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Anticipatory Suppression of Nonattended Locations in
Visual Cortex Marks Target Location and Predicts
Perception
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Spatial attention is associated with modulations in prestimulus, anticipatory blood oxygen level-dependent (BOLD) activity across the
brain. It is unclear, however, if these anticipatory modulations depend on the computational demands of the upcoming task. Here, we
show that anticipation of low-contrast stimuli, relative to high-contrast stimuli, is associated with increased prestimulus BOLD activity in
the frontal eye field (FEF) and the posterior inferior frontal sulcus (IFS) but not in the intraparietal sulcus (IPS). In visual cortex,
anticipation of low-contrast stimuli is associated with increased suppression of activity corresponding to unattended (but not attended)
locations, and this suppression predicts whether subjects will accurately perceive low-contrast stimuli. These results suggest that when a
stimulus will be difficult to distinguish from the background, top-down signals from FEF and IFS can facilitate perception by marking its
location through the suppression of unattended locations in visual cortex.
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Introduction
Under natural conditions, the perception of behaviorally relevant
objects may be limited by different perceptual factors. At one
extreme, an object may be barely visible against the surrounding
background, such as a car on a road immersed in a thick fog. At
the other extreme, an object may be highly visible but difficult to
discriminate from a similar object, as when trying to distinguish
two cars from successive model years based on the shape of their
grilles.

A fundamental question is whether and how the computa-
tional demands imposed by a task affect the attentional mecha-
nisms involved in task performance (Eriksen and Hoffman, 1974;
Posner et al., 1980; Carrasco et al., 2000; Dosher and Lu, 2000;
Carrasco, 2006). For example, attention could aid perception in
both threshold detection and suprathreshold discrimination (the
two situations described above) by boosting the signal related to
the task-relevant object, so-called “signal enhancement.” Only
the threshold detection task, however, would benefit from ex-
cluding noise from nearby locations, so-called “noise exclusion,”
because noise from nearby empty locations would not be con-
fused for the target in the suprathreshold discrimination task
(Carrasco et al., 2000; Dosher and Lu, 2000).

Despite the fact that attention could improve threshold detec-
tion and suprathreshold discrimination in part through different
mechanisms, it is unclear whether and how the neural signals
implementing spatial attention depend on task demands. Pre-
stimulus, preparatory activations in higher-order frontal and pa-
rietal regions are thought to implement the top-down control of
spatial attention, in part by modulating prestimulus activity in
the visual cortex (Hopfinger et al., 2000; Kastner and Ungerlei-
der, 2000; Corbetta and Shulman, 2002). In support, threshold
detection tasks are associated with anticipatory activation in the
retinotopic portion of visual cortex corresponding to the at-
tended location (Jack et al., 2006; Silver et al., 2007; Sylvester et
al., 2007) along with deactivations in corresponding nontarget
locations (Silver et al., 2007; Sylvester et al., 2007). Similar pre-
stimulus activations (Kastner et al., 1999; Muller et al., 2003;
Serences et al., 2004; McMains et al., 2007) and deactivations
(Muller and Kleinschmidt, 2004) have been reported in suprath-
reshold discrimination tasks. It is unknown, however, whether
the magnitude and spatial distribution of these prestimulus sig-
nals in both retinotopic visual cortex and higher-order regions
are related to the different perceptual demands imposed by the
different tasks.

Here, we explicitly test how the neural implementation of
spatial attention varies with task demands by comparing pre-
stimulus blood oxygen level-dependent (BOLD) activity on a
threshold detection task versus a fine suprathreshold discrimina-
tion task. Critically, the tasks are matched for difficulty, effects of
attention on performance, and the spatial distribution of stimuli.
The most straightforward prediction is that deactivations corre-
sponding to unattended locations are stronger in the threshold
detection task, because this task could benefit from noise exclu-
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sion, whereas the activations corresponding to the attended loca-
tion are stronger in the suprathreshold discrimination task, be-
cause this task may rely solely on signal enhancement.

Materials and Methods
Subjects. Six subjects (three female) were recruited, aged 26 –30, right-
handed, with no history of neurological illness, and normal or corrected-
to-normal vision. Informed consent was obtained as per the guidelines of
the human studies committee at Washington University School of Med-
icine. Subject 2 was author CS.

Task. Eye position was monitored to ensure subjects always fixated a
central crosshair. Each trial began with a 500 ms auditory “preparatory”
cue, the spoken word “left” or “right,” indicating one of two locations: 5°
eccentricity and 45° of radial angle to the left or right of the vertical
meridian (see Fig. 1). After a stimulus-onset asynchrony (SOA) of 6.192
s (25%), 8.256 s (25%), or 10.32 s (50%), targets appeared for 100 ms
centered at both locations, concurrent with an auditory report cue (“left”
or “right”). Targets were 3.5 cycle-per-degree Gabor patches with a
Gaussian envelope SD of 0.3°. On valid trials (75%), the report cue
matched the preparatory cue. Subjects indicated the orientation (left tilt,
vertical, right tilt) of the report-cued Gabor with a button press. Subjects
could indicate their response at any time after the presentation of the
target stimulus and before the beginning of the next trial. There was a
random intertrial interval (ITI) of 16.512 s (33%), 18.576 s (33%), or
20.64 s (33%). Each 6.2 min functional magnetic resonance imaging scan
block consisted of 13 trials; each subject performed between 1450 and
1750 trials over 8 –12 scanning sessions. Subject 5 performed only 1144
trials. Scanning blocks with “high-contrast” and “low-contrast” targets
(see below, Practice sessions and target parameters) were intermixed.
Subjects were always aware of block type.

Practice sessions and target parameters. Before test scans, each subject
performed �600 high-contrast and 600 low-contrast practice trials, in
two in-scanner sessions. The purpose of these sessions was to determine
stimulus parameters that would plateau performance at 70% for each
contrast. Timing was 2 s SOA and 2– 4 s ITI. Across the six subjects, for
the low-contrast stimuli, contrast at plateau performance ranged from 5
to 12%, and the difference in orientation between targets varied from 6 to
45°. For high-contrast trials, contrast was maintained at 50%, and the
difference in orientation between targets at plateau performance ranged
from 1.5 to 3.0°. Occasional small adjustments were also made during
test sessions.

Data acquisition. Images were acquired with a Siemens Allegra 3T
scanner. Structural images used a sagittal magnetization-prepared rapid-
acquisition gradient echo T1-weighted sequence [repetition time (TR),
1810 ms; echo time (TE), 3.93 ms; flip angle, 12°; inversion time, 1200
ms; voxel size, 1 � 1 � 1.25 mm). Blood oxygenation level-dependent
(BOLD) contrast images were acquired with an asymmetric spin-echo
echoplanar sequence (TR, 2.064 s; TE, 25 ms; flip angle, 90°; 32 contigu-
ous 4 mm axial slices; 4 � 4 mm in-plane resolution). BOLD images were
motion corrected within and between runs, and timing differences across
slices were corrected. Images were resampled into 3 mm isotropic voxels
and warped into a standardized atlas space (Talairach and Tournoux,
1988).

Apparatus. Stimuli were presented with a Power Macintosh G4 com-
puter (Apple) using Matlab software (Mathworks) with the psychophys-
ics toolbox (Brainard, 1997; Pelli, 1997). Images were projected to the
head of the bore of the scanner via an LCD projector (Sharp LCD C20X)
and viewed with a mirror attached to the head coil. A magnet-compatible
fiber-optic key-press device recorded subject responses.

Monitoring of eye position. Eye position was measured in five of six
subjects (not subject 2, author CS) with an ISCAN ETL-200 system as
subjects performed the task in the scanner. Author CS constantly viewed
live video displaying subjects’ eyes and any session in which a gross eye
movement was made was immediately stopped and the data discarded.
This occurred in fewer than five instances.

Linear modeling. The BOLD data at each voxel, for each subject, were
subjected to a general linear model using in-house software. Constant
and linear terms over each BOLD run accounted for baseline and linear

drift, and sine waves modeled low-frequency noise (�0.009 Hz). Sepa-
rate � function regressors coded each of the 11–13 time points (22.0704 –
26.832 s, depending on the SOA) after the preparatory cue of each of the
48 different event types [3 SOAs � (high vs low contrast) � (left vs right
cue) � (valid vs invalid) � (correct vs incorrect)]. A “residuals” dataset
was created by summing the modeled responses with the residuals unac-
counted for by the linear model.

Derivation of regions of interest. In all analyses, only trials with the
longest SOA [five magnetic resonance (MR) frames] were used, to avoid
contaminating preparatory signals with stimulus-evoked activity. To cre-
ate regions of interest (ROIs) outside of retinotopic cortex, we performed
a voxelwise ANOVA over the first six trial time points using the residuals
dataset, separately in each subject. The ANOVA effects of interest were
cue direction, target contrast, validity, performance, and time. An in-
house clustering algorithm defined ROIs based on the resulting map of
the main effect of time. ROIs started as 8 mm spheres centered on map
peaks with z-scores �10; spheres within 12 mm of each other were con-
solidated into a single ROI. ROIs were then masked with the main effect
of time image at a threshold of 3. An ROI was retained for subsequent
analyses if present in at least 10 of 12 subject hemispheres. This procedure
yielded ROIs (see Fig. 2) in the cingulate sulcus (CING), the superior
frontal gyrus (SFG), the frontal eye field (FEF), the middle frontal gyrus
(MFG), the inferior frontal sulcus (IFS), the anterior intraparietal sulcus
(aIPS), the posterior intraparietal sulcus (pIPS), and the superior tem-
poral gyrus (STG). We verified that each region in each subject occupied
a single cortical location on a flattened representation of the subject’s
own anatomy using Caret software (Van Essen et al., 2001).

Additional ROIs were created within early visual cortex (V1–V4 and
V3A) representing different locations in the visual field. In a separate set
of scans, subjects passively viewed high-contrast (�50%) Gabor patches
flickering at 4 Hz in 12 s blocks. In each block, a Gabor randomly ap-
peared at one of five locations: one of the two target locations, one of the
two target locations mirrored across the horizontal meridian, and a single
central location. We constructed contrasts of each passive stimulus with
its mirror stimulus across the vertical meridian. The central location (1°
width) was contrasted with the summed responses to all other locations.
In addition, subjects underwent retinotopy scans in which they passively
viewed contrast reversing checkerboard stimuli extending along the hor-
izontal and vertical meridians. A contrast of responses to the horizontal
and vertical meridians was used to hand-draw borders of early visual
regions on a flattened representation of the subject’s own anatomy using
Caret software (Van Essen et al., 2001). Subdivisions of early visual cortex
were made by taking the conjunction of the voxels with a stimulus pref-
erence during the localizer scans (z � 2) and the earliest of the retinotopic
regions (V1v, V2v, VP, and V4 for upper field locations; V1d, V2d, V3,
and V3a for lower field locations).

Time courses and statistical tests. In each ROI, data were averaged across
voxels using the residuals dataset. Preparatory time courses (the first six
time points from trials with the longest SOA) were extracted for each
trial. For time course illustration, data were averaged across all trials of a
particular type. Average responses were not rescaled to constrain BOLD
activity to be 0 at cue onset. Group-wise statistics were regional three-way
ANOVAs in which subject was treated as a random effect and the depen-
dent variable was the preparatory BOLD activity before stimulus onset.
For the initial analyses, the ANOVA effects of interest were cued location
(contralateral vs ipsilateral), contrast (low vs high), and time (time points
1– 6). In this analysis, data were combined across hemisphere. For the
behavioral analyses, effects of interest were performance and time. Indi-
vidual subject statistics were regional ANOVAs in which each trial was
treated as a separate observation. Otherwise, methods were the same as
for the group.

Results
Behavior
Subjects performed two versions of an orientation discrimina-
tion task that were matched for difficulty and for effects of spatial
attention on performance. The task is depicted in Figure 1A. In
low-contrast blocks, subjects discriminated the orientation of
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Gabor patches that had very different orientations but were near
contrast threshold so that perception was limited by the ability to
detect the patches against the background. In high-contrast
blocks, subjects discriminated the orientation of Gabor patches
that had very similar orientations but were well above contrast
threshold, so that perception was limited by the small difference
in orientations between potential targets. Therefore, task struc-
ture and spatial distribution of stimuli were identical in the two
conditions, although the perceptual demands were quite
different.

Trials in both low and high-contrast blocks required care-
fully focused spatial attention throughout the interval be-
tween the auditory cue and the visual target onset. A four-way
ANOVA (cue validity, target location, target contrast, and du-
ration of cue-target interval) indicated that accuracy was sig-
nificantly modulated by cue validity (F(1,5) � 17.0; p � 0.009),
demonstrating that subjects directed attention to the cued
location. Importantly, there was no effect of target contrast
[F(1,5) � 0.1; p is not significant (n.s.)] nor was there an inter-
action between cue validity and contrast (F(1,5) � 0.2; p is n.s.),
indicating that spatial attention was equally beneficial in low
and high-contrast blocks. Furthermore, there was no effect of
the duration of the cue-target interval (F(2,4) � 3.6; p is n.s.),
demonstrating that subjects sustained attention to the cued
location throughout the interval.

A main effect of target location was observed (F(1,5) � 6.3; p �
0.053), because of slightly higher accuracy for targets presented in
the right (69.0%) than left visual field (65.8%). There was also a
significant interaction between target location and cue validity
(F(1,5) � 10.6; p � 0.022), because the difference in accuracy
between validly and invalidly cued trials was larger for left visual
field targets (11.8%) than for right visual field targets (6.7%).
These two latter findings indicate a slightly lower baseline accu-
racy in the left visual field, as well as a larger effect of attention on
performance with left field targets. Task performance across dif-
ferent conditions is plotted in Figure 1B (chance, 33%).

These results show that differences in the spatial distribution
of activations or deactivations in low and high-contrast condi-
tions cannot be attributed to task difficulty or to the need for
spatial attention, because these factors were matched across
conditions.

Preparatory activity in higher-order
parietal and frontal regions
First, we examined whether directing spa-
tial attention while preparing to discrimi-
nate the orientation of low- versus high-
contrast objects produced differential
preparatory (prestimulus) responses in
higher-order frontal and parietal regions
that are the putative sources of attentional
modulations in the visual cortex. Outside
of the visual cortex, a significant response
after the auditory spatial cue was observed
in the FEF, SFG, CING, MFG, IFS, aIPS,
pIPS, and STG. Critically, all of the follow-
ing analyses of these regions concern only
prestimulus, preparatory cue activity,
which was likely related to several pro-
cesses including processing of the auditory
cue, directing spatial attention, and motor
preparation. An example of a complete cue
and target period time course is displayed

in supplemental Figure 1 (available at www.jneurosci.org as sup-
plemental material).

We next determined whether preparatory prestimulus activity
in each of these regions depended on the cued location and the
contrast of the upcoming target, as assessed by three-way regional
ANOVAs [cue direction, upcoming target contrast, time (six
time points)] on the time course of the BOLD response. Figure 2
shows time courses of preparatory prestimulus responses from
frontal, parietal, and temporal regions active during the cue pe-
riod, whereas Table 1 lists significant effects for each region. Pre-
paratory activity in several regions was significantly higher when
attention was directed into the contralateral hemifield (Fig. 2,
compare green, orange curves): SFG (F(1,5) � 10.32; p � 0.024),
FEF (F(1,5) � 76.03; p � 0.001), IFS (F(1,5) � 17.61; p � 0.009),
and pIPS (F(1,4) � 13.34; p � 0.022). However, only preparatory
activity in FEF (F(1,5) � 6.10; p � 0.057) and IFS (F(1,5) � 9.42;
p � 0.028) was significantly modulated by the contrast of the
upcoming target, with higher signals when the subsequent target
was low contrast (Fig. 2, compare solid, dashed curves). Neither
FEF nor IFS displayed a significant interaction between cue di-
rection and contrast, indicating that the neural signals associated
with the location of attention were independent from the signals
associated with preparing for a particular contrast. Finally, some
regions like STG, which was involved in auditory processing,
were active during the cue period, but were modulated by neither
cue direction nor contrast.

These results show that preparatory signals in FEF and IFS
reflected both the location of attention and the upcoming task,
whereas signals in IPS reflected only the location of attention.

Preparatory activity in the visual cortex
We next examined whether preparatory (prestimulus) activity
across retinotopic visual cortex depended on whether subjects
prepared to discriminate a low- or high-contrast object. Covert
attention to a peripheral location was associated with increases in
preparatory activity in the portion of visual cortex corresponding
to the attended location and decreases in portions of visual cortex
corresponding to unattended locations. For example, attending
to the left upper peripheral visual field location (Fig. 1A, stimulus
display) increased activity (relative to the intertrial interval) in
portions of right ventral visual cortex (Fig. 3A) corresponding to
the target location as determined by independent localizer scans

Figure 1. A, Task structure. Each trial began with an auditory preparatory cue indicating which of the two peripheral locations
subjects should covertly attend. After a variable SOA, Gabor patches appeared briefly at both locations, coincident with an
auditory cue indicating the target stimulus. Subjects reported the orientation of the Gabor at the target location with a button
press. In some task blocks, targets were very low-contrast and performance was limited by visibility. In other blocks, targets were
high-contrast and performance was limited by the small difference in orientation between target types. This study focused on
BOLD activity after the preparatory cue but before the onset of the visual targets. B, Subjects performed better after valid versus
invalid preparatory cues, indicating that subjects attended to the location given by the preparatory cue. Behavior is matched
across target contrast. Error bars indicate SEM.
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(black outlines). Conversely, widespread
decreases in activity were observed in non-
target locations, especially bilaterally in fo-
veal and parafoveal locations (Fig. 3, eccen-
tricity lines). Similar modulations were
observed for rightward cues (Fig. 3).

To examine how these spatially selective
modulations across the visual cortex de-
pended on the task, we compared prepara-
tory activity during low-contrast and high-
contrast blocks for trials with leftward (Fig.
3C) or rightward attention (Fig. 3D). Pre-
paratory activity in portions of visual cor-
tex corresponding to unattended locations
(bilateral fovea, lower visual field) was
lower during low-contrast blocks relative
to high-contrast blocks, whereas prepara-
tory activity corresponding to the attended
location was the same regardless of block
type. This pattern was very similar after
both leftward and rightward cues. Interest-
ingly, the portion of cortex immediately
adjacent to the representation of the target
location displayed the largest suppression
in low-contrast blocks relative to high-
contrast blocks (see light blue regions near
attended target locations between 3° and
1.5° degrees eccentricity iso-contours).

This qualitative impression was con-
firmed by a series of three-way regional
ANOVAs [cued location, upcoming target
contrast, time (six time points)] on the
time course of the BOLD response (Fig. 4)
in different parts of visual cortex as deter-
mined by independent localizers. Prepara-
tory activity in regions representing loca-
tions that never contained a target and
therefore were always unattended (i.e.,
lower visual field and central visual field)
(Fig. 4) was significantly lower in low-
contrast than high-contrast blocks (main
effect of target contrast, lower field, F(1,5) �
6.53, p � 0.051; central field, F(1,5) � 35.16,
p � 0.002). The effect of contrast on prepa-
ratory activity in regions representing the
two target locations depended on whether the target location was
attended or unattended, as indicated by a significant interaction
between contrast and cued location (V1–V4, F(1,5) � 11.80, p �
0.019; V3A, F(1,5) � 7.27, p � 0.043). When the location was
unattended, preparatory activity was lower in low-contrast than
high-contrast blocks, but when the location was attended, prepa-
ratory activity was identical in the two blocks (Fig. 4). As ex-
pected, preparatory activity in retinotopic regions representing
the target location was higher when that location was attended
than when it was unattended (main effect of cued location, V1–
V4, F(1,5) � 12.09, p � 0.018; V3A, F(1,5) � 9.93, p � 0.025).
Significant modulations for each region are listed in Table 1.

In summary, retinotopic visual cortex showed (1) preparatory
increases at attended target locations and decreases at unattended
locations, (2) less activity at unattended locations when subjects
expected a low than high-contrast object, and (3) similar prepa-
ratory activity at the attended location when subjects expected a
low- or high-contrast object. This pattern suggests that noise is

additionally suppressed at unattended locations when the up-
coming target is difficult to detect.

Correlation between neural activity and
behavioral performance
If preparatory suppression of activity at unattended locations
aids detection of a subsequent low-contrast target, then greater
suppression might be observed when the orientation of the target
is accurately judged. We tested this hypothesis with respect to the
preparatory activity in the central visual field, which showed the
largest decrease in activity from high- to low-contrast blocks.
Time courses are displayed in Figure 5. A two-way ANOVA [per-
formance, time (six time points)] indicated that during low-
contrast blocks, activity representing the central visual field was
significantly lower on correct than incorrect trials with leftward
targets (F(1,5) � 12.1; p � 0.018). Preparatory activity did not
predict performance for trials with rightward targets, but as
noted earlier, the effect of attention on accuracy was also signifi-

Figure 2. BOLD activity in several regions modulated with subjects’ expectations concerning target contrast and/or the locus
of spatial attention. The inflated brain in the middle panel indicates regions outside of visual cortex most active after the
preparatory cue. The top and bottom plot time courses from four of these regions before visual target onset. Activity in both the
FEF and IFS was significantly higher when subjects expected low-contrast targets versus high-contrast targets; furthermore,
activity was significantly higher in both the FEF and IFS after cues to covertly attend to the contralateral versus the ipsilateral
hemifield. Preparatory activity in pIPS was significantly modulated by the direction of the preparatory cue but did not depend on
whether subjects anticipated low or high-contrast targets. Activity in the STG, presumably related to auditory processing of the
preparatory cue, modulated with neither cue direction nor target contrast. Red captions indicate significant effects from an
ANOVA over the preparatory time course using subjects as a repeated measure (cue direction � contrast � time; �p � 0.057;
*p � 0.05; **p � 0.01; ***p � 0.001). Time courses are averaged across subjects and hemisphere. The error bar on each graph
indicates the average SEM averaged across conditions and time points.
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cantly greater for leftward than rightward targets. Importantly,
during high-contrast blocks, the degree of suppression of prepa-
ratory activity in regions representing the central visual field did
not predict performance. Therefore, suppression of noise in un-
attended locations only facilitated performance when the target
was difficult to detect.

Discussion
This study describes how preparatory BOLD modulations de-
pend on the computational demands of the upcoming task. Pre-
paring to judge the orientation of a low-contrast stimulus, rela-
tive to a high-contrast stimulus, increased activity in the FEF and
in the IFS. The magnitude of these activity increases did not de-
pend on the locus of attention, as the BOLD signal increased
equally in ipsilateral and contralateral FEF and IFS. Within visual
cortex, preparing for the low versus high-contrast stimulus was
associated with decreased activity in regions coding unattended
locations, with the strongest decreases surrounding the target
location, but did not affect activity in the region coding the at-
tended location. These effects of task cannot be explained by
differences in the spatial distribution of stimuli, task difficulty, or
the facilitation of task performance from carefully focused atten-
tion, because these factors were matched across low and high-
contrast conditions.

Task-specific suppression of unattended locations in
visual cortex
Perception of targets in high and low-contrast blocks was limited
by different factors. On high-contrast trials, targets were easily
visible against the background, and perception was limited by the
small differences in orientation between potential targets. The
challenge for the nervous system was to derive a highly accurate
representation of orientation at the target location, but there was
little interference from unattended locations in the immediate
background. In low-contrast trials, the difference in orientation
between potential targets was large, and perception was limited
by the ability to detect the low-contrast target against the back-
ground. Here, the challenge for the nervous system was to sample
information exclusively from the target location, because noise
from the empty background could be confused with the low-
contrast target (so-called “decision uncertainty”).

Many investigators have demonstrated that preparatory cues

that reduce spatial uncertainty signifi-
cantly improve target detection or reaction
time (Posner et al., 1980; Bashinski and
Bachrach, 1984; Hawkins et al., 1990; Hen-
derson, 1991; Muller and Humphreys,
1991; Shiu and Pashler, 1994; Solomon et
al., 1997; Carrasco et al., 2000; Dosher and
Lu, 2000; Carrasco, 2006). The present
study suggests that this effect results, at
least in part, from suppression of noise in
early visual areas corresponding to nearby
locations, which creates a steep gradient of
activity around the target location. Recent
evidence suggests that decreases in BOLD
activity in early visual cortex are associated
with decreased neural activity (Shmuel et
al., 2006). The current study suggests that a
likely function of these widely reported de-
creases in BOLD activity for unattended
locations (Tootell et al., 1998; Somers et
al., 1999; Smith et al., 2000; Muller and
Kleinschmidt, 2004; Silver et al., 2007) is to

“mark” the location of an upcoming stimulus when it will be
difficult to distinguish from the background.

It is striking that differential suppression of unattended
locations was demonstrated although the stimuli in the two
tasks had the same spatial distribution. Suppression of unat-
tended locations, however, may also facilitate performance in
situations in which the spatial distribution is quite different,
such as when a suprathreshold target is closely surrounded by
irrelevant distractors. Serences et al. (2004) measured prepa-
ratory BOLD signals in a task requiring subjects to simulta-
neously attend to two locations at diagonally opposite corners
of a visual display, in anticipation of digit stimuli. Greater
preparatory activity was reported in the portions of retino-
topic visual cortex corresponding to the attended locations
when subjects expected the upcoming stimuli to be sur-
rounded by letter distractors, compared with when subjects
did not expect any distractors. Serences et al. (2004) attributed
the increase in the signal at the attended locations to the need
to filter out the distractors. However, because the BOLD ac-
tivity at distracter locations was not reported, it was unclear
whether boosting the signal at the attended location poten-
tially lessened the interfering effects of distracters by actually
decreasing the signal from the distracter locations. Boosting
the signal at the attended location, in the absence of any signal
change at the distractor locations, could also have aided the
filtering of distractors by better differentiating the target loca-
tion from the distractor locations. The current work indicates
that suppression of noise from nonattended locations can be
mediated by a decrease in the BOLD signal directly at those
locations. It is unknown whether similar task-specific prepa-
ratory decreases at unattended locations are observed when a
clearly suprathreshold target stimulus is surrounded by
distractors.

Results from Sapir et al. (2005) suggest that suppression of
noise from the target location may also be mediated by a decrease
in BOLD activity. Sapir et al. (2005) cued subjects to attend to a
peripheral location in anticipation of motion stimuli embedded
in external noise. Lower preparatory activity in V3A, among
other regions, predicted accuracy on the upcoming motion dis-
crimination task. This decreased activity in V3A may have re-
flected the same noise suppression mechanism that operated at

Table 1. Regions active following covert deployment of attention are modulated by the spatial locus of
attention as well as whether subjects expect upcoming visual stimuli to be low or high contrast

Preparatory activity modulated by:

Contrast Cue direction Contrast � cue direction

Regions active after preparatory cue
Cingulate sulcus
Superior frontal gyrus (SMA) *
Frontal eye field � ***
Middle frontal gyrus
Inferior frontal sulcus * **
Anterior intraparietal sulcus
Posterior intraparietal sulcus *
Superior temporal gyrus

Subdivisions of visual cortex
Stimulus V1–V4 (upper field) * *
Stimulus V3A * *
Lower field * **
Central field **

The above table lists the results of a series of three-way regional ANOVAs �cued location, upcoming target contrast, time (six timepoints)� on the time course
of the preparatory, prestimulus BOLD response. SMA, Supplementary motor area.

*p � 0.05; **p � 0.01; ***p � 0.001; �p � 0.057 (marginal significance).
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unattended locations in the current study, because the major
source of noise in the study by Sapir et al. (2005) was at the same
location as the attended target.

Accurate perception in low but not high-contrast blocks
was associated with increased suppression of preparatory ac-
tivity corresponding to the central visual field, providing ad-
ditional evidence that the suppression reflected the specific
perceptual limitations of low-contrast trials. Although previ-
ous studies have linked increases in BOLD activity in retino-
topic cortex to visual perception, either at the time of a target
judgment (Ress et al., 2000) or before the judgment (Giesbre-
cht et al., 2006; Sylvester et al., 2007), this is the first study to
our knowledge that links performance to preparatory BOLD
decreases corresponding to unattended portions of the visual
field. Suppression of the unattended field only predicted per-

formance for leftward trials, probably because spatial atten-
tion was significantly more beneficial on trials with leftward
versus rightward targets.

In addition to noise suppression, preparatory signals in low-
contrast trials may have also reflected signal enhancement, be-
cause the BOLD response at the attended location was clearly
increased relative to baseline. This increase at the attended loca-
tion is generally consistent with any of the proposed attentional
modulations (e.g., additivity, contrast gain, response gain, activ-
ity gain) (McAdams and Maunsell, 1999; Martinez-Trujillo and
Treue, 2002; Reynolds and Chelazzi, 2004; Williford and Maun-
sell, 2006) that could underlie signal enhancement during the
subsequent target period. Because a similar preparatory increase
at the attended location was observed in the high-contrast task it
is unclear whether the top-down activity at the attended location

Figure 3. Preparatory activity in portions of visual cortex representing unattended locations is more suppressed in low-contrast versus high-contrast blocks. A, B, Mean BOLD activity, indepen-
dent of target contrast, after auditory cues indicating the subjects should covertly attend to the upper left or upper right in preparation for visual targets. Black outlines indicate the portions of early
visual cortex (V1–V4) corresponding to the target locations, as determined from independent localizer scans. C, D, Difference in preparatory activity in visual cortex in low-contrast versus
high-contrast blocks, after leftward (C) or rightward (D) cues. Note that preparatory activity in most of visual cortex is lower in low-contrast blocks versus high-contrast blocks, suggesting extra
suppression of the unattended field in low-contrast blocks. This extra suppression mostly spares the portion of cortex representing the attended location. Data maps are summed over the last two
pretarget MR frames (frames 5 and 6), smoothed with a 5 mm full-width at half-maximum Gaussian kernel, averaged across subjects, and projected onto a flattened representation of posterior
occipital cortex using the PALS (population-average, landmark- and surface-based) atlas (Van Essen et al., 2001). White lines are approximate iso-eccentricity lines based on an average of six subjects
from a previous study (Jack et al., 2006).
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reflected a “signal enhancement” mechanism common to both
tasks or task-specific mechanisms.

Separate signals in frontal lobe for task control and
spatial attention
In addition to the extra suppression of unattended regions of
retinotopic cortex, low-contrast blocks were associated with in-
creased preparatory activity in FEF and in posterior IFS. Prepa-
ratory activity in other regions typically implicated in attentional
control, such as the IPS, did not modulate with the perceptual
demands of the upcoming task but only with the cued location.
Although the current study did not provide evidence for a direc-

tion of influence between occipital cortex
and FEF or IFS, one possibility is that task-
specific frontal activity drove task-specific
visual cortex activity.

Recent evidence suggests that increases
in preparatory activity in FEF, but not IPS,
may be causally related to suppression of
the central visual field. Ruff et al. (2006,
2007) used transcranial magnetic stimula-
tion (TMS) to stimulate either the FEF or
IPS while measuring BOLD modulations
in early visual cortex. In the absence of any
visual input, as in the preparatory interval
of the current study, stimulation of FEF
(Ruff et al., 2006) but not IPS (Ruff et al.,
2007) decreased activity in portions of early
visual cortex (V1–V4) corresponding to
the central visual field, similar to the de-
creases observed in the present work. Ruff
et al. (2006, 2007) also noted increases in
BOLD activity in visual cortex for all pe-
ripheral locations, whereas the current
work demonstrated decreases in activity
for unattended peripheral locations (i.e.,
the lower field) at the same eccentricity as
the attended location. More selective stim-
ulation of human FEF might produce de-
creases in visual cortex at selected periph-
eral locations.

Other studies support the hypothesis
that during the low-contrast blocks of the

present experiment, increased preparatory signals in FEF pro-
duced an additional suppression of activity in central retinotopic
regions. Moore and Armstrong (2003) showed that microstimu-
lation of FEF neurons decreased evoked V4 responses to stimuli
in unattended portions of the visual field, perhaps indicating a
similar effect on the target-evoked rather than preparatory signal.
Finally, lesions of the frontal lobe result in increased excitability
of primary sensory regions to distracting information, suggesting
that frontal cortex may be involved in suppressing distracting
information (Knight et al., 1999).

An important question is how FEF and IFS implement the
spatially specific extra suppression of unattended locations in
visual cortex on low-contrast trials. Any mechanism must be
consistent with the observation that task signals in these higher-
order regions did not depend on the locus of attention, i.e., the
threshold detection task (compared with the fine discrimination
task) increased signals equally in FEF and IPS regions that were
ipsilateral and contralateral to the cued location. One possibility
is that, during the low-contrast trials, activity only increased in
the specific portions of FEF and IFS representing unattended
locations. Because most of the visual field was unattended in both
hemifields (e.g., all of the contralateral hemifield was unattended
except for the relatively small target location), suppression of
both hemifield representations in visual cortex may have in-
volved ipsilateral and contralateral IFS and FEF to a nearly equal
degree, i.e., the difference between ipsilateral and contralateral
BOLD signals would not have measurably reflected the very small
difference in unattended area between the two hemifields. Recent
evidence from the macaque suggests that top-down projections
from FEF may have the spatial specificity to support this model:
microstimulation of FEF can alter the visually evoked response of
V4 single units such that the response is increased only when the

Figure 4. Activity in regions derived from independent localizer scans confirms that BOLD activity for unattended but not
attended locations is more suppressed during low versus high-contrast blocks. Activity in portions of the visual cortex represent-
ing locations that were always unattended (left panels) is always more suppressed during low-contrast relative to high-contrast
blocks. Activity in portions of visual cortex corresponding to target locations (right panels) depends on which target was at-
tended, driving a significant interaction between cue direction and contrast. When attention is directed toward the location not
represented by the region (orange lines), activity is more suppressed during low-contrast blocks relative to high-contrast blocks,
as is the case for all unattended locations. When attention is directed toward the location represented by the region (green lines),
activity is not affected in contrast of the upcoming target. Red captions indicate significant effects from an ANOVA over the
preparatory time course using subjects as a repeated measure (cue direction � contrast � time; *p � 0.05; **p � 0.01).
Regions were defined by independent localizer scans and are projected onto a flattened representation of posterior occipital
cortex using the PALS (population-average, landmark- and surface-based) atlas (Van Essen et al., 2001). Black lines are approx-
imate borders between retinotopic visual areas based on a standard atlas (Van Essen, 2002). The error bar on each graph indicates
the average SEM averaged across conditions and time points.

Figure 5. Greater suppression of preparatory activity in the visual cortex corresponding to
the unattended central visual field predicts accurate performance for low-contrast trials with
leftward targets. The error bar indicates the average SEM averaged across conditions and time
points.
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stimulus is placed within a particular portion of the V4 receptive
field (Armstrong et al., 2006).

An alternative explanation is that suppression of unattended
locations is mediated by a generalized activity increase across
portions of the FEF and IFS representing all locations and the
signal does not become spatially specific until it is relayed to
visual cortex. The suppression could become spatially specific
because of the manner in which cells in visual cortex combine the
independent top-down signals related to the locus of attention
and the need for extra suppression of the unattended visual field.

Conclusions
We described how preparatory modulations related to spatial
attention are tailored to the specific perceptual demands of the
upcoming task. When human subjects prepare to perceive visual
objects that will be difficult to distinguish from the immediate
background, our data, together with other results from neuroim-
aging, TMS, and single-unit studies, suggest that regions in the
frontal lobe send top-down signals to visual cortex that mark the
location of the upcoming stimulus. This marking is instantiated
by suppressing activity in portions of visual cortex corresponding
to unattended locations, while leaving activity for the attended
location unchanged. The suppression causes a steep gradient in
activity between portions of visual cortex corresponding to at-
tended versus unattended locations, and may ensure that down-
stream brain regions are selectively modulated by information
from the attended location.
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