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ABSTRACT

The “warning effect” refers to the decrease in motor response reaction times to a target when its presen-
tation is preceded by a stimulus indicating that the target will appear shortly. We hypothesized that cue
presentation phasically enhances alertness, which in turn facilitates the preparation of a motor response.
To test this hypothesis, we conducted functional magnetic resonance imaging during a Go/NoGo task
with a warning stimulus. Fifteen subjects completed a visual Go/NoGo task, and 12 completed an analo-
gous task in the auditory modality. After a warning stimulus was presented, a Go or NoGo stimulus was
presented with equal probability. Both auditory and visual warning stimuli activated the midbrain, thala-
mus, and the anterior cingulate cortex (ACC) extending to the pre-supplementary motor area (pre-SMA).
The warning-related activation in the pre-SMA and thalamus was greater when warnings were followed
by Go events with faster reaction times than when followed by events with slower reaction times. The
midbrain, thalamus, and ACC are known to be associated with vigilance or intrinsic alertness, and the
pre-SMA is involved in movement selection and preparation. Thus, the warning effect may be partly

mediated by the potentiation of the pre-SMA through the midbrain-thalamus-ACC alerting network.
© 2010 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

1. Introduction

The presence of a cueing stimulus (warning stimulus) reduces
reaction times (RTs) when individuals make motor responses
towards a target. This reduction in RT is called the “warning effect”.
This effect is seen even if the warning stimulus conveys no infor-
mation about the nature of the imperative stimulus or the required
responses (Hackley and Valle-Inclan, 2003). The ability to increase
and maintain response readiness in preparation for an impending
stimulus is called alertness, and is considered a fundamental form
of attention (Raz and Buhle, 2006). This ability can also be called
vigilance and sustained attention (Raz and Buhle, 2006). Alertness
can be broadly subdivided into two types, phasic alertness and
intrinsic alertness (Sturm et al., 1999; Sturm and Willmes, 2001;
Raz and Buhle, 2006). Phasic alertness is defined as alertness for
a short period of time subsequent to an external cue or stimulus,
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whereas intrinsic alertness is defined as a state of general wake-
fulness (Sturm et al., 1999; Sturm and Willmes, 2001; Raz and
Buhle, 2006). In general, RTs to trials lacking any warning stim-
ulus provides a behavioral measure of intrinsic alertness, while the
reduction in RTs produced by prior presentation of a warning stim-
ulus is thought to be a measure of phasic alertness (Sturm et al.,
1999; Coull et al., 2001). Thus, the warning effect is, at least in part,
considered to be a result of increased phasic alertness triggered by
the warning stimuli.

Previous imaging studies have suggested that the
midbrain-thalamic-anterior cingulate cortex (ACC) system is
part of the intrinsic alerting network (Kinomura et al., 1996;
Sturm et al., 1999; Sturm and Willmes, 2001; Fan et al., 2005; Raz
and Buhle, 2006). Kinomura et al. (1996) conducted a positron
emission tomography (PET) study with an attention-demanding
RT task using either visual or somatosensory cues. They found
that, irrespective of the sensory modality of the cue, the midbrain
reticular formation and thalamic intralaminar nuclei were acti-
vated when participants shifted from a relaxed and awake state
to attention-demanding task trials. Using PET with O'> water,
Paus et al. (1997) showed that thalamic blood-flow responses
to an auditory intrinsic alertness task covaried with those of the
ponto-mesencephalic tegmentum and the ACC. During an audi-
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tory intrinsic alertness study, blood-flow responses in the ACC,
thalamus, and mesencephalic reticular formation decreased at
similar rates over a 50-min testing period; these changes occurred
together with increases in response latencies and in the amount
of electroencephalographic activity in the theta frequency range.
These observations suggest that activation of the ACC is likely to
be associated with intrinsic alertness.

In humans, the ACC is located in the medial wall of the cerebral
hemisphere. The ventral (limbic) tier occupies the surface of the
cingulate gyrus, corresponding to Brodmann’s areas 24a and 24b,
and the subcallosal area 25. The dorsal (paralimbic) tier is buried in
the cingulate sulcus, corresponding to Brodmann'’s areas 24c and 32
(seePaus,2001, for areview). The dorsal tier is known to be involved
in motor control (Picard and Strick, 1996; Deiber et al., 1999). In
the non-human primate, the ACC receives dense inputs from the
midline thalamic nuclei (Barbas et al., 1991), which are involved in
the regulation of cortical alertness (Montaron and Buser, 1988).
Alertness-related modulation of the ACC might also arise from
brainstem monoamine nuclei inputs, such as those from the meso-
cortical dopamine system originating in the ventral tegmental area,
and norepinephrine inputs from the locus coeruleus (LC) (Barger,
1992; Crino et al., 1993). Thus we hypothesized that the ACC is
a key neural substrate for the warning effect mediated via phasic
alertness. This is consistent with the concept of an anterior alerting
system proposed by Sturm and Willmes (2001).

Although the warning effect is a well-replicated behavioral
observation, it is unclear which aspects of cognitive or motor
processing are facilitated by the presentation of a warning cue.
Previous studies using event-related potentials suggest that the
reduction of RT associated with the warning effect is caused neither
by the facilitation of low-level motor processes nor by sensory-
perceptual processing, but rather by non-specific motor “priming”
within an early phase of response selection (Hackley and Valle-
Inclan, 2003). This raises the possibility that the warning effect
is mediated by the midbrain-thalamus-ACC network, which is
thought to facilitate movement preparation in the premotor cor-
tices. We conducted a functional magnetic resonance imaging
(fMRI) study to test the hypothesis that warning stimuli activate the
alerting system, including the midbrain reticular formation, thala-
mus, and frontal regions such as the ACC. To do this, we used visual
and auditory Go/NoGo tasks with warning stimuli that had warn-
ing periods of variable duration. The application of both visual and
auditory tasks allowed us to investigate modality-invariant effects,
and the variable warning period allowed us to exclude factors
related to temporal orienting attention, in which the task includes
informative cues that predict with high probability the exact time
interval when the target (Go or NoGo cues) will appear (Coull et al.,
2001).Inaddition to these advantages, the Go/NoGo task allowed us
to depict the activation related to motor execution by subtracting
the NoGo from the Go condition (Go-NoGo contrast). Technically,
the Go/NoGo task enabled us to dissociate the activation related
to the warning signal from that related to the Go or NoGo task,
because this design reduces the correlation between the expected
activations during the Go or NoGo condition and the warning con-
dition. Thus, the warning cue-related activation should represent
the neural substrates of phasic alertness irrespective of the subse-
quent task cue (Go or NoGo). Specifically, we expected the warning
stimuli to activate both the alerting system and those areas that are
involved in the early stages of motor processing, such as movement
preparation.

2. Materials and methods
2.1. Participants

In total, 51 right-handed healthy volunteers took part in the study. Twenty-
four subjects participated in the preliminary psychological testing (12 males and

Fig. 1. (a) Schematic diagram of the visual Go/NoGo task. The subjects were initially
presented with a central fixation cross. After a relatively long ITI of 12-14s, the
color of the fixation cross changed from white to yellow as a warning stimulus.
Following a variable time period (2-6 s), a blue or red square was presented as the Go
signal or NoGo signal, respectively. When the Go signal was presented, the subjects
had to respond by pressing a button with their right thumb as quickly as possible.
(b) Task design and models for analyses. The time course of the tasks is presented
schematically at the bottom of the figure. The model of the expected blood oxygen
level-dependent (BOLD) signal change is presented for the event-related paradigms
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of the article.).

12 females; mean age, 27.9 + 4.8 years). Twenty-seven healthy right-handed volun-
teers participated in the fMRI study. Fifteen of these (seven males and eight females;
mean age, 24.1 & 2.3 years) completed a visual Go/NoGo task, and the remaining 12
(seven males and five females; mean age, 22.8 + 3.4 years) completed an auditory
version of the Go/NoGo task. All subjects were right-handed according to the Edin-
burgh handedness inventory (Oldfield, 1971). None of the subjects had a history of
psychiatric or neurological illness. The protocol was approved by the ethical com-
mittee of the National Institute for Physiological Sciences, Japan, and all subjects
gave their written informed consent to participate.

2.2. Tasks and preliminary psychological testing

We used Go/NoGo tasks with either auditory or visual cues. In the preliminary
psychological testing, subjects completed four versions of the Go/NoGo task, dif-
fering in stimulus modality (visual or auditory) and the presence or absence of a
warning stimulus as follows: visual warning (VW), visual no-warning (VN), auditory
warning (AW), and auditory no-warning (AN) tasks. This was intended to confirm
that the warning effect, as measured by a reduction in the RT, was not a modality-
specific effect.

In the VW task (Fig. 1a), a trial began with the presentation of a central white
cross-hair. The subjects were asked to fixate on the position of this white cross-
hair during the run. Following this, the cross-hair turned yellow (the warning
period). After a warning period of variable duration (2-6s), the warning stimulus
was replaced by either a blue square (Go cue) or a red square (NoGo cue) presented
in the center of the display. The duration of the Go and NoGo cues was 350 ms.
When a Go cue was presented, the subjects had to push a button with their right
thumb as quickly as possible. When a NoGo cue was presented, the subjects were
required not to push the button. Each visual stimulus was presented at a visual angle
of 1.3° x 1.3°. After the cue disappeared, the white cross-hair was presented again,
with an inter-trial interval (ITI) of 12-14s, until the beginning of the next warning
period. The VW task consisted of two successive experimental runs, which together
comprised 10 Go trials and 10 NoGo trials. The trial order, the ITI, and the duration
of the warning period were pseudorandomized across the two runs. The VN task
was identical to the VW task except for the absence of warning stimuli. The AW
task was identical to the VW task except for the task-related stimulus modality and
the presentation of the white cross-hair, which was displayed throughout the run.
In the AW task, the warning stimuli consisted of a pure-tone stimulus (frequency,
440 Hz; sampling rate, 44.1 kHz; stereo sound) presented for 2-6s. A higher pitched
pure tone (frequency, 480 Hz; sampling rate, 44.1 kHz; stereo sound) was used as the
Go cue, and a lower pitched pure tone (frequency, 400 Hz; sampling rate, 44.1 kHz;
stereo sound) was used as the NoGo cue. The AN task was identical to the AW task
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except for the absence of warning stimuli. Each subject completed two runs of each
task type, the order of which was counterbalanced across all subjects, giving a total
of eight runs, including 40 Go and 40 NoGo trials.

The stimulus presentation and response collection were controlled by Presenta-
tion software (Neurobehavioral Systems, Albany, CA, USA) on a personal computer
(Dimension 9100; Dell Computer Co., Round Rock, TX, USA). The visual stimuli were
presented on a 19-in. liquid-crystal display (Diamond-crysta RDT197V; Mitsubishi
Electric, Tokyo, Japan). The auditory stimuli were presented via a stereo-speaker
system (SRS-A202; Sony, Tokyo, Japan). The responses were collected via an in-
house button system that was made from a universal serial bus (USB)-connected
numeric keypad (TNK-SUU211GY; LOAS Co., Ltd., Osaka, Japan) and a switch (Z-
15GD; Omron, Kyoto, Japan).

For each subject, the accuracy of the Go and NoGo responses and the mean RTs
for the correct Go responses were calculated. Responses with a delay of longer than
1 swere regarded as missed responses. Statistical analysis was carried out using SPSS
version 10.0] software (SPSS Japan Inc., Tokyo, Japan). A two-way repeated measure
analysis of variance (ANOVA) was performed to compare the mean percentage of
correct responses and the mean RT. The results were considered statistically signif-
icant at p<0.05. To examine the relationship between the duration of the warning
stimuli and reaction times, we calculated the Pearson product-moment correla-
tion coefficients in individuals, as well as the mean of these coefficients for all
participants.

2.3. fMRI study

Prior to being scanned, each subject completed behavioral training. The training
consisted of six tasks: three RT tasks and three Go/NoGo tasks. The time for response
was gradually decreased until the performance reached a certain criterion (deter-
mined by RTs of each individual) level. During the scan, the subjects performed a
visual or auditory Go/NoGo task (Fig. 1), which was similar to the VW and AW tasks,
respectively, used for the preliminary psychological testing, differing only in the
visual angle and the number of runs. In the visual task (Fig. 1a), each stimulus was
presented at a visual angle of 1.9° x 1.9, and the two successive runs were repeated
four times giving a total of eight runs, including 40 Go trials and 40 NoGo trials. The
accuracy and RTs in response to the Go cues were analyzed in the same way as the
preliminary psychological data (described above).

For both stimulus modalities, the target stimuli in the Go/NoGo tasks were coun-
terbalanced across subjects to control for possible stimulus-specific effects: in the
visual task, the red square was used as the Go cue and the blue square was used as
the NoGo cue for half of the participants, while this contingency was reversed for
the remaining half of the participants. Similar counterbalancing was applied to the
high-pitch and low-pitch tones used as cues in the auditory tasks.

Presentation 9.81 (Neurobehavioral Systems, Albany, CA) was implemented
on a personal computer (Dimension 9100; Dell Computer, Round Rock, TX) for
stimulus presentation and response collection. A liquid-crystal display projector
(DLA-M200L; Victor, Yokohama, Japan), located outside and behind the scanner,
projected stimuli through another waveguide onto a translucent screen, which the
subjects viewed via a mirror attached to the MRI head coil. The auditory stimuli were
presented via MRI-compatible headphones (Hitachi, Yokohama, Japan). The volume
was adjusted to approximately 90 dB. Responses were collected via an optical button
system (Current Design, Philadelphia, PA).

2.4. MRI data acquisition

All images were acquired using a 3T MR scanner (Allegra; Siemens, Erlan-
gen, Germany). Functional images were acquired using a T2*-weighted echo-planar
imaging (EPI) sequence. Each volume consisted of 34 slices, each of which was 4.0-
mm thick, with a gapless alignment to cover the entire cerebrum and cerebellum
(repetition time [TR], 2000 ms; echo time [TE], 30 ms; flip angle [FA], 80°; field
of view [FOV], 192 mm; 64 x 64 matrix; voxel dimensions, 3 mm x 3 mm x 4 mm).
Oblique scanning was used to exclude the eyeballs from the images. The onset
of each trial, relative to the preceding image acquisition, was jittered within
1 TR (2000ms) (Dale, 1999). To acquire a fine structural whole-head image,
T1-weighted magnetization-prepared rapid-acquisition gradient-echo (MP-RAGE)
images were obtained (TR, 2500 ms; TE, 4.38 ms; FA, 8°; FOV, 230 mm; matrix size,
256 mm x 256 mm; voxel dimensions, 0.9 mm x 0.9 mm x 1.0 mm).

Each run consisted of a continuous series of 112 volumes acquired with a total
duration of 3 min 44s. To avoid subject fatigue, several breaks (of up to 5min)
were inserted between the eight runs. The total duration of the experiment was
approximately 70 min, including the acquisition of the structural MR images.

2.5. fMRI data analysis

In addition to the first two volumes of each EPI sequence, which were dis-
carded automatically by the MR scanner, the first three volumes of each fMRI run
were removed from the analysis to allow for stabilization of the magnetization,
and the remaining 109 volumes per run (a total of 872 volumes per subject for
eight runs) were used in the analysis. The data were analyzed using statistical para-
metric mapping (SPM5; Wellcome Department of Imaging Neuroscience, London,
UK) implemented in Matlab (Mathworks, Sherborn, MA) (Friston et al., 1994, 1995,

2007). After correcting for differences in slice timing within each image volume,
all volumes were realigned for motion correction. All EPI volumes were normalized
to the Montréal Neurological Institute (MNI) EPI template using a nonlinear basis
function. The functional images were spatially smoothed in three dimensions using
an 8-mm full-width at half-maximum Gaussian kernel.

Statistical analysis of the functional data was conducted at two levels. First,
individual task-related activation was evaluated. Second, the summary data for each
individual were incorporated into a second-level analysis using a random-effects
model (Friston et al., 1999) to make inferences at the group level.

The signal was scaled proportionally by setting the mean value of the whole
brain of all volumes to 100 arbitrary units. The signal time-course for each subject
was analyzed with a general linear model, with condition and run effects as regres-
sors, and high-pass filtering (128 s). To test our hypotheses about regionally specific
condition effects, the model parameters were compared with linear contrasts. As we
adopted a slow event-related design, the general linear model allowed us to esti-
mate the amplitude of the activation for each condition relative to the implicit “rest”
condition (the inter-trial interval). The slow event-related design consisted of the
following three types of event condition: warning, Go, and NoGo (Fig. 1b). The design
matrix (X) was created by convolving a set of three vectors with a hemodynamic
response function (h) as follows,

X=[w,g,nl®h

where w corresponds to Warning, g corresponds to Go, and n corresponds to NoGo.
We included trials for which the responses were correct. Initially, we delineated the
areas that were related to the onset of the warning period. A Go-NoGo comparison
was conducted to depict the neural substrates associated with the motor execution
of hand movement.

The weighted sum of the parameter estimates in the individual analyses con-
stituted “contrast” images which were used for the group analysis (Friston et al.,
1999). Contrast images obtained by individual analyses represented the normal-
ized task-related increment of the MR signal of each subject. The contrast images of
Warning, Go, and NoGo for each cueing modality were incorporated into a flexible
factorial design that modeled the subject effect, the cueing modality effect, and the
different conditions (Warning, Go, and NoGo) at the group level. The resulting set
of voxel values for each contrast constituted a statistical parametric map of the t
statistic (SPM{t}). We delineated the activation of the warning effect irrespective
of the cue modality by masking images with the contrast of both the visual and
auditory warning conditions at a statistical threshold of p <0.05, family-wise error
(FWE) corrected at the voxel level (Friston et al., 1996), with the cluster size set at
>20 voxels. Similarly, we evaluated the execution effect as observed in the Go-NoGo
comparison, irrespective of the cue modality.

Furthermore, to examine which regions were associated with the reduction of
RTs, within the areas showing warning cue-related activation we examined the
relationship between the activation related to the warning cue and the RTs of
the following Go events. First, the correct Go trials in each run were divided into
“faster Go” and “slower Go” trials based on their RTs, so that there were approxi-
mately equal numbers of events in each run. Then, we divided the warning events
into three groups based on the faster Go, slower Go, and NoGo trials: warning
events followed by faster Go (FWarning), by slower Go (SWarning), and by NoGo
(NoGoWarning) trials. We reconstructed the design matrix using the following five
types of events: FWarning, SWarning, NoGoWarning, Go, and NoGo. We conducted
an FWarning-SWarning comparison to depict the warning-related areas which were
associated with faster reaction times in the subsequent Go trials. The contrast images
of the FWarning-SWarning comparison were tested at the group level using a one-
sample t-test. The statistical threshold was set at p<0.05, corrected for multiple
comparisons at the cluster level within the search volume.

3. Results
3.1. Preliminary psychological testing

The mean (+standard deviation [SD]) percentages of correct
responses on Go trials were 100.0 + 0.0% for the AN task, 99.2 4 2.8%
for the AW task, 99.6+2.0% for the VN task, and 99.6 & 2.0%
for the VW task. There were no statistically significant main
effects on performance accuracy of the presence of warning (two-
way repeated measures ANOVA; F[1,23]=2.09; p>0.05), modality
(two-way repeated measures ANOVA; F[1,23]=0.00; p>0.05), or
a significant interaction (two-way repeated measures ANOVA;
F[1,23]=2.09; p>0.05). The false-alarm rates (+SD) were 7.5 + 9.9%
for the AN task, 3.8 +£6.5% for the AW task, 4.2 +6.5% for the
VN task, and 3.8 +£6.5% for the VW task. Similarly, there were
no statistically significant main effects of the presence of warn-
ing (two-way repeated measures ANOVA; F[1,23]=2.53; p>0.05),
modality (two-way repeated measures ANOVA; F[1,23]=1.42;
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Table 1
Warning effect within the areas activated by both visual and auditory stimuli.
Cluster Voxel MNI coordinates Side Location
P* Size P+ T y z
<0.001 825 <0.001 11.8 -6 10 44 L ACG
<0.001 10.4 8 14 38 R ACG
<0.001 10.1 8 8 58 R Pre-SMA
<0.001 323 <0.001 10.2 8 -26 -4 R Midbrain
<0.001 9.8 10 —-16 8 R Thalamus
<0.001 285 <0.001 10.1 -10 -26 -8 L Midbrain
<0.001 9.2 -10 -16 10 IL Thalamus
0.007 43 <0.001 9 36 20 4 R Insula
0.003 72 <0.001 9 52 2 48 R PMd
0.013 24 <0.001 8.9 -34 22 6 L Insula

MNI, Montréal Neurological Institute; ACG, anterior cingulate gyrus; PMd, dorsal premotor coetex; pre-SMA, pre-supplementary motor area; L, left; R, right. P* corrected at
cluster level, P+ FWE corrected. The areas were masked with the activated areas by both visual and auditory stimuli with p <0.05 (FWE corrected at voxel level).

p>0.05), or their interaction (two-way repeated measures ANOVA;
F[1,23]=1.56; p>0.05) on the false-alarm rate. The mean RTs
(£SD) for each condition were 451.5+126.1 ms for the AN task,
384.9+70.9ms for the AW task, 407.9 +65.0 ms for the VN task,
and 380.9 +75.3ms for the VW task. Significant main effects of
the presence of a warning (two-way repeated measures ANOVA;
F[1,23]=40.80; p<0.05) and the task modality (two-way repeated
measures ANOVA; F[1,23]=5.73; p<0.05) were found on RTs, but
there was no significant interaction between the presence of a
warning and the modality of the warning signal (two-way repeated
measures ANOVA; F[1,23]=3.78; p>0.05). The correlation analysis
revealed a weak correlation between the duration of the warning
stimuli and reaction times (mean r=—0.12; only 2 of 27 individuals
showed a significant correlation (p <0.01)). This suggests that the
strength of the warning effect did not depend on the duration of
the warning stimuli.

3.2. fMRI study

3.2.1. Task performance

The mean (£SD) percentages of correct responses were
98.2+4.5% for the visual Go trials, 90.1+5.9% for the visual
NoGo trials, 98.3 + 3.1% for the auditory Go trials, and 87.7 +10.0%
for the auditory NoGo trials. There was a significant differ-
ence in performance accuracy between the Go and NoGo trials
(repeated measures ANOVA; F[1,25]=29.077; p<0.001), but no
effect of the cueing modality (F[1,25]=0.629, p=0.435) or signifi-
cantinteraction (F[1,25]=0.867,p=0.361). The RTs (+ SD) of correct
responses on Go trials were 351.1 +58.6 ms for the visual task and
333.2 +£29.4 ms for the auditory task. There was no significant dif-
ference in RTs between the visual and auditory tasks (two-sample
t-test; p=0.345).

3.2.2. Task-related activation

Irrespective of the cue modality, at the population level neural
activation related to the warning stimuli was identified bilaterally
in the ACC, left pre-SMA, and right dorsal premotor area (PMd),
as well as bilaterally in the insula and thalami extending into the
midbrain, including the reticular formation, red nucleus and sub-
stantia nigra (Figs. 2 and 3, Table 1). The Go—NoGo contrast revealed
activation in the left primary sensorimotor cortex and the right
cerebellum (Table 2).

The ventral tier of the ACC (BA 24) is ventral to the cingulate
sulcus, and the dorsal tier is buried in the cingulate sulcus (CS)
(Paus, 2001). When the paracingulate sulcus (PCS) is present, BA 32
extends dorsally to the paracingulate gyrus (Paus et al., 1996; Paus,

Table 2
Execution effect by Go—-NoGo contrast irrespective of the cue modalities.
Cluster  Voxel MNI coordinates Side  Location
P* Size P+ T X y VA
<0.001 740 <0.001 9.7 -38 22 66 L SMI
<0.001 9.7 -52 -20 52 L SMI
<0.001 8.2 -36 —-22 52 L SMI
0.001 158 <0.001 92 26 —54 -26 R Cerebellum
0.005 57 <0.001 8.0 6 —66 -14 R Cerebellum

MNI, Montréal Neurological Institute; SMI, primary sensorimotor cortex; L, left; R,
right. P* corrected at cluster level, P+ FWE corrected. The areas were masked with
the activated areas by Go-NoGo contrast of visual and auditory stimuli with p <0.05
(FWE corrected at voxel level).

2001). Thus, localizing the CS and PCS is important to precisely dis-
tinguish the ACC and pre-SMA. Using the anatomically normalized
high resolution MRI of the participants of the fMRI study (N=27),
we measured the MNI coordinates of the CS and PCS, particularly
the z coordinates (distance from the AC-PC plane) at y =14, 10, and
8 mm (Table 3). Based on this, we differentiate the pre-SMA (8, 8,
58) and the ACC at (8, 14, 38) and (-6, 10, 44); the ACC coordinates
were mainly located in the dorsal tier.

3.2.3. Comparison of FWarning and SWarning trials

Within the warning-related areas (Fig. 2, Table 1), the
FWarning-SWarning contrast revealed activation in the left pre-
SMA (-6, 12, 52) and bilateral thalamus (left: —12, —20, 10;
right: 10, —12, 8) at the population level (Fig. 3). In contrast, the
SWarning-FWarning contrast revealed no significantly activated
regions.

Table 3
MNI coordinates in the z direction (mm) of the paracingulate and cingulate sulci.
y (mm) Left Right
14 10 8 14 10 8
Paracingulate sulcus
Mean 48.5 50.8 52 50.1 50.3 50.6
SD 3.8 4.4 4.4 2.2 29 33
N 10 10 10 9 9 9
Cingulate sulcus
Mean 37.7 40.7 41.8 40.2 423 43.2
SD 3.8 3.8 4.2 3.8 4.7 52
N 27 27 27 27 27 27

z coordinates (mm) at the planes of y =14, 10, and 8 mm are shown. MNI, Montréal
Neurological Institute; N, number of subjects the sulci were identified; SD, standard
deviation.
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Fig. 2. (Top)Auditory (upper row) and visual warning effects at the population level superimposed on the three-dimensionally rendered average MRI. The statistical threshold
was family wise error (FWE) corrected (p <0.05 and cluster size >20 voxels). (Bottom) The warning effect irrespective of the modality of the warning cue superimposed on
the high-resolution MRI in sagittal, coronal, and transaxial views at (-8, —20, —8). The activated areas were masked with those regions activated by both the auditory and
visual warning effects, shown in the top panel. The statistical threshold was FWE-corrected (p <0.05 and cluster size >20 voxels). The color scale indicates the magnitude of
the t-value. (Bottom right) Design matrix of the flexible factorial design at the second level with the contrasts. From left to right, the vectors represent the visual Go, visual

NoGo, visual warning, auditory Go, auditory NoGo, and auditory warning conditions.

4. Discussion

As expected, the warning stimuli activated both the alerting
system and the areas for movement preparation.

4.1. ACC and thalamus-midbrain

Warning stimuli activated the ACC, midbrain regions including
the reticular formation, red nucleus and substantia nigra, and the
thalamus, regardless of the stimulus modality. As the activation in
the midbrain did not extend to the level of the 4th ventricle, it was
unlikely that the locus coeruleus was activated.

ACC activity has been shown to be related to intrinsic alert-
ness rather than modality-specific attentional processes (Paus

et al., 1997). In the present study, the ACC was activated by
the warning cue irrespective of its modality. The ACC might
therefore be involved in phasic alertness as well. Similarly,
the regions in the midbrain reticular formation and the thala-
mus (intralaminar domain) which showed an intrinsic alertness
effect in Kinomura et al. (1996) are close to the areas acti-
vated by warning stimuli, irrespective of modality, in the
present study. Therefore, intrinsic and phasic alertness could
conceivably share neural substrates in the midbrain-thalamic sys-
tem.

Although the present study failed to show any involve-
ment of the locus coeruleus, recent studies have suggested that
both phasic and intrinsic alerting processes are related to the
LC-norepinephrine (NE) system (Aston-Jones and Cohen, 2005;
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Fig. 3. The relationship between the RTs of the Go responses and the neural responses to the preceding warning cues. Within the warning-related areas (yellow), greater
warning cue-related activation was followed by Go trials with faster RTs (FW) compared with Go trials with slower RTs (SW) at the population level (red). Activation patterns
are superimposed on high-resolution transaxial MRI images. The statistical threshold was set at p<0.05 corrected for multiple comparisons at the cluster level within the
search volume. (Center) The statistic parametric map of the warning effect (as shown in Fig. 2) for the height reference. The three-dimensional information was collapsed
into two-dimensional sagittal images. Error bars indicate the standard error of mean. ““p <0.001, paired-t test (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of the article.).

Raz and Buhle, 2006). Given that the LC sends dense projections
to the ACC (Neiuwenhuys et al., 1988), the involvement of the
ACC in intrinsic alertness (Paus et al., 1997) and phasic alertness,
as shown in the present study, might be partly explained by the
bottom-up effects of the LC-NE system. However, the monkey LC
also receives prominent direct input from the ACC (Aston-Jones
and Cohen, 2005), which appears to exert a top-down effect on the
LC. This connection may be the anatomical basis of the “anterior
alerting system” proposed by Sturm and Willmes (2001). They sug-
gest that the ACC intrinsically controls the brainstem NE activation
system via the reticular nucleus of the thalamus, through which
brain-stem activation can be directed to cortical areas for spe-
cific information processing (“thalamic gates”, Sturm and Willmes,
2001). Consistent with this proposal, we found that the thalamus
was activated more prominently by warning stimuli that were fol-
lowed by faster Go responses than by warning stimuli followed
by slower Go responses, and thus the thalamus is activated in a
RT-dependent manner (Fig. 3).

We reason that the imaging data can be linked to “alertness”,
as judged from the RT data, because the variability of the RTs
of the Go responses may reflect the variability of the warning
effect: a stronger warning effect should lead to a shorter RT of the
subsequent Go response. Therefore, the areas that showed more
prominent activation by the warning events that were followed by
faster Go trials (FWarning) compared to those followed by slower
Go responses (SWarning) should represent the neural correlates of
phasic alertness.

4.2. Pre-SMA
In the present study, the pre-SMA was also activated by the

warning cues irrespective of modality in an RT-dependent manner.
According Sturm and Willmes’ (2001) “thalamic gates” theory, this

suggests that the pre-SMA is the target of the directed information
from the brainstem via the thalamus.

The SMA, which was previously regarded as a single motor area
occupying the medial part of Brodmann’s area 6, is now divided
into two subregions: the anterior part (pre-SMA) and the posterior
part (the SMA proper) (Picard and Strick, 1996). The SMA proper,
located immediately anterior to the foot representation of M1, has
somatotopically organized movement representations, as shown
in non-human primates (Luppino et al., 1991; Mitz et al., 1991;
Matsuzaka et al., 1992; He et al,, 1995) and humans (Fried et al.,
1991; Yazawa et al., 1998). The SMA proper, which is tightly inter-
connected with the M1 and the spinal cord (Luppino et al., 1993),
probably plays an important role in the preparation and execution
of movements. The pre-SMA in macaque monkeys corresponds to
the medial cortex of area 6, 6ab, or field F6 (Vogt and Vogt, 1919;
Luppino et al., 1991; Matelli et al.,, 1991; Luppino et al., 1993).
Although the pre-SMA lacks direct connections with area M1 and
the spinal cord (see also Dum and Strick, 1991; Bates and Goldman-
Rakic, 1993; Luppino et al., 1993; Lu et al., 1994; He et al., 1995), it
receives major inputs from the prefrontal cortex as well as the ros-
tral premotor and cingulate areas (Matsuzaka et al., 1992; Luppino
et al,, 1993). Thus, the pre-SMA is likely to play a less direct role
in the execution of movements. Physiological evidence indicates
that the pre-SMA might be involved in response selection, prepara-
tion (Matsuzaka et al., 1992), and planning (Hoshi and Tanji, 2004),
rather than in motor execution itself. In humans, the vertical ante-
rior commissure (VAC) line, based on the stereotaxic coordinate
system of Talairach and Tournoux (1988), serves as an anatomical
landmark for the discrimination of the pre-SMA and the SMA proper
(Hanakawa et al., 2001). Functional neuroimaging studies suggest
that the pre-SMA might be specifically associated with the free
selection of actions (Deiber et al., 1996; Lau et al., 2004a) and the
preparation of movements (Brass and von Cramon, 2002). Atten-
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tion to the intention to move accentuates activity in the pre-SMA
(Lau et al., 2004b).

These regions, along with the ACC, are places where information
converges for motor control, homeostatic drive, emotion, cogni-
tion, and alertness (Paus, 2001). Because we found RT-dependent
activity in the pre-SMA but not in the ACC, these medial regions
may have a different functional role in the processes of phasic
alertness. The ACC, together with the midbrain and thalamus, con-
stitutes the anterior alerting system (Sturm and Willmes, 2001). As
the pre-SMA is involved in response selection and/or preparation,
the RT-dependent co-activation pattern found in the pre-SMA in
the present study can be interpreted as acting to prime the motor
selection and/or preparation processes in the pre-SMA via inputs
from the anterior alerting system, resulting in the facilitation of
motor processing.

Recent studies have also provided evidence that the pre-SMA
has a role in response inhibition (Mostofsky et al., 2003; Aron and
Poldrack, 2006; Isoda and Hikosaka, 2007). Therefore, warning-
related activation, including that found in the pre-SMA in the
present study, might also reflect the facilitation of NoGo processes.
Further research is necessary to address this issue, using paradigms
such as the stop-signal task, which can measure the index of covert
inhibitory processes as the stop-signal reaction time (Rubia et al.,
2001; Aron and Poldrack, 2006) following warning stimuli.

Previous functional MRI studies suggest that attention tasks
induce two types of task-related blood oxygen level dependent
(BOLD) signals. The first are “source” signals, that provide informa-
tion about the organization of attention systems, and the second
are “site” signals, which provide information on how motor, sen-
sory or cognitive systems are affected by attention (Corbetta, 1998).
If we consider the RT-dependent pre-SMA and thalamic activation
patterns as site signals, the warning stimuli could potentiate the
pre-SMA for movement initiation or inhibition via the midbrain
alerting system through thalamic gating, which in turn is controlled
by the ACC. In summary, we proposed that the warning effect is
mediated by the interaction of the alerting system and the motor
system.

4.3. Interaction of the anterior alerting system and other
attentional systems

Previous investigations into a possible neural alerting system
have shown that, in addition to the anterior alerting system, tasks
requiring phasic alertness activate frontal and parietal regions
(Sturm and Willmes, 2001; Fan et al., 2005). This has been explained
as co-activation of the attention-orienting networks that are dis-
tributed in parietal and frontal areas (Fan et al., 2005). Although
several behavioral studies employing tasks designed to recruit
both networks demonstrated no correlation between the alerting
and orienting scores, suggesting that they are functionally distinct
(Fernandez-Duque and Posner, 1997; Fan et al., 2002, 2005; Rueda
et al., 2004), interactions have been observed under some condi-
tions (Callejas et al., 2004).

In the present study, there was no activation in the lateral
parietal-frontal areas that are involved in the orientation of atten-
tion. This may be due to the task design: the warning stimulus
contained no information about the nature of the imperative stim-
ulus or the required responses, and thus might have eliminated the
effects of cognitive components other than phasic alertness during
the presentation of the warning cue.

4.4. Other areas of activation
We observed activity related to the warning cue in the PMd

and insula. The PMd is known to be related to movement prepara-
tion in non-human primates (Weinrich et al., 1984) and in humans

(Watanabe et al., 2002; Kansaku et al., 2005). The insula is a center
for interoception and is associated with autonomic motor control
(Craig, 2003). The contribution of the insula to motor function is
thought to be related to the sense of “body ownership” of a move-
ment rather than the production of the movement itself (Hallett,
2007). The insular activation observed in the present study might
be the indirect result of movement preparation.

4.5. Limitations of the present study

The present fMRI experiment did not include a control condi-
tion without warning stimuli, due to the time constraints of a slow
event-related fMRI design. Because of this, it was unclear whether
the warning effect was present during the scan run. However, the
RTs measured during the experiment were comparable to those
reported by another group who performed identical tasks outside
the MRI scanner and showed a clear warning cue effect. Thus, it
is likely that the same warning effect was present during the fMRI
experiment. Furthermore, to link the imaging data to “alertness”, as
judged from the RT data, we examined the relationship between the
RTs of the Go responses and the neural responses to the preceding
warning cues. If the warning effect of the preceding warning cue
is strong, the RT of the following Go response should be shorter.
Concordant with this notion, the pre-SMA and thalamus showed
RT-dependent warning cue-related activation. This suggests that
the warning effect, as indicated by the shortening of the RT, is
mediated by the interaction of the alerting system and the motor
system.

The current study used a between-subjects design, in which dif-
ferent groups completed tasks with different stimulus modalities,
making it difficult to compare effects between stimulus modalities.
Again, this was due to time limitations. As our primary interest was
to investigate whether the anterior alerting system is activated by
cues of different modalities, rather than comparing the degree of
activation between modalities, the present results are still valid.
Future studies may adopt task designs that test both warning and
modality effects for each individual.

5. Conclusion

We showed that warning stimuli activated neural circuits asso-
ciated with a neural alerting system, as well as the pre-SMA,
irrespective of stimulus modality. These findings suggest that the
warning effect is mediated by the priming of the mesial motor
structures, including the pre-SMA and ACC, for the self-initiation of
movement through the midbrain-thalamic-ACC alerting system.

Acknowledgments

The authors would like to thank Dr H. Komeda for help with
the scanning. This study was supported, in part, by Grant-in Aid for
Scientific Research S#17100003 and S #21220005 (to N.S.) from
the Japan Society for the Promotion of Science.

References

Aron, A.R., Poldrack, R.A., 2006. Cortical and subcortical contributions to Stop signal
response inhibition: role of the subthalamic nucleus. J. Neurosci. 26, 2424-2433.

Aston-Jones, G., Cohen, ].D., 2005. An integrative theory of locus coeruleus-
norepinephrine function: adaptive gain and optimal performance. Annu. Rev.
Neurosci. 28, 403-450.

Barbas, H., Henion, T.H., Dermon, C.R., 1991. Diverse thalamic projections to the
prefrontal cortex in the rhesus monkey. . Comp. Neurol. 313, 65-94.

Barger, H., 1992.In: Chauvel, P., Delgado-Escueta, A.V.(Eds.), Advances in Neurology.
Raven Press, New York, pp. 525-544.

Bates, J.F., Goldman-Rakic, P.S., 1993. Prefrontal connections of medial motor areas
in the rhesus monkey. J. Comp. Neurol. 336, 211-228.

Brass, M., von Cramon, D.Y., 2002. The role of the frontal cortex in task preparation.
Cereb. Cortex 12, 908-914.



58 H.T. Yanaka et al. / Neuroscience Research 68 (2010) 51-58

Callejas, A., Lupianez, ]., Tudela, P., 2004. The three attentional networks: on their
independence and interactions. Brain Cogn. 54, 225-227.

Corbetta, M., 1998. Frontoparietal cortical networks for directing attention and the
eye to visual locations: identical, independent, or overlapping neural systems?
Proc. Natl. Acad. Sci. U.S.A. 95, 831-838.

Coull, J.T., Nobre, A.C., Frith, C.D., 2001. The noradrenergic a2 agonist clonidine
modulates behavioural and neuroanatomical correlates of human attentional
orienting and alerting. Cereb. Cortex 11, 73-84.

Craig, A.D., 2003. Interoception: the sense of the physiological condition of the body.
Curr. Opin. Neurobiol. 13, 500-505.

Crino, P.B., Morrison, J.H., Hof, P.R., 1993. In: Vogt, B.A., Gabriel, M. (Eds.), Neurobi-
ology of Cingulate Cortex and Limbic Thalamus: a Comprehensive Handbook.
Birkhauser, Boston, pp. 285-299.

Dale, A.M., 1999. Optimal experimental design for event-related fMRI. Hum. Brain
Mapp. 8, 109-114.

Deiber, M.P., Ibafiez, V., Sadato, N., Hallett, M., 1996. Cerebral structures participat-
ing in motor preparation in humans: a positron emission tomography study. J.
Neurophysiol. 75, 233-247.

Deiber, M.P., Honda, M., Ibdiiez, V., Sadato, N., Hallett, M., 1999. Mesial motor
areas in self-initiated versus externally triggered movements examined
with fMRI: effect of movement type and rate. J. Neurophysiol. 81, 3065-
3077.

Dum, R.P,, Strick, P.L., 1991. The origin of corticospinal projections from the premotor
areas in the frontal lobe. ]. Neurosci. 11, 667-689.

Fan, J., McCandliss, B.D., Sommer, T., Raz, A., Posner, M.L, 2002. Testing the effi-
ciency and independence of attentional networks. ]. Cogn. Neurosci. 14, 340-
347.

Fan, J., McCandliss, B.D., Fossella, ]., Flombaum, ].I, Posner, M.I., 2005. The activation
of attentional networks. Neuroimage 26, 471-479.

Fernandez-Duque, D., Posner, M.I,, 1997. Relating the mechanisms of orienting and
alerting. Neuropsychologia 35, 477-486.

Fried, 1., Katz, A., McCarthy, G., Sass, KJ., Williamson, P., Spencer, S.S., Spencer, D.D.,
1991. Functional organization of human supplementary motor cortex studied
by electrical stimulation. ]. Neurosci. 11, 3656-3666.

Friston, K., Holmes, A.P., Worsley, KJ., 1999. How many subjects constitute a study?
Neuroimage 10, 1-5.

Friston, K.J., Worsley, KJ., Frackowiak, R.S.J., Mazziotta, ].C., Evans, A.C., 1994. Assess-
ing the significance of focal activations using their spatial extent. Hum. Brain
Mapp. 1, 210-220.

Friston, KJ., Holmes, A., Poline, ].B., Price, C.J., Frith, C.D., 1996. Detecting activations
in PET and fMRI: levels of inference and power. Neuroimage 4, 223-235.

Friston, K.J., Ashburner, ].T., Kiebel, S.J., Nichols, T.E., Penny, W.D., 2007. Statistical
Parametric Mapping: The Analysis of Functional Brain Images. Academic Press,
London.

Friston, KJ., Ashburner, ]., Frith, C.D., Poline, ].B., Heather, J.D., Frackowiak, R.S.J.,
1995. Spatial registration and normalization of images. Hum. Brain Mapp. 2,
165-189.

Hackley, S.A., Valle-Inclan, F., 2003. Which stages of processing are speeded by a
warning signal? Biol. Psychol. 64, 27-45.

Hallett, M., 2007. Volitional control of movement: the physiology of free will. Clin.
Neurophysiol. 118, 1179-1192.

Hanakawa, T., Ikeda, A., Sadato, N., Okada, T., Fukuyama, H., Nagamine, T., Honda,
M., Sawamoto, N., Yazawa, S., Kunieda, T., Ohara, S., Taki, W., Hashimoto, N.,
Yonekura, Y., Konishi, J., Shibasaki, H., 2001. Functional mapping of human
medial frontal motor areas: the combined use of functional magnetic resonance
imaging and cortical stimulation. Exp. Brain Res. 138, 403-409.

He, S.Q., Dum, R.P., Strick, P.L, 1995. Topographic organization of corticospinal
projections from the frontal lobe: motor areas on the medial surface of the
hemisphere. . Neurosci. 15, 3284-3306.

Hoshi, E., Tanji, ]., 2004. Differential roles of neuronal activity in the supplemen-
tary and presupplementary motor areas: from information retrieval to motor
planning and execution. J. Neurophysiol. 92, 3482-3499.

Isoda, M., Hikosaka, O., 2007. Switching from automatic to controlled action by
monkey medial frontal cortex. Nat. Neurosci. 10, 240-248.

Kansaku, K., Muraki, S., Umeyama, S., Nishimori, Y., Kochiyama, T., Yamane, S.,
Kitazawa, S., 2005. Cortical activity in multiple motor areas during sequential
finger movements: an application of independent component analysis. Neu-
roimage 28, 669-681.

Kinomura, S., Larsson, J., Gulyas, B., Roland, P.E., 1996. Activation by attention of
the human reticular formation and thalamic intralaminar nuclei. Science 271,
512-515.

Lau, H.C,, Rogers, R.D.,Ramnani, N., Passingham, R.E., 2004a. Willed action and atten-
tion to the selection of action. Neuroimage 21, 1407-1415.

Lau, H.C,, Rogers, R.D., Haggard, P., Passingham, R.E., 2004b. Attention to intention.
Science 303, 1208-1210.

Lu, M.T., Preston, ].B., Strick, P.L., 1994. Interconnections between the prefrontal
cortex and the premotor areas in the frontal lobe. J. Comp. Neurol. 341, 375-392.

Luppino, G., Matelli, M., Camarda, R., Rizzolatti, G., 1993. Corticocortical connections
of area F3 (SMA-proper) and area F6 (pre-SMA) in the macaque monkey. . Comp.
Neurol. 338, 114-140.

Luppino, G., Matelli, M., Camarda, R.M., Gallese, V., Rizzolatti, G., 1991. Multiple
representations of body movements in mesial area 6 and the adjacent cingulate
cortex: an intracortical microstimulation study in the macaque monkey. ]. Comp.
Neurol. 311, 463-482.

Matelli, M., Luppino, G., Rizzolatti, G., 1991. Architecture of superior and mesial area
6 and the adjacent cingulate cortex in the macaque monkey. J. Comp. Neurol.
311, 445-462.

Matsuzaka, Y., Aizawa, H., Tanji, J., 1992. A motor area rostral to the supplementary
motor area (presupplementary motor area) in the monkey: neuronal activity
during a learned motor task. J. Neurophysiol. 68, 653-662.

Mitz, A.R., Godschalk, M., Wise, S.P., 1991. Learning-dependent neuronal activity
in the premotor cortex: activity during the acquisition of conditional motor
associations. J. Neurosci. 11, 1855-1872.

Montaron, M.F., Buser, P., 1988. Relationships between nucleus medialis dorsalis,
pericruciate cortex, ventral tegmental area and nucleus accumbens in cat: an
electrophysiological study. Exp. Brain Res. 69, 559-566.

Mostofsky, S.H., Schafer, J.G., Abrams, M.T., Goldberg, M.C., Flower, A.A., Boyce, A.,
Courtney, S.M., Calhoun, V.D., Kraut, M.A., Denckla, M.B., Pekar, J.J., 2003. fMRI
evidence that the neural basis of response inhibition is task-dependent. Brain
Res. Cogn. Brain Res. 17, 419-430.

Neiuwenhuys, R., Voogd, J., Van Huijzen, C., 1988. The Human Central Nervous
System—A Synopsis and Atlas, 3rd ed. Springer-Verlag, New York.

Oldfield, R.C., 1971. The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9, 97-113.

Paus, T., 2001. Primate anterior cingulate cortex: where motor control, drive and
cognition interface. Nat. Rev. Neurosci. 2, 417-424.

Paus, T., Tomaiuolo, F., Otaky, N., MacDonald, D., Petrides, M., Atlas, J., Morris, R.,
Evans, A.C., 1996. Human cingulate and paracingulate sulci: pattern, variability,
asymmetry, and probabilistic map. Cereb. Cortex 6, 207-214.

Paus, T., Zatorre, R.]., Hofle, N., Caramanos, Z., Gotman, ]., Petrides, M., Evans, A.C.,
1997. Time-related changes in neural systems underlying attention and arousal
during the performance of an auditory vigilance task. ]J. Cogn. Neurosci. 9,
392-408.

Picard, N., Strick, P.L., 1996. Motor areas of the medial wall: a review of their location
and functional activation. Cereb. Cortex 6, 342-353.

Raz, A., Buhle, J., 2006. Typologies of attentional networks. Nat. Rev. Neurosci. 7,
367-379.

Rubia, K., Russell, T., Overmeyer, S., Brammer, M.J,, Bullmore, E.T., Sharma, T., Sim-
mons, A., Williams, S.C., Giampietro, V., Andrew, C.M.,, Taylor, E., 2001. Mapping
motor inhibition: conjunctive brain activations across different versions of
go/no-go and stop tasks. Neuroimage 13, 250-261.

Rueda, M.R,, Fan, J., McCandliss, B.D., Halparin, ].D., Gruber, D.B., Lercari, L.P., Posner,
M.L, 2004. Development of attentional networks in childhood. Neuropsycholo-
gia 42, 1029-1040.

Sturm, W., Willmes, K., 2001. On the functional neuroanatomy of intrinsic and phasic
alertness. Neuroimage 14, S76-S84.

Sturm, W., de Simone, A. Krause, BJ., Specht, K., Hesselmann, V., Raderma-
cher, I, Herzog, H., Tellmann, L., Muller-Gartner, HW., Willmes, K., 1999.
Functional anatomy of intrinsic alertness: evidence for a fronto-parietal-
thalamic-brainstem network in the right hemisphere. Neuropsychologia 37,
797-805.

Talairach, J., Tournoux, P., 1988. Co-planar Stereotaxic Atlas of the Human Brain.
Thieme, New York.

Vogt, C., Vogt, O., 1919. Allgemeine ergebnisse unserer Hirnforschung. Vierte Mit-
teilung: die physiologische Bedeutung der architektonischen rindenfelderung
auf Grund neuer rindenreizungen. J. Psychol. Neurol. (Lpz.) 25, 399-462.

Watanabe, J., Sugiura, M., Sato, K., Sato, Y., Maeda, Y., Matsue, Y., Fukuda, H.,
Kawashima, R., 2002. The human prefrontal and parietal association cortices
are involved in NO-GO performances: an event-related fMRI study. Neuroimage
17,1207-1216.

Weinrich, M., Wise, S.P., Mauritz, K.H., 1984. A neurophysiological study of the
premotor cortex in the rhesus monkey. Brain 107, 385-414.

Yazawa, S., Ikeda, A., Kunieda, T., Mima, T., Nagamine, T., Ohara, S., Terada, K., Taki,
W.,, Kimura, J., Shibasaki, H., 1998. Human supplementary motor area is active
in preparation for both voluntary muscle relaxation and contraction: subdural
recording of Bereitschaftspotential. Neurosci. Lett. 244, 145-148.



	Neural substrates of phasic alertness: A functional magnetic resonance imaging study
	Introduction
	Materials and methods
	Participants
	Tasks and preliminary psychological testing
	fMRI study
	MRI data acquisition
	fMRI data analysis

	Results
	Preliminary psychological testing
	fMRI study
	Task performance
	Task-related activation
	Comparison of FWarning and SWarning trials


	Discussion
	ACC and thalamus-midbrain
	Pre-SMA
	Interaction of the anterior alerting system and other attentional systems
	Other areas of activation
	Limitations of the present study

	Conclusion
	Acknowledgments
	References


