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Abstract
Attending to a task-relevant location changes how neural activity oscillates in the alpha

band (8–13Hz) in posterior visual cortical areas. However, a clear understanding of the rela-

tionships between top-down attention, changes in alpha oscillations in visual cortex, and

attention performance are still poorly understood. Here, we tested the degree to which the

posterior alpha power tracked the locus of attention, the distribution of attention, and how

well the topography of alpha could predict the locus of attention. We recorded magnetoen-

cephalographic (MEG) data while subjects performed an attention demanding visual dis-

crimination task that dissociated the direction of attention from the direction of a saccade to

indicate choice. On some trials, an endogenous cue predicted the target’s location, while on

others it contained no spatial information. When the target’s location was cued, alpha power

decreased in sensors over occipital cortex contralateral to the attended visual field. When

the cue did not predict the target’s location, alpha power again decreased in sensors over

occipital cortex, but bilaterally, and increased in sensors over frontal cortex. Thus, the distri-

bution and the topography of alpha reliably indicated the locus of covert attention. Together,

these results suggest that alpha synchronization reflects changes in the excitability of popu-

lations of neurons whose receptive fields match the locus of attention. This is consistent

with the hypothesis that alpha oscillations reflect the neural mechanisms by which top-down

control of attention biases information processing and modulate the activity of neurons in

visual cortex.

Introduction
Spatial attention selects subsets of locations in cluttered environments that contain information
relevant to the current or near-future goals. Attending to a particular location causes changes
in neural activity across a number of brain regions. Previously, our functional magnetic reso-
nance imaging (fMRI) studies showed that neural activity in portions of prefrontal cortex
(PFC) and the posterior parietal cortex (PPC) persists during the maintenance of spatial
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attention and that activity is greater in the hemisphere contralateral to the attended hemifield
[1]. In the context of similar data from both monkey electrophysiology and human neuroimag-
ing studies, these results support the theory that neural population activity in PFC and PPC
forms spatial maps of attentional priority [2–7].

The read-out of these priority maps may form the basis for biasing activity in visual cortex
in favor of neurons whose receptive fields match the prioritized locations. Indeed, neural activ-
ity is enhanced in visual neurons when the locus of attention matches a neuron’s receptive field
[8–12]. The influential biased competition model states that since neural representation in
visual cortex is competitive, attention is needed to resolve the competition in favor of attended
information [13]. When multiple stimuli are presented within a neuron’s receptive field, they
appear to compete in a mutually suppressive manner [14–16]. In visual cortical areas, neural
activity reflects this suppression and is diminished. Importantly, simply attending to one of the
items releases the suppression and neural activity returns to levels similar to when the stimulus
was presented alone [14, 15, 17, 18]. The read-out of priority maps by visual cortex may be the
mechanism by which attention biases activity in favor of the neurons whose receptive fields
contain the attended stimulus.

Recently, studies of humans using electroencephalograpy (EEG) and MEG have investigated
how synchronous activity of populations of occipital and parietal neurons change with atten-
tion. In general, alpha (8–13Hz) power decreases over posterior sensors during the deployment
of attention [19–25]. Specifically, attention to a particular location results in a decrease in alpha
power in the hemisphere contralateral to the attended visual field [22–25], and an increase in
power contralateral to the ignored visual field [26–28]. These results suggest that alpha oscilla-
tions might reflect the neural mechanisms by which top-down attention signals sculpt the
activity gain of neurons in visual cortex. That is, a power decrease may indicate that different
groups of neurons oscillate asynchronously from each other as a result of specialized stimulus
processing. Consistent with this idea, alpha power decrease is correlated with enhanced target
detection [20, 22, 25, 26, 29]. In addition to the performance enhancement, posterior alpha
power decrease correlates with the amplitudes of N1, P1 or P2, early sensory event-related
components [20, 30]. Such spatial selectivity of alpha oscillations was also observed in the
somatosensory domain [31] where subjects expected a delivery of tactile stimulation via a
visual cue.

In the present study, we tested the degree to which the posterior alpha power tracked the
locus of attention and the distribution of attention. We recorded MEG while subjects per-
formed an attention-demanding target detection task. We used two types of endogenous cues
to manipulate the focus of attention: a predictive cue that indicated the target with 100% spatial
certainty and a neutral cue that provided no information about the location of the target. Trial
types were intermixed. Based on this manipulation, we tested specific predictions. First, a cue
with predictive validity would result in focused attention directed at a single specific location in
the visual field. The certainty of the target location will facilitate spatially selective visual pro-
cessing and reduce competitive neural interactions. Therefore, we predicted decreased alpha
power in the sensors in the hemisphere contralateral to the cued visual field. Second, a neutral
cue provided only temporal information without spatial information about the target. Thus,
spatial attention would be distributed among potential and competing target locations. We
expected the effect of a spatially selective top-down attention to be smaller in uninformative
compared to informative cue trials, which would result in smaller decrease in posterior pre-
target alpha. Lastly, we tested whether alpha power increases in the hemisphere contralateral to
the unattended visual field, as it is thought that such changes might be related to active sup-
pression of potentially distracting stimuli. These predictions were designed to test the link
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between top-down attention and its effects on posterior sensory regions that underlies
enhanced target processing at an attended location.

Materials and Methods

Subjects
We recruited 16 subjects (5 female, all right-handed, 22–42 years old) that each received com-
pensation for participation. All reported normal or corrected-to-normal vision, and no history
of neurological disorders. Subjects came in for a 1-hour practice session prior to the MEG
experiment. Subjects gave written informed consent, and the human subjects Institutional
Review Board at New York University approved all procedures.

Behavioral Procedure
All stimuli were controlled with MGL (http://justingardner.net/mgl), and projected (InFocus
LP425) into the magnetically shielded room (Vacuumschmelze, Hanau, Germany) onto a
screen placed 38 cm away from subjects. Trial schematics are illustrated in Fig 1A. Subjects fix-
ated a small white dot in the center of the screen for 800ms at the beginning of the trial. A cue
(300 ms) and a 1000 ms delay followed, after which two white circles, one on each visual field
(6 degrees of visual angle from fixation point), appeared on the horizontal meridian for 100
ms. Subjects were instructed to determine whether the small gap in one of the circles was on
the top or bottom (i.e. the target was a Landolt ring). If the gap was at the top portion of a
Landolt ring, the correct response was a saccade to the target located at the top visual field
along the vertical meridian (6 degrees) within 750 ms. On the other hand, if the gap was at the
bottom of the Landolt ring, subjects were instructed to make a saccade to the bottom visual
field. This procedure allowed us to disassociate motor planning processes associated with the
direction of the saccade from the location of the targets attended. Two to 2.5 sec of intertrial
interval (ITI) followed and a new trial began. There were two cue types: one that predicted the
target’s location (“valid” cues; 71.5% of trials) and one that was uninformative about the tar-
get’s location (“neutral” cues; 28.5%). The valid cue was a white bar (0.5 degrees of visual
angle) pointing either left or right from the fixation dot, with 100% validity. Subjects were told
explicitly of the validity of the cue before the data collection, and therefore were encouraged to
pay attention to the cued visual field. The neutral cue was the same white bar, pointing to both
visual fields (1 degree, centered at fixation, Fig 1B). Twenty percent of the valid cue trial was
with short delays (random between 250 ~ 550 ms). These trials were included in order to
encourage subjects to shift attention as fast as possible, and to add jitter to the delay length.
Because of the small number of trials and the contamination due to the onset/offset of the cue,
these trials were excluded from analysis. Cue and trial types, as well as the location of the gap
(top/bottom) were randomized. Subject performance was monitored throughout the experi-
ment, and the gap size was adjusted to maintain an overall high performance (85% accuracy).
Subjects performed 10 blocks, each of which consisted of 56 trials and lasted about 5 min.

MEG recording and preprocessing
A 157-channel axial gradiometer MEG system (Kanazawa Institute of Technology, Kanazawa,
Japan) was used to collect data with a sampling frequency of 500 Hz. Head position locator
coils were used to localize the head location in the MEG. MEG data were first noise-reduced in
the MEG160 (Yokogawa Electric Corporation and Eagle Technology Corporation, Tokyo,
Japan), using the continuously adjusted least-squares method [32]. We analyzed MEG sensor
data using Fieldtrip (http://fieldtrip.fcdonders.nl/). Data was first high-pass filtered at 1Hz, and
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then segmented into epochs between 2000ms before and 2000ms after the onset of the delay
period. Independent component analysis (ICA) was performed on the epoched data, and eye
blink component was identified and removed from the data. Epochs were excluded from fur-
ther analysis if the spike artifacts were detected visually, or the variance of sensor activity was
above 2SD away from the mean within an epoch.

MEG Time-frequency analysis
MEG data were converted into planar gradients. Axial gradients represent each source with a
bipolar magnetic field flux pattern associated with its neural current. A cluster-based nonpara-
metric permutation test (see below) performed on this bipolar distribution would result in two
clusters associated with one neural source. Planar gradients, on the other hand, express the
power of a source that lies beneath as a single peak [33]. A permutation test would localize a
single cluster around the peak of activation, thus making the interpretation of data more
straightforward and meaningful. In order to perform this conversion, we first obtained the esti-
mates of the horizontal and vertical planar gradients at each sensor, based on the signals from
neighboring sensors [33] before time-frequency analysis. For our the time-frequency analysis

Fig 1. Trial schematic and behavioral results. a). Events during a valid trial. Subjects were cued to one visual field with an endogenous cue (100%
validity). Subjects detected whether the target (Landolt ring) had a gap on the top or bottom, and made an eye movement to the corresponding placeholder.
b). Trial and response types. Center cue informed which visual field would contain the target. A cue in Neutral trial pointed to the both visual fields, containing
no directional information. c). Accuracy for each subject and mean. d). Saccade RT for each subject and mean. Error bars represent standard error.

doi:10.1371/journal.pone.0154796.g001
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in Fig 2, we used a multitaper approach with a sliding time window with the width of 5 cycles/
frequency, at a step size of 50ms, and a spectral smoothing of ±.5 Hz around each frequency of
interest (1, 1.5, . . .29.5, 30Hz) to estimate the time-course in power separately for horizontal
and vertical component of signal for each sensor. Horizontal and vertical planar gradients were
combined after the spectral analysis. For each subject, we averaged spectral power for each
attention condition separately. In order to estimate the spatial selectivity of power changes, we
then calculated an Attention Modulation Index (AMI) at each sensor as follows: AMI = (attend
Left vs. attend Right)/(attend Left + attend Right). AMI is an index of spatial selectivity at each
sensor. A positive AMI would result from higher power in the attend Left than the attend Right
condition. On the other hand, a negative AMI would result from higher power in the attend
Right than the attend Left condition. Additionally, in order to estimate the amplitude of power
changes we normalized power with respect to the baseline fixation period at each sensor as fol-
lows: (attention delay–baseline)/(attention delay + baseline). This is a similar procedure to
obtaining BOLD percent signal change from baseline in our previous MRI studies [4, 34, 35].
We performed this calculation for each trial type (attend Left/Right and Neutral).

Based on our a priori hypothesis, which focused on posterior alpha, we selected a subset of
posterior sensors from the left and right hemisphere separately for further analysis (Fig 2B).
This procedure was purely based on the sensor location, and thus, the most unbiased and con-
servative method to select sensors. We selected all posterior sensors to the left and right of mid-
line. AMI was averaged across subjects, and averaged across these selected posterior sensors, to
produce time-frequency representations (TFRs, Fig 2A).

Statistical test in topography
We used a nonparametric randomization test [36] to statistically test the difference between
conditions (Fig 2A, middle) and between attention delay and the baseline (Fig 3A). This proce-
dure controls for type I error by calculating the cluster-level statistics by randomizing trial
labels on each iteration. First, in order to compare between attention conditions (attend Left vs.
attend Right), AMI were averaged over the time (500–1000 ms of delay) at an alpha frequency
that we definded as 10Hz, and t-statistics were obtained at each sensor comparing the AMI
against 0. On each iteration, clusters of sensors below an alpha of 0.05 were identified, and

Fig 2. Attend Left vs. attend Right contrast. a). Topography of t-statistics obtained from AMI against 0 (middle). Left side of the topography corresponds to
the left hemisphere throughout this article. Significantly modulated sensors are marked with symbols. TFR of AMI averaged across the posterior left sensors
(left panel) and right sensors (Right panel). Warm color indicates higher alpha power in attend Left than attend Right conditions, and cool color indicates
opposite pattern. b). Selected posterior sensors (20 sensors/hemisphere). These sensors were selected based solely on their locations.

doi:10.1371/journal.pone.0154796.g002
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their t-values were summed. The largest sum of t-values was used as a t-statistic. This proce-
dure was repeated 500 times to create the null distribution. The p value was estimated accord-
ing to the proportion of the null distribution exceeding the observed cluster-level test statistic.
In the case of a contrast between attention delay (for example, attend Left) and the baseline, we
calculated a similar index as AMI and used it in the nonparametric randomization test. That is,
for each subject, we first averaged power spectrum for attend Left condition. Then we calcu-
lated the average power across time (-800 to -300 sec for baseline, and 500 to 1000 ms sec for
attend Left delay; see Fig 1A for trial timing) at an alpha frequency that we defined as 10Hz.
These values were used to calculate the index such as (attend Left—baseline)/(attend Left +
baseline). This index was compared against 0 to obtain t-statistics at each sensor during the
nonparametric randomization test as described. Same procedure was repeated for the attend
Right and Neutral conditions.

Eye movement recording and analysis
Eye movements were recorded at 1kHz throughout the experiment using an MEG compatible
fiber optic EyeLink 2K (Ontario, Canada). Subjects were told to refrain from blinking and
unnecessary eye movements during the trial until ITI. The vertical component of eye move-
ment was transformed to degrees of visual angle, calibrated using a third-order polynomial
algorithm that fit eye positions to the fixation and saccade target positions, and scored offline
with in-house software. Any trials with unwanted/incorrect saccades (e.g. primary saccade to
wrong directions, breaking fixation during the delay), and trials with no response were dis-
carded from further analysis. Only trials in which the primary saccade landed on the correct
target were further analyzed. Saccadic response times were estimated with semiautomatic rou-
tines that relied on the velocity of the eye reaching 30°/s to determine the onset of saccades.
The data were also inspected visually, trial by trial, and any over/underestimation of saccade
initiation point was corrected manually. During the post-experimental interview, it was
revealed that one subject misunderstood the timing of the response and waited until the
response period was over to respond. Since this subject’s accuracy was not different from oth-
ers, we included this subject in the accuracy analysis and topography display. Due to technical
problem, we were not able to determine saccade onset time (reaction time: RT) for one of the
subject. For this subject, saccade endpoints were used for accuracy calculation.

Fig 3. Pre-target alpha during the delay period (500 to 1000ms) relative to baseline period (-800 to
-300ms). Topographies of t-statistics obtained from delay vs. baseline contrast. Warmer and cooler color
indicates sensors with increased and decreased alpha power during the delay compared to baseline,
respectively, with significant sensors marked with symbols

doi:10.1371/journal.pone.0154796.g003
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Results

Behavioral performance
Accuracy and response times are shown in Fig 1B and 1C, respectively. Subjects performed with
high accuracy that was near the predetermined threshold (M = 87.53%, SD = 5.32). Consistent
with past studies of endogenous guidance of attention, compared to the neutral condition with
high uncertainty (M = 85.78%, SD = 5.86), subjects performed significantly better when the target
was cued and they attended Left (M = 88.48%, SD = 4.95, paired-t(15) = 3.37, p< .005) or
attended Right (M = 88.32%, SD = 5.02, paired-t(15) = 2.44, p< .03). There was no significant
difference between attend Left and attend Right conditions (paired-t(15) = .15, p> .05). After
removing 2 subjects’ data (see Methods), an analysis of RTs also showed that performance was
enhanced by the spatial certainty of the valid cue. Compared to uninformative neutral cue
(M = 480.51ms, SD = 42.53), RT was significantly faster in attend Left (M = 449.84ms,
SD = 41.62, paired-t(13) = -8.89, p< .001) and in attend Right (M = 453.41ms, SD = 39.11,
paired-t(14) = -7.09, p< .001). As with accuracy, there was no significant difference in RT
between attend Left and attend Right (paired-t(14) = -1.16, p> .05). Our behavioral results con-
firm our manipulation of attention with our cueing paradigm and provide basis for the interpre-
tation of our MEG data in terms of the top-down influence on task-relevant visual processing.

Pre-target alpha power
Our primary aim was to examine how spatial attention affects alpha oscillations in visual cor-
tex. Thus, we first ensured that our task-manipulation had significant effects on alpha band
power during the attention maintenance period. In the middle panel of Fig 2A, we plot the
effects that attention has on the topographic pattern of alpha band activity during the mainte-
nance delay by computing t-statistics comparing AMI to zero. In the side panels of Fig 2A, we
plot TFRs of the AMI averaged across the selected posterior sensors over the left and right
hemispheres separately (Fig 2B). From these data, it is clear that alpha power changes accord-
ing to the direction of attention, especially in the posterior sensors over visual cortex. In the left
sensors, alpha power decreases when attention is directed into the right visual field compared
to the left. Similarly, in the right sensors, alpha power decreases when attention is directed into
the left visual field compared to the right. Relative changes in power are largely confined to the
alpha band and are limited to and persist throughout the temporal epoch in which attention is
being maintained in the periphery.

The spatiotopographic map of alpha power changes suggests that alpha power both
decreases in the hemisphere contralateral to the attended visual field and increases in the hemi-
sphere ipsilateral to the attended visual field (Fig 2A). Of course, such a lateralization could
results from contralateral power decrease, ipsilateral power increase, or from a combination of
both. In order to clarify the direction of the effect, we contrasted pre-target alpha power with
that from baseline fixation period. When attention was deployed to the left or right, alpha
power decreased in posterior sensors contralateral to the attended hemifield (Fig 3; p< .05,
corrected). However, we did not find that alpha power increased in posterior sensors ipsilateral
to the direction of attention. Therefore, attention causes mainly a desynchronization of contral-
ateralized alpha oscillations over visual cortex. In the Neutral condition, where we found a
decreased alpha power in the posterior sensors bilaterally and an increased alpha power in the
anterior sensors bilaterally, (Fig 3; p< .05, corrected). The increase in anterior alpha may
reflect the increased attention demands in the Neutral relative to the valid cue conditions.

Our hypothesis was that top-down spatial attention control affects neural synchrony in the
posterior visual areas where task-relevant information was processed. Therefore, we tested the
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degree to which alpha power is modulated in a retinotopically specific manner. For each trial
type (attend Left/Right and Neutral), we estimated the change in alpha power during the atten-
tion delay relative to the baseline period. A repeated measure ANOVA showed the predicted
significant interaction between alpha power in the hemisphere (Left/Right sensor groups) and
the attended visual field (Left/Right/Neutral), F(2,14) = 11.29, p< .001. Not surprisingly, the
main effects of hemisphere, F(1,15) = 3.08, p = .07, and attention, F(2,14) = 0.86, p = .43, were
not significant. To unpack the significant interaction, we combined the data from the two
hemispheres as a function of the direction of attention. For each subject, we estimated the
mean alpha power change from the pretrial baseline in the sensors contralateral to the attended
visual field, ipsilateral to the attended visual field, and bilateral in the neutral condition when
attention was directed to both visual fields. An ANOVA indicated that there was a significant
linear effect of attention on the distribution of alpha power, F(1,15) = 18.26, p< .001 (a qua-
dratic test was not significant, p = .44.) Follow-up contrasts revealed that alpha decreased sig-
nificantly compared to baseline in sensors bilaterally when attention is distributed in the
neutral condition (t(15) = -2.49, p< .03) and in the sensors contralateral to the attended visual
field (t(15) = -5.31, p< .001). Although alpha did not significantly differ from baseline in sen-
sors ipsilateral to the attended visual field (t(15) = -1.37, p -.19), it clearly did not increase (Fig
4A). Notably, the informativeness of the cue had a significant effect on the magnitude of alpha
power decrease. When the cue indicated the visual field of the upcoming target, alpha power
decreased more in the contralateral hemisphere than in the neutral condition where attention
was presumably spread across the two visual fields (p< .04, corrected; Fig 4A).

Fig 4. Effects of focused and distributed attention on posterior alpha. a). Mean power change during the attention
delay from baseline was computed for posterior sensors ipsilateral or contralateral to the cued visual field (left and right
bars), and separately for bilateral sensors following the uninformative cue (middle bar) when attention is presumably
distributed across both visual fields. Error bars represent sem. The * symbol indicates a significant difference in alpha
power change between the conditions, while the † symbol indicates that the alpha power change was different from
the pretrial baseline. b). Scatter plot showing alpha power change from baseline for each trial type, where x and y-axes
represent averaged power change extracted from the left and right posterior sensor groups. Each dot represents one
subject. Note how the blue and red dots mostly lie above and below, respectively, the unity line highlighting the
lateralization of alpha power changes.

doi:10.1371/journal.pone.0154796.g004
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Across subjects, there was substantial variability in the changes in alpha power (Fig 4B). In
all conditions, there was a significant correlation between the modulation of alpha power in the
left and right sensors (all r’s> .70, all p’s< .003; df = 14). With attention, the majority of sub-
jects showed a decrease in power in both sensor groups (bottom-left quadrant), and only a few
showed an increase in power in both sensor groups (top-right quadrant). Furthermore, in the
attend Right condition, none of the subjects showed an increase in power in both sensor
groups, but all of the subjects showed a decrease in power in the posterior left sensors. In addi-
tion, 60% of the subjects showed an increase in power in the posterior right sensors (top-left
quadrant). Overall, alpha power decreased in a graded fashion with the sensors contralateral to
the attended visual field resulting in the largest power decrease. This decreased may be reflect-
ing the amount of attentional resources allocated in each visual field. Moreover, we did not
find that alpha power increases in the hemisphere ipsilateral to the direction of attention.

Discussion
The present study aimed to measure the effects of spatially specific top-down attention on neu-
ral activity in visual cortical areas. We used an endogenous cueing task in which subjects
covertly attended the location of the upcoming target to facilitate discrimination of the orienta-
tion of a gap in a Landolt ring. Importantly, subjects indicated the orientation of the gap by
making a saccade upwards or downwards, directions that were orthogonal to the direction of
attention. This allowed us to dissociate the direction of covert attention from the direction of
the motor command to indicate choice. We observed relative decreases in alpha power in sen-
sors over posterior cortex contralateral to the attended visual field. To better understand the
effect of top-down attention control, we included a Neutral condition, where the endogenous
cue was not informative about the target’s location. When attention was distributed across
both visual fields, we observed an alpha power decrease bilaterally in posterior sensors. We will
discuss the possible role of alpha oscillations in attention in the context of the following main
findings of the current study. First, alpha oscillations desynchronized in the hemisphere of the
occipital lobe that was contralateral to the attended visual field. Second, varying the spatial cer-
tainty with which attention could be directed affected the topography of alpha power in sensors
over occipital cortex. Lastly, we find that alpha power did not increase in the hemifield contra-
lateral to the unattended visual field; if anything it decreased.

Alpha desynchronization contralateral to the attended hemifield
When attention was deployed to one of the lateralized targets, alpha power systematically
changed in MEG sensors over occipital cortex. Notably, these changes occurred prior to the
onset of potential target stimuli. They began shortly after the onset of the endogenous cue that
was used to select the location to attend. Moreover, they persisted as long as attention was
covertly maintained. These changes in synchronous neural activity were not visually evoked,
but rather reflect the deployment and maintenance of attention. Moreover, the changes in
alpha power were lateralized in the brain with respect to the direction of attention. Alpha oscil-
lations desynchronized in the hemisphere of the occipital lobe that was contralateral to the
attended visual field. Although spatial source localization is imprecise with MEG, our changes
in alpha power over the contralateral visual cortex are consistent with numerous fMRI studies
that have demonstrated that attention causes widespread lateralized changes in occipital and
posterior temporal areas [6, 18, 37–40], as well as critical roles in object perception [34, 41–46].
Moreover, our results are inline with human fMRI studies that show increased activation in
extrastriate visual areas when subjects expect the delivery of the visual stimuli, even with
absence of visual stimuli [47–51].
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Like in the present study, other studies have found that alpha power decreases in the hemi-
sphere contralateral to the attended visual field, the location of working memory representa-
tion, and the location toward which a motor response is planned [23, 31, 52, 53]. Decreased
power at the sensor level reflects large-scale desynchronization of oscillatory rhythms among
the underlying populations of neurons. Increased activity in local neuronal networks associated
with the encoding of visual information into a neural representation may desynchronize the
population activity [54]. In the present study, we found alpha desychronization during the
maintenance of attention prior to the target’s appearance. Therefore, we propose that spatially
specific top-down signals, in the absence of retinal input, were sufficient to disrupt synchro-
nous alpha band activity in visual cortex. Presumably, attention increased the excitability of
neurons with receptive fields that matched the locus of attention [8, 10–12, 55–57].

In the current study, the changes in the lateralization of alpha power with respect to the
direction of attention were driven mainly by decreases in the hemisphere contralateral to the
attended hemifield, and not by increases in the hemisphere contralateral to the nonattended
hemifield noted in other studies [26, 28, 29, 53, 58, 59]. In these studies, increased alpha power
reflects inhibition of non-attended or irrelevant information. The authors of these studies
argue that synchronous neural activity in the alpha range relates to a gating mechanism that
limits computational resources from being directed towards task-irrelevant regions (i.e. unat-
tended hemifield) [26, 60, 61]. We suspect that task differences may underlie the lack of
increased alpha power in the ipsilateral hemisphere. Alpha power increase is often observed in
tasks where there are competing stimuli that need to be actively suppressed, such as visual sti-
muli in the other visual field [26, 28, 62], competing modality[61], competing sites of stimulus
delivery [59, 63], or even differently during the shift and maintenance of spatial attention [64].
Under the current task design where the endogenous cue was 100% valid and there were only
stationary placeholders during the delay period, the best strategy was to allocate resource to the
cued visual field undividedly. Critically, the need to inhibit processing in the non-attended
hemifield was very low given that nothing but the placeholders were visible during the atten-
tion delay. Additionally, covert attention was needed in order to detect the orientation of the
gap in the Landolt ring. Even if the stimulus was visible or subjects anticipated its appearance
[48], the non-attended ring would not compete with the discrimination since it has no gap that
might lead to an alternative response. We believe this factor not only explains why we did not
observe alpha power increases ipsilaterally, but also helps clarify the boundary conditions
within which alpha increases related to inhibition may exist.

Interestingly, we noted a few asymmetries in how spatially-directed attention modulated
alpha in the two posterior cortical hemispheres. The direction of attention had an overall larger
effect on the changes in alpha power in the sensors over the left compared to right hemisphere.
Decreases in alpha power were larger in the left compared to right hemisphere when attention
was directed into the contralateral visual field. In the right compared to the left hemisphere,
alpha desynchronization was not as lateralized as a function of the attended visual field. Simi-
larly, attending to the right evoked a strongly lateralized pattern of decreases in alpha in the left
hemisphere and increases in alpha in the right hemisphere. Attending to the left evoked a
weakly lateralized change in alpha power. Finally, on an individual basis more subjects showed
a relative increase in alpha power in the right than left cortex. Haegens et al (2011) reported a
similar asymmetry. They reported a disproportionally larger alpha decrease in sensors over the
left compared to right sensorimotor cortex when subjects expected the delivery of a tactile stim-
ulus to the contralateral hand. However, in Haegens et al, subjects made button press responses
with their right hand, and therefore motor preparatory processes may have influenced those
results. In the present study, subjects made eye-movements up or down, saccades that were
orthogonal to the left/right direction of the attended targets. Thus, the hemispheric
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asymmetries reported in Haegens et al and the present study are unlikely to stem from motor
preparatory processes and are not specific to any one motor modality. It is tempting to con-
clude that the asymmetries that we noted are related to the right hemisphere dominance model
of attention. This model attempts to explain why hemineglect is much more frequent after
damage to the right compared to the left parietal cortex [65–67]. Indeed, the less lateralized
changes in alpha power in the right hemisphere is consistent, at least, with the model’s asser-
tion that the right hemisphere may play important roles in attention across both hemifields.
An alternative to this theory, the Interhemispheric competition theory [68], posits that a
mutual inhibition between hemispheres is fundamental to the control of spatial attention and
the disruption of this balance between the hemispheres, following damage to the dorsal atten-
tion network, results in hemineglect [65, 69–72]. Indeed, recent work has shown that fMRI
activity is largely contralaterally biased by the direction of attention regardless of the hemi-
sphere [73]. Moreover, the degree of neural bias predicts individual differences in the degree to
which spatial attention is naturally biased behaviorally and this bias can be altered by perturba-
tions to retinotopic areas in the dorsal attention network [74]. Yet, we are still faced with trying
to answer the question of why hemineglect is much more frequent after damage to the right
hemisphere.

Topography of alpha power modulated by the distribution of attention
In trials in which the cue was informative, attention could be focused on the target’s forthcom-
ing location with 100% certainty. In other trials the cue was not informative about the target’s
location and attention must be spread or distributed among the potential targets in each hemi-
field. As described above, when attention was focused alpha power decreased in MEG sensors
over the occipital hemisphere contralateral to the attended hemifield. In contrast, when atten-
tion was distributed broadly across the visual field, the distribution of decreased alpha power
over the visual cortex was concomitantly broad across both hemispheres. Previous studies have
also found changes in the distribution of posterior alpha decreases with attention variables [20,
31]. Similar to the present study, Gould et al (2011) cued subjects endogenously to one visual
field each trial to perform a target discrimination task. They found a significant linear decrease
in posterior alpha power contralateral to the attended visual field as a function of the predictive
validity of the cue. Similarly, Haegens et al (2011) visually cued subjects to expect a delivery of
a tactile stimulation with the varied cue validity. They reported a significant linear effect on
alpha lateralization based on the cue validity, which was mainly driven by a decrease in power
in sensors contralateral to the cued side. These studies and our results strongly suggest the role
of anticipatory alpha band neural synchronization in shaping underlying neuronal groups’
excitability. Furthermore, the fact that Haegens et al (2011) found a lateralization in sensor
groups over somatosensory cortex, though subjects were cued visually, indicates that the neural
changes indexed by alpha power can be directed by top-down mechanisms to behaviorally rele-
vant sensory processing areas.

Frontal alpha increases during spatially ambiguous trials
In addition to the bilateral decrease in posterior alpha, when the location of target was uncer-
tain we observed increases in alpha power in MEG sensors over frontal cortex. Indeed, other
studies have reported increased alpha power during the deployment of attention that localized
to the prefrontal cortex [75, 76]. Additionally, fMRI studies have repeatedly shown that the
activity of prefrontal cortex increases during the deployment of spatial attention [1, 4, 47, 48,
77–80]
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Does alpha power in posterior cortical areas reflect different neural mechanisms than those
in the prefrontal cortex? As described above, in the posterior cortex alpha power decreases are
thought to index the desynchronization of neural activity due to stimulus specific neural pro-
cessing, while increases are thought to reflect spatially specific inhibitory processes. It is
unlikely that the increases in alpha that others and we have observed in prefrontal cortex reflect
inhibition of local neural activity. Indeed, human EEG and MEG studies typically show that
alpha power increases in the prefrontal cortex when task demands are increased, such as when
working memory load increases [81–84] or when stimulus-response mapping is made more
difficult [85]. In the context of the current study, attentional demands are greater when the cue
is not predictive compared to when it is predictive of the target location. They are greater
because the subject must monitor two locations for the potential target, which raises two
intriguing possibilities. First, attention might be distributed equally to the potential target loca-
tions at the same time. Behavioral [86, 87] and neuroimaging [88, 89] studies support the idea
that attention can be split into multiple “spotlights” or foci. In this framework, our subjects
may have needed to split their attention between the two potential target locations. Such a dis-
tribution of attention places greater demands on attentional resources much like maintaining
more than one item in mind places greater demands on working memory resources. Alterna-
tively, a single focus of attention shifts back and forth between potential target locations rap-
idly. A recent behavioral study showed that when the target locations spread across both visual
fields, the visual system samples both locations at theta rhythm [90]. Either of these mecha-
nisms places greater demands on the neural mechanisms that control the allocation of atten-
tion and could account for the increases in alpha power. Unfortunately, the current study was
not designed to test between these alternatives and we do not have evidence to support either
of these possibilities. However, a behavioral study designed to dissociate these two hypotheses
found that the periodic sampling model accounted for attention performance more reliably,
even when there was only one target present [91].

Conclusion
Spatial attention selects locations that contain goal-related information from among compet-
ing information in our cluttered visual world. As a result, our visual abilities are enhanced
and the synchronous activities of neurons in the visual cortex change as a function of the
locus of attention. These neural changes reflect the effects that attention have on neurons in
the visual cortex, which are presumably caused by top-down attention controlling signals
emanating from the frontal and parietal cortices. Here, we show that these attention signals
sculpt the spatial topography of synchronous activity in the alpha band (8–13Hz) across the
posterior visual cortex. Desynchronization of alpha activity in the hemisphere contralateral
to the attended hemifield was a reliable predictor of the direction of attention and the spread
of attention. Our findings provide evidence that the deployment of spatial attention leads to
a change in the oscillatory patterns in the neurons of the sensory cortex. The desynchroniza-
tion of populations of neurons may be caused by target-specific activity associated with the
processing of visual information within the locus of attention. Therefore, alpha synchroniza-
tion may reflect inhibitory mechanisms that suppress processing in irrelevant or unattended
portions of the visual field.

Acknowledgments
We thank the KIT/NYUMEG Joint Research Lab, NYU’s Center for Brain Imaging, and Jeff
Walker for help with data collection.

Lateralization in Alpha-Band Oscillations Predicts the Locus and Spatial Distribution of Attention

PLOS ONE | DOI:10.1371/journal.pone.0154796 May 4, 2016 12 / 17



Author Contributions
Conceived and designed the experiments: AI CEC. Performed the experiments: AI SD. Ana-
lyzed the data: AI SD CEC. Contributed reagents/materials/analysis tools: AI SD CEC. Wrote
the paper: AI SD CEC.

References
1. Jerde TA, Merriam EP, Riggall AC, Hedges JH, Curtis CE. Prioritized maps of space in human fronto-

parietal cortex. J Neurosci. 2012; 32(48):17382–90. Epub 2012/12/01. doi: 10.1523/JNEUROSCI.
3810-12.2012 PMID: 23197729; PubMed Central PMCID: PMC3544526.

2. Bisley JW, Goldberg ME. Attention, intention, and priority in the parietal lobe. Annu Rev Neurosci.
2010; 33:1–21. Epub 2010/03/03. doi: 10.1146/annurev-neuro-060909-152823 PMID: 20192813.

3. Fecteau JH, Munoz DP. Salience, relevance, and firing: a priority map for target selection. Trends Cogn
Sci. 2006; 10(8):382–90. Epub 2006/07/18. S1364-6613(06)00161-6 [pii] doi: 10.1016/j.tics.2006.06.
011 PMID: 16843702.

4. Ikkai A, Curtis CE. Cortical activity time locked to the shift and maintenance of spatial attention. Cereb
Cortex. 2008; 18(6):1384–94. Epub 2007/10/09. bhm171 [pii] doi: 10.1093/cercor/bhm171 PMID:
17921456.

5. Ikkai A, Curtis CE. Common neural mechanisms supporting spatial working memory, attention and
motor intention. Neuropsychologia. 2011; 49(6):1428–34. doi: 10.1016/j.neuropsychologia.2010.12.
020 PMID: 21182852; PubMed Central PMCID: PMCPMC3081523.

6. Serences JT, Yantis S. Spatially selective representations of voluntary and stimulus-driven attentional
priority in human occipital, parietal, and frontal cortex. Cereb Cortex. 2007; 17(2):284–93. Epub 2006/
03/04. bhj146 [pii] doi: 10.1093/cercor/bhj146 PMID: 16514108.

7. Thompson KG, Bichot NP. A visual salience map in the primate frontal eye field. Prog Brain Res. 2005;
147:251–62. Epub 2004/12/08. S0079612304470198 [pii] doi: 10.1016/S0079-6123(04)47019-8
PMID: 15581711.

8. Reynolds JH, Pasternak T, Desimone R. Attention increases sensitivity of V4 neurons. Neuron. 2000;
26(3):703–14. Epub 2000/07/15. S0896-6273(00)81206-4 [pii]. PMID: 10896165.

9. Tootell RB, Hadjikhani NK, Vanduffel W, Liu AK, Mendola JD, Sereno MI, et al. Functional analysis of
primary visual cortex (V1) in humans. Proc Natl Acad Sci U S A. 1998; 95(3):811–7. Epub 1998/03/14.
PMID: 9448245; PubMed Central PMCID: PMC33802.

10. Treue S, Maunsell JH. Attentional modulation of visual motion processing in cortical areas MT and
MST. Nature. 1996; 382(6591):539–41. doi: 10.1038/382539a0 PMID: 8700227.

11. Treue S, Maunsell JH. Effects of attention on the processing of motion in macaque middle temporal and
medial superior temporal visual cortical areas. J Neurosci. 1999; 19(17):7591–602. PMID: 10460265.

12. Williford T, Maunsell JH. Effects of spatial attention on contrast response functions in macaque area
V4. J Neurophysiol. 2006; 96(1):40–54. doi: 10.1152/jn.01207.2005 PMID: 16772516.

13. Desimone R, Duncan J. Neural mechanisms of selective visual attention. Annu Rev Neurosci. 1995;
18:193–222. Epub 1995/01/01. doi: 10.1146/annurev.ne.18.030195.001205 PMID: 7605061.

14. Reynolds JH, Chelazzi L, Desimone R. Competitive mechanisms subserve attention in macaque areas
V2 and V4. J Neurosci. 1999; 19(5):1736–53. PMID: 10024360.

15. Moran J, Desimone R. Selective attention gates visual processing in the extrastriate cortex. Science.
1985; 229(4715):782–4. PMID: 4023713.

16. Miller EK, Gochin PM, Gross CG. Suppression of visual responses of neurons in inferior temporal cor-
tex of the awake macaque by addition of a second stimulus. Brain Res. 1993; 616(1–2):25–9. PMID:
8358617.

17. Beck DM, Kastner S. Stimulus context modulates competition in human extrastriate cortex. Nat Neu-
rosci. 2005; 8(8):1110–6. doi: 10.1038/nn1501 PMID: 16007082; PubMed Central PMCID:
PMCPMC1444938.

18. Kastner S, DeWeerd P, Desimone R, Ungerleider LG. Mechanisms of directed attention in the human
extrastriate cortex as revealed by functional MRI. Science. 1998; 282(5386):108–11. PMID: 9756472.

19. Foxe JJ, Simpson GV, Ahlfors SP. Parieto-occipital approximately 10 Hz activity reflects anticipatory
state of visual attention mechanisms. Neuroreport. 1998; 9(17):3929–33. PMID: 9875731.

20. Gould IC, Rushworth MF, Nobre AC. Indexing the graded allocation of visuospatial attention using
anticipatory alpha oscillations. J Neurophysiol. 2011; 105(3):1318–26. doi: 10.1152/jn.00653.2010
PMID: 21228304; PubMed Central PMCID: PMCPMC3074422.

Lateralization in Alpha-Band Oscillations Predicts the Locus and Spatial Distribution of Attention

PLOS ONE | DOI:10.1371/journal.pone.0154796 May 4, 2016 13 / 17

http://dx.doi.org/10.1523/JNEUROSCI.3810-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.3810-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23197729
http://dx.doi.org/10.1146/annurev-neuro-060909-152823
http://www.ncbi.nlm.nih.gov/pubmed/20192813
http://dx.doi.org/10.1016/j.tics.2006.06.011
http://dx.doi.org/10.1016/j.tics.2006.06.011
http://www.ncbi.nlm.nih.gov/pubmed/16843702
http://dx.doi.org/10.1093/cercor/bhm171
http://www.ncbi.nlm.nih.gov/pubmed/17921456
http://dx.doi.org/10.1016/j.neuropsychologia.2010.12.020
http://dx.doi.org/10.1016/j.neuropsychologia.2010.12.020
http://www.ncbi.nlm.nih.gov/pubmed/21182852
http://dx.doi.org/10.1093/cercor/bhj146
http://www.ncbi.nlm.nih.gov/pubmed/16514108
http://dx.doi.org/10.1016/S0079-6123(04)47019-8
http://www.ncbi.nlm.nih.gov/pubmed/15581711
http://www.ncbi.nlm.nih.gov/pubmed/10896165
http://www.ncbi.nlm.nih.gov/pubmed/9448245
http://dx.doi.org/10.1038/382539a0
http://www.ncbi.nlm.nih.gov/pubmed/8700227
http://www.ncbi.nlm.nih.gov/pubmed/10460265
http://dx.doi.org/10.1152/jn.01207.2005
http://www.ncbi.nlm.nih.gov/pubmed/16772516
http://dx.doi.org/10.1146/annurev.ne.18.030195.001205
http://www.ncbi.nlm.nih.gov/pubmed/7605061
http://www.ncbi.nlm.nih.gov/pubmed/10024360
http://www.ncbi.nlm.nih.gov/pubmed/4023713
http://www.ncbi.nlm.nih.gov/pubmed/8358617
http://dx.doi.org/10.1038/nn1501
http://www.ncbi.nlm.nih.gov/pubmed/16007082
http://www.ncbi.nlm.nih.gov/pubmed/9756472
http://www.ncbi.nlm.nih.gov/pubmed/9875731
http://dx.doi.org/10.1152/jn.00653.2010
http://www.ncbi.nlm.nih.gov/pubmed/21228304


21. Grent-'t-Jong T, Boehler CN, Kenemans JL, Woldorff MG. Differential functional roles of slow-wave and
oscillatory-alpha activity in visual sensory cortex during anticipatory visual-spatial attention. Cereb Cor-
tex. 2011; 21(10):2204–16. doi: 10.1093/cercor/bhq279 PMID: 21372123; PubMed Central PMCID:
PMCPMC3169654.

22. Kelly SP, Gomez-Ramirez M, Foxe JJ. The strength of anticipatory spatial biasing predicts target dis-
crimination at attended locations: a high-density EEG study. Eur J Neurosci. 2009; 30(11):2224–34.
doi: 10.1111/j.1460-9568.2009.06980.x PMID: 19930401.

23. Sauseng P, KlimeschW, Stadler W, Schabus M, Doppelmayr M, Hanslmayr S, et al. A shift of visual
spatial attention is selectively associated with human EEG alpha activity. Eur J Neurosci. 2005; 22
(11):2917–26. Epub 2005/12/06. EJN4482 [pii] doi: 10.1111/j.1460-9568.2005.04482.x PMID:
16324126.

24. Siegel M, Donner TH, Oostenveld R, Fries P, Engel AK. Neuronal synchronization along the dorsal
visual pathway reflects the focus of spatial attention. Neuron. 2008; 60(4):709–19. Epub 2008/11/29.
S0896-6273(08)00757-5 [pii] doi: 10.1016/j.neuron.2008.09.010 PMID: 19038226.

25. Thut G, Nietzel A, Brandt SA, Pascual-Leone A. Alpha-band electroencephalographic activity over
occipital cortex indexes visuospatial attention bias and predicts visual target detection. J Neurosci.
2006; 26(37):9494–502. Epub 2006/09/15. 26/37/9494 [pii] doi: 10.1523/JNEUROSCI.0875-06.2006
PMID: 16971533.

26. Kelly SP, Lalor EC, Reilly RB, Foxe JJ. Increases in alpha oscillatory power reflect an active retinotopic
mechanism for distracter suppression during sustained visuospatial attention. J Neurophysiol. 2006; 95
(6):3844–51. Epub 2006/03/31. 01234.2005 [pii] doi: 10.1152/jn.01234.2005 PMID: 16571739.

27. Rihs TA, Michel CM, Thut G. Mechanisms of selective inhibition in visual spatial attention are indexed
by alpha-band EEG synchronization. Eur J Neurosci. 2007; 25(2):603–10. Epub 2007/02/08. EJN5278
[pii] doi: 10.1111/j.1460-9568.2007.05278.x PMID: 17284203.

28. Worden MS, Foxe JJ, Wang N, Simpson GV. Anticipatory biasing of visuospatial attention indexed by
retinotopically specific alpha-band electroencephalography increases over occipital cortex. J Neurosci.
2000; 20(6):RC63. Epub 2000/03/08. PMID: 10704517.

29. Handel BF, Haarmeier T, Jensen O. Alpha oscillations correlate with the successful inhibition of unat-
tended stimuli. J Cogn Neurosci. 2011; 23(9):2494–502. doi: 10.1162/jocn.2010.21557 PMID:
20681750.

30. Brandt ME, Jansen BH. The relationship between prestimulus-alpha amplitude and visual evoked
potential amplitude. Int J Neurosci. 1991; 61(3–4):261–8. PMID: 1824388.

31. Haegens S, Handel BF, Jensen O. Top-down controlled alpha band activity in somatosensory areas
determines behavioral performance in a discrimination task. J Neurosci. 2011; 31(14):5197–204. doi:
10.1523/JNEUROSCI.5199-10.2011 PMID: 21471354.

32. Adachi Y, Shimogawara M, Higuchi M, Haruta Y, Ochiai M. Reduction of non-periodic environmental
magnetic noise in MEGmeasurement by continuously adjusted least squares method. IEEE Transac-
tions on Applied Superconductivity. 2001; 11:669–72.

33. Bastiaansen MC, Knosche TR. Tangential derivative mapping of axial MEG applied to event-related
desynchronization research. Clin Neurophysiol. 2000; 111(7):1300–5. Epub 2000/07/06. S1388-2457
(00)00272-8 [pii]. PMID: 10880806.

34. Ikkai A, Jerde TA, Curtis CE. Perception and action selection dissociate human ventral and dorsal cor-
tex. J Cogn Neurosci. 2011; 23(6):1494–506. Epub 2010/05/15. doi: 10.1162/jocn.2010.21499 PMID:
20465356; PubMed Central PMCID: PMC3133769.

35. Srimal R, Curtis CE. Persistent neural activity during the maintenance of spatial position in working
memory. Neuroimage. 2008; 39(1):455–68. Epub 2007/10/09. S1053-8119(07)00753-7 [pii] doi: 10.
1016/j.neuroimage.2007.08.040 PMID: 17920934.

36. Maris E, Oostenveld R. Nonparametric statistical testing of EEG- and MEG-data. J Neurosci Methods.
2007; 164(1):177–90. Epub 2007/05/23. S0165-0270(07)00170-7 [pii] doi: 10.1016/j.jneumeth.2007.
03.024 PMID: 17517438.

37. Kelley TA, Serences JT, Giesbrecht B, Yantis S. Cortical mechanisms for shifting and holding visuospa-
tial attention. Cereb Cortex. 2008; 18(1):114–25. Epub 2007/04/17. doi: 10.1093/cercor/bhm036 PMID:
17434917; PubMed Central PMCID: PMC2150997.

38. Jack AI, Shulman GL, Snyder AZ, McAvoy M, Corbetta M. Separate modulations of human V1 associ-
ated with spatial attention and task structure. Neuron. 2006; 51(1):135–47. doi: 10.1016/j.neuron.2006.
06.003 PMID: 16815338.

39. Hopfinger JB, Buonocore MH, Mangun GR. The neural mechanisms of top-down attentional control.
Nat Neurosci. 2000; 3(3):284–91. doi: 10.1038/72999 PMID: 10700262.

Lateralization in Alpha-Band Oscillations Predicts the Locus and Spatial Distribution of Attention

PLOS ONE | DOI:10.1371/journal.pone.0154796 May 4, 2016 14 / 17

http://dx.doi.org/10.1093/cercor/bhq279
http://www.ncbi.nlm.nih.gov/pubmed/21372123
http://dx.doi.org/10.1111/j.1460-9568.2009.06980.x
http://www.ncbi.nlm.nih.gov/pubmed/19930401
http://dx.doi.org/10.1111/j.1460-9568.2005.04482.x
http://www.ncbi.nlm.nih.gov/pubmed/16324126
http://dx.doi.org/10.1016/j.neuron.2008.09.010
http://www.ncbi.nlm.nih.gov/pubmed/19038226
http://dx.doi.org/10.1523/JNEUROSCI.0875-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16971533
http://dx.doi.org/10.1152/jn.01234.2005
http://www.ncbi.nlm.nih.gov/pubmed/16571739
http://dx.doi.org/10.1111/j.1460-9568.2007.05278.x
http://www.ncbi.nlm.nih.gov/pubmed/17284203
http://www.ncbi.nlm.nih.gov/pubmed/10704517
http://dx.doi.org/10.1162/jocn.2010.21557
http://www.ncbi.nlm.nih.gov/pubmed/20681750
http://www.ncbi.nlm.nih.gov/pubmed/1824388
http://dx.doi.org/10.1523/JNEUROSCI.5199-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21471354
http://www.ncbi.nlm.nih.gov/pubmed/10880806
http://dx.doi.org/10.1162/jocn.2010.21499
http://www.ncbi.nlm.nih.gov/pubmed/20465356
http://dx.doi.org/10.1016/j.neuroimage.2007.08.040
http://dx.doi.org/10.1016/j.neuroimage.2007.08.040
http://www.ncbi.nlm.nih.gov/pubmed/17920934
http://dx.doi.org/10.1016/j.jneumeth.2007.03.024
http://dx.doi.org/10.1016/j.jneumeth.2007.03.024
http://www.ncbi.nlm.nih.gov/pubmed/17517438
http://dx.doi.org/10.1093/cercor/bhm036
http://www.ncbi.nlm.nih.gov/pubmed/17434917
http://dx.doi.org/10.1016/j.neuron.2006.06.003
http://dx.doi.org/10.1016/j.neuron.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16815338
http://dx.doi.org/10.1038/72999
http://www.ncbi.nlm.nih.gov/pubmed/10700262


40. Shulman GL, Ollinger JM, Linenweber M, Petersen SE, Corbetta M. Multiple neural correlates of detec-
tion in the human brain. Proc Natl Acad Sci U S A. 2001; 98(1):313–8. doi: 10.1073/pnas.021381198
PMID: 11134528; PubMed Central PMCID: PMCPMC14587.

41. Ben-Shachar M, Dougherty RF, Deutsch GK, Wandell BA. Differential sensitivity to words and shapes
in ventral occipito-temporal cortex. Cereb Cortex. 2007; 17(7):1604–11. doi: 10.1093/cercor/bhl071
PMID: 16956978.

42. Grill-Spector K, Kushnir T, Edelman S, Itzchak Y, Malach R. Cue-invariant activation in object-related
areas of the human occipital lobe. Neuron. 1998; 21(1):191–202. Epub 1998/08/11. S0896-6273(00)
80526-7 [pii]. PMID: 9697863.

43. James TW, Culham J, Humphrey GK, Milner AD, Goodale MA. Ventral occipital lesions impair object
recognition but not object-directed grasping: an fMRI study. Brain. 2003; 126(Pt 11):2463–75. doi: 10.
1093/brain/awg248 PMID: 14506065.

44. Kanwisher N, McDermott J, Chun MM. The fusiform face area: a module in human extrastriate cortex
specialized for face perception. J Neurosci. 1997; 17(11):4302–11. Epub 1997/06/01. PMID: 9151747.

45. Malach R, Reppas JB, Benson RR, Kwong KK, Jiang H, KennedyWA, et al. Object-related activity
revealed by functional magnetic resonance imaging in human occipital cortex. Proc Natl Acad Sci U S
A. 1995; 92(18):8135–9. Epub 1995/08/29. PMID: 7667258.

46. Puce A, Allison T, Asgari M, Gore JC, McCarthy G. Differential sensitivity of human visual cortex to
faces, letterstrings, and textures: a functional magnetic resonance imaging study. J Neurosci. 1996; 16
(16):5205–15. PMID: 8756449.

47. Offen S, Schluppeck D, Heeger DJ. The role of early visual cortex in visual short-termmemory and
visual attention. Vision Res. 2009; 49(10):1352–62. Epub 2008/03/11. S0042-6989(08)00015-1 [pii]
doi: 10.1016/j.visres.2007.12.022 PMID: 18329065; PubMed Central PMCID: PMC2696572.

48. Kastner S, Pinsk MA, DeWeerd P, Desimone R, Ungerleider LG. Increased activity in human visual
cortex during directed attention in the absence of visual stimulation. Neuron. 1999; 22(4):751–61. Epub
1999/05/07. S0896-6273(00)80734-5 [pii]. PMID: 10230795.

49. Silver MA, Ress D, Heeger DJ. Topographic maps of visual spatial attention in human parietal cortex. J
Neurophysiol. 2005; 94(2):1358–71. PMID: 15817643.

50. Silver MA, Ress D, Heeger DJ. Neural correlates of sustained spatial attention in human early visual
cortex. J Neurophysiol. 2007; 97(1):229–37. Epub 2006/09/15. 00677.2006 [pii] doi: 10.1152/jn.00677.
2006 PMID: 16971677.

51. Sylvester CM, Shulman GL, Jack AI, Corbetta M. Anticipatory and stimulus-evoked blood oxygenation
level-dependent modulations related to spatial attention reflect a common additive signal. J Neurosci.
2009; 29(34):10671–82. Epub 2009/08/28. 29/34/10671 [pii] doi: 10.1523/JNEUROSCI.1141-09.2009
PMID: 19710319.

52. Medendorp WP, Kramer GF, Jensen O, Oostenveld R, Schoffelen JM, Fries P. Oscillatory activity in
human parietal and occipital cortex shows hemispheric lateralization and memory effects in a delayed
double-step saccade task. Cereb Cortex. 2007; 17(10):2364–74. Epub 2006/12/28. bhl145 [pii] doi: 10.
1093/cercor/bhl145 PMID: 17190968.

53. van Dijk H, van der Werf J, Mazaheri A, Medendorp WP, Jensen O. Modulations in oscillatory activity
with amplitude asymmetry can produce cognitively relevant event-related responses. Proc Natl Acad
Sci U S A. 2010; 107(2):900–5. Epub 2010/01/19. 0908821107 [pii] doi: 10.1073/pnas.0908821107
PMID: 20080773; PubMed Central PMCID: PMC2818898.

54. KlimeschW, Sauseng P, Hanslmayr S. EEG alpha oscillations: the inhibition-timing hypothesis. Brain
Res Rev. 2007; 53(1):63–88. doi: 10.1016/j.brainresrev.2006.06.003 PMID: 16887192.

55. Fries P, Reynolds JH, Rorie AE, Desimone R. Modulation of oscillatory neuronal synchronization by
selective visual attention. Science. 2001; 291(5508):1560–3. Epub 2001/02/27. doi: 10.1126/science.
291.5508.1560 291/5508/1560 [pii]. PMID: 11222864.

56. Lange J, Oostenveld R, Fries P. Reduced occipital alpha power indexes enhanced excitability rather
than improved visual perception. J Neurosci. 2013; 33(7):3212–20. doi: 10.1523/JNEUROSCI.3755-
12.2013 PMID: 23407974.

57. Tootell RB, Hadjikhani N, Hall EK, Marrett S, Vanduffel W, Vaughan JT, et al. The retinotopy of visual
spatial attention. Neuron. 1998; 21(6):1409–22. Epub 1999/01/12. S0896-6273(00)80659-5 [pii].
PMID: 9883733.

58. Yamagishi N, Callan DE, Goda N, Anderson SJ, Yoshida Y, Kawato M. Attentional modulation of oscil-
latory activity in human visual cortex. Neuroimage. 2003; 20(1):98–113. Epub 2003/10/07.
S1053811903003410 [pii]. PMID: 14527573.

59. Haegens S, Luther L, Jensen O. Somatosensory anticipatory alpha activity increases to suppress dis-
tracting input. J Cogn Neurosci. 2012; 24(3):677–85. doi: 10.1162/jocn_a_00164 PMID: 22066587.

Lateralization in Alpha-Band Oscillations Predicts the Locus and Spatial Distribution of Attention

PLOS ONE | DOI:10.1371/journal.pone.0154796 May 4, 2016 15 / 17

http://dx.doi.org/10.1073/pnas.021381198
http://www.ncbi.nlm.nih.gov/pubmed/11134528
http://dx.doi.org/10.1093/cercor/bhl071
http://www.ncbi.nlm.nih.gov/pubmed/16956978
http://www.ncbi.nlm.nih.gov/pubmed/9697863
http://dx.doi.org/10.1093/brain/awg248
http://dx.doi.org/10.1093/brain/awg248
http://www.ncbi.nlm.nih.gov/pubmed/14506065
http://www.ncbi.nlm.nih.gov/pubmed/9151747
http://www.ncbi.nlm.nih.gov/pubmed/7667258
http://www.ncbi.nlm.nih.gov/pubmed/8756449
http://dx.doi.org/10.1016/j.visres.2007.12.022
http://www.ncbi.nlm.nih.gov/pubmed/18329065
http://www.ncbi.nlm.nih.gov/pubmed/10230795
http://www.ncbi.nlm.nih.gov/pubmed/15817643
http://dx.doi.org/10.1152/jn.00677.2006
http://dx.doi.org/10.1152/jn.00677.2006
http://www.ncbi.nlm.nih.gov/pubmed/16971677
http://dx.doi.org/10.1523/JNEUROSCI.1141-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19710319
http://dx.doi.org/10.1093/cercor/bhl145
http://dx.doi.org/10.1093/cercor/bhl145
http://www.ncbi.nlm.nih.gov/pubmed/17190968
http://dx.doi.org/10.1073/pnas.0908821107
http://www.ncbi.nlm.nih.gov/pubmed/20080773
http://dx.doi.org/10.1016/j.brainresrev.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16887192
http://dx.doi.org/10.1126/science.291.5508.1560
http://dx.doi.org/10.1126/science.291.5508.1560
http://www.ncbi.nlm.nih.gov/pubmed/11222864
http://dx.doi.org/10.1523/JNEUROSCI.3755-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.3755-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23407974
http://www.ncbi.nlm.nih.gov/pubmed/9883733
http://www.ncbi.nlm.nih.gov/pubmed/14527573
http://dx.doi.org/10.1162/jocn_a_00164
http://www.ncbi.nlm.nih.gov/pubmed/22066587


60. Mazaheri A, Jensen O. Rhythmic pulsing: linking ongoing brain activity with evoked responses. Front
Hum Neurosci. 2010; 4:177. doi: 10.3389/fnhum.2010.00177 PMID: 21060804; PubMed Central
PMCID: PMCPMC2972683.

61. Fu KM, Foxe JJ, Murray MM, Higgins BA, Javitt DC, Schroeder CE. Attention-dependent suppression
of distracter visual input can be cross-modally cued as indexed by anticipatory parieto-occipital alpha-
band oscillations. Brain Res Cogn Brain Res. 2001; 12(1):145–52. Epub 2001/08/08. S0926-6410(01)
00034-9 [pii]. PMID: 11489617.

62. Huang J, Sekuler R. Attention protects the fidelity of visual memory: behavioral and electrophysiological
evidence. J Neurosci. 2010; 30(40):13461–71. doi: 10.1523/JNEUROSCI.2560-10.2010 PMID:
20926672; PubMed Central PMCID: PMC2972661.

63. Jones SR, Kerr CE, Wan Q, Pritchett DL, Hamalainen M, Moore CI. Cued spatial attention drives func-
tionally relevant modulation of the mu rhythm in primary somatosensory cortex. J Neurosci. 2010; 30
(41):13760–5. doi: 10.1523/JNEUROSCI.2969-10.2010 PMID: 20943916; PubMed Central PMCID:
PMCPMC2970512.

64. Rihs TA, Michel CM, Thut G. A bias for posterior alpha-band power suppression versus enhancement
during shifting versus maintenance of spatial attention. Neuroimage. 2009; 44(1):190–9. doi: 10.1016/j.
neuroimage.2008.08.022 PMID: 18793732.

65. MesulamMM. Spatial attention and neglect: parietal, frontal and cingulate contributions to the mental
representation and attentional targeting of salient extrapersonal events. Philos Trans R Soc Lond B
Biol Sci. 1999; 354(1387):1325–46. Epub 1999/08/31. doi: 10.1098/rstb.1999.0482 PMID: 10466154;
PubMed Central PMCID: PMC1692628.

66. Heilman KM, Van Den Abell T. Right hemisphere dominance for attention: the mechanism underlying
hemispheric asymmetries of inattention (neglect). Neurology. 1980; 30(3):327–30. Epub 1980/03/01.
PMID: 7189037.

67. Corbetta M, Shulman GL. Spatial neglect and attention networks. Annu Rev Neurosci. 2011; 34:569–
99. doi: 10.1146/annurev-neuro-061010-113731 PMID: 21692662; PubMed Central PMCID:
PMCPMC3790661.

68. Kinsbourne M. Hemi-neglect and hemisphere rivalry. Adv Neurol. 1977; 18:41–9. PMID: 920524.

69. Corbetta M, Kincade MJ, Lewis C, Snyder AZ, Sapir A. Neural basis and recovery of spatial attention
deficits in spatial neglect. Nat Neurosci. 2005; 8(11):1603–10. Epub 2005/10/20. nn1574 [pii] doi: 10.
1038/nn1574 PMID: 16234807.

70. Pouget A, Driver J. Relating unilateral neglect to the neural coding of space. Curr Opin Neurobiol. 2000;
10(2):242–9. Epub 2001/02/07. S0959-4388(00)00077-5 [pii]. PMID: 10753799.

71. Stone SP, Halligan PW, Greenwood RJ. The incidence of neglect phenomena and related disorders in
patients with an acute right or left hemisphere stroke. Age Ageing. 1993; 22(1):46–52. Epub 1993/01/
01. PMID: 8438666.

72. Weintraub S, MesulamMM. Right cerebral dominance in spatial attention. Further evidence based on
ipsilateral neglect. Arch Neurol. 1987; 44(6):621–5. Epub 1987/06/01. PMID: 3579679.

73. Szczepanski SM, Konen CS, Kastner S. Mechanisms of spatial attention control in frontal and parietal
cortex. J Neurosci. 2010; 30(1):148–60. Epub 2010/01/08. 30/1/148 [pii] doi: 10.1523/JNEUROSCI.
3862-09.2010 PMID: 20053897; PubMed Central PMCID: PMC2809378.

74. Szczepanski SM, Kastner S. Shifting attentional priorities: control of spatial attention through hemi-
spheric competition. J Neurosci. 2013; 33(12):5411–21. doi: 10.1523/JNEUROSCI.4089-12.2013
PMID: 23516306; PubMed Central PMCID: PMCPMC3651512.

75. Gunduz A, Brunner P, Daitch A, Leuthardt EC, Ritaccio AL, Pesaran B, et al. Decoding covert spatial
attention using electrocorticographic (ECoG) signals in humans. Neuroimage. 2012; 60(4):2285–93.
doi: 10.1016/j.neuroimage.2012.02.017 PMID: 22366333; PubMed Central PMCID:
PMCPMC3321088.

76. Gunduz A, Brunner P, Daitch A, Leuthardt EC, Ritaccio AL, Pesaran B, et al. Neural correlates of
visual-spatial attention in electrocorticographic signals in humans. Front Hum Neurosci. 2011; 5:89.
doi: 10.3389/fnhum.2011.00089 PMID: 22046153; PubMed Central PMCID: PMCPMC3202224.

77. Astafiev SV, Shulman GL, Stanley CM, Snyder AZ, Van Essen DC, Corbetta M. Functional organization
of human intraparietal and frontal cortex for attending, looking, and pointing. J Neurosci. 2003; 23
(11):4689–99. PMID: 12805308.

78. Hagler DJ Jr., Sereno MI. Spatial maps in frontal and prefrontal cortex. Neuroimage. 2006; 29(2):567–
77. PMID: 16289928.

79. Kincade JM, Abrams RA, Astafiev SV, Shulman GL, Corbetta M. An event-related functional magnetic
resonance imaging study of voluntary and stimulus-driven orienting of attention. J Neurosci. 2005; 25

Lateralization in Alpha-Band Oscillations Predicts the Locus and Spatial Distribution of Attention

PLOS ONE | DOI:10.1371/journal.pone.0154796 May 4, 2016 16 / 17

http://dx.doi.org/10.3389/fnhum.2010.00177
http://www.ncbi.nlm.nih.gov/pubmed/21060804
http://www.ncbi.nlm.nih.gov/pubmed/11489617
http://dx.doi.org/10.1523/JNEUROSCI.2560-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20926672
http://dx.doi.org/10.1523/JNEUROSCI.2969-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20943916
http://dx.doi.org/10.1016/j.neuroimage.2008.08.022
http://dx.doi.org/10.1016/j.neuroimage.2008.08.022
http://www.ncbi.nlm.nih.gov/pubmed/18793732
http://dx.doi.org/10.1098/rstb.1999.0482
http://www.ncbi.nlm.nih.gov/pubmed/10466154
http://www.ncbi.nlm.nih.gov/pubmed/7189037
http://dx.doi.org/10.1146/annurev-neuro-061010-113731
http://www.ncbi.nlm.nih.gov/pubmed/21692662
http://www.ncbi.nlm.nih.gov/pubmed/920524
http://dx.doi.org/10.1038/nn1574
http://dx.doi.org/10.1038/nn1574
http://www.ncbi.nlm.nih.gov/pubmed/16234807
http://www.ncbi.nlm.nih.gov/pubmed/10753799
http://www.ncbi.nlm.nih.gov/pubmed/8438666
http://www.ncbi.nlm.nih.gov/pubmed/3579679
http://dx.doi.org/10.1523/JNEUROSCI.3862-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.3862-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20053897
http://dx.doi.org/10.1523/JNEUROSCI.4089-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23516306
http://dx.doi.org/10.1016/j.neuroimage.2012.02.017
http://www.ncbi.nlm.nih.gov/pubmed/22366333
http://dx.doi.org/10.3389/fnhum.2011.00089
http://www.ncbi.nlm.nih.gov/pubmed/22046153
http://www.ncbi.nlm.nih.gov/pubmed/12805308
http://www.ncbi.nlm.nih.gov/pubmed/16289928


(18):4593–604. Epub 2005/05/06. 25/18/4593 [pii] doi: 10.1523/JNEUROSCI.0236-05.2005 PMID:
15872107.

80. Chiu YC, Yantis S. A domain-independent source of cognitive control for task sets: shifting spatial
attention and switching categorization rules. J Neurosci. 2009; 29(12):3930–8. doi: 10.1523/
JNEUROSCI.5737-08.2009 PMID: 19321789; PubMed Central PMCID: PMCPMC2817948.

81. Grimault S, Robitaille N, Grova C, Lina JM, Dubarry AS, Jolicoeur P. Oscillatory activity in parietal and
dorsolateral prefrontal cortex during retention in visual short-term memory: additive effects of spatial
attention and memory load. Hum Brain Mapp. 2009; 30(10):3378–92. doi: 10.1002/hbm.20759 PMID:
19384891.

82. Haenschel C, Bittner RA, Waltz J, Haertling F, Wibral M, Singer W, et al. Cortical oscillatory activity is
critical for working memory as revealed by deficits in early-onset schizophrenia. J Neurosci. 2009; 29
(30):9481–9. doi: 10.1523/JNEUROSCI.1428-09.2009 PMID: 19641111.

83. Leiberg S, Lutzenberger W, Kaiser J. Effects of memory load on cortical oscillatory activity during audi-
tory pattern working memory. Brain Res. 2006; 1120(1):131–40. doi: 10.1016/j.brainres.2006.08.066
PMID: 16989782.

84. Palva S, Kulashekhar S, Hamalainen M, Palva JM. Localization of cortical phase and amplitude dynam-
ics during visual working memory encoding and retention. J Neurosci. 2011; 31(13):5013–25. doi: 10.
1523/JNEUROSCI.5592-10.2011 PMID: 21451039; PubMed Central PMCID: PMCPMC3083635.

85. Cohen MX, Ridderinkhof KR. EEG source reconstruction reveals frontal-parietal dynamics of spatial
conflict processing. PLoS One. 2013; 8(2):e57293. doi: 10.1371/journal.pone.0057293 PMID:
23451201; PubMed Central PMCID: PMCPMC3581478.

86. Castiello U, Umilta C. Splitting focal attention. J Exp Psychol Hum Percept Perform. 1992; 18(3):837–
48. PMID: 1500879.

87. Awh E, Pashler H. Evidence for split attentional foci. J Exp Psychol Hum Percept Perform. 2000; 26
(2):834–46. Epub 2000/05/16. PMID: 10811179.

88. Morawetz C, Holz P, Baudewig J, Treue S, Dechent P. Split of attentional resources in human visual
cortex. Vis Neurosci. 2007; 24(6):817–26. doi: 10.1017/S0952523807070745 PMID: 18093369.

89. McMains SA, Somers DC. Multiple spotlights of attentional selection in human visual cortex. Neuron.
2004; 42(4):677–86. Epub 2004/05/26. S0896627304002636 [pii]. PMID: 15157427.

90. Landau AN, Fries P. Attention samples stimuli rhythmically. Curr Biol. 2012; 22(11):1000–4. doi: 10.
1016/j.cub.2012.03.054 PMID: 22633805.

91. VanRullen R, Carlson T, Cavanagh P. The blinking spotlight of attention. Proc Natl Acad Sci U S A.
2007; 104(49):19204–9. doi: 10.1073/pnas.0707316104 PMID: 18042716; PubMed Central PMCID:
PMCPMC2148268.

Lateralization in Alpha-Band Oscillations Predicts the Locus and Spatial Distribution of Attention

PLOS ONE | DOI:10.1371/journal.pone.0154796 May 4, 2016 17 / 17

http://dx.doi.org/10.1523/JNEUROSCI.0236-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15872107
http://dx.doi.org/10.1523/JNEUROSCI.5737-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.5737-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19321789
http://dx.doi.org/10.1002/hbm.20759
http://www.ncbi.nlm.nih.gov/pubmed/19384891
http://dx.doi.org/10.1523/JNEUROSCI.1428-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19641111
http://dx.doi.org/10.1016/j.brainres.2006.08.066
http://www.ncbi.nlm.nih.gov/pubmed/16989782
http://dx.doi.org/10.1523/JNEUROSCI.5592-10.2011
http://dx.doi.org/10.1523/JNEUROSCI.5592-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21451039
http://dx.doi.org/10.1371/journal.pone.0057293
http://www.ncbi.nlm.nih.gov/pubmed/23451201
http://www.ncbi.nlm.nih.gov/pubmed/1500879
http://www.ncbi.nlm.nih.gov/pubmed/10811179
http://dx.doi.org/10.1017/S0952523807070745
http://www.ncbi.nlm.nih.gov/pubmed/18093369
http://www.ncbi.nlm.nih.gov/pubmed/15157427
http://dx.doi.org/10.1016/j.cub.2012.03.054
http://dx.doi.org/10.1016/j.cub.2012.03.054
http://www.ncbi.nlm.nih.gov/pubmed/22633805
http://dx.doi.org/10.1073/pnas.0707316104
http://www.ncbi.nlm.nih.gov/pubmed/18042716

