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Lateralized Frontal Eye Field Activity Precedes Occipital
Activity Shortly before Saccades: Evidence for
Cortico-cortical Feedback as a Mechanism

Underlying Covert Attention Shifts

Tjerk P. Gutteling1, Helene M. van Ettinger-Veenstra1,
J. Leon Kenemans2, and Sebastiaan F. W. Neggers1

Abstract

■ When an eye movement is prepared, attention is shifted to-
ward the saccade end-goal. This coupling of eye movements
and spatial attention is thought to be mediated by cortical con-
nections between the FEFs and the visual cortex. Here, we pre-
sent evidence for the existence of these connections. A visual
discrimination task was performed while recording the EEG.
Discrimination performance was significantly improved when

the discrimination target and the saccade target matched.
EEG results show that frontal activity precedes occipital activity
contralateral to saccade direction when the saccade is prepared
but not yet executed; these effects were absent in fixation con-
ditions. This is consistent with the idea that the FEF exerts a
direct modulatory influence on the visual cortex and enhances
perception at the saccade end-goal. ■

INTRODUCTION

When faced with an abundance of stimuli, the visual sys-
tem must select certain stimuli over others for elaborated
processing. This mechanism, selective attention, can be di-
rected and biased in many ways, providing emphasis on
certain perceptual components. Attention can be drawn
toward an object or location by virtue of its characteris-
tics and salience, which is referred to as stimulus-driven
or bottom–up attention. When driven internally or top–
down, attentional selection originates from an internal
state. This type of attention is often driven by a specific goal
or task, such as walking down the street or opening a door.
It has been found that action and attention are closely

coupled in the brain. In fact, selective visual attention in
the absence of eye movements (covert attention) is often
attributed to unexecuted eye-motor commands, a theory
known as the premotor theory (Rizzolatti, Riggio, Dascola,
& Umilta, 1987). Numerous studies support this theory, or
at least a large functional and anatomical overlap (Awh,
Armstrong, & Moore, 2006; Thompson, Biscoe, & Sato,
2005; Grosbras & Paus, 2003; Corbetta et al., 1998; Kustov
& Robinson, 1996; Hoffman & Subramaniam, 1995; for a
review, see Moore, 2006). This theory has been contested
( Juan et al., 2008; Castet, Jeanjean, Montagnini, Laugier, &
Masson, 2006; Juan, Shorter-Jacobi, & Schall, 2004; Hunt
& Kingstone, 2003), in that attentional shifts do occur with-
out eye movements and vice versa. Despite this, it is gen-

erally acknowledged that preparing an eye movement is
a strong bias in the locus of visuospatial attention, albeit
not the only one.

Deubel and Schneider (1996) demonstrated a tight cou-
pling between eye movements and spatial attention shifts.
Performance on a discrimination task was enhanced only if
the saccade end-goal and the target to be discriminated
were at the same spatial location. Discrimination perfor-
mance suffered severely when the saccade end-goal was
different (although the target was spatially adjacent) from
the discrimination target (DT). Importantly, no eye move-
ments were yet made at the moment of DT presentation.
This automatic couplinghas alsobeen shown inother studies
(Neggers et al., 2007; Dore-Mazars, Pouget, & Beauvillain,
2004; Kowler, Anderson, Dosher, & Blaser, 1995).

Recent evidence suggests the existence of cortical (feed-
back) connections between motor and visual areas that
could mediate attentional shifts. The FEFs are key cortical
areas for saccade preparation and execution. Stimulation
of the primate FEF resulted in increased activity in the
monkey visual area V4 when receptive fields matched
(Moore & Armstrong, 2003) and increased discrimination
performance (Moore & Fallah, 2001, 2004). Super, van der
Togt, Spekreijse, and Lamme (2004) found enhanced ac-
tivity in the monkey primary visual cortex 100–200 msec
before the initiation of a saccade when the recorded cells
receptive field was in the saccade end-goal location.

In humans, evidence is emerging for these cortical con-
nections. A study by Grosbras and Paus (2003) showed
increased visual detection performance when TMS on
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the FEF was applied 100–40 msec before target presenta-
tion. Lowered phosphene thresholds were found after TMS
on the FEF in a study by Silvanto, Lavie, and Walsh (2006).
A concurrent TMS–fMRI study by Ruff et al. (2006) stimu-
lated the right FEF while measuring BOLD response in
posterior brain regions. It was found that FEF–TMS modu-
lates activity in visual areas, including the primary visual
cortex, which was confirmed by a recent EEG study (Taylor,
Nobre, & Rushworth, 2007). Although the studies by Ruff
et al. and Moore and Armstrong (2003) found effects in
the periphery, indicating that these effects subserve sac-
cade planning (as saccades are made into the periphery),
this retinotopy has not been consistently found (Silvanto
et al., 2006; Muggleton, Juan, Cowey, & Walsh, 2003).

Recently, in a study by Neggers et al. (2007), a brief train
of three TMS pulses was applied to the FEF just before
subjects made a saccade to a DT (using the exact same
paradigm as Deubel & Schneider, 1996). This diminished
the known discrimination performance gains at future
saccade targets (STs), although it did not disrupt saccade
execution. This showed that by modulating activity in the
FEF, discrimination performance gains (and therefore
presumably attentional shifts) before saccades could be
affected and that there is a tight coupling of saccade prep-
aration and visual attention.

The present study elaborates on the results of the pre-
ceding TMS study. From that TMS–FEF study, it seems ap-
parent that the FEF can induce visual processing changes
in another region upstream in the visual processing path-
ways. Most likely this region entails the visual cortex, al-
though that was not explicitly demonstrated (for other
options, see Neggers et al., 2007). Therefore, the same ex-
perimental design (the Deubel and Schneider task) was
used while recording the EEG. This will give insight in the
exact temporal order of activation for cortical regions con-
tributing to attentional deployment during both directional
cueing and saccade preparation. Specifically, after saccade-
gobut before the execution of the actual saccade,weexpect
to find activity that reflects the automatic coupling of eye
movements and spatial attention. This would most likely
involve the FEF, followed by activity in the visual cortex.
The intraparietal sulcus (IPS) is also an important part of
the attentional network (Van der Lubbe, Neggers, Verleger,
& Kenemans, 2006; Giesbrecht, Woldorff, Song, &Mangun,
2003; Hopfinger, Woldorff, Fletcher, & Mangun, 2001;
Hopfinger, Buonocore, & Mangun, 2000). However, on
the basis of findings from a preceding TMS study from
our group (van Ettinger-Veenstra et al., unpublished ob-
servations) and Ruff et al. (2008), we expect no IPS involve-
ment here because no influence of the IPS has been found
in these studies.

In addition, EEG during the cue-go interval can reveal
mechanisms involved the control of attention as well. It
has been shown that cueing the location of an upcoming
DT elicits several distinct neural events, most notably the
early directing attention negativity (EDAN), the anterior
direction attention negativity (ADAN), and the late direct-

ing attention positivity (LDAP) (Van der Lubbe et al., 2006;
Van der Stigchel, Heslenfeld, & Theeuwes, 2006; Hopf &
Mangun, 2000; Nobre, Sebestyen, &Miniussi, 2000; Harter,
Miller, Price, LaLonde, & Keyes, 1989). The EDAN is a lat-
eralized occipital negativity that was originally thought to
reflect attentional deployment; however, more recently it
has been linked to the relevant part of the cue, that is,
the part that signals the direction of attention (Van Velzen
& Eimer, 2003). The ADAN and the LDAP are thought to
reflect (covert) attentional deployment and to originate
from the FEF and the IPS, respectively (Van der Lubbe
et al., 2006). In the current study, besides saccade-induced
attentional shifts, we expect to find these established effects
of attentional deployment during the cueing period in the
FEF and IPS to assess the validity of the current paradigm.

METHODS

Subjects were asked to make an eye movement toward a
peripheral target while a DT appeared either at or near the
ST. This experiment is a replication of Experiment 2 from
Deubel and Schneider (1996) with additional fixation
conditions.

Participants

Thirteen right-handed subjects (8 women and 5 men) par-
ticipated (including two of the authors). All participants
had normal or corrected-to-normal vision. Subjects signed
informed consent prior to participation.

Apparatus

EEG was recorded using a 70-channel Biosemi ActiveTwo
system, which has 64 active Ag–AgCl electrodes (10–10 sys-
tem). Recordings were sampled at 2048 and 0.16–100 Hz
band-pass filtered.
Eye tracking was performed using the Eyelink II system

(SR Research, Ottawa, Canada), positioned on the left eye,
at a sampling rate of 500 Hz. The infrared camera was
mounted on a rigid headrest and controlled by a dedicated
PC. Subjects sat in a dimly lit room, secured in a chin- and
headrest. Stimuli were presented on a 19-in. (40 × 30 cm)
Iiyama monitor at 100 Hz and a resolution of 1024 × 768.
The monitor was mounted 37 cm above a mirror at a 45° an-
gle, which in turn was 35 cm away from the participant,
yielding an effective viewing distance of 72 cm. Stimuli
were generated and displayed using the Matlab psycho-
physics toolbox (version 7.0.4; Brainard, 1997; Pelli, 1997)
on a Pentium PC. Both EEG and eye-tracker data were
synchronized with stimulus presentation by TTL pulses
from the stimulus presentation computer.

Behavioral Paradigm and Procedure

In this experiment, we used a modified version of Experi-
ment 2 from Deubel and Schneider (1996), which is a
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well-known demonstration of the coupling between sac-
cade planning and discrimination performance. To be able
to discern between saccade planning and other (task-
related) activity, two fixation conditions were randomly
intermixed.
Each trial started with a drift correction routine for the

eye tracker. Trials did not start until the subjects gaze was
centered and stable. At the start of every trial, a fixation
cross (0.52° × 0.52°) was presented for 700 msec with
three colored ellipses on each side (0.82° × 1.64° per el-
lipse, spaced 5° from the fixation point and spaced 0.52°
apart; see Figure 1). These ellipses were blue (closest to
fixation), green (center), and red (outer). Five premasks
were overlaid (the center three coinciding with the el-
lipses) on each side in the shape of a digital 8. After fixa-
tion, the fixation cross was replaced by an informative
arrow cue. The duration of this cue was randomly chosen
between 500 and 1000 msec (step size = 1 msec) to avoid
anticipation effects. There were three types of cues: sac-
cade, directional fixation, and nondirectional fixation cues
(see Figure 1). Saccade cues were red, green, or blue and
instructed the subject to saccade to the corresponding el-
lipse on the side the cue was pointing (the ST). Direc-
tional fixation cues were always yellow and indicated the
side where a DT was going to be. Nondirectional fixation
cues were also red, green, or blue but were double-sided
arrows that did not indicate the direction of the upcoming
DT. The color-coded cue made this condition comparable
to the stimuli in the saccade condition, apart from the fact
that the cue did not indicate a direction. In both direc-

tional conditions (saccade and fixation), the colored arrow
was accompanied by a gray arrow pointing in the opposite
direction to control for visual stimulation differences be-
tween conditions. In saccade trials, the disappearance of
the cue marked the saccade-go signal. Sixty milliseconds
after cue disappearance, the premasks disappeared and
the DT appeared (either a normal or a mirrored “E”) sur-
rounded by randomly assigned distracters (digital 2s or 5s).
The DT always appeared at the green ellipse (which was
known to the subjects). The DT and the distracters were
shown for 120 msec, leaving an empty display with only
the ellipses visible. As the average saccade latency is well
above 250 msec, hardly any saccades were made before
the DT disappeared (which disappeared 180 msec after
saccade-go). After the saccade had been made, subjects
had ample time to indicate whether they had seen an E
or themirrored version (a “3”). Trials containing premature
saccades (<200msec) were removed from the data. In fixa-
tion trials, the same applied, but no saccade was made.

The experiment was divided in four blocks of 72 trials
(lasting ∼7–10 min) containing 24 (randomized) trials of
each condition (saccade, directional fixation, and nondi-
rectional fixation).

Analysis

Eye position data from the eye tracker were analyzed. Sac-
cade onsets were detected using a velocity threshold of
30 deg/sec and an acceleration threshold of 8000 deg/sec2.
Rigorous analysis of the trials was essential to ensure that

Figure 1. Schematic overview
of the stimulus presentation.
Different cues instructed the
subject to either make an eye
movement or covertly attend
the cued direction. The
sequence of events is shown
from bottom left to top right.
Each trial started with six
masked colored ellipses. A cue
indicated the type of trial and, in
all cases except nondirectional
fixation, the direction of the
upcoming discrimination target
(DT). Disappearance of the cue
marked the go signal in the
saccade condition (t = 0).
However, before a saccade could
be made, the targets unmasked,
briefly showing distractors
and the discrimination target
(60 msec), after which only the
ellipses remained on screen.
Afterward, subjects had ample
time to respond. The bottom
schematic depicts the time
course of events. The variability
of the timing is represented by
an “x,” which ranged between 0
and 500 msec.
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only correct saccades were allowed. Any trials with sac-
cades before 200 msec after saccade-go (20 msec after
DT disappearance) were discarded, as were trials in which
saccades landedmore than 50 pixels (2.07°) away from the
ST. In fixation conditions, trials were rejected where the
gaze position deviated more than 50 pixels from central
fixation at any time during the entire trial.

EEG data were analyzed using EEGLAB (version 6.02b,
http://sccn.ucsd.edu/eeglab; Delorme & Makeig, 2004), a
Matlab toolbox. All signals were (off-line) average refer-
enced. Both cue-onset- and offset (saccade-go)-locked anal-
yses were made to asses both cue-related effects and
saccade preparation activity. Cue-onset-locked epoch inter-
val was−100 until 500 msec postcue, as this is the shortest
interval of the variable cue-onset–offset duration. In the
cue-offset/saccade-go-locked analyses, the epoch interval
was −100 to 200 msec. For comparability, the same inter-
vals were chosen for the fixation conditions.

Trials with premature saccades or small deviations from
fixation were removed using data from the eye tracker. To
ensure that no ocular artifacts (such as blinks) were left in
the data built-in EEGLAB artifact, rejection routines were
used (Delorme & Makeig, 2004) as well as visual inspec-
tion of the data. Rigorous rejection ensured artifact and
saccade-free epochs. This led to relatively low acceptance
rates (54 ± 15.9%) in the cue-offset analysis. Acceptance
rates did not differ significantly between conditions, ANOVA,
F(2, 24) = 1.535 p= .236. Epoch acceptance rates for the
cue-onset conditions were higher (81 ± 8.8%) but dif-
fered between conditions, ANOVA, F(2, 24) = 5.142 p =
.014. However, because the acceptance rates were high
and the difference in acceptance rates is small (2–5%), it
is unlikely that this will bias the data.

Separate analyses were done for cue-left and cue-right
conditions. Data from the cue-left conditions were then
mirrored with respect to the anterior–posterior midline
and averaged with the cue-right conditions. This resulted
in a scalp map, in which activity in the right hemisphere
reflects activity ipsilateral relative to cue direction; the left
hemisphere reflects activity contralateral to cue direction.
For optimal comparability with the previous TMS study,
time windows in the cue-offset condition were chosen on
the basis of the TMS times of Neggers et al. (2007), which
had stimulation times at 60, 90, and 120msec after saccade-
go. Average activity was extracted for time windows 60–90,
90–120, 120–150, and 150–180 msec for all cue-offset con-
ditions at electrodes F7/8, FC3/4, P1/2, PO7/8, and O1/2.

To enable correlational analysis, average amplitudes were
extracted for every subject over contralateral frontal elec-
trodes FC3/4 for the early time windows (60–90 and 90–
120 msec) and the last time window (150–180 msec) for
occipital electrodes O1/2 from a saccade–directional fixation
subtraction. As a control condition, the average peak of the
N200 (O1/2 = 160–210 msec after cue onset) in the direc-
tional fixation condition was also extracted for all subjects.

Source localization was performed using the SPM8
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) soft-

ware package using an empirical Bayes approach. Here,
electrode activity is projected onto a three-dimensional
brain model, with a large number of fixed (location and
orientation) dipoles, where the amplitude of the dipoles
is the parameter to be optimized. The location and the
orientation of the dipoles are fixed by assuming a stan-
dardized folded cortical surface, with dipoles orthogonal
to the cortical sheet (Dale & Sereno, 1993). Saccade and
directional fixation EEG data (after saccade-go) for each
subject were converted from EEGLAB to the SPM data
format. A contrast of interest was defined, which is the
saccade–directional fixation subtraction. The data were
coregistered to the Montreal Neurological Institute
(MNI) space using default Biosemi electrode locations.
Inverse reconstruction was performed using the classical
linear approach (Dale & Sereno, 1993) using multiple
sparse priors with automatic relevance determination op-
timization (Friston et al., 2008) for the time window of
interest (60–180 msec after saccade-go). This approach
can test multiple restricted models and select the most
relevant model using Bayesian model selection (Mattout,
Phillips, Penny, Rugg, & Friston, 2006). Therefore, a num-
ber of plausible models were defined, including bilateral
and unilateral FEF, occipital area, and IPS (see Figure 7).
Coordinates were based on localizer findings of Neggers
et al. (2007) for the FEF and IPS and MNI electrode loca-
tion of O1 and O2 for the occipital ROIs. The radius for
these areas was a default of 32 mm.

RESULTS

Discrimination Performance

Averaged discrimination performance for all 13 partici-
pants is plotted in Figure 2. A clear increase in perfor-
mance can be observed when the ST coincides with the
DT, ANOVA, F(2, 22) = 15.11, p < .0001; center/inner tar-
get, t(12) = 3.62 p = .004; center/outer target, t(12) =
6.05, p < .0001. No significant difference was found be-
tween both targets adjacent to the DT (paired samples
t test outer/inner target), t(12) = 2.14, p = .056. This is
a replication of the results of Experiment 2 of Deubel
and Schneider (1996) and thus indicates that the subjects
performed the task as instructed. Discrimination perfor-
mance on the directionally cued fixation condition was
(nearly) the same as the coinciding ST/DT saccade condi-
tion (paired samples t test; t = 1.98, p = .71). Nondirec-
tional cues impaired performance significantly compared
with coinciding DT–ST trials in the saccade condition
(paired samples t test), t(12) = 4.63, p = .001, and trials
in the directional fixation (paired samples t test), t(12) =
3.54, p = .004.

Saccade Performance

Saccade latencies did not differ between the STs, F(2, 22) =
1.289, p = .295. On average, in 60.1 ± 18.2% of the trials,
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a saccade was made that was within the strict acceptance
criteria (see Methods). Subjects did not break fixation in
67.6 ± 17.7%) of the fixation trials. The reason for this
low performance is likely the intermixed saccade and fixa-
tion trials.

EEG—Cue-offset/Saccade-go-related Effects

The cue-offset/saccade-go-locked analyses revealed sac-
cade preparatory activity. Time windows (60–90, 90–120,
120–150, and 150–180 msec) were chosen to correspond
to the preceding TMS article (Neggers et al., 2007). Be-
cause the only difference between the saccade and the
directional fixation condition concerned the saccade prep-
aration (with similar directional cues), the latter was used
as a baseline condition. Grand averages from the direc-
tional fixation condition were thus subtracted from the
saccade condition.
In turn, activity from the nondirectional fixation con-

dition was subtracted from the directional fixation con-
dition to remove irrelevant task-related activity, that is,

correcting for all trial events except for the directionality
of the cue possibly evoking covert spatial attention shifts.
The latter contrast might therefore reveal lateralized EEG
effects evoked by the directional cue itself.

Figure 3 shows saccade-go-locked ERPs for all selected
electrode pairs. In the saccade condition (with directional
fixation as baseline), a clear, lateralized, positive increase
can be seen, contralateral to saccade direction at the fron-
tal electrodes, peaking around 120–150 msec (see also
Figure 4). Time window analysis shows that this increase
is significant at all time windows between 60 and 180 msec
after cue offset for the electrode pair F7/8 (paired samples
t test), 60–90 msec, t(12) = 2.16, p = .05; 90–120 msec,
t(12) = 4.55, p < .001; 120–150 msec, t(12) = 4.63, p <
.001; and 150–180 msec, t(12) = 4.30, p = .001, and for
the time window 90–120 msec for FC3/4 (paired samples
t test), 90–120 msec, t(12) = 2.52, p = .03). A later, nega-
tive occipital effect can be observed at electrode pair O1/2,
reaching significance level at 120–150 msec after cue off-
set. Time window analysis shows that this effect is signifi-
cant at time windows 120–150 and 150–180 msec (paired
samples t test), 120–150 msec, t(12) =−2.47, p= .03; and
150–180 msec, t(12) = −3.01, p = .01.

To check for possible baseline effects, the analysis was
also performed using the nondirectional fixation condi-
tion as a baseline (see Figure 3). Results were very similar
for both baseline choices. Lateralized activity in fronto-
central electrodes FC3/4 was slightly higher, resulting in
more time windows reaching significance level (paired
samples t test), 60–90 msec, t(12) = 4.06, p < .01; 90–
120 msec, t(12) = 5.34, p < .001; 120–150 msec, t(12) =
3.63, p< .01; and 150–180msec, t(12) = 3.65, p< .01. The
occipital effect at time window 120–150 msec was not sig-
nificant (paired samples t test), 120–150 msec, t(12) =
−0.75, p = .47, whereas it was significant when using the
directional fixation condition as baseline, which indicates a
possible baseline effect. This difference is reflected in the
time window 120–150 msec in the directional–nondirection
fixation subtraction (paired samples t test), 120–150 msec,
t(12) = 3.16, p = .01.

A lateralization difference was found for the occipital
effect between saccade directions (see Figure 5).When sub-
jects were instructed to make an eye movement to a target
on the right, a clear increase in negativity was observed
in the contralateral (left) hemisphere. When instructed
to make a saccade to the left, occipital negativity was ob-
served in both hemispheres.

No significant effectswere found at parietal electrodes P1/2
or parieto-occipital electrode PO7/8 in any time window.

EEG—Correlations

A significant negative correlation was found between the
average amplitude of contralateral fronto-central electrode
pair FC3/5 in early time window 60–90 msec and the late
time window 150–180 msec of occipital electrode O1/2
(Pearson correlation FC3/5 contralateral O1/2 = −0.72,

Figure 2. Behavioral performance. The top graph shows
discrimination performance for all conditions. The left three bars
display performance for the saccade conditions. As the discrimination
target is always located at the center target, eye movements toward
either inner or outer targets yielded lower performance. The two
right bars display performance without eye movements, either with
(right) or without (left) directional cueing. The bottom graph shows
saccade latency for every saccade target. No significant differences
were found between targets.
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p < .01; see Figure 6). No significant correlation was
found between the second time window (90–120 msec)
frontal time window and the occipital electrode pair O1/2
(Pearson correlation FC3/5 contralateral O1/2 = −0.45,
p = .12). We recognize that the correlations could be
confounded by differences in conductance per subject.
A higher average amplitude due to, for instance, skull
thickness could result in higher (or lower) frontal and
occipital activity for a particular subject without a neces-

sary neural link, which could artificially bias correlation
coefficients. To control for this, the average N200 (160–
210 msec) of electrodes O1/2 was extracted from the
directional fixation condition during the cueing period
as an individual measure of subject responsiveness. No
significant correlation between occipital N200 and either
occipital or frontal electrodes were found (Pearson correla-
tion FC3/5 60–90 msec, N200 =−0.48, p= .10; FC3/5 90–
120 msec, N200 = −0.16, p = .60; O1/2 150–180 msec,

Figure 3. ERP plots after saccade-go (0 msec) for selected electrodes. Shown are plots for the saccade condition, with directional fixation subtracted
(left); the saccade condition with nondirectional fixation subtracted (center) and the directional fixation condition with nondirectional fixation
as baseline. Contralateral activity is shown in black, ipsilateral activity in gray. Significant differences between contra- and ipsilateral activity
for time windows 60–90, 90–120, 120–150, and 150–180 msec are shown as gray-filled areas.
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N200 = 0.46 p= .12). This suggests that the obtained cor-
relations are not due to individual differences in conduc-
tance but due to actual neural activity.

EEG—Source Localization

Weperformed source localizationon the saccade–directional
fixation subtraction to ensure that the observed activity
originates from the proposed sources. Results can be
found in Table 1 and Figure 7. Different models were
tested, including an unconstrained model. The overall
model evidence reflects the likelihood of this model,
which incorporates the variance explained and model
complexity (for details, see Stephan, Penny, Daunizeau,
Moran, and Friston, 2009). As expected, the unconstrained
model can explain the most variance, as it has most de-
grees of freedom, which is also reflected in the model
evidence. Despite this, we believe that this unconstrained
model yields implausible results to maximize the ex-
plained variance (for details, see the Discussion section).
The proposed models (including the FEF, the IPS, and the

occipital sources) explain only a few percent less of the var-
iance (95.97% unconstrained vs. 93.58% constrained) but
are based on plausible sources. Themodel with the highest
model evidence is thebilateral FEF–occipitalmodel (154.2),
followed by the bilateral FEF model (152.0). Adding the
IPS to the model reduces model evidence (bilateral FEF–
occipital–IPS = 145.8).

EEG—Cue Offset in the Fixation Conditions

Time window analysis of the directional fixation condition
revealed a significant, lateralized positivity at parietal elec-
trode pair P1/2 (paired samples t test) for time windows
60–90 msec, t(12) = 2.34 p = .04, and 120–150 msec,
t(12) = −2.54, p = .03. Also, a lateralized occipital ef-
fect (O1/2) in the time window 120–150 msec was found
(paired samples t test), t(12) = 2.97, p = .012. However,
this occipital effect is in the opposite direction compared
with the occipital effect observed in the saccade condition:
There is an increase in positivity contralateral to the cued

Figure 4. Double subtraction
EEG topoplots for the saccade
and directional fixation
conditions for different time
windows. To obtain the double
subtraction plots, activity from
the left and right hemispheres
was subtracted for both
conditions, and the resulting
activity maps were subtracted
again (saccade/cue-left minus
saccade/cue-right). Activity in
the left hemisphere reflects
contralateral activity. Because of
this subtraction, only lateralized
activity is visible. Shown are
plots for the saccade condition,
with directional fixation
subtracted (left); the saccade
condition with nondirectional
fixation subtracted (center)
and the directional fixation
condition with nondirectional
fixation as baseline. Plots are
averaged over the entire time
window.
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direction (see Figures 3 and 4). There were no lateralization
differences between cue directions.

EEG—Cue-related Effects

Cue-onset-locked ERP analysis was done to assess atten-
tional effects during the cue-target interval (Van der Lubbe
et al., 2006; Van der Stigchel et al., 2006; Hopf & Mangun,
2000; Nobre et al., 2000; Harter et al., 1989; see Figure 8).
A lateralized increase in negativity was found for parieto-
occipital electrode pair PO7/8 and occipital electrode pair
O1/2 for the directional fixation condition, contralateral to
cue direction, starting at ∼200 msec. This was found to be
significant in the time window 200–320 msec (postcue):
PO7/8 paired samples t test, t(12) = −2.92 p = .01; O1/2
paired samples t test, t(12) = −2.42 p = .03. This is con-

sistent with an EDAN, as found in previous studies. No sig-
nificant effect was found at electrode pair P1/2 (paired
samples t test), t(12) = −0.70 p = .50. Similar activity
was observed in the saccade condition for electrode pair
O1/2 (paired samples t test), t(12) = −2.14 p = .05. No
significant differences were found in the nondirectional
fixation condition.
In a 250- to 450-msec time window, increased negativity

was found at frontal electrode pair FC3/4 in the contra-
lateral hemisphere (relative to cue/saccade direction) in
the directional fixation condition (paired samples t test),
t(12) = −2.56 p = .02, and at electrode pair F7/8 for
the saccade condition (paired samples t test), t(12) =
−2.13 p= .05. This is consistent with an anterior directing
attention negativity (ADAN). No effects were found at other
electrodes (P1/2;PO7/8;O1/2). No significant differences
were found in the nondirectional fixation conditions.
No indications of an LDAP were observed for any time

window, at any of the selected electrodes F7/8, FC3/4, P1/2,
PO7/8, or O1/2. There was, however, a lateralized positiv-
ity at electrode pair P5/6 in the directional fixation con-
dition, as can be seen in Figure 8. However, this was just
below significance at a 400- to 500-msec time window
(paired samples t test), t(12) = 2.13 p= .055. As this effect
is only observed in this particular electrode, not typical for
an LDAP, and does not seem to be very robust, it is uncer-
tain whether this represents a true LDAP.
No differences in the lateralization were found in the

ERP effects described previously between hemispheres
for left- and rightward cues.

DISCUSSION

Previous studies have established the coupling between
eye movements and spatial attention (Dore-Mazars et al.,
2004; Deubel & Schneider, 1996; Kowler et al., 1995) and

Figure 5. EEG topoplots for the saccade conditions (directional
fixation subtraction), averaged over the entire 60- to 180-msec time
windows. Shown are the plots for the saccade left (A) and saccade right
(B) conditions. These plots were obtained without mirroring saccade
directions. In the saccade left condition (A), activity can be seen in the
right frontal and bilateral occipital areas; in the saccade right condition
(B), activity can be seen in the left frontal and left occipital areas.

Figure 6. Scatterplots for the
correlation analysis between
electrodes O1/2 and FC3/4
for time windows 60–90 and
90–120 msec (shown left) and
between the N200 peak and
the O1/2 and FC3/4 (both time
windows). A strong correlation
can bee seen between the early
time window of electrode pair
FC3/4 and O1/2. No significant
correlations were found for
any other combination of
electrode/time window tested.
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the coupling of the FEF and the visual cortex (Neggers
et al., 2007; Taylor et al., 2007; Ruff et al., 2006; Silvanto
et al., 2006; Grosbras & Paus, 2003). This study provides
support for the cortical FEF–VC feedback connection as a
neuronal mechanism coupling saccade planning in the
FEF to attentional processing in the occipital lobe, as
has been hypothesized for human observers.
Namely, in the saccade condition, after cue offset, a tran-

sient lateralized frontal positivity was found, peaking around

120–150 msec after saccade-go signal. This was followed
by an occipital negativity contralateral to the upcoming
target. This supports the view that saccade preparation,
likely in the FEF, results in attentional shifts in the visual
cortex (Neggers et al., 2007) through FEF–VC connections
(Taylor et al., 2007; Ruff et al., 2006; Silvanto et al., 2006;
Grosbras & Paus, 2003).

Consistent with our expectations based on the preced-
ing TMS study (Neggers et al., 2007), significant frontal
activity was observed contralateral to saccade direction
during saccade preparation (after saccade-go). The fron-
tal effect was slightly smaller when the directional fixation
condition was used as a baseline. This may be due to the
recruitment of the contralateral FEF (relative to cued di-
rection) in the directional fixation condition, although this
effect cannot be seen in the topography (see Figure 3,
right column).

It has been shown that TMS on these frontal areas, the
FEF specifically, causes modulation in discrimination per-
formance (Neggers et al., 2007; Grosbras & Paus, 2003).
Lateralized frontal activity was found in the current study
at the same time points as the TMS stimulation times of
the Neggers et al. (2007) study (see Figures 3 and 4). It
therefore seems plausible to associate this activity with
the deployment of spatial attention shortly before sac-
cade execution (note that during any of the analyzed
time intervals, no saccades were made yet, as ensured
by the rigorous analysis, excluding trials with premature

Table 1. Localization Results for Different Models Tested

Model
Explained

Variance (%)
Model

Evidence

Unconstrained 95.97 187.4

FEF bilateral 93.58 152

IPS bilateral 79 89.8

FEF–occ bilateral 92.24 154.2

FEF–occ–IPS bilateral 91.33 145.8

FEF contralateral 89.66 141.6

FEF–occ contralateral 90.46 146.2

The unconstrained model does not restrict solutions to specified neural
sources, only gray matter. The model evidence reflects the amount of
explained variance against the model complexity. IPS = intraparietal
sulcus; occ = occipital cortex.

Figure 7. Localization of EEG activity during saccade preparation in the saccade condition (directional fixation subtraction). (A) Sources were
restricted to spherical areas shown. Different combinations were used (see Table 1). (B) Localization results obtained using the bilateral FEF–occipital
model. Slices run from MNI Z = −12 (top left) up to z = 72 (bottom right).
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saccades). This frontal effect does not occur in the fixa-
tion conditions after cue offset. This might be due to
some hemispheric preparations already having taken
place for the cued hemifield. This is reflected by the pres-
ence of the ADAN in the cueing period. It is interesting
to note the difference in polarity between the ADAN in
the cueing period and the frontal positivity after cue off-
set. Both may reflect preparatory processes in the FEF,
but the ADAN might reflect inhibition of the saccade,
whereas the frontal positivity might reflect saccade activa-
tion. This fits well with findings by Van der Lubbe et al.
(2006). As the FEF are heavily implicated in attentional
shifts (Ruff & Driver, 2006; Van der Lubbe et al., 2006;
Corbetta et al., 1998, for a review Moore, Armstrong, &
Fallah, 2003), the combined TMS–EEG results suggest a
strong (attention directing) influence of the contralateral
FEFs on perceptual performance.

We observed a lateralized occipital negativity late in the
saccade preparation period (120–180 msec after saccade-
go). It is unlikely that this negativity is the result of target
presentation. Activity from the directional fixation con-
dition was used as a baseline, effectively subtracting any
visual response to the presented stimuli. Also, target pre-
sentation was preceded by masking stimuli, resulting in
low visual impact for the unmasking of the target stimu-

lus (and simultaneous unmasking of distracters). There-
fore, it is likely that this negativity is the result of an
attentional shift, mediated by the FEF and not by the tar-
get presentation. A number of observations support this
view: The observed negativity occurs approximately 60–
120 msec after the onset of frontal positivity, which is in
line with an estimated 100-msec conduction time of the
FEF to the visual cortex (for details on this estimation, see
Methods section of Experiment 3 from Neggers et al.,
2007).
Also, in the directional fixation condition, which is the

same task in all respects except for the actual execution of
the saccade, both the frontal positivity and the occipital
negativity were absent after the go signal. This suggests
that these processes are related and perhaps coupled.
Furthermore, it can be noted that in the directional fixa-
tion condition (nondirectional fixation subtraction), a sig-
nificant effect is present in the time window 120–150 msec
(see Figure 3, right panel). Interestingly, this occipital ef-
fect is positive, whereas the occipital effect in the saccade
condition is negative. This might be due to the different
task instructions between these conditions. Whereas in
the saccade condition an eye movement has to be exe-
cuted after the go signal, any eye movements in the fixa-
tion conditions have to be suppressed (especially in the
directional condition). This active suppression (as op-
posed to execution) may have differential effects on the
occipital areas, perhaps also due to different modulations
mediated by the FEF–VC connections.
Correlation analysis shows that the early frontal activ-

ity, contralateral to saccade direction, is significantly (neg-
atively) correlated with the occipital activity seen late in
the preparation period (150–180 msec after saccade-go).
This means that more positive activity per subject is paired
with more negative activity in occipital regions, as would
be expected from FEF–occipital interactions. This, how-
ever, does not prove a causal relationship between frontal
and occipital regions, as this cannot be inferred from the
present data.
To justify our claimsof source origins, a voxel-based source

localization was performed on the saccade–directional fixa-
tion subtraction (see Table 1 and Figure 7). First, an uncon-
strained model was tested, which yielded the best results
in terms of explained variance (and model evidence; see
Table 1). However, we believe that these sources are un-
likely to be the true neural sources of our data. The source
model places large sources in deep brain regions, for exam-
ple, near the cerebellum, brainstem, and posterior OFC.
These are not only unlikely to generate large cortical sur-
face potentials but are also not likely to be involved in the
current task. We therefore compared a number of con-
strained models on the basis of plausible neural sources
in this task, including bi- and contralateral (to saccade di-
rection) FEF, IPS, and occipital areas. The bilateral FEF–
occipital model yielded the highest model evidence and
explained only slightly less variance than the unconstrained
model. This is a good indication that these areas are the

Figure 8. Double subtraction EEG topoplots for the directional
fixation and saccade condition during the cueing period. To obtain the
double subtraction plot, activity from the left and right hemispheres
was subtracted for both conditions, and the resulting activity maps
were subtracted again (cue left minus cue right). Activity in the left
hemisphere reflects contralateral activity. Because of this subtraction,
only lateralized activity is visible. The EDAN plots are averaged over
a 200- to 320-msec time window; the ADAN plots are averaged over a
250- to 450-msec time window.
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actual sources of activity. It is interesting to note that the
bilateral models outscore the contralateral models. There-
fore, although the contralateral activity is stronger, there
is some activity in the ipsilateral hemisphere. The addition
of the IPS to the model results in lower model evidence,
which confirms our previous results of (no) IPS involve-
ment in this task (Veenstra et al., under revision) and the
findings by Ruff et al. (2008). This is again confirmed when
models on the basis of bilateral FEF and IPS are compared
(model evidence FEF = 152.0, IPS = 89.8).
There is a difference in the 120- to 150-msec time win-

dow in the saccade condition, depending on the baseline
used. One might argue that the occipital effect in the sac-
cade condition at 120–150 msec could reflect a baseline
effect (see Figure 3, bottom panel). For the final time
window from 150 to 180 msec, however, this effect was
not observed for the directional fixation condition (nondi-
rectional fixation subtraction), and the saccade condition
did show a significant difference for this time interval in-
dependent of baseline used. This means that the occipital
effect at time window 150–180 msec is an effect of saccade
preparation and is not a baseline effect.
Previous FEF–TMS studies (Grosbras & Paus, 2002, 2003)

revealed a dominance of the right hemisphere in control-
ling visuospatial attention. Right FEF–TMS resulted in bi-
lateral discrimination performance increases, where left
FEF–TMS resulted only in unilateral (contralateral to cue
direction) effects. Other more recent studies have found
similar lateralization effects, such as Ruff et al. (2006), who
found bilateral effects in the visual cortex after right FEF
stimulation using fMRI, and Silvanto et al. (2006), who also
found bilateral effects with right FEF–TMS and unilateral
effects with left FEF–TMS. In the current study, a similar
lateralization difference was found, where saccade prepara-
tion to the left invoked right frontal activity and a bilateral
occipital effect (slightly lateralized to the right hemisphere).
Preparation of saccades to the right invoked left frontal
and left occipital activity. This striking similarity argues for
an activation of the FEF–VC pathway in the current study.
Although in the current study we have emphasized the

coupling between eye movements and attention, a number
of studies report a dissociation ( Juan et al., 2004, 2008;
OʼShea, Muggleton, Cowey, & Walsh, 2004; Murthy,
Thompson, & Schall, 2001; Thompson, Bichot, & Schall,
1997). For instance, Juan et al. (2004) shows that the locus
of attention can be dissociated from an evoked saccade in
the FEF of the macaque monkey. This shows that covert
attentional shifts are not strictly coupled to saccade prep-
aration. This is likely the result of different neural popula-
tions in the FEFs that serve different functions over time.
The role of the FEF in visual search, in the absence of eye
movements, has been well established (Muggleton et al.,
2003). Although this is troublesome for the “hard” inter-
pretation of the premotor theory of attention as posed
by Corbetta et al. (1998) and Rizzolatti et al. (1987), this
need not be a problem for the results obtained in the
current study. The claim we make here is that just before

the actual execution of the saccade, the attentional locus
shifts toward the intended end point of the saccade and
that this is mediated by the FEF. However, this does not
imply that saccade preparation in the FEF is essential for
attentional shifts; there could be other biasing sources,
either within the FEF or elsewhere. It is very likely that
the activity found in the current study in the frontal re-
gions does not reflect activity from a homogenous neural
population. Instead, it is likely that this is a cumulation of
attention-related activity and saccade (motor) preparation.
It is interesting to note that this is reflected in the correla-
tion between frontal and occipital activity: Only the early
frontal activity (60–90 msec after saccade-go) correlates
significantly with the observed occipital effect (at 150–
180 msec after saccade-go), not the later frontal time win-
dow (90–120 msec).

Cue-locked analyses revealed attentional preparation
in the directional fixation and saccade conditions. In the
directional fixation condition, activity patterns consistent
with EDAN and ADAN (anterior attention direction neg-
ativity) were observed. The EDAN has been implicated
as reflecting simple cue processing ( Jongen, Smulders,
& Van der Heiden, 2007; Eimer, van Velzen, Forster, &
Driver, 2003), and the ADAN indicates that covert spatial
attention was allocated to the cued location. The presence
of an ADAN supports attentional preparation in the fron-
tal brain regions, likely originating from the FEF during
the cueing period. No activity was found resembling an
LDAP. This may be due to the short cueing interval used
in the current study. These effects were absent in the non-
directional condition. As expected, without directional
cueing, no specific attentional preparation was made. Both
EDAN and ADAN were found in the cueing period of the
saccade condition. However, in the saccade condition, it
was not as consistent as in the directional fixation condi-
tion. This may be due to a general reduction of attentional
preparation, or it may be that subjects in some trials did
not engage in attentional shifts until saccade execution.
This does not rule out attentional shifts just before saccade
execution, as can be seen in the poor behavioral results
when ST and DT do not match.

As in a previous TMS study from our group using an iden-
tical procedure as in Neggers et al. (2007; van Ettinger-
Veenstra et al., unpublished observations), no evidence
was found for the involvement of the IPS in attentional
modulation during saccade preparation, as can also be
clearly seen in Figures 3 and 4.

The IPS has been implicated as an essential part of an
attention controlling fronto-parietal network (Vander Lubbe
et al., 2006; Giesbrecht et al., 2003; Hopfinger et al., 2000,
2001) and has been shown to have great functional overlap
with the FEF (Capotosto, Babiloni, Romani, & Corbetta,
2009; Bressler, Tang, Sylvester, Shulman, & Corbetta, 2008;
Corbetta, Kincade, & Shulman, 2002). Time window anal-
ysis of the electrodes located at or near the IPS (P1/P2)
showedno significant, lateralized activity in any timewindow
for the saccade condition. This was observed both during
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the cueing period and after saccade-go. Also, Bayesian
model selection of source locations did not favor the IPS
as a contributing source. However, a significant positive
correlation was found between the early time window of
the ipsilateral (to saccade direction) electrode pair P1/2
and ipsilateral occipital electrodes O1/2. As the effects
are limited to the ipsilateral side and the activity is rela-
tively small, we are unsure how to interpret these results.
Also, significant lateralized activity was found after cue-
offset for the directional fixation condition. It may be that
parietal areas are recruited for covert attentional shifts.
These seem to be independent of frontal attention direct-
ing activity. In addition, frontal activity was followed by a
lateralized occipital negativity, whereas parietal activity
was followed by an occipital positivity. Thus, it seems that
the effects are qualitatively different, and it is therefore
likely that the IPS does not function as a relay station for
frontal signal inducing attentional shifts. This is consistent
with findings in a study by Ruff et al. (2008) where TMS on
the IPS evoked qualitatively different effect on the visual
cortex than FEF–TMS in a preceding study (Ruff et al.,
2006).

In conclusion, the present study, combined with the pre-
vious TMS study by Neggers et al. (2007), provides strong
evidence for a crucial role of the FEF in spatial attention
shifts before eye movements. Whether other areas such
as the IPS and other frontal areas implicated in attentional
shifts may be involved and what their contribution is in the
current paradigm is still unclear. From the present results,
it seems that they are not directly involved in the coupling
of the locus of spatial attention to a saccade goal, as ob-
served for the FEF.

Reprint requests should be sent to Tjerk P. Gutteling, Department
of Psychiatry, Rudolf Magnus Institute for Neuroscience, Univer-
sity Medical Center Utrecht, Heidelberglaan 100, Room A.01.126,
3584 CX Utrecht, the Netherlands, or via e-mail: t.gutteling@
umcutrecht.nl.

REFERENCES

Awh, E., Armstrong, K. M., & Moore, T. (2006). Visual and
oculomotor selection: Links, causes and implications for
spatial attention. Trends in Cognitive Sciences, 10,
124–130.

Brainard, D. H. (1997). The psychophysics toolbox. Spatial
Vision, 10, 433–436.

Bressler, S. L., Tang, W., Sylvester, C. M., Shulman, G. L., &
Corbetta, M. (2008). Top–down control of human visual
cortex by frontal and parietal cortex in anticipatory visual
spatial attention. Journal of Neuroscience, 28, 10056–10061.

Capotosto, P., Babiloni, C., Romani, G. L., & Corbetta, M.
(2009). Frontoparietal cortex controls spatial attention
through modulation of anticipatory alpha rhythms. Journal
of Neuroscience, 29, 5863–5872.

Castet, E., Jeanjean, S., Montagnini, A., Laugier, D., & Masson,
G. S. (2006). Dynamics of attentional deployment during
saccadic programming. Journal of Vision, 6, 196–212.

Corbetta, M., Akbudak, E., Conturo, T. E., Snyder, A. Z.,
Ollinger, J. M., Drury, H. A., et al. (1998). A common

network of functional areas for attention and eye
movements. Neuron, 21, 761–773.

Corbetta, M., Kincade, J. M., & Shulman, G. L. (2002). Neural
systems for visual orienting and their relationships to spatial
working memory. Journal of Cognitive Neuroscience, 14,
508–523.

Dale, A. M., & Sereno, M. (1993). Improved localization of
cortical activity by combining EEG and MEG with MRI surface
reconstruction: A linear approach. Journal of Cognitive
Neuroscience, 5, 162–176.

Delorme, A., & Makeig, S. (2004). EEGLAB: An open source
toolbox for analysis of single-trial EEG dynamics including
independent component analysis. Journal of Neuroscience
Methods, 134, 9–21.

Deubel, H., & Schneider, W. X. (1996). Saccade target selection
and object recognition: Evidence for a common attentional
mechanism. Vision Research, 36, 1827–1837.

Dore-Mazars, K., Pouget, P., & Beauvillain, C. (2004).
Attentional selection during preparation of eye movements.
Psychology Research, 69, 67–76.

Eimer, M., van Velzen, J., Forster, B., & Driver, J. (2003). Shifts
of attention in light and in darkness: An ERP study of
supramodal attentional control and crossmodal links in
spatial attention. Brain Research, Cognitive Brain Research,
15, 308–323.

Friston, K., Harrison, L., Daunizeau, J., Kiebel, S., Phillips, C.,
Trujillo-Barreto, N., et al. (2008). Multiple sparse priors for
the M/EEG inverse problem. Neuroimage, 39, 1104–1120.

Giesbrecht, B., Woldorff, M. G., Song, A. W., & Mangun, G. R.
(2003). Neural mechanisms of top–down control during
spatial and feature attention. Neuroimage, 19, 496–512.

Grosbras, M. H., & Paus, T. (2002). Transcranial magnetic
stimulation of the human frontal eye field: Effects on
visual perception and attention. Journal of Cognitive
Neuroscience, 14, 1109–1120.

Grosbras, M. H., & Paus, T. (2003). Transcranial magnetic
stimulation of the human frontal eye field facilitates visual
awareness. European Journal of Neuroscience, 18,
3121–3126.

Harter, M. R., Miller, S. L., Price, N. J., LaLonde, M. E., & Keyes,
A. L. (1989). Neural processes involved in directing attention.
Journal of Cognitive Neuroscience, 1, 223–237.

Hoffman, J. E., & Subramaniam, B. (1995). The role of visual
attention in saccadic eye movements. Perception &
Psychophysics, 57, 787–795.

Hopf, J. M., & Mangun, G. R. (2000). Shifting visual attention
in space: An electrophysiological analysis using high spatial
resolution mapping. Clinical Neurophysiology, 111,
1241–1257.

Hopfinger, J. B., Buonocore, M. H., & Mangun, G. R. (2000).
The neural mechanisms of top–down attentional control.
Nature Neuroscience, 3, 284–291.

Hopfinger, J. B., Woldorff, M. G., Fletcher, E. M., & Mangun,
G. R. (2001). Dissociating top–down attentional control
from selective perception and action. Neuropsychologia,
39, 1277–1291.

Hunt, A. R., & Kingstone, A. (2003). Covert and overt voluntary
attention: Linked or independent? Brain Research, Cognitive
Brain Research, 18, 102–105.

Jongen, E. M., Smulders, F. T., & Van der Heiden, J. S.
(2007). Lateralized ERP components related to spatial
orienting: Discriminating the direction of attention from
processing sensory aspects of the cue. Psychophysiology,
44, 968–986.

Juan, C. H., Muggleton, N. G., Tzeng, O. J., Hung, D. L., Cowey,
A., & Walsh, V. (2008). Segregation of visual selection and
saccades in human frontal eye fields. Cerebral Cortex, 18,
2410–2415.

1942 Journal of Cognitive Neuroscience Volume 22, Number 9

http://www.mitpressjournals.org/action/showLinks?system=10.1162%2F089892902320474553
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2F089892902320474553
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.tics.2006.01.001
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS1388-2457%2800%2900313-8
http://www.mitpressjournals.org/action/showLinks?crossref=10.1111%2Fj.1469-8986.2007.00557.x
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS0926-6410%2802%2900203-3
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.jneumeth.2003.10.009
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.jneumeth.2003.10.009
http://www.mitpressjournals.org/action/showLinks?crossref=10.1111%2Fj.1460-9568.2003.03055.x
http://www.mitpressjournals.org/action/showLinks?crossref=10.1038%2F72999
http://www.mitpressjournals.org/action/showLinks?crossref=10.1163%2F156856897X00357
http://www.mitpressjournals.org/action/showLinks?crossref=10.1163%2F156856897X00357
http://www.mitpressjournals.org/action/showLinks?crossref=10.1093%2Fcercor%2Fbhn001
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS0896-6273%2800%2980593-0
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.neuroimage.2007.09.048
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2Fjocn.1989.1.3.223
http://www.mitpressjournals.org/action/showLinks?crossref=10.1523%2FJNEUROSCI.1776-08.2008
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2F089892902317362029
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS1053-8119%2803%2900162-9
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.cogbrainres.2003.08.006
http://www.mitpressjournals.org/action/showLinks?crossref=10.1523%2FJNEUROSCI.0539-09.2009
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.cogbrainres.2003.08.006
http://www.mitpressjournals.org/action/showLinks?crossref=10.1523%2FJNEUROSCI.0539-09.2009
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2Fjocn.1993.5.2.162
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2Fjocn.1993.5.2.162


Juan, C. H., Shorter-Jacobi, S. M., & Schall, J. D. (2004).
Dissociation of spatial attention and saccade preparation.
Proceedings of the National Academy of Sciences, U.S.A.,
101, 15541–15544.

Kowler, E., Anderson, E., Dosher, B., & Blaser, E. (1995). The
role of attention in the programming of saccades. Vision
Research, 35, 1897–1916.

Kustov, A. A., & Robinson, D. L. (1996). Shared neural control of
attentional shifts and eye movements. Nature, 384, 74–77.

Mattout, J., Phillips, C., Penny, W. D., Rugg, M. D., & Friston,
K. J. (2006). MEG source localization under multiple
constraints: An extended Bayesian framework.
Neuroimage, 30, 753–767.

Moore, T. (2006). The neurobiology of visual attention:
Finding sources. Current Opinion in Neurobiology, 16,
159–165.

Moore, T., & Armstrong, K. M. (2003). Selective gating of visual
signals by microstimulation of frontal cortex. Nature, 421,
370–373.

Moore, T., Armstrong, K. M., & Fallah, M. (2003). Visuomotor
origins of covert spatial attention. Neuron, 40, 671–683.

Moore, T., & Fallah, M. (2001). Control of eye movements and
spatial attention. Proceedings of the National Academy of
Sciences, U.S.A., 98, 1273–1276.

Moore, T., & Fallah, M. (2004). Microstimulation of the
frontal eye field and its effects on covert spatial attention.
Journal of Neurophysiology, 91, 152–162.

Muggleton, N. G., Juan, C. H., Cowey, A., & Walsh, V. (2003).
Human frontal eye fields and visual search. Journal of
Neurophysiology, 89, 3340–3343.

Murthy, A., Thompson, K. G., & Schall, J. D. (2001). Dynamic
dissociation of visual selection from saccade programming
in frontal eye field. Journal of Neurophysiology, 86,
2634–2637.

Neggers, S. F., Huijbers, W., Vrijlandt, C. M., Vlaskamp, B. N.,
Schutter, D. J., & Kenemans, J. L. (2007). TMS pulses on the
frontal eye fields break coupling between visuospatial
attention and eye movements. Journal of Neurophysiology,
98, 2765–2778.

Nobre, A. C., Sebestyen, G. N., & Miniussi, C. (2000). The
dynamics of shifting visuospatial attention revealed by
event-related potentials. Neuropsychologia, 38, 964–974.

OʼShea, J., Muggleton, N. G., Cowey, A., & Walsh, V. (2004).
Timing of target discrimination in human frontal eye fields.
Journal of Cognitive Neuroscience, 16, 1060–1067.

Pelli, D. G. (1997). The VideoToolbox software for visual
psychophysics: Transforming numbers into movies. Spatial
Vision, 10, 437–442.

Rizzolatti, G., Riggio, L., Dascola, I., & Umilta, C. (1987).
Reorienting attention across the horizontal and vertical
meridians: Evidence in favor of a premotor theory of
attention. Neuropsychologia, 25, 31–40.

Ruff, C. C., Bestmann, S., Blankenburg, F., Bjoertomt, O.,
Josephs, O., Weiskopf, N., et al. (2008). Distinct causal
influences of parietal versus frontal areas on human visual
cortex: Evidence from concurrent TMS–fMRI. Cerebral
Cortex, 18, 817–827.

Ruff, C. C., Blankenburg, F., Bjoertomt, O., Bestmann, S.,
Freeman, E., Haynes, J. D., et al. (2006). Concurrent
TMS–fMRI and psychophysics reveal frontal influences on
human retinotopic visual cortex. Current Biology, 16,
1479–1488.

Ruff, C. C., & Driver, J. (2006). Attentional preparation for a
lateralized visual distractor: Behavioral and fMRI evidence.
Journal of Cognitive Neuroscience, 18, 522–538.

Silvanto, J., Lavie, N., & Walsh, V. (2006). Stimulation of the
human frontal eye fields modulates sensitivity of extrastriate
visual cortex. Journal of Neurophysiology, 96, 941–945.

Stephan, K. E., Penny, W. D., Daunizeau, J., Moran, R. J., &
Friston, K. J. (2009). Bayesian model selection for group
studies. Neuroimage, 46, 1004–1017.

Super, H., van der Togt, C., Spekreijse, H., & Lamme, V. A.
(2004). Correspondence of presaccadic activity in the
monkey primary visual cortex with saccadic eye movements.
Proceedings of the National Academy of Sciences, U.S.A.,
101, 3230–3235.

Taylor, P. C., Nobre, A. C., & Rushworth, M. F. (2007). FEF TMS
affects visual cortical activity. Cerebral Cortex, 17, 391–399.

Thompson, K. G., Bichot, N. P., & Schall, J. D. (1997).
Dissociation of visual discrimination from saccade
programming in macaque frontal eye field. Journal of
Neurophysiology, 77, 1046–1050.

Thompson, K. G., Biscoe, K. L., & Sato, T. R. (2005). Neuronal
basis of covert spatial attention in the frontal eye field.
Journal of Neuroscience, 25, 9479–9487.

Van der Lubbe, R. H., Neggers, S. F., Verleger, R., & Kenemans,
J. L. (2006). Spatiotemporal overlap between brain activation
related to saccade preparation and attentional orienting.
Brain Research, 1072, 133–152.

Van der Stigchel, S., Heslenfeld, D. J., & Theeuwes, J. (2006). An
ERP study of preparatory and inhibitory mechanisms in a
cued saccade task. Brain Research, 1105, 32–45.

Van Velzen, J., & Eimer, M. (2003). Early posterior ERP
components do not reflect the control of attentional shifts
toward expected peripheral events. Psychophysiology, 40,
827–831.

Gutteling et al. 1943

http://www.mitpressjournals.org/action/showLinks?crossref=10.1038%2Fnature01341
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.neuroimage.2009.03.025
http://www.mitpressjournals.org/action/showLinks?crossref=10.1152%2Fjn.01086.2002
http://www.mitpressjournals.org/action/showLinks?crossref=10.1152%2Fjn.01086.2002
http://www.mitpressjournals.org/action/showLinks?crossref=10.1523%2FJNEUROSCI.0741-05.2005
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2F0898929041502634
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.cub.2006.06.057
http://www.mitpressjournals.org/action/showLinks?crossref=10.1038%2F384074a0
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS0896-6273%2803%2900716-5
http://www.mitpressjournals.org/action/showLinks?crossref=10.1073%2Fpnas.0400433101
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.brainres.2005.11.087
http://www.mitpressjournals.org/action/showLinks?crossref=10.1163%2F156856897X00366
http://www.mitpressjournals.org/action/showLinks?crossref=10.1163%2F156856897X00366
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2Fjocn.2006.18.4.522
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.neuroimage.2005.10.037
http://www.mitpressjournals.org/action/showLinks?crossref=10.1073%2Fpnas.021549498
http://www.mitpressjournals.org/action/showLinks?crossref=10.1073%2Fpnas.021549498
http://www.mitpressjournals.org/action/showLinks?crossref=10.1093%2Fcercor%2Fbhj156
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.brainres.2006.02.089
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2F0028-3932%2887%2990041-8
http://www.mitpressjournals.org/action/showLinks?crossref=10.1073%2Fpnas.0403507101
http://www.mitpressjournals.org/action/showLinks?crossref=10.1152%2Fjn.00015.2006
http://www.mitpressjournals.org/action/showLinks?crossref=10.1152%2Fjn.00741.2002
http://www.mitpressjournals.org/action/showLinks?crossref=10.1111%2F1469-8986.00083
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS0028-3932%2800%2900015-4
http://www.mitpressjournals.org/action/showLinks?crossref=10.1093%2Fcercor%2Fbhm128
http://www.mitpressjournals.org/action/showLinks?crossref=10.1093%2Fcercor%2Fbhm128
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2F0042-6989%2894%2900279-U
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2F0042-6989%2894%2900279-U


This article has been cited by:

1. Daniel Belyusar, Adam C. Snyder, Hans-Peter Frey, Mark R. Harwood, Josh Wallman, John J. Foxe. 2013. Oscillatory alpha-band
suppression mechanisms during the rapid attentional shifts required to perform an anti-saccade task. NeuroImage 65, 395-407.
[CrossRef]

2. Amanda E. van Lamsweerde, Melissa R. Beck. 2012. Attention shifts or volatile representations: What causes binding deficits in
visual working memory?. Visual Cognition 20, 771-792. [CrossRef]

http://dx.doi.org/10.1016/j.neuroimage.2012.09.061
http://dx.doi.org/10.1080/13506285.2012.696560

