when correcting for multiple comparisons
conducted throughout the whole brain (Pcorr) and when no correction is applied (Puncorr), for each local maximum.
a Cluster of 2,932 voxels, P � 0.0005, corrected.
b Cluster of 312 voxels, P � 0.0005, corrected.
c Cluster of 76 voxels, P � 0.004 corrected.
d Cluster of 53 voxels; P � 0.032 corrected.
e Cluster of 51 voxels, P � 0.038 corrected.
Any P given as 0.000 signifies that the value was �0.0005.
BA, Brodmann area; L, left; R, right.
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rior intraparietal sulcus extending medially and posteriorly
into the precuneus, and premotor cortex. These results
closely replicate findings from previous fMRI studies of
auditory and visual oddball target detection [Kiehl et al.,
2001a,b], which demonstrated greater activation in this ex-
tended network for infrequent task-relevant (target) events
than for infrequent task-irrelevant (novel) events. The cur-
rent findings, however, indicate that this supramodal net-
work of areas is engaged by goal-directed attention to be-
haviorally salient stimuli irrespective of stimulus
infrequency and novelty.

Although goal-directed attention may be construed as an
emergent property of coordinated activity throughout the
network, human and animal research has begun to delineate
specialized contributions from the diverse brain regions that
make up the network. Cortex at the intraparietal sulcus
seems dedicated to identifying characteristics of salient
events (especially location) and in specifying cognitive
plans/intentions that target these events for behavior
[Andersen and Buneo, 2002; Gottlieb, 2002]. Downar et al.
[2000, 2001, 2002] demonstrated supramodal activation of
cortex at the temporoparietal junction during passive or
active detection of stimuli that were salient due to their
novelty, infrequency, or their task relevance. Together, pre-
motor areas in superior frontal cortex and anterior cingulate
play a prominent role in selection, sequencing, and execu-
tion of behavior [Mesulam et al., 2001; Posner and Petersen,

1990; Posner and Rothbart, 1998], and in resolving conflict
between response alternatives [Carter et al., 1998].

Based on a review of animal and human research, Cor-
betta and Shulman [2002] recently proposed two partially
segregated frontoparietal systems that control goal-directed
and stimulus-driven processing. They describe a dorsal
frontoparietal network that embraces the superior frontal
cortex and intraparietal sulcus and mediates cognitive selec-
tion of stimuli and responses. They also posit a predomi-
nantly right-lateralized ventral frontoparietal network in-
volving the temporoparietal junction and inferior-middle
frontal gyrus. They suggest that this network is modulated
by detection of salient events, particularly unattended, in-
frequent, and novel events, to reorient limited processing
resources to these events (i.e., to interrupt or reset ongoing
goal-directed activity in dorsal frontoparietal areas). The
results of our study imply that even when stimulus-re-
sponse associations are simple and well-learned, the differ-
ent response demands associated with otherwise equally
probable and familiar stimuli modulate activity bilaterally in
both frontoparietal networks identified by Corbetta and
Shulman [2002].

Mesulam [1998] proposed that goal-directed processing
recruits a widely distributed neural network in which mo-
tivational and volitional influences from limbic cortex are
channeled via paralimbic cortex to neocortical areas in-
volved in perceptual elaboration and behavioral planning.

Figure 3.
Illustration of the two significant clusters of
activation in which Go events elicited a
greater hemodynamic response than did
NoGo events in the auditory sensory modal-
ity. Data are presented in the format used in
Figure 1. The image is thresholded at a height
of t(9) � 2.82, corresponding to a significance
level of P � 0.01 uncorrected for multiple
comparisons conducted throughout the whole
brain. Clusters are significant at P � 0.05 cor-
rected for multiple comparisons.
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In the present study, coactivation of widespread limbic cor-
tex (amygdala–hippocampus) and paralimbic cortex (i.e., at
the anterior STS, insula, orbitofrontal and cingulate cortex)
in the Go/NoGo event comparison is compatible with the
idea that a motivational component contributes to brain
activation differences between the Go and NoGo events in
the present task. Until now, the cingulate gyrus has been
considered the main site through which motivational, effort-
ful, and emotional influences are brought to bear on select-
ing targets of attention [Kim et al., 1999; Mesulam, 1981,
1999; Paus, 2001; Winterer et al., 2002]. Indirect limbic inputs
to the caudal anterior cingulate areas responsible for cogni-
tion and motor control are received via direct amygdala
projections to the rostral anterior cingulate cortex [Morecraft
and Van Hoesen, 1998]. Connectivity between limbic cortex
and cingulate gyrus, and output from cingulate motor cortex
to primary and supplementary motor cortex, putamen, and
spinal cord, suggests that cingulate cortex is situated ideally
to mediate limbic influences on voluntary motor behavior
[Paus, 2001]. Several studies have described activity in an-
terior cingulate cortex that is specific to conflict between
response options rather than conflict at the level of stimulus
identification [Milham et al., 2001; van Veen et al, 2001]. By
contrast, posterior cingulate cortex may mediate cue-in-
duced anticipatory attention toward events of intrinsic or
experientially acquired salience [Hopfinger et al., 2000; Kim
et al., 1999; Mesulam et al., 2001], and thus provides an early

site for motivational biasing of exogenous stimulus process-
ing.

The present results imply that activity in paralimbic cortex
around the frontal operculum also contributes to goal-di-
rected processing of task-relevant stimuli. Paralimbic cortex
in the anterior STS (along with insular and orbitofrontal
cortex) provides an additional interface between limbic cor-
tex in the medial temporal lobes and frontoparietal associa-
tion cortices [Mesulam, 1998; Mesulam and Mufson,
1982a,b]. The anterior STS receives projections from both the
dorsal “where” visual pathway in posterior parietal cortex
and the ventral “what” visual pathway in inferior temporal
cortex [Baizer et al., 1991]. Likewise, auditory “where” and
“what” processing streams converge within rostral superior
temporal cortex [Karnath, 2001; Rauschecker and Tian,
2000]. The anterior STS also receives input from other paral-
imbic regions (cingulate, insula, and orbitofrontal cortex)
and subcortical structures (claustrum, thalamus, and brain-
stem) [Markowitsch et al., 1985; Moran et al., 1987]. It is thus
situated ideally to link the multimodal perception of stimuli
occurring in posterior neocortex and frontal executive pro-
cesses that select, initiate, and monitor behavior with moti-
vational/goal-directed influences from limbic centres.

In the present study, greater bilateral activation was elic-
ited by Go stimuli than by NoGo stimuli in additional brain
areas known to directly mediate motor behavior, including
primary motor cortex (M1), basal ganglia, and thalamus.

Figure 4.
Illustration of the five significant clusters of
activation in which Go events elicited a
greater hemodynamic response than did
NoGo events in the visual sensory modality.
Data are presented in the format used in Fig-
ure 1. The image is thresholded at a height of
t(9) � 2.82, corresponding to a significance
level of P � 0.01 uncorrected for multiple
comparisons conducted throughout the whole
brain. Clusters are significant at P � 0.05 cor-
rected for multiple comparisons.
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Using the current paradigm, the contribution of goal-di-
rected attention to activation in these areas cannot be distin-
guished from activation associated with motor responding.
Likewise, activation in supplementary and cingulate motor
areas and in lateral premotor areas may reflect in part the
direct connectivity of these regions with M1 and spinal
motorneurons innervating hand muscles [Dum and Strick,
2002]. The role of these regions in goal-directed processing
(i.e., beyond generation of the motor response per se) may
be ascertained more successfully using paradigms that re-
quire only covert responses to target stimuli (e.g., counting
target stimuli).

By requiring solely a right-handed button-press response,
the current task is also not suited to investigating laterality
of brain activity during goal-directed processing. Many
studies have reported right hemisphere dominance in cer-
tain attentional processes (e.g., vigilance) [Pardo et al., 1991],
observable particularly in lateral prefrontal and superior
parietal cortex [see also Corbetta and Shulman, 2002; Mesu-
lam, 1999; Posner and Petersen, 1990]. Our data showed that
Go and NoGo events both elicited predominantly right-
sided activation of lateral prefrontal cortex. In many brain
regions, however, activation elicited by the Go stimuli in this
study was bilateral, and in some instances, there was a
tendency toward greater activation in the left hemisphere
than in the right. As would be expected from the fact that the
participants responded with their right index finger, Go
stimuli elicited greater activation of primary sensorimotor
cortex, supplementary motor cortex and thalamus on the left
than on the right (although in the cerebellum, greater activ-
ity was observed on the right). Go stimuli, however, also
elicited activation of temporoparietal junction and mid-cin-
gulate that seemed more marked on the left than on the
right. Braver et al. [2001] observed greater activation in left
mid-cingulate and temporoparietal cortex during right-
handed responses to target stimuli than during right-
handed responses in a response choice task. They concluded
that the observed left hemisphere bias during target process-
ing was unlikely to be due to the handedness of the re-
sponse. Future research that separates detection of Go stim-
uli from an immediate behavioral response (e.g., by delayed
cue signaling for the commission of a motor response) may
provide insight into laterality of goal-directed processing
and information about the time-course over which limbic
and paralimbic influences are brought to bear on frontopa-
rietal association areas during goal-directed processing.

In addition to those areas differentially activated by Go
and NoGo events, other frontal regions were activated sim-
ilarly by both event types, including sites in ventral and
dorsal frontal cortex, rostral anterior cingulate cortex, and
regions of insular cortex. In contrast to studies employing
Go/NoGo variants that established a prepotent response
tendency that was inhibited subsequently on NoGo trials,
the present study identified few voxels in which NoGo
stimuli elicited greater activation than did the Go stimuli.
These few voxels were located most consistently in the ros-
tral extreme of anterior cingulate cortex. Although this acti-

vation might reflect a residual amount of response inhibition
on NoGo trials, previous observations of anterior cingulate
activation during the correct inhibition of NoGo stimuli
responses have typically located the peak of activity in more
caudal portions of anterior cingulate gyrus [e.g., Braver et
al., 2001; Durston et al., 2002; Kiehl et al., 2000; Menon et al.,
2001]. The relatively greater activation in the rostral extreme
of anterior cingulate cortex for NoGo compared to Go events
in this study might rather be explained by previous reports
that activation in this area is inversely proportional to the
degree to which an individual is engaged in carrying out a
difficult task [Paus et al., 1998; Simpson et al., 2001]. The
observation of greater activation in more caudal anterior
cingulate areas and lesser activation in the rostral extreme of
cingulate during Go trials (and vice versa for NoGo trials) is
consistent with the requirement for greater processing re-
sources in Go compared to NoGo trials. Overall, activation
elicited by NoGo events (relative to resting baseline) was
restricted largely to frontal cortex. In parietal cortex, NoGo
stimuli elicited little activation, whereas Go stimuli elicited
extensive activation. These observations are consistent with
evidence that the P300 event-related potential elicited by
task-irrelevant novel/distracter stimuli is maximal at fron-
tocentral sites and attenuated over posterior cortex, whereas
that elicited by target stimuli is maximal over parietal cortex
[Friedman et al, 2001; Katayama and Polich, 1998].

We have described a widespread, supramodal network of
brain areas that is preferentially recruited during processing
of and motor response to a task-relevant target (Go) stimu-
lus relative to processing of an equally probable and familiar
stimulus for which no motor response is required. We sug-
gest that activation within this network reflects in part a
motivational/goal-directed component that elicits preferen-
tial processing of task-relevant events. To elucidate further
this mechanism, future research should manipulate explic-
itly the motivational value of Go and NoGo stimuli, for
example, by assigning a differential monetary reward to
correctly engaging in a motor response and withholding an
inappropriate motor response.
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