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Neuroimaging has demonstrated anatomical overlap between covert and overt attention systems, although
behavioral and electrophysiological studies have suggested that the two systems do not rely on entirely iden-
tical circuits or mechanisms. In a parallel line of research, topographically-specific modulations of alpha-band
power (~8–14 Hz) have been consistently correlated with anticipatory states during tasks requiring covert
attention shifts. These tasks, however, typically employ cue–target-interval paradigms where attentional
processes are examined across relatively protracted periods of time and not at the rapid timescales implicat-
ed during overt attention tasks. The anti-saccade task, where one must first covertly attend for a peripheral
target, before executing a rapid overt attention shift (i.e. a saccade) to the opposite side of space, is particu-
larly well-suited for examining the rapid dynamics of overt attentional deployments. Here, we asked whether
alpha-band oscillatory mechanisms would also be associated with these very rapid overt shifts, potentially
representing a common neural mechanism across overt and covert attention systems. High-density electro-
encephalography in conjunction with infra-red eye-tracking was recorded while participants engaged in both
pro- and anti-saccade task blocks. Alpha power, time-locked to saccade onset, showed three distinct phases of
significantly lateralized topographic shifts, all occurring within a period of less than 1 s, closely reflecting the
temporal dynamics of anti-saccade performance. Only two such phases were observed during the pro-saccade
task. These data point to substantially more rapid temporal dynamics of alpha-band suppressive mechanisms
than previously established, and implicate oscillatory alpha-band activity as a common mechanism across
both overt and covert attentional deployments.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Effective interaction with a complex environment often involves
rapid focusing of limited cognitive resources on locations, objects or
other information sources of interest. Humans accomplish this using
both ‘overt’ and ‘covert’ attention systems (Helmholtz, 1910/1924).
Overt attention refers to explicit engagement of a motor system to
bring an object of interest into attentional focus, such as pointing,
head-turning or eye movements, whereas covert attention, as its name
implies, refers to the surreptitious deployment of the focus of spatial at-
tentionwithout a change in gaze direction. Despite the lack ofmotor en-
gagement, covert attention has often been referred to as a form of
‘movement’ (Posner et al., 1982), and it has been theorized that both
‘overt’ and ‘covert’ attention systems rely on the same underlying
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neuralmechanisms, a thesis known as the “premotor theory of attention”
(Rizzolatti et al., 1987). Certainly, behavioral evidence has pointed to
considerable overlap between covert and overt attention mechanisms
(Deubel and Schneider, 1996; Hoffman and Subramaniam, 1995;
Kowler et al., 1995), although studies have also shown dissociation
is possible (Montagnini and Castet, 2007). Premotor theory also re-
ceives considerable support from functional neuroimaging studies
where significant anatomical overlap between the covert and overt
systems has been shown (Corbetta, 1998; Corbetta et al., 1998). In
turn, electrophysiological studies have shown both common and disso-
ciable processes (Eimer et al., 2007; Kelly et al., 2010; Van Der Werf
et al., 2008). Thus, there is good evidence for both shared and dissocia-
ble mechanisms, but what precisely these shared mechanisms are re-
mains a matter of considerable research interest.

A very well-studied class of overt attention shifts is the saccadic eye
movements used to scan the visual world and bring objects of interest
into focus on the highly innervated foveal region of the retina. This
rapid scanning of visual space involves complex spatial transformations
andmotor planning. Saccade-targeting also seems to parallel the spatial
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cuing enhancements observed during covert attention tasks such as in-
creased discrimination of difficult to detect inputs. For example, in-
creased discrimination at saccade target locations is seen prior to the
actual movement itself (Deubel and Schneider, 1996), and enhanced
detection at saccade target locations is seen even when the movement
is aborted prior to action (Hoffman and Subramaniam, 1995). However,
by separating the saccadic target from a covertly attended locationwith
probabilistic cues (i.e. 25–75% valid), it was found that covert attention
and saccade targeting could in fact be separated when the covertly
attended target was likely to be in a different place than the saccadic
target (Montagnini and Castet, 2007). Interestingly, this dissociation
waned as the moment of the overt movement approached, such that at-
tention targets that were not saccade targets did not receive enhance-
ment when presented in close temporal proximity to saccade onset.
Like covert attention, which can be both rapidly drawn to features in
the world (i.e. exogenous attention), and also deployed intentionally
and voluntarily to features or locations (i.e. endogenous attention), the
saccadic system allows for rapid overt shifts that can be captured exoge-
nously or deployed endogenously (i.e. voluntarily). It certainly seems a
reasonable proposition that these two systemsmight rely on at least par-
tially shared mechanisms.

Covert visual attention shifts have also been very well-studied
and have been correlated with substantial modulation of sensory
processing as indexed by visual evoked potentials (Foxe and
Simpson, 2005; Foxe et al., 2003; Gould et al., 2011; Mangun and
Hillyard, 1991), as well as strong modulations of oscillatory neural
activity (Chalk et al., 2010; Womelsdorf and Fries, 2006). Of particu-
lar interest to the present investigation, changes in alpha-band
power (~8–14 Hz) have been consistently shown to correlate with
preparatory states in tasks that require covert shifting of attention
(Foxe and Snyder, 2011). It has been demonstrated that increases in
alpha power are associated with active suppression of distracters in
unattended spatial locations (Banerjee et al., 2011; Kelly et al., 2006;
Thut et al., 2006; Worden et al., 2000), as well as suppression of ignored
visual features (Snyder and Foxe, 2010) and irrelevant sensorymodalities
(Foxe et al., 1998; Fu et al., 2001; Gomez-Ramirez et al., 2011; Jones et al.,
2010). Moreover, anticipatory alpha power has been directly linked to
behavioral outcomes (Haegens et al., 2011a; O'Connell et al., 2009) and
the disruption of alpha synchrony via trans-cranial magnetic stimulation
affects performance in a target discrimination task (Capotosto et al.,
2009). Similarly, it has been shown that spatially-specificmeasures of an-
ticipatory alpha power over visual cortex are predictive of reaction times
(Gould et al., 2011) and subsequent discrimination performance during
covert spatial deployments (Handel et al., 2011; Kelly et al., 2009; Thut
et al., 2006). In the current study, we set out to establish whether
alpha-band oscillatory suppression mechanisms were also invoked dur-
ing the rapid overt attentional shifts that are characteristic of saccadic
targeting. If true, this finding would dramatically reduce the timescale
at which alpha might be understood to operate, and further expand the
role of alpha rhythms as a mechanism of overt attention.

To date, studies of alpha activity in covert attention have typically
employed so-called cue–target-interval paradigms where the prepara-
tory attentional processes are examined across relatively protracted pe-
riods of time. In these tasks, participants receive an instructional cue
(e.g. an arrow) that tells them to direct their attention to a particular
location or to a particular stimulus feature. Then after a delay period,
typically on the order of 1–2 s, and sometimes longer, a potential tar-
get stimulus is presented upon which the attentional task is then
performed. The tradition has been to examine the oscillatory activity
during the relatively prolonged anticipatory intervals between the
cue and the target stimuli. As such, these studies have not examined
alpha-band processes at the more rapid timescales that are im-
plicated during overt attention tasks. Here, we reasoned that if the
alpha oscillatory suppressionmechanisms also play a role during deploy-
ments of the overt attention system, one should observe topographically
specific alpha-power shifts that follow the rapid dynamics of the saccadic
system. That is, since saccades can be executed with latencies well below
200 ms (Fischer and Boch, 1983), up to 3-to-4 times per second, similarly
rapid redeployments of alpha-suppression should be observable.

To address this issue, we examined the temporal dynamics of
alpha-band oscillatory activity using a combination of pro- and
anti-saccade tasks. During pro-saccades, participants make rapid
eye movements to stimuli appearing to the left or right of fixation,
whereas during anti-saccade performance, they are required to
move their eyes to a position equi-opposite to the location at which
the stimulus appeared (i.e. in the opposite hemifield).Wemade particu-
lar use of the anti-saccade task because of its peculiar attentional de-
mands relative to standard saccadic targeting. Successful anti-saccades
involve first deploying covert attention to the hemifield of cue appear-
ance, which must then be suppressed to execute an overt shift of atten-
tion to the opposite hemifield. It is precisely this sort of rapid attentional
shifting that was of primary interest to us here. Since lateralization of
alpha-band power has been previously shown to be correlated with
retinotopic attention shifts (Thut et al., 2006; Worden et al., 2000), we
asked whether this same mechanism might also be flexible and rapid
enough in the deployments of attention during anti-saccade perfor-
mance. Since saccades naturally occur at intervals that are much
faster than those studied in most previous alpha-band investigations
(Gutteling et al., 2010), it would stand to reason that if alpha-power
dynamics represent a shared mechanism for covert and overt atten-
tion, such rapid dynamics should be revealed as a shift in power
across hemifields from the cue-side to the saccade-side, during the
anti-saccade task.

Materials and methods

Participants

Sixteen healthy volunteers (2 left-handed, 8 female, mean age=29.4
with a standarddeviation=7.5 years) participated in this study, the pro-
cedures for which were approved by the Institutional Review Boards of
the City College of New York and the Albert Einstein College of Medicine.
All experimental procedures were carried out in accordance with the
ethical standards codified by the World Medical Association in the Dec-
laration of Helsinki (World Medical Organization, 1996). All subjects
gave written informed consent to participate in this study and received
amodest fee ($12/h). All reported normal or corrected-to-normal vision.
Exclusion criteria included any history of psychiatric illness, severe head
injury, including any previous loss of consciousness, or current/recent
psychotropic medication use.

Stimuli and task

Subjects were seated 80 cm from a 50.8 cm (20 in.) CRT monitor
(NEC MultiSync FE2111) running at 60 Hz horizontal refresh rate.
Fixation was maintained on a 0.45 degree bold white cross in the
center of the screen. Cues were maximum contrast, 3 cycles/
degree circular checkerboards subtending 1° of visual angle (DVA)
in diameter (40 pixels) presented 10 DVA to the left or right of the
fixation cross. These cues appeared for 17 ms (one refresh of the
monitor) in one of two locations represented as ‘holes’ in the back-
ground composed of a circle extending 0.75 DVA (30 pixels), in a
slightly lighter halftone (8-bit monitor red–green–blue [RGB] values:
155,155,155) than the overall background (RGB: 127,127,127; Fig. 1).
Note that both target locations and the fixation were visible continually
throughout the experiment, whether a cue appeared or not. Conditions
were presented in a blockeddesign: pro- and anti-saccade (each 5×100
trials), or a ‘no saccade’ condition in which the stimulus was presented
exactly as in the active conditions, but there were no eye movements
(5×100 trials); participants were required to maintain fixation
throughout the block. In the pro-saccade condition, participants were
asked to move their eyes as quickly as possible “Towards” the cue
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randomly presented at the left or right position. In the anti-saccade con-
dition, participants were asked to move their eyes to the side “Away
from”, or opposite to the side that the cue randomly appeared. Random-
ization approximated 50% of cues presented left or right. After each sac-
cade to one of the target locations, the subject was required to return
gaze to central fixation to begin the next trial. New trials were presented
with a random inter-trial interval (ITI) of 1000–2000 ms in
one-millisecond steps in a square distribution from the time the subject
returned to fixation so as to avoid any effects of anticipation. Blocks of
pro-, anti-, and ‘no saccade’were presented pseudo-randomlywith peri-
odic breaks.

EEG and saccade recording

EEG was continuously recorded from 168 scalp electrodes using an
ActiveTwo (BioSemi, Amsterdam, The Netherlands) system sampled
at 512 Hz, 100 Hz low-pass filtered, while simultaneously tracking the
participant's eyes with an EyeLink 2K system (resolution 0.01°; SR Re-
search, Kanata, Ontario, Canada) recording at 500 Hz. The EEG and
eye tracking recording systems were synced on each trial using trigger
signals. With the BioSemi system, every electrode or combination of
electrodes can be assigned as a reference, which is done purely in soft-
ware after acquisition. BioSemi replaces the ground electrodes that are
used in conventional systems with two separate electrodes: Common
Mode Sense (CMS) and Driven Right Leg (DRL) passive electrodes.
Fig. 1. Stimulus paradigm. In blocks of 100 trials, participants were asked to move their eye
erboards appearing randomly left or right. These were presented for 17 ms. After each sac
interleaved in which the stimuli presentation was identical, but no saccade was made. Pan
10° from central fixation in the right hemifield, the eyes move to the left after some reactio
(x-axis), and that the eyes would actually start at degree= ‘0’ (y-axis). Panel (D.) shows a
SRT = saccade reaction time.
These two electrodes create a feedback loop, thus rendering them as
references. Signals are recorded as the voltage between the individual
electrode and the CMS. Active electrodes integrate the first amplifica-
tion stage into the Ag/AgCl electrodes, reducing the effects of electronic
noise. The output impedance is thus considered to be b1Ω. EEG data
were processed using the FieldTrip toolbox (Oostenveld et al., 2011)
(see http://www.ru.nl/neuroimaging/fieldtrip) and custom scripts for
MATLAB (MathWorks, Natick, MA).

Analysis strategy

Eye-tracking analysis
During offline analysis, saccades were detected automatically using a

velocity threshold of 10°/s and aminimum latency criterion of 100 ms to
exclude anticipatory movements. All saccade traces were previewed in
MATLAB using a custom-designed graphic interface. Trials with blinks
at any point prior to 500 ms post-saccade were not considered. Paired
t-tests were used to compare amplitude and reaction time for each con-
dition. Return saccades were considered as the second saccade that was
also in the direction of the fixation.

EEG analysis
Data were re-referenced to the average activity offline. Separate

three-second epochs were defined from 2 s preceding to 1 s following
saccade onset. This epoch definition emphasizes the time period of
s as quickly as possible either “Towards” (A. Pro-) or “Away from” (B. Anti-) the check-
cade, participants returned to fixation to begin the next trial. Control blocks were also
el (C.) shows a typical anti-saccade trial in which a checkerboard appears (in green)
n time, before returning to 0°. Note that the target is artificially offset from time zero
sample distribution of saccade amplitude throughout a trial. ITI = inter-trial interval;

http://www.ru.nl/neuroimaging/fieldtrip


398 D. Belyusar et al. / NeuroImage 65 (2013) 395–407
particular relevance to this study, namely the time between the cue
stimulus and the execution of the saccade. Only trials on which saccade
reaction timewas less than 1000 mswere considered. Since most trials
had eyemovements, and thus occulomotor artifacts, each trial was visu-
ally inspected to distinguish a typical eyemovement EOG fromblinks or
other artifacts. Channelswith errant signalswere interpolated using the
proximity-weighted value of the surrounding eight electrodes. Trials
with more than seven bad channels (out of 168), or with blinks or
other artifacts were discarded. On average these criteria resulted in
277±111 trials in the “Against” condition and 275±113 trials in the
“Towards” condition.

Alpha lateralization
Our hypothesis regarded the pace of alpha dynamics in an overt at-

tention task that would be distinguished in the anti-saccade task in
which one must first suppress a lateralized cue in one hemifield, and
rapidly switch attention to the opposite hemifield in order to make a
successful saccade. In order to quantify these hemispheric dynamics of
alpha synchrony, the data were transformed in a two-stage process fol-
lowing Thut et al. (2006) and Kerlin et al. (2010).

Stage 1: alpha-power analysis. After epoching and artifact rejection, in-
stantaneous amplitude in the alpha band was derived by applying the
Hilbert-transform on data band-pass filtered between 8 and 14 Hz
using a 4th order zero phase-shift digital Butterworth filter. The
transformed signals were then averaged across trials for each partic-
ipant and grand averaged across participants. One electrode of inter-
est (EOI) was selected from the parietal–occipital area over each
hemisphere (see Fig. 2). Based on the well-characterized topographic
patterns of alpha lateralization showing symmetric responses across
hemiscalp as a function of lateral attentional deployment (Worden
et al., 2000), we first collapsed across right and left cue presentations
over each hemisphere. For the pro-saccade trials, we define alpha lateral-
ization (AL) values by subtracting the transformed alpha power of trials
in which the stimulus was presented on the right from trials in which
the stimulus was on the left. This can be written as:

ALPRO ¼ αPRO EOI EyesLeftð Þð Þ−αPRO EOI EyesRightð Þð Þ:

For the anti-saccade trials, we define alpha lateralization (AL) values
in reverse by subtracting the trials in which the stimulus was presented
on the left from trials in which the stimulus was on the right:

ALANTI ¼ αANTI EOI EyesRightð Þð Þ−αANTI EOI EyesLeftð Þð Þ:

This transformation normalizes the effect of the cue to give a
hemispheric index of the effects of ipsilateral versus contralateral
cues since they will be aligned after this transformation. Such a pro-
cedure is also beneficial since the visual evoked response to the cue is
expected to have power in the alpha band, and this procedure sub-
tracts this contribution.

Stage 2: alpha lateralization index (ALI). Our main hypothesis pre-
dicted that differential lateralization in the anti-saccade condition
will reflect the rapid shifts in alpha-suppression necessary to deploy
overt and covert attention in opposing hemifields when compared to
the pro-saccade condition in which the eyes are moving in the same di-
rection as covert attention. To compare these dynamics across condi-
tions, a second subtraction of the lateralized time courses from Stage 1
wasmade to determine an alpha lateralization index (ALI). This transfor-
mation collapses across hemisphere and has the effect of highlighting
overall changes in lateralization (i.e. ipsilateral versus contralateral, re-
gardless of left–right eye movements). The formula for both pro- and
anti-saccade conditions is ALIR/L=EOIL(EyesLeft−EyesRight)−EOIR
(EyesLeft−EyesRight). This transformation is used in the statistics
below, but only shown in Fig. 5.
For alpha lateralization analyses, only the periods of interest from
stimulus onset until gaze returned to fixation were analyzed. These
periods of activity, as detailed further in the Results section, were
down-sampled to 20% (effective sampling rate 100 Hz). This
down-sampling can be thought of as a Fourier transform in which
the high-frequency dynamics resulting from grand averaging are
disregarded to analyze only the temporal scale of interest. The pattern
of results was then submitted to a non-linear regression analysis to
identify the curve of best fit, starting with a linear function and
adding terms until additional terms no longer accounted for signifi-
cantly reduced variance as compared to lower-ordered functions. If
the anti-saccade condition required additional lateralized shifts of
alpha power, this should be reflected in a higher-order function;
that is, a function with additional inflections.

Statistical cluster plots (SCP). In order to fully analyze the wealth of in-
formation captured in the high-density electrophysiological dataset,
additional exploratory analyses were performed. So-called statistical
cluster plots were created for each normalized condition APPRO and
APANTI. These maps were created using paired-sample, two-tailed
t-tests between the alpha-power indices for each condition, for each
time point. This technique allows assessment of all significantly dif-
ferent activations on the scalp, across time. Since the potential for
Type 1 error is high due to multiple comparisons, our analysis was
constrained to accept only those tests that reach a significant
alpha of .05 for 15 consecutive samples (~30 ms at our initial
500 Hz sampling rate), and are adjacent to at least one other elec-
trode that is also significant for the same time period (Guthrie
and Buchwald, 1991; Molholm et al., 2002). The rationale for this
corrective procedure is that unlike true effects, Type 1 errors due
to chance are unlikely to occur at consecutive independent time
points. Although adjacent time points in the EEG are not completely
independent, previous work has shown this criterion is quite con-
servative in protecting against Type I error inflation (Guthrie and
Buchwald, 1991).

Bi-phasic alpha dynamics. In addition to examining the speed of
alpha-power dynamics in an overt attention task, our hypothesis also
concerned the possibility of the dual role that alpha-power dynamics
might play across overt and covert attentional tasks. If changes in
alpha-band power reflect a mechanism that is utilized both in the co-
vert suppression of distracters (the cue location in the anti-saccade
condition), and also in the overt shifting of eye movements, this
would predict additional activity in the anti-saccade task, since unlike
during pro-saccades the participants must shift first towards the side
containing the cue, and after inverting the direction, shift to the oppo-
site hemifield. This pattern of activity might be described as “bi-phasic”
in that an initial shift of alpha power ought to be observed ipsilateral to
the cue location in theWorden Effect (Worden et al., 2000) to suppress a
contralateral distracter. Alpha-power dynamics would next reflect a
secondary shift to account for the overt shift of attention. In the
pro-saccade task, these shifts should be ipsilateral, that is the eyes
move to the same hemifield as the stimulus. However, to perform
the anti-saccade task, the second, overt shift should reverse
hemifields from the side of the distracter to the side of the eventual
eye movement. These dynamics can be evaluated by testing the
transformed sign of the alpha lateralization index described above such
that midline values equal zero, or no lateralization, positive values de-
note ipsilateral lateralization, and negative values contralateral. A
Wilcoxon signed-rank test can thus provide an additional test of
lateralization in the pre- and post-saccade periods across conditions.

Results

Overall, as hypothesized the lateralization of alpha power was in-
deed found to shift rapidly across hemispheres during the performance



Fig. 2. Alpha lateralization by condition. A. and B. plot the average alpha power of left and right electrodes of interest (highlighted by red and blue circles on the electrode map) for
trials in which the cue was presented contralateral (i.e. right electrode when cue left, and left electrode when cue right) and ipsilateral (i.e. right electrode when cue right, and left
electrode when cue left) aligned from saccade onset (time ‘0’). In these figures, a clear pattern emerges describing an increase in alpha power beginning ipsilateral to cue well before
the saccade across both conditions. Panels C. and D. aligning the cue presentation side as described in stage 1 lateralization (see Materials and methods section), where positive
values indicate increased lateralization left, and negative values indicate increased lateralization right. This transformation reveals an additional inflection in the Anti-saccade con-
dition, regardless of stimulus side implying that attention rapidly shifted from cue-side to saccade-side. The histograms depicted along the x-axis show distributions of saccade re-
action time thereby showing the times of the stimulus presentation with respect to the saccade onset. Standard errors of the mean are shown for each trace. Inset shows alpha
power for the same electrodes in the stimulus-only condition. Note that time ‘0’ in the inset is stimulus onset since there are no saccades. Black scale bar between C. and D. rep-
resents 2000 saccades. SRT = mean saccade reaction time; SLT = mean saccade landing time; RST = mean return saccade time.
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of overt attention tasks andwas particularly evident in the anti-saccade
condition. We will first describe the observed pattern of results,
followed by a formal statistical analysis as described in the Materials
and methods section.

Behavioral performance

Mean saccade reaction time was significantly greater in the
anti-saccade condition (pro mean=211 ms, sd=34; anti mean=
257 ms, sd=59; t(15)=5.17 pb .001). Overall the saccade amplitude
showed that participants made accurate, and similar saccades in both
conditions (pro mean=10.7 DVA, sd 0.6; anti mean=10.4, sd 0.9;
t(15)=−1.87,p>0.05). The reaction time of the saccade returning
to fixation (second saccade reaction timeminus the first saccade reac-
tion time) was nearly identical (anti mean=537 ms, sd=173; pro
mean=519 ms, sd=172, t(15)=−0.96 p=0.35) for both condi-
tions. Owing to the pre-potent response in the anti-saccade condition,
participants made inadvertent pro-saccades on 3.9% (sd=4.1) of tri-
als. Less than 1% of the pro-saccade trails were made in error. Only
correct trials were included in the analyses. Since previous research has
shown correlations between alpha and reaction times e.g. (Haegens
et al., 2011a; Premereur et al., 2012), we tested whether a linear model
describes the relationship between saccadic reaction times and the
time that it took to reach maximum alpha power across trials. No signif-
icant correlations in either anti- (R2=0.02, p=.416) or pro-saccade
conditions (R2=0.10 , p=.08) were observed.

image of Fig.�2
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Alpha-power analysis

Fig. 2 shows that the alpha power at representative parietal EOI, aver-
aged across subjects and aligned to saccade onset (time ‘0’), increased in
the 300 ms before the saccade in the ipsilateral, but not contralateral
cues (Fig. 2 A,B). This was the case for both pro- and anti-saccade condi-
tions. Collapsing across cue presentations by subtracting cue-right trials,
from those in which the cue was on the left (see Materials and methods
section: Stage 1 lateralization analysis) highlighted the lateralization for
each condition (Fig. 2C,D). Here, positive values indicate greater left late-
ralization, and negative values represent right lateralization asmeasured
over each hemisphere. A similar pattern of results can be seen across
both conditions in the pre-saccade onset period such that alpha power
in the left hemisphere increased when the stimulus was presented on
the left, and alpha power increased over the right hemisphere when
the stimulus was presented to the right. Alpha power thus reacted in a
similar way to the same attended stimulus. Specifically it appears that
alpha power increased ipsilateral to the side of cue presentation in full
accordance with the previous literature (Kelly et al., 2006; Worden et
al., 2000), suggesting the suppression of visual space opposite the stimu-
lus while participants' covert attention is drawn towards it.

Just prior to saccade onset, hemispheric alpha power began to differ
by condition. In the pro-saccade, alpha power continued to increase ipsi-
lateral to cue location, and later saccade target location, suggesting that
the eyes were essentially following covert attention. In the anti-saccade
condition, however, the power across the hemispheres made a sharp re-
versal in direction, ultimately crossing the baseline to peak over the op-
posite hemisphere. This is interpreted as a shift in service of the eye
movements in the opposite direction of the initial cue. This effect holds
regardless of which hemifield contained the cue.

Visual inspection of the overall scalp topographies (Fig. 4) suggested
a potential locus of alpha activation over the temporal lobe around the
time of the saccade. Although this appears as a third region of interest
in the head map, it would not be explicitly captured in our arrangement
of quadrants on the weather map. Previous literature (and a reviewer)
had suggested that in contrast to the inhibitory role of alpha in visual cor-
tices, alpha synchrony in inferotemporal (IT) areasmight facilitate visual
processing (Mo et al., 2011).We thus conducted additional post-hoc sta-
tistical analyses comparing lateralized alpha activity from electrodes
over these regions, but found no significant differences.

Statistical cluster plots (SCPs)

The SCP (Fig. 3) examined every channel over time highlighting all
significant paired sample t-tests comparing hemispheric alpha lateraliza-
tion for pro- and anti-saccade conditions. This figure shows clear differ-
ences in alpha lateralization (t-values significant at pb .05, corrected for
multiple comparisons as described in theMaterials andmethods section)
in both conditions. Both pro- and anti-saccade conditions show similar
patterns of increased alpha power ipsilateral, and decreased power
contralateral, to stimulus presentation, over occipital–parietal elec-
trodes in the period just before saccade onset (outlined in white). No-
tably, however, this pattern of activation switched its hemispheric
lateralization in the anti-saccade condition only, around the time of
saccade onset. This highlighted switch in lateralization is clearly seen
as an additional reversal fromnegative (blue) to positive (red), of signifi-
cant t-values over occipital–parietal electrodes, only in the anti-saccade
condition (outlined in the green rectangle).

Large periods of significance are also seen bilaterally across anteri-
or electrodes, clearly highlighting the occulomotor potentials in these
channels. These periods matched nearly exactly for both the pro- and
anti-saccade conditions but are presented with the eyes moving in
the opposite direction around time zero (saccade onset). At around
500 ms, coinciding with the reaction time of the saccade returning
to fixation, both pro- and anti-saccade conditions once again showed
a similar lateralization, though reversed in sign, over these same
anterior electrodes, attributable to the eye movement back to fixa-
tion. It is notable, however, that although these artifacts permeate a
relatively large group of electrodes, they do not correlate with the ac-
tivity across the posterior sites of interest. This is evident by
comparing the pattern of positive and negative values, from anterior
to posterior sites as seen in the time course shown in Fig. 4. As
transformed above, the stimulus presentation was to the same
hemifield for both conditions, while the eyes were moving to oppo-
site sides, resulting in relative increases over the right posterior re-
gion in both conditions.

Finally, a late period of significant activitywas seen in both conditions
over occipital–parietal electrodes beginning approximately 700 ms after
the onset of the initial saccade until the end of the epoch. This activity
was not explicitly predicted but considering the nearly identical
dynamics in both conditions in this period, and that in both cases this ac-
tivity lateralized opposite the initial saccade, it is possible that this repre-
sents an automatic suppression of recently attended space as in the
so-called inhibition of return (Posner and Cohen, 1984).

Alpha lateralization index

Collapsing across hemispheres (Stage 2 lateralization fromMaterials
and methods section), a non-linear regression performed on the
transformed data indicated that in the pro-condition, no significant ad-
ditional variance was accounted for by employing the cubic coefficient
(standardized beta=.496, p=.534). However, in the anti-condition, a
cubic model accounted for significantly greater variance (standardized
beta=9.17, pb .001). These results confirm that, in line with the main
hypothesis, the curve fitting the pro-saccade trace described a single
phase that reversed direction once, whereas the function describing
the alpha lateralization in the anti-saccade case reversed twice, reflecting
an additional phase, or deployment of alpha lateralization. This result is
clearly evident in the single EOI analysis shown in Fig. 2C,D, and provides
evidence for the hypothesized dynamics of alpha lateralization whereby
alpha power synchronized first to attend covertly to stimulus onset, and
secondly to the overt shift of overt attention.

Bi-phasic alpha dynamics

Mean saccade reaction times, and visual inspection of results as
seen in Fig. 3, indicated that the period of greatest lateralized activity
began 300 ms pre-saccade in the anti-saccade condition, and
continued until approximately 300 ms post-saccade onset. These two pe-
riods (−300–0 ms; 0–+300 ms) were transformed as described in the
Materials and methods section and submitted to additional statistical
analysis. Quantification of the alpha lateralization showed that in the
pre-saccade period (−300–0 ms), alpha power was not significantly dif-
ferent across conditions (Wilcoxon signed rank test p=.535) suggesting
a similar reaction to stimulus onset in both conditions. However, in the
period post-saccade (0–300 ms), the lateralization across conditions
was significantly different (Wilcoxon signed rank p=.015) further
confirming that the sign of the lateralization was inverted in the
anti-saccade condition compared to the pro-saccade.

It would appear the use of alpha rhythms to suppress to-
be-ignored stimulimay also be recruited as a tool similarly during a sac-
cade. Since these results indicate a pattern ofmultiple lateralized phases
of alpha rhythm dynamics involved in an eye movement task, we were
interested in further characterizing these phases. To describe these dy-
namics, a minimally-constrained model of best fit was produced. As
seen in Fig. 5, this model describes a series of Gaussian curves,
representing first the reaction to covert shifts of attention to the stimu-
lus, and secondly the effect of eye movements. In the anti-saccade con-
dition this second function is inverted in sign from the first. While we
cannot be certain of the cognitive processes that caused this pattern of
alpha power recorded on the scalp, since the principal difference in
the anti-saccade condition is the inversion of the saccade, it is striking



Fig. 3. Significant T-values in pro- and anti-saccade conditions. T-tests comparing alpha-lateralization (left–right) for every channel (y-axis) at every time point (x-axis). Scale rep-
resents t-values and only those found to be significant at the pb .05 (corrected) level are shown. Time ‘0’ is the saccade onset. Highlighted regions show the areas of interests: white =
stimulus-related covert attention; green = additional lateralization in the anti-saccade; gray = presumed inhibition of return.

401D. Belyusar et al. / NeuroImage 65 (2013) 395–407
that a simple inversion of directional sign might adequately model the
results. This model further supports a role for alpha rhythms in overt at-
tention tasks, at least producing similar changes in alpha power at the
scalp.
Stimulus only condition

As a control of stimulus-related effects on alpha power in these
conditions, an additional condition was also recorded wherein partic-
ipants were instructed to not move their eyes, but maintain fixation
while the same lateralized stimulus was presented. Although there
was an initial lateralized increase in alpha power ipsilateral to stimu-
lus onset, there was no discernable lateralization of alpha power after
approximately 250 ms (see inset, Fig. 2). These results lend further evi-
dence to the dual-role of alpha power in spatial attentional deploy-
ments in both covert and overt attention.
Discussion

A growing body of research on the ongoing oscillatory activity of
the brain points to a prominent role for the ~8–14 Hz alpha rhythm
in attentional processes (Dockree et al., 2007; Foxe and Snyder,
2011; Romei et al., 2012). Previous work has clearly demonstrated
that increases in alpha power correlate with active suppression of
unattended space under both visuospatial (Kelly et al., 2006; Rihs
et al., 2007; Worden et al., 2000) and audiospatial (Banerjee et al.,

image of Fig.�3


Fig. 4. Combined timeline of alpha dynamics showing the evolution of scalp topography of alpha lateralization between conditions. Red lines give relative positions of gaze follow-
ing the cue presentation along with key time points across the averaged epoch. Fig. 2 has been reproduced for reference. Scale shows relative levels of alpha-lateralization
transformed in stage 1 analysis (stimulus right–stimulus left), see Materials and methods section. Time ‘0’ is saccade onset. Note the distinguishable activation from the eye move-
ments such that frontal and occipital activations are ipsilateral in the pro-condition, but contralateral in the anti-condition.
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2011; Kerlin et al., 2010) task conditions. To date, however, explora-
tions of the suppressive role of alpha rhythms have been mainly lim-
ited to tasks involving top-down, covert attention. These paradigms,
in which a delay is inserted between the instructive cue and the im-
perative target, have reported relatively slowly changing alpha dy-
namics. By measuring alpha rhythms during rapid eye movement
tasks, the current investigation showed that retinotopic shifts in alpha
power are also involved during overt attentional deployments, and that
these shifts canoccur at themore rapid timescale required for the reactive
shifts of attention that are crucial during saccade task performance.

The time course of alpha lateralization

An important theoretical issue in attention research has centered on
determining just how rapidly the focus of attention can be effectively
switched between two potential information sources. The rapid topo-
graphic switches of alpha reported here suggest a temporal profile of at-
tentional switching that is somewhat at variancewith previous estimates
(see Supplementary material for video of continuous scalp recordings
depicting these rapid topographic transitions). Previous literature on
the role of alpha-band activity in attentional deployment has tended to
focus on the type of cued, covert tasks that have been conducted for
well over 100 years (Donders, 1868/1969). Given the experimental
set-up, these experiments by their nature, have detailed only relatively
slow alpha-band shifts across space. Nonetheless, work that aimed at
explicitly addressing this issue of the speed of attentional switching
has also pointed to relatively slow dynamics. For example, Ward et al.
(1996) conducted a series of psychophysical experiments in which
they presented two objects in succession and asked how long attention-
al processing of the first object would be seen to affect subsequent pro-
cessing of the second object. They found that interference persisted for
up to and beyond500 ms, concluding “visual attention is not a high speed
switching mechanism”. Similarly, studies from the task-switching litera-
ture also suggest that attentional switches are not as effective below
400–500 ms (Wylie et al., 2004; Wylie et al., 2009).

Previous electrophysiological reports on the time course of attention-
al switching have also pointed to relatively sluggish dynamics. For exam-
ple, earlier work attempted to measure the lower bounds of attentional
switching by recording an ongoing electrophysiological measure of sen-
sory processing, the steady-state visual-evoked potential (SSVEP) during
a target detection task (Müller et al., 1998). It is well-established that the
SSVEP, like components of the visual evoked potential, can bemodulated
by spatial attention (Morgan et al., 1996; Senkowski et al., 2008). In
Müller and colleagues' experiment, a central cue instructed participants
to attend to one of two lateralized rows of LEDs, each continuouslyflicke-
ring at a different rate, where they were to ascertain a particular target
pattern that appeared randomly every 400–700 ms. The authors
reported a gradual increase in the amplitude of the SSVEP to the

image of Fig.�4


Fig. 5.Model fit. A model-of-best-fit summing two Gaussian curves (solid line, combined above, separated below) is proposed to best fit the recorded pattern of the results (dashed
line, above). In this interpretation, the first curve represents the alpha response to the stimulus onset, the second curve would represent the movement-related component. Note
the inversion in the anti-saccade condition.

403D. Belyusar et al. / NeuroImage 65 (2013) 395–407
attended stream becoming significant around 450–600 ms after sub-
jects had made a switch from one stream to the other. These results
were interpreted to confirm those of Ward et al.'s (1996), as another
demonstration of the relatively slow pace of visual attention switching.
However, participants in this study were actually able to ascertain al-
most 50% of targets as early as 288 ms in some conditions. This demon-
stration of more rapid shifts of attention is thus compatible with the
results reported here when attention must shift prior to the saccade,
suggesting that a more rapid deployment is possible.

Specific investigations of alpha oscillatory activity during the sac-
cade tasks have likewise followed traditional covert attention task de-
signs using relatively protracted cue–target intervals. Brignani et al.
(2007), for example, also reported modulation of alpha rhythms in a
saccade task where a two-second interval occurred between the in-
structive cue and the saccade target (Brignani et al., 2007). Their re-
sults showed increased alpha synchrony for about 1 s around the
time of the stimulus, and later for about 500 ms prior to the saccade.
Although the authors did not compare the lateralized components, in-
stead averaging across leftward and rightward saccades, these results
are quite compatiblewith the data reported here in their demonstration
of increased alpha power to both cue and saccade. However, our use of a
saccade task with no delay interval, that required not only very rapid
shifts of attention, but also lateralized shifting that differed between
the pro- and anti-saccade conditions, compressed the timeframe in
which alphamodulationsmust be employed, andwas better able to dis-
tinguish the differing modulations due to cue and saccade targeting.

Previous work has attempted to force more rapid shifting of overt at-
tention through the use of the so-called “gap paradigm” in which a brief
temporal gap is added between the cue and target, thereby allowing a
brief saccade planning period. The gap paradigm is known to cause an
abundance of very fast “express” saccades with reaction times around
100 ms. Hamm et al. (2010) and Skrandies and Anagnostou (1999)
both examined alpha rhythmsduring express saccade tasks and found in-
creases in alpha power within the gap period before an express saccade
was executed, compared to normal targeting saccades(Hamm et al.,
2010; Skrandies and Anagnostou, 1999). Since the gap was only about
200 ms, both groups provide concurrent support for the suggestion that
alphamay in fact modulate attention at rapid timescales. Hamm and col-
leagueswent on to speculate that these differences in powermight be re-
lated to the phase-reset of the ongoing oscillations that occur to the onset
of the gap. Since the phase-specific effects of alpha synchrony were re-
cently reported to influence saccadic reaction times (Drewes and
VanRullen, 2011), and target detection rates (Mathewson et al., 2011),
these results highlight a potential functional mechanism through which
alpha rhythms may work.

Overt versus covert attention

For decades now, researchers have debated the relationship be-
tween overt and covert attention. One of the critical findings of Posner
and colleagues' early seminal research was that attention shifts could
precede eye movements by approximately 200 ms. By measuring reac-
tion times to detect targets either at the fovea, or at a location in the pe-
riphery, they detected faster reaction times to the attended location
before the eye movements began (Posner, 1980). They thus concluded
that “attention movements are not an inevitable consequence of eye
movements” (emphasis added) providing early evidence for the disso-
ciability of covert and overt attention (Posner et al., 1982). Conversely,
even in a task that did not require eye movements, Rizzolatti et al.
(1987) advanced the ‘pre-motor theory of attention’ in order to explain
why subjects had added difficulty in covertly monitoring both sides of
the vertical meridian (Rizzolatti et al., 1987). They proposed that covert
attentionmight actually be the preparation of an eyemovement, even if
the action did not ultimately occur.

Previous electrophysiological experiments have similarly reported
evidence for overlapping mechanisms of overt and covert attention.
Eimer et al. (2007) as well as Kelly et al. (2010) examined several
event-related potential (ERP) measures of attention, the late directing
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attention positivity (LDAP) and anterior directing attention negativity
(ADAN) during a saccade task (Eimer et al., 2007; Kelly et al., 2010).
The ADAN had previously been associated with frontal attentional
control (Nobre et al., 2000) and the LDAP, like alpha amplitude, had
been associated with anticipatory modulation preceding an upcom-
ing target (Hopf and Mangun, 2000; Simpson et al., 2006; Dale et
al., 2008). By separating the cue for an initial attention shift, from a
later Go/NoGo cue to make a saccade, Eimer and colleagues found
that the ADAN was reliably invoked whether or not the second cue
signaled the overt shift of attention. The LDAP, however, was attenu-
ated when the overt shift was required. Eimer and colleagues' results
thus suggested a shared, but distinguishable attentional mechanism
between overt and covert attention. Kelly et al. (2010) also utilized
a cued saccade task, and likewise reported differences in the ampli-
tude of the LDAP but not the ADAN depending on the occurrence of
distracters in the hemifield opposite the location of the planned sac-
cade. Notably, they also found that expectations of distracters in the
unattended hemifield correlated with differences in alpha modula-
tion, but were not dependent on the occurrence of a saccade (Kelly
et al., 2010). That is, as in the present results, alpha band suppressive
mechanisms appeared to subserve both covert and overt tasks.

Endogenous versus exogenous attention

One of the unique features of the results revealed here using the
anti-saccade task is the striking similarity of alpha power dynamics
in both the time period immediately following the cue, driven in a
bottom-up ‘exogenous’ fashion, and in the immediately following peri-
od of rapid alpha shifts reflecting the ‘endogenous’ top-down eye-
movement. It has been suggested that lower frequencies like theta
and alpha, might only be representative of ‘top-down’ processes,
while fast gamma indicates ‘bottom-up’ capture (von Stein et al.,
2000). These data seem to suggest that alpha may be fast enough to
work at an exogenous level. However, it is possible that our empha-
sis on alpha neglects interactionwith other frequencies. For instance,
Engel and Fries (2010) in a review of ~15–30 Hz beta rhythms in the
motor system, theorized that the reciprocal relationship of gamma
and beta often found in motor studies, represents a mechanism by
which the sensorimotor system can both switch between (through
brief periods of gamma), and maintain (through beta entrainment)
particular tasks (Engel and Fries, 2010). Whether the fast modula-
tion of alpha oscillations seen here should be considered a mecha-
nism of ongoing attention, or instead result from a switching or
disengagement process, will require further investigation.

One previous study that specifically investigated the modulation
of alpha power in shifting versus maintaining attention during a
task that varied the cue–target interval, found somewhat conflicting
results to those reported here (Rihs et al., 2009). The authors reported
that lateralized alpha power initially decreased contralateral, but later
increased ipsilateral to attended space as the participants maintained
lateralized attention through the longer interval, nicely confirming
the suppressive role of alpha (Worden et al., 2000). The authors ulti-
mately concluded that the initial shift did not represent an exogenous
shift to the cue, but an endogenous disengagement of attention in
order to prepare for the upcoming task. Since Rihs and colleagues
were interested in comparing the shifting versus maintaining roles
of alpha power across the delay period, they ultimately focused on
the 200 ms prior to target onset (500, or 1700 ms after cue). In our
paradigm, participants were not pre-cued in advance to either the
timing or hemifield of the impending cue, and were required to at-
tend at least partially to both sides of space. Examination of pre-cue
alpha power (not presented here) confirmed no significant lateraliza-
tion at the time of the cue. Thus, it remains possible that the results
reported by Rihs and colleagues, of anticipatory decreases to the
expected saccade targets were either not necessary, or not possible,
because of the short timescale in our task. However, the findings by
Rihs and colleagues otherwise provide complementary evidence of
an expanded role for alpha rhythms during overt attention and sug-
gest that alpha may act similarly to beta in maintaining resources
on task (Engel and Fries, 2010).

Oscillatory effects in other bands

Our method of analyzing alpha power by using the absolute value
of the Hilbert transformed 8–14 Hz filtered signal only allows us to
report on power dynamics in this range. However, alpha should not
be assumed to exist without interactions among many other ongoing
oscillations. If, as previously proposed, alpha activity results from ac-
tivity in cortico-thalamo-cortical loops (Lopes da Silva, 1991), this cir-
cuit could be altered not only by other neural circuits among similar
regions (Banerjee et al., 2011), but also other circuits, both cortical
and subcortical (Leventhal et al., 2012). A growing body of work
concerning a variety of oscillatory mechanisms across various fre-
quency bands such as 1–4 Hz ‘delta’, 4–7 Hz ‘theta’, 15–30 Hz ‘beta’
and 30–100 Hz ‘gamma’ bands, confirms that alpha is only one
constituent of a more complex oscillatory system (Fiebelkorn et al.,
2012; Schroeder and Lakatos, 2009).

For example, in addition to alpha, gamma band (>30 Hz) modula-
tions have also been reported in saccadic tasks (Nagasawa et al.,
2011; Van Der Werf et al., 2008). Van Der Werf et al. (2008) utilized
magnetoencephalography (MEG), in a memory-guided anti-saccade
task in which the position of a briefly flashed peripheral target posi-
tion had to be maintained in memory until a secondary cue initiated
the saccade onset, either to the same, or equal position in the oppo-
site hemifield. The authors found distinguishable oscillatory effects
across both alpha and gamma frequencies that modulated to the pe-
ripheral stimulus and saccade target (Van Der Werf et al., 2008).
The authors primarily reported an increase in gamma band activity
that seemed to encode impending saccade targets, which, like here,
was particularly distinguishable during the anti-saccade condition.
The authors also reported varying alpha-dynamics throughout the tri-
als but concluded that alpha decreases across contralateral sensors,
were attributable only to the stimulus, not the saccade target. Similar
to the Brignani et al.'s study (2007), however, the authors also incor-
porated a 1.5 second cue–task interval. Likewise, although they did
not report sustained alpha lateralization that may be attributable to
upcoming saccade goals, the authors did in fact report significant con-
tralateral decreases in both the period around the stimulus and just
prior to the saccade, thus also providing complimentary findings to
those reported here.

A general framework in which to understand these interactions
would suggest that the phases of rhythmic activity represent peak and
off-peak periods that perform a type of ‘gating’ that facilitates, or sup-
presses incoming activity (Gomez-Ramirez et al., 2011; Schroeder and
Lakatos, 2009). Under this view, slower rhythms (e.g. ~1–4 Hz delta)
might carry faster rhythms through periods of higher and lower rele-
vance. Lakatos et al. (2005) went even further to describe a ‘hierarchy’
of oscillations such that the phase of lower frequencies modulated am-
plitude in the next higher frequency band i.e. delta modulates theta
which in turn modulates gamma. Since overt saccadic attention shifts
produce pulsed excitatory input to the visual system at about 3–4 Hz,
it is possible that this slowdelta-band rhythmmight in turn rhythmical-
ly modulate downstream cortices through cross-frequency coupling
mechanisms (Lakatos et al., 2005).

Issues of phase

While the current study focuses on alpha power, the specific phase of
ongoing oscillations bothwithin and across trials has emerged as another
potentially informative dependent measure. In fact, a growing body of
research has correlated phase in the alpha band with reaction time
(Drewes and VanRullen, 2011) and target detection (Busch et al., 2009;
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Mathewson et al., 2009). Converging evidencehas also provided a poten-
tial cellular mechanism for how alpha phase could influence behavior.
Haegens et al. (2011a, 2011b) recorded local field potentials (LFPs) and
individual neuronal activity in somatosensory, premotor and motor cor-
tices of monkeys who were performing a tactile discrimination task. The
authors reported an inverse relationship between the alpha phase and
firing rates, such that higher firing rateswere recorded during the trough
of the alpha cycle (Haegens et al., 2011b). In turn, overall alpha decreases
were correlated with spiking increases and predicted a better discrimi-
nation performance. Similarly, Bartlett et al. (2011) recording from the
upper superior temporal sulcus inmonkeys, an area generally associated
with ventral stream object processing, detected phase concentrations
across alpha, beta and gamma bandswhen the animals fixated. The spik-
ing activity of single neurons was also modulated by the phase of all
three frequency bands (Bartlett et al., 2011). The consideration of how
the specific phase of alpha might relate to active, pulsed inhibition at a
cellular and network level (Klimesch et al., 2007) has been recently
suggested in amodel by Jensen et al. (2012) and awaits an empirical ver-
ification (Jensen et al., 2012).

Study limitations

While these results suggest a much more rapid dynamic for alpha
than previously described, it is worth considering the lower limits of
our measurements. Our use of a recursive, Butterworth filter to ex-
tract power information in this frequency, creates temporal smearing
that is an artifactual remnant of the filter itself. However, while we
cannot be confident of the millisecond precision that is typical of elec-
trophysiology, the results presented here have still revealed that re-
versal of hemispheric lateralization must occur about 257 ms after
the initial cue (i.e. the mean anti-saccade reaction time) to accommo-
date the eye movement. As seen in the distribution of reaction times
(Fig. 2), many trials actually had reaction times below this mean. Fur-
thermore, our alpha lateralizationmeasure described three hemispher-
ic lateralizations occurring in about 1 s. While oscillatory measures
have the potential to describe shifts at the level of phase (Drewes and
VanRullen, 2011), our use of the anti-saccade task has at least demon-
strated amore rapid dynamic for alpha power than had been previously
shown.

Since any interpretation must remain limited to the temporal res-
olution of the dependent measure, the methods here do not allow us
to assay whether the reported shifts of alpha power are necessary to
make an overt response. A reversal of alpha lateralization does appear
prior to the saccade onset, and certainly prior to the saccade landing
time in the anti-saccade condition. However, other interpretations
are possible. Itmight be that in the anti-saccade condition, onemust ac-
tively suppress the cuewhen it appears. As the eyes find their target op-
posite the stimulus, the suppression shifts in a retinotopic fashion over
the fixation. The relief of this suppression necessary to shift the gaze
back to fixation might thus account for the reversal seen only in the
anti-saccade. This interpretation, however, does not call into question
the pace of the alpha dynamics reported here, only their underlying
cause.

In the traditional anti-saccade paradigm, participants are asked to
identify a target position, and then invert the motor plan to produce a
movement internally calculated to reflect a mirrored position. Since the
stimulus presentation here includes target ‘holes’ in the background, it
could be argued that this is not a true anti-saccade task since one does
not need tomake such calculations. As such, the checkerboard presenta-
tion acts merely as a left–right directional cue. Although this task does
not reveal any activity presumed to be related to such a calculated con-
version, the results clearly show alpha-lateralization shifting dramatical-
ly across hemispheres in concert with presumed shifts of attention from
cue presentation side, to the side of saccade targeting aswould be neces-
sary to perform the anti-saccade. Further research might attempt to bet-
ter clarify the retinotopic extension of the target (e.g. 10 DVA versus
20 DVA) with the degree of alpha lateralization to disentangle hemifield
from true retinotopic shifts.

In addition to increased target discrimination, anticipatory alpha
has at times also been correlated with reaction times e.g. (Haegens
S, BF Handel, et al., 2011; Premereur et al., 2012). Our data, however,
revealed no such relationship. This could be for one of several rea-
sons: 1) as with many papers describing behavioral effects related
to alpha, the above-mentioned articles included a cue–target interval
in which anticipatory alpha is modulated. However in our paradigm,
saccadic reaction time is already so short (averaging around 250 ms,
and often shorter), that variation within this range may not have
been detectable; 2) despite the long-tailed distribution, the majority
of saccadic reaction times fall within a relatively narrow range; 3) there
is little variability in pre-cue alpha shifts as participants seemed to follow
instructions and attend equally to both hemifields; and 4) in this para-
digm, alpha must shift within only a cycle or two, and we do not have
the temporal resolution to differentiate this, even when considered as a
function of the slowest versus the fastest quartiles.
Conclusions

The data presented here suggest that rapidly shifting alpha power
is a shared neural mechanism during both covert and overt attention
tasks. These results not only expand the conception of an active role
of 8–14 Hz alpha rhythms to overt attention tasks, but they also sug-
gest a more rapid timescale for the deployment of spatial attention by
capitalizing on the very rapid shifts of attention across hemifields
necessary in the anti-saccade task.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.neuroimage.2012.09.061.
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