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Oscillatory Alpha-Band Mechanisms and the Deployment of
Spatial Attention to Anticipated Auditory and Visual Target
Locations: Supramodal or Sensory-Specific Control
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Oscillatory alpha-band activity (8 –15 Hz) over parieto-occipital cortex in humans plays an important role in suppression of processing
for inputs at to-be-ignored regions of space, with increased alpha-band power observed over cortex contralateral to locations expected to
contain distractors. It is unclear whether similar processes operate during deployment of spatial attention in other sensory modalities.
Evidence from lesion patients suggests that parietal regions house supramodal representations of space. The parietal lobes are prominent
generators of alpha oscillations, raising the possibility that alpha is a neural signature of supramodal spatial attention. Furthermore,
when spatial attention is deployed within vision, processing of task-irrelevant auditory inputs at attended locations is also enhanced,
pointing to automatic links between spatial deployments across senses. Here, we asked whether lateralized alpha-band activity is also
evident in a purely auditory spatial-cueing task and whether it had the same underlying generator configuration as in a purely visuospatial task. If common to both sensory systems, this would provide strong support for “supramodal” attention theory. Alternately, alphaband differences between auditory and visual tasks would support a sensory-specific account. Lateralized shifts in alpha-band activity
were indeed observed during a purely auditory spatial task. Crucially, there were clear differences in scalp topographies of this alpha
activity depending on the sensory system within which spatial attention was deployed. Findings suggest that parietally generated alphaband mechanisms are central to attentional deployments across modalities but that they are invoked in a sensory-specific manner. The
data support an “interactivity account,” whereby a supramodal system interacts with sensory-specific control systems during deployment of spatial attention.

Introduction
One influential theory of attention proposes that a single control
system allocates attention to locations in space regardless of the
sensory modality to be attended [a “supramodal” spatial attention system (Farah et al., 1989)]. An alternative account is that
spatial attention could be allocated independently by several
sensory-specific control systems. Studies of patients with parietal
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lesions have provided strong support for the former account,
with further supporting evidence for a supramodal system coming from electroencephalography (EEG) (Eimer et al., 2003;
Störmer et al., 2009; Kerlin et al., 2010) and functional magnetic
resonance imaging (fMRI) studies (Macaluso et al., 2003; Shomstein and Yantis, 2006; Smith et al., 2010). However, other findings point to a third possibility, whereby a supramodal system
interacts with sensory-specific control systems during the deployment of spatial attention, what we will term “the interactivity
thesis” (Spence and Driver, 1996; Eimer et al., 2002; Santangelo et
al., 2010). The present study was designed to adjudicate between
these competing accounts. Here, we assess the role of alpha-band
(8 –15 Hz) oscillatory mechanisms in the anticipatory deployment of both auditory and visual spatial attention. We chose to
interrogate alpha-band activity, specifically because it is mainly
generated by those structures in the right parietal lobe implicated
in the supramodal theory and also because it has been firmly established as a mechanism by which attention is deployed within vision
(Foxe et al., 1998; Worden et al., 2000; Dockree et al., 2007; Rihs et al.,
2007). Conversely, it is not yet clear whether this oscillatory mecha-
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visuospatial attention tasks might be expected to be similarly deployed during spatially selective attention to stimulation in Figure 1. A schematic of the experimental paradigm illustrates the sequence of events and their timing within a trial, for each
other sensory modalities. Retinotopically of the auditory (A) and visual (B) tasks. The spoken phoneme (/ba/ or /da/) served to cue participants to attend right or to attend
specific increases of power in the 8 –15 Hz left for the occurrence of a possible target. These auditory cues were followed 1000 ms later by the imperative stimulus (S2: Gabors
in the visual task and a noise burst in the auditory task). In the depiction of the visual task (B), a target ring is present in the left
(“alpha”) frequency band of the EEG have Gabor. C and D delineate the stimulus probabilities at cued and uncued locations for auditory and visual tasks.
been repeatedly implicated in the anticipatory deployment of visuospatial attention
and, if so, whether these oscillatory mechanisms were gener(Worden et al., 2000; Kelly et al., 2006; Thut et al., 2006; Gomezated by the same cortical regions or showed sensory-specific
Ramirez et al., 2009). These alpha increases have parieto-occipital
generator patterns.
scalp distributions indicative of neural generators in visual cortex
with receptive fields corresponding to the spatial location of the disMaterials and Methods
tractors, strongly suggesting that alpha-band increases reflect an
Participants
active attentional suppression mechanism (Foxe et al., 1998;
Twenty neurologically typical adults (12 female; mean ⫾ SD, 25.31 ⫾
Gomez-Ramirez et al., 2007; Snyder and Foxe, 2010). In support
4.59 years) served in the study. All participants were recruited from the
of this interpretation, a transcranial magnetic stimulation (TMS)
psychology department at the City College of New York. Data from 2 of
study found that disruption of frontal or parietal regions of the
the 20 participants were excluded as a result of excessive eye blinks that
attentional control system disrupted modulation of alpha-band
resulted in an insufficient number of trials after artifact rejection. Thus,
18 participants (11 female; mean ⫾ SD, 23.15 ⫾ 4.16 years) remained in
activity over primary visual areas in a visual spatial attention task
the sample. Two participants were left-handed by self-report, and all had
and that the degree of disruption of alpha modulation was
normal or corrected-to-normal vision and normal hearing. All subjects
related to impaired behavioral performance (Capotosto et al.,
provided written informed consent and received a modest fee for partic2009). The functional role of this process is bolstered by a
ipation ($12/h). All materials and procedures were approved by the innumber of additional studies that have shown a relationship
stitutional review board of the City College of the City University of New
between the magnitude of anticipatory alpha-band activity
York, and ethical guidelines were in accordance with the tenets of the
and subsequent performance (Thut et al., 2006; Kelly et al.,
Declaration of Helsinki.
2009; O’Connell et al., 2009). In a particularly compelling
There were two phases to the experiment: (1) a purely auditory spatial
demonstration, Romei et al. (2010) used short-train TMS of
task (Fig. 1 A), (2) followed by a visuospatial task (Fig. 1 B). This task
visual cortex to show that alpha-band stimulation (10 Hz)
order was a crucial design feature. Because the primary question here
selectively disrupted target detection in the visual field conconcerned whether putatively visual oscillatory mechanisms would also
be observed during a purely auditory spatial task, we felt it essential to
tralateral to stimulation, an effect that was not observed using
conduct the auditory task first without presenting any visuospatial cues
other stimulation frequencies (theta, 5 Hz; beta, 20 Hz).
to the participants. We reasoned that, if the visual task were administered
Here we assessed whether these alpha-band mechanisms
first, participants might develop a task strategy for processing stimuli in
would also be evoked in a purely audiospatial task. The experivisuospatial coordinates, and this strategy could then carry over to the
mental setup was carefully titrated such that there were no visual
auditory task if it were administered afterward. There is much precedent
cues whatsoever as to the location of the auditory imperative
for the continued activation of circuits responsible for a formerly relestimuli. We then compared alpha-band activity during spatial
vant task, even if participants are fully aware that the task will not be
deployments in this pure audiospatial task with those rerelevant again (Wylie et al., 2004). Thus, all participants completed the
corded during the equivalent visuospatial task, asking whether
auditory task before the visual task. Additionally, because the occurrence
lateralized alpha effects would be evident under both settings
of lateralized alpha-band effects during visuospatial tasks is not in dis-
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pute, having been replicated many times by many investigators (Kelly et
al., 2005, 2009; Rihs et al., 2009), this secondary visuospatial task was
conducted here to ensure that the effect was again replicated in this
specific cohort and so that topographies of putative alpha effects could be
compared across sensory modalities.
Data from the first two participants from the visual task were not
included in the grand average because of equipment failures during delivery of the stimuli. Thus, 18 participants were included in the final
group for the auditory task, and 16 participants were included in the final
group for the visual task.

Stimuli, apparatus, and procedure
Participants sat in a darkened, electrically shielded, sound-attenuated
booth and fixated on a cross displayed continuously on the center of a
cathode ray tube computer monitor (NEC FE2111SB, 40 ⫻ 30 cm),
placed 100 cm in front of them. Stimuli were delivered using Presentation software (Neurobehavioral Systems). Speakers were placed to the
left and right of the computer monitor (centered ⬃14° from midline)
and were completely hidden from view behind a permanent opaque
black curtain to prevent their explicit visuospatial mapping. Participants
were never able to see the speakers. Gaze direction was monitored using
an Eyelink 1000 eye-tracking camera (SR Research Ltd.) to ensure that
participants maintained central fixation. Horizontal electro-oculogram
data were also recorded and analyzed to confirm that there were no
effects of systematic eye movements.
We used a classic S1–S2 cued attention task, in which each trial consisted of a cue (S1), an intervening blank preparatory period, followed
immediately by a task-relevant second stimulus (S2) (Fig. 1). Tasks of this
type often use probabilistic cues, in which participants are told to respond to all targets, even at the uncued location (Posner et al., 1980).
Here, instructional cues were used (Worden et al., 2000) such that participants were directed only to respond to targets at the cued location and
suppress/ignore stimuli at the uncued location. Thus, all stimuli at uncued locations served as distractors, suppression of which would be expected to benefit task performance. On each trial, a symbolic auditory
cue (the spoken phoneme /ba/ or /da/) was presented for 120 ms at 60 dB
SPL from both speakers simultaneously (Fig. 1 A). Assignment of the
cues /ba/ or /da/ to signify attend-right or attend-left trials was counterbalanced across participants. Auditory cues were produced using “Open
Mary Text-to-Speech System” (Schröder and Trouvain, 2003). The use
of auditory cues is a crucial design feature, because typical visual arrow
cues may introduce confounds. Arrow cues have been demonstrated to
induce exogenous visuospatial attention effects attributable to the overlearned association between an arrow and a spatial location, even when
the task is entirely nonspatial (Ivanoff and Saoud, 2009). Additionally,
auditory cues have been successfully used previously to induce alpha
attention effects (Fu et al., 2001).
After the S1–S2 (cue–target) interval of 1000 ms, auditory S2s were
delivered in the form of band-delimited noise bursts of three frequency
ranges (300 –1400, 600 –1800, and 900 –2700 Hz) for 125 ms at 60 dB SPL
(Fig. 1 A). Auditory S2s occurred from the left, right, or both speakers
with equal probability (33.3%). For bilateral auditory S2s, noise bursts
within two different frequency ranges were presented to each side to
facilitate spatial segregation of the two sounds. Participants responded by
depressing the left button of a computer mouse with their right index
finger on detection of an S2 containing a gap at the cued location (target)
and withheld responses otherwise. In the auditory task, the probabilities
for stimuli at the cued location were as follows: noise with a gap, 0.20;
noise without a gap, 0.80. At the uncued location in the auditory task, the
probabilities were as follows: noise with a gap, 0.25; noise without a gap,
0.25; no auditory stimulus, 0.50 (Fig. 1C,D). It is important to note that
a noise with a gap at the uncued location did not constitute a target and
did not call for a response. A stimulus with a gap could be presented on
both sides, but participants were instructed to only attend to the cued
location. Bilateral trials were included to examine suppression of stimuli
at the uncued location. Participants were instructed to use the cue information and maintain central fixation.
The duration of the gap in the auditory noise-burst S2s was determined psychophysically on an individual subject basis before beginning
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the experiment. There were 50 possible gap durations ranging from 1 to
50 ms. A beginning level of 79.4% target detection rate was titrated for
each subject using the up– down transform response method (UDTR)
(Wetherill and Levitt, 1965). Because of an inability to meet the target
performance during the UDTR procedure, one participant was placed at
the highest gap-detection level (50 ms) for the auditory experimental
blocks. Participants performed the auditory task UDTR, followed by the
auditory task, a break, and then the visual UDTR and task. Participants
were given a cumulative account of their performance at regular intervals
throughout the procedure. Approximately 600 trials per task (auditory
and visual) were collected for each participant during the EEG portion of
the experiment.
The visual task was designed to be as similar to the auditory task as
possible, except that the S2s were visual (the cues remained auditory).
The S2s were gray-and-white Gabor patches on a black background that
appeared at the farthest left and/or right peripheral extent of the monitor
(centered at 9.15° from midline) to maintain as comparable a location to
the auditory S2s as was feasible (Fig. 1). These stimuli were constructed
using a 12.9 cycles/° sinusoidal wave with values ranging from black
[monitor red– green– blue (RGB) ⫽ 0,0,0] to 98.82% white (RGB ⫽
252,252,252) enveloped with a 2-D Gaussian with a width at halfmaximum of 1.19° visual angle. The sinusoid was oriented at 45° relative
to horizontal. The target was a ring ranging in brightness from 1.27%
gray (RGB ⫽ 3,3,3) to 100% white (RGB ⫽ 255,255,255) by 80 discrete
levels. The ring had an inside diameter of 0.45° visual angle and an outside diameter of 0.67° visual angle. The target ring and Gabor mask were
combined using a screen overlay.
For the visual task, participants were instructed to press the left mouse
button when they detected a bright ring in the center of the Gabor at the
cued location and to withhold responses otherwise. Participants also
performed a UDTR session before the visual condition to determine the
target ring brightness level for a 79.4% detection rate. The UDTR method
was used to bring participants to equivalent levels of stimulus detection
before the main experimental sessions began. Thereafter, we did not
adjust the stimulus levels throughout the experiment because the intention was to compare electrophysiological responses with stimuli containing the same properties. Four participants were unable to attain the
predetermined target performance level during the UDTR procedure.
These participants were therefore placed at the maximal target contrast
level (i.e., white against black) during the experimental blocks. All participants were provided feedback on their cumulative signal detection for
this task in the same manner as in the auditory task. The stimulus probabilities for cued and uncued locations were exactly the same in the visual
task as in the auditory task (Fig. 1C,D).

EEG recordings and analysis
Continuous EEG was acquired through the BioSemi ActiveTwo electrode system from 168 Ag-Cl electrodes, digitized at 512 Hz. With the
Biosemi system, every electrode or combination of electrodes can be
assigned as a reference, which is done purely in software after acquisition.
Biosemi replaces the ground electrodes that are used in conventional
systems with two separate electrodes that are used in conventional systems with two separate electrodes: common mode sense and driven right
leg passive electrode. These two electrodes create a feedback loop, thus
rendering them as references. EEG data were processed using the FieldTrip toolbox (Donders Institute for Brain, Cognition, and Behavior,
Radboud University Nijmegen, Nijmegen, The Netherlands; http://
www.ru.nl/neuroimaging/fieldtrip) for MATLAB (MathWorks).
Raw data were re-referenced to the nasion for analysis after acquisition. Data were epoched (200 ms before S1 onset to 1000 ms after S1
onset) and then averaged offline. Three hundred trials for each cue direction in each sensory modality were collected for each subject. We
defined baseline as the mean voltage over 200 to 50 ms preceding the
onset of the stimulus. Trials with eye blinks and trials in which the angle
was greater than 3° from central fixation were rejected on the basis of
eye-tracking data. Trials for which four or more electrodes had voltage
values spanning a range of ⬎120 V were rejected, to exclude periods of
high muscle activity and other noise transients.
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Analysis strategy
Behavioral data
A repeated-measures ANOVA was used to examine performance (correct positive responses divided by total targets presented) for visual and
auditory tasks (modality ⫻ cue direction). A repeated-measures ANOVA
was also performed on reaction time data for visual and auditory tasks
(modality ⫻ cue direction). The two participants whose behavioral data
for the visual task were corrupted were not included in these repeatedmeasures ANOVA analyses.

Electrophysiological data
The temporal spectral evolution (TSE) method was used to focus analysis
on alpha-band activity. To derive TSE waveforms, the data were first
bandpass filtered between 8 and 15 Hz (fourth-order digital Butterworth,
zero-phase). Then, the instantaneous amplitude of the complex-valued
analytic signal was derived by the Hilbert transform (Le Van Quyen et al.,
2001). Frequency and temporal resolution are determined wholly by the
filtering step and are not altered by the Hilbert transformation. This
procedure results in all positive-valued data. Because we were interested
in the average change of alpha-band power after the presentation of the
cue information, we re-baselined the data before averaging across trials.
Thus, any change from zero—the baseline—would indicate a change in
alpha power. Use of a narrow bandpass filter introduces an artifact near
the edge of the epoch, so our baseline window for this procedure was reset
to ⫺100 to 0 ms to avoid including the edge artifact in the baseline
calculation. Thus, voltage values in the epoch represent absolute change
in alpha-band power from baseline levels. Data were ultimately grandaveraged across subjects for purposes of illustration. Our analyses then
proceeded in two stages, assessing two separable aspects of the alphaband response. (1) The aim in the first stage was to assess our primary
hypothesis as to whether previously characterized, spatially specific, alpha effects would be common to both audiospatial and visuospatial conditions. (2) The second stage aimed to assess whether general attentional
deployment processes in the alpha band (i.e., when left vs right space was
not considered as a factor) would be common or separable between
sensory modalities. An alpha criterion of p ⬍ 0.05 was used.
Stage 1 analysis: assessing spatially specific alpha suppression effects
across modalities. Repeated-measures ANOVAs were used to analyze
main effects and interactions of cue direction (left or right) and region of
interest (ROI) (left or right hemiscalp) on alpha-power amplitudes.
These ANOVAs were performed for each task (auditory and visual) and
for each of six time windows, for a total of 12 statistical tests. The regions
of interest chosen for testing were based on scalp topographies in existing
studies (Worden et al., 2000; Kelly et al., 2008) with electrode clusters
over left and right parieto-occipital scalp. These locations are outlined in
Figure 4. The time windows of 400 –500, 500 – 600, 600 –700, 700 – 800,
800 –900, and 900 –940 ms were selected for analysis based on the observed time courses of differential anticipatory alpha-band shifts in previous studies (Worden et al., 2000; Fu et al., 2001). The last 60 ms of the
anticipatory period before the S2 were excluded from these analyses to
preclude inclusion of oscillatory effects caused by the onset of S2 stimulus
processing, because it was anticipatory effects that were of primary interest. An alpha criterion of 0.05 was used and corrected for multiple comparisons when appropriate.
Stage 2 analysis: assessing right parieto-occipital alpha-band activity between modalities. A second stage of analysis aimed to characterize potential topographic differences in terms of general spatial attention
deployments as a function of sensory modality (i.e., regardless of which
side of space was to be specifically attended). This was done by averaging
across cue-right and cue-left conditions within modality, allowing for
examination of sensory- specific alpha-band attentional processes that
are common across leftward and rightward directed attention for each
sensory condition (auditory and visual). The first stage of analysis was
“blind” to these common processes because they are subtracted out in the
left-versus-right comparison. For this analysis, only the 16 participants
who completed both auditory and visual tasks were included. Scalp topographies and latency of alpha power increases between the auditory
and visual tasks were statistically assessed using repeated-measures
ANOVA with the factors of modality (auditory or visual) and ROI. We

Figure 2. Performance on the auditory and visual tasks. Accuracy as a function of task and
cue direction is illustrated in a, and reaction time as a function of task and cue direction is
illustrated in b.
again considered the time period preceding the arrival of the anticipated
imperative S2 (700 –940 ms after S1). In this second stage of analysis, we
did not have previous literature to rely on in terms of defining specific
scalp regions a priori to select for statistical comparisons, but we had
solid reason to expect a strong right parieto-occipital focus for alphaband activity during the anticipatory period from previous intersensory
work (Foxe et al., 1998; Fu et al., 2001) and assumed that this would be
evident for both modalities in the current datasets. The main question
was whether this right parieto-occipital alpha focus would be identical or
different across modalities. We approached this issue by quantitatively
assessing the regions containing peak alpha power in each time window
(700 – 800, 800 –900, 900 –940 ms) within a given sensory modality, picking the three adjacent scalp sites that showed maximal alpha power. The
scalp sites chosen through this method for each task modality are illustrated in Figure 5. When these regions differed between tasks, we then
submitted them to the statistical analyses described above. An alpha criterion of 0.05 was used and corrected for multiple comparisons when
appropriate. We did not test the 600 –700 ms time window because the
electrodes at which peak alpha power was observed were completely
overlapping for the auditory and visual tasks during this period. Confirmatory analyses were also performed whereby the TSE signals were
global field potential (GFP) normalized using the freely available software Cartool (Brunet et al., 2011). Repeated-measures ANOVAs were
then conducted on the normalized data using the factors of condition
and electrode for three time bins (700 – 800, 800 –900, 900 –940 ms after
S1). Additionally, paired-samples t tests were performed for these normalized TSE data between the auditory and visual conditions using all
electrodes and all time points, corrected for multiple comparisons.

Results
Behavioral data
For the auditory task, the mean ⫾ SD gap level (n ⫽ 18) determined by UDTR was 28.28 ⫾ 10.60 ms. Mean ⫾ SD performance
for the auditory task was 78.68 ⫾ 13.57% for cue-left and 72.14 ⫾
17.55% for cue-right conditions (Fig. 2a). For the visual task, the
mean ⫾ SD target ring brightness level (n ⫽ 16) determined by
UDTR was 58.83 ⫾ 22.90%. Mean ⫾ SD performance for the visual
task was 60.08 ⫾ 23.32% for cue-left and 62.13 ⫾ 26.31% for cueright conditions (Fig. 2a).
A plot of the horizontal electro-oculogram traces in the cueleft and cue-right conditions time locked to the S1 for auditory
and visual tasks is included (supplemental Fig. S-1, available at
www.jneurosci.org as supplemental material). Paired-samples t
tests of each trace were performed across several conditions. For
the auditory task, the conditions included left horizontal electrode (cue left vs cue right) and right horizontal electrode (cue
left vs cue right). The visual task analysis included these same
pairs. This analysis revealed no significant differences between
any of these pairs. Eye tracking was used to ensure appropriate
fixation and mean ⫾ SD gaze deviation from fixation across participants in the period between S1 and S2 was 0.5233 ⫾ 0.2446°
on the horizontal axis. A plot of the mean gaze deviation from
fixation for each participant in auditory and visual tasks between
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Figure 3. Scalp topographic maps of alpha power (from 600 to 940 ms) for cue-left and cue-right conditions, for each of the
auditory and visual tasks. In the bottom row, cue right is subtracted from cue left to illustrate the parietal distribution of the
cue-specific alpha-power topographies that is seen in both the auditory and visual tasks.
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Figure 4. Alpha power in each ROI dependent on cue direction. Comparing left and right ROIs for each of the auditory and visual
tasks, alpha power is greater over the parieto-occipital cortex ipsilateral to the direction of attention for several post-S1 time
windows, for both visual and auditory tasks.

the S1 and S2 was included (supplemental Fig. S-2, available at
www.jneurosci.org as supplemental material). A paired-samples
t test between auditory and visual tasks revealed no significant
difference in gaze deviation between the tasks (t(15) ⫽ ⫺0.368,
p ⫽ 0.718).
The lower performance of some participants for the visual
task may be attributed to fatigue in the latter half of the testing
session. We opted to retain participants that did not maintain
79.4% performance after behavioral titration with the UDTR
procedure because, although these individuals showed performance declines relative to beginning levels, they were nonetheless
able to effectively deploy attention as instructed and to discriminate targets. During examination of the d⬘ (discriminability index) values for each participant, it was clear that all participants
performed above chance (d⬘ ⬎ 0), except one participant, who

performed below chance only in one hemifield. For the auditory task, the mean ⫾ SD
discriminability index was d⬘ ⫽ 1.70 ⫾ 0.73
for cue left and d⬘ ⫽ 1.45 ⫾ 0.58 for cue
right. For the visual task, the mean ⫾ SD
discriminability index was d⬘ ⫽ 0.87 ⫾ 0.56
for cue left and d⬘ ⫽ 0.87 ⫾ 0.72 for cue
right. Individual performance levels for
both tasks and each hemifield are tabulated
in supplemental Table S-1 (available at
www.jneurosci.org as supplemental material). In response to a reviewer’s comment,
topographies were compared for participants who were at similar levels of performance for auditory and visual tasks to
ensure that the pattern of effects remained
unchanged. Participants with the lowest
quartile of performance in the visual task
were removed, and grand averages were
produced for these auditory and visual task
data (supplemental Fig. S-4, available at
www.jneurosci.org as supplemental material). These topographies were very similar
to those in the original analysis throughout
the periods of interest.
Repeated-measures ANOVAs on performance with factors of cue direction (attend right or left) and modality (auditory
or visual task) revealed a main effect of
modality (F(1,15) ⫽ 12.088, p ⫽ 0.003).
This main effect was driven by better performance in the auditory task (mean ⫾
SD, 75.41 ⫾ 15.81%) than the visual task
(mean ⫾ SD, 61.09 ⫾ 24.48%). When the
four participants who did not meet target
performance for the visual task and the
one participant who did not meet target
performance for the auditory task were removed, a paired-samples t test showed that
auditory task performance (mean, 80.27%)
remained significantly better than visual
task performance (mean, 64.95%) (t(23) ⫽
3.266, p ⫽ 0.003). Analysis of the reaction
time data revealed no significant differences between auditory and visual tasks
(Fig. 2b).

Electrophysiological data
Stage 1: assessing spatially specific alpha suppression effects
The top panel of Figure 3 displays alpha-band TSE topographies
as a function of cuing condition (left or right) for auditory and
visual tasks (600 –940 ms after S1). The bottom panel of Figure 3
shows the maps of the difference between this pair of conditions
(i.e., cue-left minus cue-right). Bilateral parieto-occipital alpha
foci are evident for both modalities (note that the red and blue
coloring in the difference maps is simply a function of the
direction of the subtraction). Both alpha foci, in fact, represent increased alpha-power relative to baseline. It can be readily appreciated from these difference maps that the
topography of these alpha-lateralization effects are highly similar between modalities.
Figure 4 displays TSE waveforms from parieto-occipital scalp
sites showing the shifts in alpha power dependent on cue direc-
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Table 1. Summary of main effects and interactions for alpha power by cue (left vs right) and hemisphere (left or right parieto-occipital regions of interest) in each time
window
Task

400 –500 ms

500 – 600 ms

600 –700 ms

700 – 800 ms

800 –900 ms

900 –940 ms

Main effect of hemisphere
NS
NS
Auditory Main effect of hemisphere Main effect of hemisphere Main effect of hemisphere
(F(1,17) ⫽ 12.038,
(F(1,17) ⫽ 13.550,
(F(1,17) ⫽ 6.957,
(F(1,17) ⫽ 8.790,
p ⫽ 0.009)
p ⫽ 0.003)
p ⫽ 0.002)
p ⫽ 0.017)
Cue ⫻ hemisphere
Cue ⫻ hemisphere
Cue ⫻ hemisphere
Cue ⫻ hemisphere
NS
NS
interaction
interaction
interaction
interaction
(F(1,17) ⫽ 6.747,
(F(1,17) ⫽ 8.964,
(F(1,17) ⫽ 5.812,
(F(1,17) ⫽ 5.443,
p ⫽ 0.019)
p ⫽ 0.008)
p ⫽ 0.028)
p ⫽ 0.032)
Visual
NS
NS
Cue ⫻ hemisphere interaction Marginal cue ⫻ hemisphere
Marginal cue ⫻ hemisphere
Cue ⫻ hemisphere
(F(1,15) ⫽ 4.892, p ⫽ 0.043)
interaction (F(1,15) ⫽ 4.197,
interaction (F(1,15) ⫽ 4.165,
interaction
p ⫽ 0.058)
p ⫽ 0.059)
(F(1,15) ⫽ 4.848,
p ⫽ 0.044)

tion that were observed for each of the auditory and visual tasks.
For the auditory task and visual task, we performed two separate
repeated-measures ANOVAs comparing left-hemisphere and
right-hemisphere regions of interest across the two cue conditions. For the auditory task, we found main effects of hemisphere
and cue ⫻ hemisphere interactions for the periods from 400 – 800
ms after S1 (Table 1). For the visual task, we found significant
cue ⫻ hemisphere interactions from 600 –700 and 900 –940 ms
after S1, with no significant main effects or interactions during
the intervening time periods (700 –900 ms), although these approached significance. Table 1 includes a summary of these
results.
Stage 2: assessing right parieto-occipital alpha-band activity
across modalities
In the second phase of analysis, potential alpha-band topographical differences between the auditory and visual tasks were explored. Here, the data from left and right conditions were
collapsed within modality to analyze differences in deployment
of attention for each sensory modality regardless of the specific
spatial location to be attended. Figure 5, e and f, shows the regions
of interest that were used in this analysis (their selection is described in Materials and Methods). For 700 – 800 ms after S1, a
significant modality ⫻ region of interest interaction was observed (F(1,15) ⫽ 4.612, p ⫽ 0.048), and this interaction was also
evident for the 800 –900 ms period (F(1,15) ⫽ 5.070, p ⫽ 0.040).
For these two time windows spanning the 700 –900 ms post-S1
period, alpha power was greatest over the right parietal cortex for
both auditory and visual tasks as predicted, with the focus during
the auditory task showing a distinctly more lateral distribution to
that seen during visuospatial deployments. From 900 –940 ms
post-S1 period, the foci of peak activation for auditory and visual
tasks remained distinct, and there was a significant modality ⫻
region of interest interaction (F(1,15) ⫽ 6.166, p ⫽ 0.025). Figure
5 illustrates the differences in topography between the two tasks
during these three time windows.
These data were GFP normalized, and repeated-measures
ANOVAs were conducted using the factors of condition and electrode for three time bins (700 – 800, 800 –900, 900 –940 ms after
S1). A significant condition ⫻ region interaction was observed
for 800 –900 ms (F(1,15) ⫽ 6.4, p ⫽ 0.023) and also for 900 –940 ms
(F(1,15) ⫽ 7.464, p ⫽ 0.015). However, no condition ⫻ region
interaction was observed for the time bin of 700 – 800 ms after S1.
Figure 6 displays the results from the paired t tests across all
electrodes and all time points for these data. Significant differences (p ⬍ 0.05) were observed over parieto-occipital electrodes
between the conditions from 780 –940 ms after S1, including the
electrodes used in the original analysis (Fig. 5e,f ).

Discussion
We set out to assess the contribution of shared versus sensoryspecific mechanisms in the deployment of spatial attention, by
comparing alpha-band oscillatory activity under conditions of
audiospatial and visuospatial attention. This measure of preparatory spatial attention has been very well characterized in the
visual domain and provides a reliable measure of top-down control of spatial attention processes. Auditory directional cues were
explicitly used in both cases to avoid the previously mentioned
confounds around visually presented arrows. Using tightly
matched stimulus setups across sensory modalities, the current
data clearly demonstrate a central role for parieto-occipital
alpha-band oscillatory mechanisms in the directing of both audiospatial and visuospatial attention. In this regard, these results
point to a supramodal role for alpha-band oscillatory mechanisms. Specifically, the deployment of spatial attention toward
anticipated auditory or visual events resulted in lateralized increases in alpha-power over parieto-occipital cortex contralateral
to unattended space (ipsilateral to the cued location). Topographic mapping of these lateralized alpha effects (i.e., maps of
the difference between cue-left minus cue-right conditions)
across the late pre-S2 anticipatory period revealed very similar
distributions for the attend-auditory and attend-visual conditions (Fig. 3). It is clear from these data that alpha-band oscillations play a key role in the deployment of spatial attention within
both the auditory and visual systems. It is also clear that structures within the right parietal lobe produce the majority of this
phasic alpha-band activity during both sensory tasks, consistent
with lesion data showing cross-sensory attentional deficits when
these same structures are compromised (Brozzoli et al., 2006).
In a second stage of analysis, the data were collapsed across
spatial-cueing conditions to examine potential between-modality
differences, independent of spatial considerations. Using this approach, additional support for a supramodal spatial attention system
was seen in the 600 –700 ms post-S1 time window. A highly focused
right parieto-occipital alpha distribution was observed, and this
map was extremely similar between modalities, suggesting common processes for spatial attention during this epoch. Thereafter,
however, clear topographical differences in alpha power emerged
between the auditory and visual tasks, pointing to additional
sensory-specific spatial mechanisms. In this late anticipatory period before onset of the imperative S2 (800 –940 ms), alphapower increases were evident over quite distinct regions of right
parietal cortex depending on the sensory modality of the task,
suggesting contributions from sensory-specific mechanisms. Despite these clear dissociations of topography during the 800 –940
ms post-S1 period, it was also notable that the auditory and visual

Banerjee et al. • Supramodal Spatial Attention and Brain Oscillations

J. Neurosci., July 6, 2011 • 31(27):9923–9932 • 9929

1987; Farah et al., 1989; Foxe et al., 2003).
One paradigmatic finding in parietal lesion
patients is impairment in the ability to disengage attention from an ipsilesionally presented visual stimulus (i.e., a right hemifield
input) to attend to a subsequently presented
contralesional stimulus. In a seminal study,
Farah et al. (1989), rather than using typical
visual–visual stimulus pairings, investigated the effect of cross-sensory pairings
on the attentional disengagement abilities
of parietal lesion patients. Specifically,
they tested whether an ipsilesional auditory stimulus would capture and hold
spatial attention, thereby interfering with
subsequent processing of a contralesional
visual target. They reasoned that, if auditory cues impacted the subsequent deployment of spatial attention to a visual
stimulus, this would provide support for a
supramodal role for right parietal areas in
controlling spatial attention. Indeed, this
is precisely what was found, with patients
showing impairment in their ability to
disengage attention regardless of the sensory modality of the initial ipsilesional
cue. Consistent with Farah’s supramodal
model, visuospatial neglect resulting from
parietal lesions often extends across sensory modalities (Vallar, 1997; Brozzoli et
al., 2006). Additional evidence for a supramodal system derives from consistent
findings that directing attention to a location within a given sensory modality results in enhanced processing, not only for
stimuli presented in the attended sensory
modality but also for stimuli presented at
that location in task-irrelevant sensory
modalities (Teder-Sälejärvi et al., 1999;
McDonald et al., 2000; Eimer and Driver,
2001). The thesis is further bolstered by
imaging studies showing similar frontoparietal attentional networks engaged
whether attention is directed within visual, auditory, or tactile space (Macaluso
Figure 5. Scalp topographies of alpha power averaged over cue condition for the auditory and visual tasks. For each time et al., 2003; Shomstein and Yantis, 2006;
interval from 600 to 940 ms (a– d), topographies are displayed separately for auditory and visual tasks. To illustrate differences in Krumbholz et al., 2009; Smith et al.,
the scalp distribution of alpha power between the sensory conditions, these are accompanied by a composite display of the same 2010).
auditory and visual scalp topographies and their centers of maximal activity. The bottom row (e, f ) displays the electrodes used for
TMS and electrophysiology studies also
the stage 2 analysis. The gray circle shaded electrode represents the midline occipital electrode as a bearing, as the scalp has been
provide
some support for supramodal reprotated to depict mainly right hemisphere electrodes.
resentations in the parietal lobe. For example, Chambers et al. (2007) used TMS over
alpha foci were nested in very close adjacency to each other. This
parietal cortex during somatosensory spatial and visuospatial tasks.
topographic proximity suggests that there may be sensorySpatially aligned visual or somatosensory cues directed participants
selective subfields in tightly neighboring regions, perhaps within
to attend to visual or somatosensory targets in the left or right
a complex of closely related parietal regions.
hemifield. By delivering single-pulse TMS over the right angular
and supramarginal gyri of the inferior parietal lobe, they interParietal role in spatial-selective attention and supramodal
fered with reflexive attentional shifts to both somatosensory and
deployment mechanisms
visual stimuli, when somatosensory cues were used (Chambers et
Structures within the right parietal lobe are heavily implicated in the
al., 2007). Complicating a straightforward supramodal interpredeployment of visuospatial attention, with damage to these structation, however, similar interference was not seen for visual cues,
tures often resulting in severe deficits in the ability to deploy spatial
possibly indicating dominance of visual over other types of inforattention (Heilman and Van Den Abell, 1980; Vallar and Perani,
mation in this node of the spatial orienting system. Of particular
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Figure 6. Paired t tests of all electrodes and all time points across auditory and visual conditions (corrected for multiple comparisons). Parieto-occipital electrodes outlined in white
show significant (p ⬍ 0.05) difference across the two conditions from 780 to 940 ms after S1.
Significant differences were also observed for a few parietal electrodes from 400 to 700 ms, but
distinct topographical shifts were not observed for this time period.

relevance to the current work, Kerlin et al. (2010) examined
alpha-band activity in a cued auditory spatial task. Arrows instructed participants to attend to spoken sentences on one side
while ignoring sentences presented on the other side. Examining
alpha power during the S2, they found lateralized effects over
parieto-occipital cortex that reflected the hemifield of
auditory-selective attention. The important point here is that
the topographies of these spatially specific alpha effects appeared highly similar to those reported previously for visuospatial attention tasks (Worden et al., 2000; Kelly et al., 2006,
2010). It needs to be pointed out, however, that only auditory
attention was examined and so no direct comparisons between
modalities were possible.
Sensory-specific deployment mechanisms
Despite substantial evidence supporting a supramodal account,
there is an increasing accumulation of data suggesting a more
complex story. For one, in the aforementioned studies in which
spatial attention was seen to spread from the attended modality
to colocated task-irrelevant stimuli in another modality, the enhancement seen for the task-irrelevant stimuli was typically
smaller than if those stimuli had in fact been primarily attended
(Eimer et al., 2002). This implies some top-down differentiation
of the relevant sensory modality. Also consistent with additional
sensory-specific mechanisms, imaging studies have not always
demonstrated complete overlap of the frontoparietal control network (Krumbholz et al., 2009). For example, Wu et al. (2007)
found that, although generally similar frontoparietal regions
were activated during orientation of both visual and auditory
attention, there were also sensory-specific activation differences
in a subset of parietal and frontal regions. It is also noteworthy
that some, although not all, of the imaging studies that have
found substantially overlapped networks have used visually presented arrows to cue location (Smith et al., 2010), which is a
limitation as mentioned previously.
Findings from the current study suggest that supramodal spatial attention processes are engaged during 600 –940 ms after S1,
as evidenced by similar lateralized shifts in alpha power over
parietal electrodes in this time window (Fig. 3). However, in stage
2 of the present analysis, collapsing across spatial cues revealed
sensory-specific increases in alpha power over topographically
distinct regions directly preceding the S2 (Fig. 5C,D). This is
consistent with the known functional anatomy of attentional
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control regions within the intraparietal sulcus (IPS) of nonhuman primates (Grefkes and Fink, 2005). Also, although compromise of spatial attention is often found across sensory modalities
in neglect patients, it is also the case that more careful psychophysical testing has shown clear distinctions in the extent of involvement across modalities (Sinnett et al., 2007). It seems
reasonable to propose that the relatively gross lesions that are
common in neglect patients would likely involve a large tract of
parietal cortex that might compromise a number of sensoryselective regions but that this would not always be the case when
lesions are more punctate. In this latter case, dissociations between sensory systems would be more likely, and this is what has
been seen. It is also intriguing that the alpha focus we observed
over parietal cortex during auditory deployments in the current
study was more lateral than the visual focus, suggesting perhaps
that parietal regions closer to the temporal lobe control attention
for functions in that lobe. In support, anatomic tracer studies in
macaques have shown greater connectivity between ventral intraparietal cortex and auditory cortical regions than were seen for
more dorsal IPS regions (Lewis and Van Essen, 2000). Additionally, PET and fMRI studies on auditory sound localization have
shown activation in right parietal cortex regions, including the
right inferior parietal lobule (Zatorre et al., 2002; Brunetti et al.,
2008).
Study limitations and considerations
An important consideration in attention cueing studies such as
this concerns potential effects of the sensory modality within
which the instructional cue is delivered (Foxe and Simpson,
2005). Here, we used exclusively auditory symbolic cues, explicitly because of concerns about the use of visual arrows. However,
this raises the possibility that using auditory cues to predict upcoming visual imperative S2s may not be exactly equated with the
use of the same auditory cues to predict an upcoming auditory
target. In the former scenario, in addition to deploying spatial
attention, the participant must also switch sensory modality between the cue and target. In the latter case, no such cross-modal
switch is necessary. Studies by Harvey (1980) and Turatto et al.
(2002, 2004) have convincingly shown that this issue of crossmodal switching has real impact on performance in terms of
reaction times. For example, Turatto et al. (2004) presented
within-modality and across-modality stimulus pairs, using variable interstimulus intervals (ISIs) between both stimuli. The first
stimulus of the pair was always irrelevant to the task, whereas
subjects were required to make a speeded discrimination response to the occurrence of the second stimulus. Although the
first stimulus of the pair was completely irrelevant, reaction times
to the second stimulus were significantly slower when the sensory
modality switched relative to instances in which the S1 and S2
were of the same modality. The results make it clear that some
attentional resources must have been automatically captured by
the modality of the S1. In a second experiment, the modality of
the S2 never switched such that participants were in no doubt as
to which modality they should respond to. Even so, the totally
irrelevant S1 resulted in relatively slowed reaction times to the
cross-modal S2. These results have obvious implications for the
present study in which the auditory spatial task required no crossmodal switch, but the visuospatial task did. However, we believe
that this is not a significant issue here because, in all of these
studies, the automatic sensory capture effect was found to have a
relatively short-lived epoch. Although these cross-modal effects
were found to be robust at ISIs of 150 ms, they were highly attenuated for 600 ms ISIs and nonexistent for 1 s delays (Turatto et al.,
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2004). In the current study, the cue-target interval used was fully
1 s, and so it is highly unlikely that cross-modal switch effects can
have impacted the alpha processes of interest here, which were all
observed during the late delay-period.
One inherent compromise of the current design pertains to
the sequencing of the auditory and visual tasks. That is, to avoid
providing any visuospatial cues before assessing “pure” auditory
spatial attention, the auditory task was always run before the visual
task. It is likely that it was this sequencing that led to the observed
waning of performance of the visual task relative to the auditory task,
despite the fact that both tasks were initially titrated to have equivalent performance levels at the individual subject level. Unlike the
auditory task, performance of the visual task declined after initial
titration, and it seems likely that this occurred because the visual
task was always conducted in the second half of the recording
session as subjects began to fatigue. It is important, however, to
note that, although this fatigue effect was a necessary consequence of design considerations, we believe that it is highly unlikely that these modest performance differences could have
impacted the frank shifts in the neural circuits that were observed
here between tasks.
Another potential issue with the current study pertains to the
slight spatial offset of the auditory S2 stimuli during the auditory
task (14°) relative to the S2 stimuli in the follow-up visual task
(9.2 °), which was necessitated because the speakers flanked the
screen. It could be argued that topographical differences uncovered in this study might in part reflect this spatial disparity. We
consider this extremely unlikely for a number of reasons. First,
auditory spatial localization abilities for the brief broadband
noise bursts used here are relatively crude, and the SD of absolute
sound localization also grows with increasing eccentricity (Recanzone et al., 1998). In a careful study in macaques, localization
thresholds for noise bursts ranged from 3.2 to 4.1° (Recanzone et
al., 2000). The disparity here was 4.85°, which falls very close to
this threshold. Even had participants been presented the visual
and auditory targets during the same task, we strongly suspect
that it would have been very difficult for them to resolve this small
spatial difference. The second key point is that, when we compared the alpha topographies for cue-left versus cue-right conditions between modalities (the spatially specific aspect of the data),
no differences were observed, although this is the aspect of the
data that would be expected to modulate as a function of spatial
differences.
In turn, if we take the position that participants could indeed
precisely resolve these spatial differences between modalities and
across tasks, the effects still do not accord with a spatial disparity
account. That is, topographical mapping of visual cortex in primates has shown that there is dramatically decreased cortical
representation in early retinotopic cortices as the eccentricity of
stimulation increases (Tootell et al., 1988), the so-called cortical
magnification factor. For eccentricities between 10 and 14°, our
difference of 4.85° would correspond to an ⬃5– 6 mm shift along
retinotopic cortex (Virsu and Rovamo, 1979), a shift that is not
consistent with the frank changes in topography over unilateral
parietal scalp that we observe here. Finally, in the current study,
distracter space was very broadly defined, because the left half of
space was merely pitted against the right. That is, participants
would not have to respond to stimuli occurring anywhere near
the uncued hemispace, such that such fine-resolution representations of distracter space were unnecessary. Therefore, it is more
likely that participants used a coarse representation of the to-beignored space (i.e., “left” or “right”).
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Conclusion
These results show that auditory spatial attention recruits similar
alpha-band oscillatory mechanisms to visuospatial attention, as
evidenced by lateralized shifts in alpha activity over parietooccipital cortex contralateral to unattended space. However,
clear topographic differences between auditory and visual tasks
also suggest that sensory-specific mechanisms are recruited, providing support for the interactivity thesis. These results are in
accord with EEG and fMRI studies (Eimer et al., 2002; Santangelo
et al., 2010) that suggest a hybrid role for the parietal cortex, in
which supramodal spatial attention mechanisms act in concert
with sensory-specific processes.
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