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Abstract: Knowledge about the sensory modality in which a forthcoming event might occur permits
anticipatory intersensory attention. Information as to when exactly an event occurs enables temporal
orienting. Intersensory and temporal attention mechanisms are often deployed simultaneously, but as
yet it is unknown whether these processes operate interactively or in parallel. In this human electroen-
cephalography study, we manipulated intersensory attention and temporal orienting in the same para-
digm. A continuous stream of bisensory visuo-tactile inputs was presented, and a preceding auditory
cue indicated to which modality participants should attend (visual or tactile). Temporal orienting was
manipulated blockwise by presenting stimuli either at regular or irregular intervals. Using linear beam-
forming, we examined neural oscillations at virtual channels in sensory and motor cortices. Both atten-
tional processes simultaneously modulated the power of anticipatory delta- and beta-band oscillations,
as well as delta-band phase coherence. Modulations in sensory cortices reflected intersensory attention,
indicative of modality-specific gating mechanisms. Modulations in motor and partly in somatosensory
cortex reflected temporal orienting, indicative of a supramodal preparatory mechanism. We found no
evidence for interactions between intersensory attention and temporal orienting, suggesting that these
two mechanisms act in parallel and largely independent of each other in sensory and motor cortices.
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INTRODUCTION

In navigating our environment, we typically confront con-
tinuous and varied input streams to our distinct sensory
systems. As we cannot reasonably process all these inputs
to full elaboration, selective attention mechanisms such as
intersensory attention and temporal orienting are deployed
to focus our resources on inputs directly relevant to the task
at hand. Intersensory attention describes our ability to
attend to a specific sensory modality, while disregarding
information from other modalities [Spence and Driver, 1997;
Talsma et al., 2010]. Temporal orienting of attention facili-
tates stimulus processing by reducing uncertainties about
when an upcoming event will occur [Arnal and Giraud,
2012; Nobre et al., 2007]. Recent studies have demonstrated
interactions between other types of attention, such as inter-
sensory and spatial attention [Bauer et al., 2012; van Ede
et al., 2010] or temporal orienting and spatial attention [Doh-
erty et al., 2005; Rohenkohl et al., 2014]. While intersensory
attention and temporal orienting can also be deployed
simultaneously, it is unknown whether they mutually influ-
ence each other or operate in an independent manner, and
where in the cortical hierarchy they are instantiated.

Studies of intersensory selective attention have found
shorter response times (RTs) when a relevant target is pre-
sented in a currently attended modality [De Jong et al.,
2010; Mattler et al., 2006; Spence and Driver, 1997]. A fre-
quent finding in electrophysiological studies is a decrease
of anticipatory occipital alpha-band activity (ABA, 8–12
Hz) when intersensory attention is deployed to the visual
modality [Foxe et al., 1998; Fu et al., 2001]. This decrease
is paralleled by a simultaneous increase of ABA over corti-
cal areas of unattended modalities, possibly reflecting an
active sensory suppression mechanism [Foxe and Snyder,
2011; Gomez-Ramirez et al., 2011]. Recent studies investi-
gating intersensory attention using visual-tactile [Bauer
et al., 2012] and auditory-tactile [van Ede et al., 2010] stim-
ulation have shown similar modulations in beta-band
activity (BBA, 13–30 Hz). Thus, patterns of amplification
and suppression of ABA and BBA over sensory areas
likely reflect intersensory attention. Like intersensory
attention, temporal orienting can facilitate RTs [Miniussi
et al., 1999; Rohenkohl et al., 2012; Sanabria and Correa,
2013] and improve perceptual accuracy [Jones et al., 2002;
Rohenkohl et al., 2012]. Moreover, recent studies showed
that temporal orienting modulates anticipatory BBA over
sensory [Arnal et al. 2014; Fujioka et al., 2012] and motor
areas [Cravo et al., 2011; Fujioka et al., 2012; Saleh et al.,
2010]. In addition, temporal orienting leads to a phase
reset of slow-wave delta-band activity (DBA, 2–4 Hz)
[Besle et al., 2011; Cravo et al., 2013; Saleh et al. 2010].
Hence, temporal orienting is reflected in modulations of
BBA and DBA. Taken together, intersensory attention and
temporal orienting involve spectrally overlapping modula-
tions of neural activity in sensory and motor cortices.

In this electroencephalography (EEG) study, we exam-
ined source localized oscillatory activity in sensory and

motor cortices during a visual-tactile cuing paradigm. Inter-
sensory attention and temporal orienting were manipulated
simultaneously, which enabled us (i) to dissociate the neu-
ral mechanisms underlying the two types of attention, and
(ii) to examine whether they operate interactively or in an
independent fashion. We found spatially distinct and
modality-specific modulations of oscillatory power and
phase coherence that differed between the two types of
attention. Notably, we did not observe interactions between
these mechanisms, suggesting that they operate in parallel,
largely independently of each other, in spatially distinct
sensory and motor cortices.

METHODS

Participants

Twenty right-handed, paid volunteers participated in
the study. Four participants had to be excluded due to
extensive muscle or sweat artifacts in the EEG data. The
remaining 16 participants (9 female, 23.2 years mean age)
had normal or corrected to normal vision and reported no
history of neurological or psychiatric illness. The study
was conducted in accordance with the local Ethics Com-
mittee of the Charit�e—Universit€atsmedizin Berlin as well
as with the Declaration of Helsinki, and all participants
provided written informed consent.

Setup and Procedure

Participants were seated in a dimly lit, electrically and
acoustically shielded chamber, while being presented with
visual, tactile, and auditory stimuli (Fig. 1). Prior to the
main experiment, participants were presented with a pas-
sive localizer task (see below) and then performed two
training blocks to familiarize themselves with the experi-
mental paradigm. They were also informed that the stimuli
were sometimes presented in a temporally regular and
sometimes in an irregular fashion (Fig. 2a). This was done
to ensure that all participants were aware of the possible
regularity in the stimulus train. The experiment comprised
of a two-by-two factorial design, with the factors inter–stim-
ulus–interval (ISI) (regular or irregular) and Attention
(attend-visual or attend-tactile) (Fig. 2b). At the beginning
of each trial, an auditory cue was presented that indicated
to which sensory modality participants should attend
(attend-visual or attend-tactile). The auditory cue, which
was delivered via in-ear air-pressure headphones (E-A-R
tone Gold, Auditory Systems, Indianapolis), comprised of a
sinusoidal 440 or 880 Hz tone with duration of 150 ms
(including 5 ms rise and fall time). The mapping between
the cue tone frequency and the attentional condition was
counterbalanced across participants (e.g., in half of the sub-
jects the 440 Hz tone instructed participants to attend to the
visual modality). The cue was followed by an ISI, which
blockwise had either a fixed (1,700 ms) or variable (1,000–
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2,400 ms, mean 1,700 ms) duration. Participants benefited
from temporal orienting of attention especially when stim-
uli were presented with fixed ISIs. Following the ISI, a com-
bined visuo-tactile stimulus was presented. Irrespective of
the experimental condition, this stimulus randomly con-
tained either a visual target (25% of all trials), a tactile tar-
get (25%), or no target (50%; i.e., a standard; see below).
The participants’ task was to perform a speeded button
press with the right index finger when a target was pre-
sented in the cued modality (e.g., they had to press the but-
ton to visual targets when attention was cued to the visual
modality). No response was required for standards or for
targets in the noncued modality. Overall, participants were
required to press a button on 25% of all trials. Following
the stimulus, the cue of the next trial was presented either
at a fixed interval of 1,700 ms in the blocks with regular ISI
or at a variable interval of 1,000–2,400 ms (mean 1,700 ms)
in blocks with irregular ISI. The main experiment com-
prised of 16 blocks lasting about 4 min each. In half of the
blocks, stimuli were presented with fixed ISIs and in the
other half with variable ISIs. Blocks with regular versus
irregular ISIs alternated after every second block. Each
block consisted of 80 trials, half of which contained an
attend-visual cue and the other half an attend-tactile cue
(presented in random order). In total, 320 trials were pre-
sented for each of the four experimental conditions. Partici-
pants received visual feedback about the number of hits
and misses, as well as on their mean RTs after each block.

Visuo-Tactile Stimuli

All combined visuo-tactile stimuli were presented for
150 ms. Visual inputs were presented on a tilted thin-film
transistor (TFT) monitor at 40 cm distance from the eyes
with a monochromatic neutral gray background (mean
luminance of 30 cd/m2). Throughout experimental
blocks, participants were instructed to focus on a central
black fixation cross on the screen. In trials with standards
and tactile targets, the visual input comprised of a cen-
trally presented black and white Gabor patch with verti-
cal gratings (diameter: 5.758, spatial frequency 5 1 cycle
per degree, Gaussian standard deviation 5 28). In trials
with visual targets, the same Gabor patch was presented
but it flickered at a frequency of 16.7 Hz. Tactile inputs
were delivered to the index finger of the left hand by a
16-dot piezoelectric Braille display (4 3 4 quadratic
matrix, 2.5 mm spacing; QuaeroSys, St. Johann, Ger-
many). The Braille display was attached centrally to the
backside of the TFT monitor so that it matched with the
location of the visual inputs (Fig. 1). In trials with stand-
ards and visual targets, the tactile input comprised of a
single elevation that lasted for 150 ms. In trials featuring
tactile targets, all pins elevated and contracted at a fre-
quency of 16.7 Hz. To mask the clicking noise by the
Braille display during tactile stimulation, auditory white
noise (150 ms duration) was presented via in-ear air-pres-
sure headphones simultaneously with each visuo-tactile
stimulus. Participants consistently reported that they
were unable to hear the noise of the Braille display dur-
ing stimulation.

Localizer Task

The reason for obtaining EEG data from a localizer
task was to select regions of interest (ROIs) in sensory
cortices for the analysis of neural oscillations in the main
experiment (Fig. 3). The localizer task consisted of 120
unisensory visual and 120 unisensory tactile stimuli,
which were presented blockwise at ISIs of 1,300 ms. Vis-
ual stimuli were identical to the visual components of
the standards in the main experiment. Tactile stimuli
were identical to the tactile components of the standards.
To mask the noise by the Braille display, continuous
white noise was presented via a battery-driven speaker
throughout the entire localizer task. The source-localized
EEG responses to tactile stimuli showed no signs of
auditory responses, suggesting that the masking was suc-
cessful. Participants were instructed to attend to the
stimuli and to focus at a central fixation cross, but they
did not perform a task. The use of a localizer task for the
ROI selection had two major advantages: first, it allowed
for ROI selection independent of the experimental
manipulations in the main study. Second, stimuli in the
main experiment comprised of simultaneously presented
visual and tactile components, which hinders the source
localization of the separate components.

Figure 1.

Experimental setup. Visual (Gabor-patches) and tactile (Braille)

stimuli were presented simultaneously and spatially aligned. Par-

ticipants placed their left-hand palm upwards on a board

beneath a tilted TFT-monitor on which visual stimuli were pre-

sented. They touched the Braille-display with the tip of their left

index finger. Behavioral responses to validly cued targets were

made with the right index finger.

r Pomper et al. r

r 3248 r



EEG Recordings and Data Preprocessing

EEG data were collected in a sound-proof electrically
shielded chamber using a high-density 128-electrodes sys-
tem (Easycap, Falk Minow services, Herrsching, Germany).
To monitor eye movements, two electrodes were placed at
the medial upper and lateral border of the right ocular
orbit. Recordings were made against nose reference with a
passband of 0.016–250 Hz and digitized at a sampling rate
of 1,000 Hz. All offline data processing was done using
MATLAB (The MathWorks, Natick, MA), EEGLAB
[http://www.sccn.ucsd.edu/eeglab; Delorme and Makeig,
2004], and FieldTrip [http://www.ru.nl/fcdonders/field-
trip; Oostenveld et al., 2011]. Data were offline bandpass
filtered (finite impulse response filter) between 0.3 and 125
Hz, downsampled to 500 Hz and re-referenced to common
average. An additional narrow-band notch filter (49.8–50.2
Hz, fourth-order two-pass Butterworth filter) was applied
to remove line noise. Trials containing muscle and techni-
cal artifacts were rejected by visual inspection. On average,
10.5% of trials were rejected. Electrodes with extremely

high- and/or low-frequency artifacts throughout the
recording (M 5 2.4 SD 5 1.1) were linearly interpolated
using a model of the amplitude topography at the unit
sphere surface based on all nonartifactual electrodes [Perrin
et al., 1989]. To reduce artifacts such as eye-blinks, horizon-
tal eye movements, electrocardiographic activity, as well as
artifacts induced by the Braille display, an independent
component analysis approach was applied [extended Run-
ica; Lee et al., 1999]. Components representing artifacts
were removed from the EEG data by back-projecting all
but these components [mean: 16.7; Schneider et al., 2008].

Analysis of Oscillatory Responses

For the analysis of oscillatory responses in the main
experiment, we selected ROIs based on the findings from
the localizer task. To this end, evoked responses from the
unisensory-visual and unisensory-tactile stimuli of the
localizer task were projected into source space using a lin-
early constrained minimum variance (LCMV) beamformer
algorithm [Van Veen et al., 1997]. This was done for a

Figure 2.

Illustration of the different experimental conditions and behavioral data.

(a) Stimulus train in the regular (upper timeline) and irregular (lower

timeline) ISI condition. Auditory cues were followed by an ISI of regular

or irregular duration. Following the ISI, a visuo-tactile stimulus was pre-

sented. This stimulus was always bisensory but was either constituting a

visual target, a tactile target, or a standard. Participants were instructed

to respond with a button press only if a target appeared in the cued

modality. The focus of the EEG data analysis was on the interval preced-

ing the visuo-tactile stimulus. (b) Illustration of the 2 3 2 factorial study

design. (c) Median reaction times (left barplot) and d0 values (right bar-

plot) for all four conditions. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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poststimulus interval between 100 and 300 ms, with a 2300
to 2100 ms baseline. To compensate for potential rank
reduction during preprocessing, the lambda regularization-
parameter was set to 5%. Using these parameters, responses
to unisensory-visual and unisensory-tactile stimuli were
localized to the visual cortex and to the right somatosensory
hand area, respectively, (Fig. 3). Based on these activations,
matching ROIs in the visual and right somatosensory hand
areas were selected from the BrainMap atlas [Fox et al.,
1994]. Additionally, a third ROI comprising the left motor
cortex (i.e., contralateral to the response hand) was selected
[standard “motor area” from the BrainMap atlas; Fox et al.,
1994]. This region was selected because the motor cortex has
recently been suggested to play an important role in tempo-
ral processing [Arnal, 2012; Coull et al., 2004; Fujioka et al.,
2012]. In the next step of the analysis, a set of virtual electro-
des [Keil et al., 2014] corresponding to the ROIs was calcu-
lated from a three-dimensional grid covering the entire
brain volume (resolution: 1 cm). Due to the different sizes of

the ROIs, the visual ROI comprised of 11 virtual electrodes,
the right hand ROI of 4 electrodes, and the left motor ROI of
90 electrodes. To project raw data onto the virtual electrodes,
they were multiplied with accordant spatial filters. This was
done separately for each participant and grid point using a
realistic three-shell boundary-element volume conduction
model based on the MNI standard brain (MNI; http://www.
mni.mcgill.ca). Using a LCMV beamformer [Van Veen et al.,
1997], a common filter was constructed across all conditions
from the covariance matrix of the averaged single trials at sen-
sor level and the respective leadfield. The filter was calculated
for an interval ranging from 2700 to 700 and from 21,200 to
200 ms around cue and visuo-tactile stimulus onset, respec-
tively. Note that this interval is longer than the one used for
the final statistical analysis. This was done to provide the
beamformer with more data for a more accurate source esti-
mation, as well as to avoid zero-padding and increase the fre-
quency resolution of the time-frequency transformation. The
lambda regularization-parameter was set to 5%. Next, single
trials were projected through these filters separately for each
subject, condition, and virtual electrode. For the analysis of
oscillatory power, the data at virtual electrodes were trans-
formed into time–frequency domain by applying a sliding
window Fourier transform with a single Hanning taper.
Power at frequencies from 2 to 35 Hz was computed in 0.5 Hz
steps, using a fixed time window (t 5 400 ms) and a fixed fre-
quency smoothing (f 5 2.5 Hz). Total power in the interval
ranging from 21,200 before to 200 ms after visuo-tactile onset
was normalized relative to the interval from 2400 to 2200 ms
before the onset of the cue. Thus, the precue interval served as
baseline in the normalization of power:

Powðt; f Þnormalized5

1003
Powðt; f Þpoststimulus 2 Powðf Þbaseline

Powðf Þbaseline

For the analysis of intertrial phase coherence (ITC), we
computed complex Fourier-spectra using sliding window
Fourier transform with a single Hanning taper. In line with
results from previous studies [Besle et al., 2011; Cravo et al.,
2013; Stefanics et al., 2010], the analysis of phase coherence
focused on slow-wave oscillations in the delta band. Fourier
values at frequencies from 2 to 4 Hz were computed in 0.5
Hz steps using a fixed time window (t 5 400 ms) and a fixed
frequency smoothing (f 5 2.5 Hz). Complex Fourier spectra
for each time point, frequency, and trial were amplitude-
normalized by dividing them by their absolute values [e.g.,
Cheron et al., 2007]. ITC was calculated as the mean normal-
ized complex Fourier spectrum across time, frequency, and
trials according to the formula

ITC f ; tð Þ ¼ 1

n

Xn

k-1

Fk f ; tð Þ
jFk f ; tð Þj

Statistical Analysis of Behavioral Data

Prior to the analysis, outlier trials with RTs above or below
three standard deviations of the individual subject and condition

Figure 3.

Source localized responses to unisensory tactile (top) and unisensory

visual (bottom) stimuli in the localizer task. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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mean were removed from the behavioral data. Median RTs
were then calculated for each participant and condition. To com-
pare perceptual sensitivity between conditions, d0 values were
computed [Green and Swets, 1966] using the formula

d05z P Yjsð Þð Þ2z P Yjnð Þð Þ;

with z(P(Y|s)) being the z-score of the hit rate, and
z(P(Y|n)) being the z-score of the false alarm rate. Because
the z transform reaches infinity when percentages are equal
to 0 or 100, datasets with values of 0 and 100% were
assigned values of 1 and 99%, respectively, [Macmillan and
Creelman, 2005]. Finally, RTs and d0 values were compared
between the experimental conditions using two-way
repeated measures analysis of variance (ANOVA) with the
factors ISI (regular vs. irrregular) and Attention (attend-vis-
ual vs. attend-tactile).

Statistical Analysis of Neural Oscillations

Time frequency power values were averaged across vir-
tual electrodes separately for each of the three ROIs. In agree-
ment with previous studies on intersensory attention [Bauer
et al., 2012; Foxe et al., 1998; Fu et al., 2001; Trenner et al.,
2008] and temporal orienting [Cravo et al., 2011, 2013;
Fujioka et al., 2009, 2012] our analysis focused on effects in
DBA, ABA, and BBA. In the present study, neural oscilla-
tions were investigated in an interval ranging from 2800 to
2200 ms prior to the visuo-tactile stimulus. This interval was
selected to avoid temporal smearing of evoked activity by
cue and stimulus onsets during time-frequency transforma-
tion. Across participants DBA, ABA, and BBA were calcu-
lated as the mean power during the selected interval
separately for each condition and ROI. The power values
were then submitted to three-way repeated measures
ANOVAs with the factors ISI (regular vs. irregular), Atten-
tion (attend-visual vs. attend-tactile), and ROI (visual ROI
vs. somatosensory ROI vs. motor ROI). Significant interac-
tions including the factor ROI were followed up by two-way
ANOVAs with the factors ISI and Attention, separately for
each ROI. To examine effects in phase coherence between
conditions, ITC values were subjected to a three-way
repeated measures ANOVAs with the factors ISI (regular vs.
irregular), Attention (attend-visual vs. attend-tactile), and
ROI (visual vs. somatosensory vs. motor). Significant interac-
tions including the factor ROI were followed up by two-way
ANOVAs with the factors ISI and Attention, separately for
each ROI. For both power and ITC, P-values from first level
and follow-up ANOVAs were Bonferroni adjusted to correct
for multiple comparisons (P-values below 0.0166 were
deemed statistically significant).

RESULTS

Behavioral Data

Figure 2c illustrates RTs and d0 values for the four
experimental conditions. The two-way ANOVA for RTs

with the factors Attention (attend-visual vs. attend-tactile)
and ISI (regular vs. irregular) revealed a significant main
effect of ISI (F(1,15) 5 21.19, P< 0.001). Irrespective of the
cued modality, RTs were shorter when stimuli were pre-
sented at regular compared with irregular ISIs. This shows
that participants had a response advantage when stimuli
were presented in a rhythmic fashion (i.e., with regular
ISIs). Additionally, a significant interaction between the
factors Attention 3 ISI was found (F(1,15) 5 5.41, P 5 0.034),
indicating that the effect of temporal orienting was slightly
larger for tactile compared to visual targets. The two-way
ANOVA for d0 values did not reveal any significant main
effects or interactions (all P-values> 0.11). This suggests
that the task difficulty was comparable across conditions.

Effects of Intersensory Attention and Temporal

Orienting on Oscillatory Power

In line with previous studies [Bauer et al., 2012; Besle
et al., 2011], our time-frequency analyses revealed activity
modulations by anticipatory attention in all three ROIs
(Figs. 4–7). In the visual ROI (Fig. 4), an attend-tactile cue
led to an increase in ABA, whereas an attend-visual cue
caused a robust suppression in ABA. A similar pattern
emerged in the delta and beta band, although there was
no increase in DBA or BBA following the attend-visual
cue. In the somatosensory ROI (i.e., contralateral to the tac-
tile stimulation site), a robust suppression of BBA was
observed (Fig. 5). The BBA suppression was stronger in
the attend-tactile compared with the attend-visual condi-
tion. In addition, the BBA suppression was stronger in the
irregular ISI compared with the regular ISI condition.
Finally, in the motor ROI (i.e., contralateral to the response
hand), a robust suppression of BBA was found (Fig. 6).
The suppression was stronger in the irregular compared
with the regular ISI condition. For the statistical analysis,
Bonferroni-corrected three-way ANOVAs with the factors
ISI (regular vs. irregular), Attention (attend-visual vs.
attend-tactile), and ROI (visual vs. somatosensory vs.
motor) were calculated for each frequency band. Figure 8
provides an overview of the main statistical findings,
which are described in detail in what follows.

Delta-Band Effects

A three-way ANOVA with the factors ISI (regular vs.
irregular), Attention (attend-visual vs. attend-tactile), and
ROI (visual vs. somatosensory vs. motor) was calculated to
investigate the effects of anticipatory attention on delta-
band power. The ANOVA revealed a main effect for the
factor ROI (F(1,15) 5 46.94, P< 0.0001). Although there was
no significant interaction including the factor ROI, for
exploratory purposes we conducted follow-up ANOVAs
using the factors ISI and Attention, separately for each
ROI. For the motor ROI, the ANOVA yielded a robust
main effect of ISI (F(1,15) 5 16.72, P< 0.001), due to larger
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DBA in the regular compared with the irregular condition.
No significant effects were found at the visual and somato-
sensory ROI. Thus, in agreement with previous studies
[Besle et al., 2011; Saleh et al., 2010], this analysis showed
that temporal orienting does modulate DBA in motor areas.

Alpha-Band Effects

A three-way ANOVA with the factors ISI (regular vs.
irregular), Attention (attend-visual vs. attend-tactile), and
ROI (visual vs. somatosensory vs. motor) was calculated to
investigate the effects of anticipatory attention on alpha-
band power. The ANOVA revealed a significant main
effect of Attention (F(1,15) 5 9.09, P< 0.009), due to stronger
suppression of ABA in the attend-visual compared with
the attend-tactile condition. Moreover, a significant interac-
tion between Attention 3 ROI was found (F(2,30) 5 22.51,
P< 0.0001). To further disentangle the effects of attention

and ISI, planned follow-up two-way ANOVAs with the
factors ISI and Attention were calculated separately for the
three ROIs. The ANOVA for the visual ROI yielded a sig-
nificant main effect of Attention (F(1,15) 5 28.8, P< 0.0001),
indicating that the suppression of ABA was larger in the
attend-visual than in the attend-tactile condition. No other
significant main effects or interactions were found for the
other ROIs and in relation to the factor ISI.

Beta-Band Effects

Finally, a three-way ANOVA with the factors ISI (regu-
lar vs. irregular), Attention (attend-visual vs. attend-tac-
tile), and ROI (visual vs. somatosensory vs. motor) was
calculated to investigate the effects of anticipatory atten-
tion on beta-band power. The ANOVA revealed significant
main effects of ROI (F(2,30) 5 19.30, P< 0.0005) and ISI

Figure 4.

Power of neural oscillations in the visual ROI. (a) Time-frequency

representations of virtual electrodes for the visual (left panel) and

tactile attention conditions (middle panel), and their difference

(right panel), for the regular ISI condition (top row), the irregular

ISI condition (middle row), and their difference (bottom row).

The bottom right panel illustrates the location of the visual ROI

in source space. (b) Mean power change (2800 to 2200 ms, rel-

ative to baseline) for BBA (13–30 Hz), ABA (8–12 Hz), and DBA

(2–4 Hz). Effects of temporal orienting are highlighted in ocher

and effects of intersensory attention are highlighted in blue.

[Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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(F(1,15) 5 6.78, P< 0.0037), indicating stronger BBA suppres-
sion in the irregular compared with the regular ISI condition.
Furthermore, a significant interaction between Attention and
ROI was found (F(2,30) 5 16.64, P< 0.0001). The follow-up
two-way ANOVAs for the visual ROI revealed a significant
main effect of Attention (F(1,15)< 26.01, P< 0.0001), due to a
stronger suppression in the attend-visual compared with the
attend-tactile condition. The follow-up ANOVA for the
somatosensory ROI revealed a significant main effect of
Attention (F(1,15) 5 7.66, P< 0.014), due to stronger suppres-
sion in the attend-tactile compared with the attend-visual
condition, that is, an effect in the opposite direction from the
one found at the visual ROI. Furthermore, a significant main
effect of ISI was observed (F(1,15) 5 9.25, P< 0.0083). In the
somatosensory ROI, the suppression of BBA was stronger in
the irregular compared with the regular ISI condition.
Finally, the follow-up ANOVA for the motor ROI yielded a
significant main effect of ISI (F(1,15) 5 14.59, P< 0.0017), indi-
cating a stronger suppression of BBA power in the irregular

compared with the regular ISI condition. Interestingly, no
significant effects of intersensory attention were found in the
motor ROI, suggesting that oscillatory activity in this region
primarily reflects target anticipation due to stimulus
regularity.

As the regular and irregular conditions also differed
with regard to the temporal predictability of the cue, dif-
ferences in oscillatory power might already be present in
the precue interval. As the precue interval served as the
baseline for the present analyses, possible differences in
this interval could have contributed to the present find-
ings. Therefore, we compared the power in the nonbase-
line corrected interval from 2400 to 2200 ms before cue
onset (see Supporting Information Fig. 1), for each ROI
and each frequency, using dependent t-tests (regular vs.
irregular conditions). These tests did not yield any signifi-
cant differences (all P-values> 0.19, uncorrected). Thus, it
is likely that precue baseline differences did not substan-
tially contribute to the present findings.

Figure 5.

Power of neural oscillations in the somatosensory ROI. (a) Time-

frequency representations of virtual electrodes for the visual (left

panel) and tactile attention conditions (middle panel), and their differ-

ence (right panel), for the regular ISI condition (top row), the irregular

ISI condition (middle row), and their difference (bottom row). The bot-

tom right panel illustrates the location of the somatosensory ROI in

source space. (b) Mean power change for BBA, ABA, and DBA. Effects

of temporal orienting are highlighted in ocher and effects of intersen-

sory attention are highlighted in blue. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Effects of Intersensory Attention and Temporal

Orienting on Intertrial Coherence

As the phase of low-frequency oscillations has previ-
ously been related to attentional selection [Besle et al.,
2011; Schroeder and Lakatos, 2009], we investigated the
effect of intersensory attention and temporal orienting on
delta-band ITC. Figure 7 illustrates the prestimulus ITC at
the three ROIs. At the motor and the somatosensory ROI,
ITC was stronger for the regular compared with the irreg-
ular ISI condition. By contrast, no such difference was
found at the visual ROI. Importantly, the timecourse of
delta-band ITC differed from the timecourse of delta-band
power (Supporting Information Figs. 2 and 3). This shows
that delta-band ITC reflects, at least to some extent, differ-
ent processing mechanisms than delta-band power. The
three-way ANOVA for delta-band ITC with the factors ISI,
Attention, and ROI revealed a significant main effect for
ISI (F(1,15) 5 32.42, P< 0.001). Across ROIs, the ITC was

stronger in the regular ISI compared with the irregular ISI
condition. An additional main effect of ROI was found
(F(1,30) 5 17.29, P< 0.001), indicating stronger ITC in the
somatosensory and motor ROIs compared with the visual
ROI. Although no significant interactions in relation to the
factor ROI were observed, Figure 7 indicates clear differen-
ces in ITC between the regular and irregular ISI conditions
in the somatosensory and motor ROI but not in the visual
ROI (see also Supporting Information Fig. 2). For explora-
tory purposes, we calculated follow-up ANOVAs separately
for the three ROIs. The ANOVAs for the somatosensory
ROI yielded a significant main effect of ISI (F(1,15) 5 18.42,
P< 0.0007), due to stronger phase coherence in the regular
compared with the irregular ISI condition. The follow-up
ANOVA at the motor ROI yielded a significant main effect
of ISI (F(1,15) 5 24.47, P< 0.0002), due to stronger ITC in the
regular compared with the irregular ISI condition. No other
effects were found and no significant main effects or inter-
actions were observed in either ANOVA for the visual ROI.

Figure 6.

Power of neural oscillations in the motor ROI. (a) Time-frequency

representations of virtual electrodes for the visual (left panel) and

tactile attention conditions (middle panel), and their difference (right

panel), for the regular ISI condition (top row), the irregular ISI condi-

tion (middle row), and their difference (bottom row). The bottom

right panel illustrates the location of the motor ROI in source space.

(b) Mean power change for BBA, ABA, and DBA. Effects of temporal

orienting are highlighted in ocher and effects of intersensory atten-

tion are highlighted in blue. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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It could be argued that the observed differences in ITC
between the regular and irregular conditions are due to
differences in cue processing, as not only targets but also
cues differed with respect to predictability. To investigate
this issue, we calculated additional ITC values for the
postcue interval (200–800 ms after cue onset). In this inter-
val, we found no significant differences in ITC between
the regular and irregular conditions (all P-values> 0.21).
This suggests that the observed ITC effects develop later
and are functionally related to the expectancy of an
upcoming target. Furthermore, it is possible that the ITC
in the irregular condition could be affected by cue evoked
activity (at least in trials with short ISI). However, we con-
sider this is unlikely for several reasons: first, the preced-
ing auditory cue elicits a response that should be localized
in bilateral auditory areas. Our findings in somatosensory
and motor areas are strongly lateralized, with larger abso-
lute ITC values and larger effects in the right (i.e., somato-
sensory) compared to the left (i.e., motor) ROI. Second, if
cue-evoked responses would have influenced ITC in the
irregular condition, this influence should be strongest at
the beginning of the analysis window, and should then
decline over time. In our data, the ITC differences
remained constant throughout the prestimulus interval
(Supporting Information Fig. 2). Third, if ITC would have
been influenced by evoked activity in the irregular ISI con-
dition, ITC values would be expected to also differ in
response to the cue. This is because cue-locked responses
would also be distorted by overlapping activity from the
preceding target, at least in short ISI trials in the irregular

condition. However, this was not the case (Supporting
Information Fig. 4). Therefore, it is unlikely that cue-
evoked activity affected the observed ITC effects. Taken
together, our data show that temporal orienting enhances
delta-band ITC in the somatosensory cortex and motor
cortex.

DISCUSSION

We investigated, for the first time, the simultaneous
deployment of intersensory attention and temporal orient-
ing within the same task. Temporal orienting during regu-
lar compared with irregular stimulation significantly
reduced RTs. At the neuronal level, we observed distinct
patterns of anticipatory DBA and BBA modulations in sen-
sory and motor cortices, which differentially reflected the
two attentional mechanisms. Notably, we found no evi-
dence for interactions between the two processes, suggest-
ing that they operate in parallel and in spatially distinct
sensory and motor cortices.

Temporal Orienting Facilitates Behavioral

Responses to Visual and Tactile Targets

RTs were faster when stimuli were presented in a regu-
lar compared with an irregular fashion. This finding is in
line with previous studies, which showed that temporal
predictability in stimulus trains facilitates target processing
[Coull and Nobre, 1998; Cravo et al., 2011; Zahn and

Figure 7.

Experimental effects on intertrial coherence. Delta-band (2–4 Hz) intertrial coherence during

the prestimulus interval at the visual (left column), somatosensory (middle column) and motor

ROI (right column).
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Rosenthal, 1966]. The interaction between ISI and attended
modality also suggests that temporal orienting was more
effective in the tactile compared to the visual modality.
This might be due to the higher temporal resolution of the
somatosensory system [van Erp and Werkhoven, 2004].
While participants in our study were not explicitly
instructed to pay attention to the temporal regularities in
the stimulus trains, our behavioral results demonstrate
that they automatically oriented their attention to the
expected target onset.

Alpha- and Beta-Band Oscillations in Sensory

Cortices Reflect Intersensory Attention

In the visual cortex, we found a decrease of ABA when
the visual modality was attended and an increase of ABA
when the tactile modality was attended. Our source-space
findings are in line with and extend previous reports of
anticipatory ABA modulations by attention at the scalp
level [Bauer et al., 2012; Foxe and Snyder, 2011; Foxe et al.,
1998]. The modulation in ABA has been attributed to a
sensory gating mechanism, by which task irrelevant inputs
are suppressed and task relevant inputs are enhanced
[Kelly et al., 2006; Lopes da Silva, 1991]. Interestingly, we
also found a stronger suppression of BBA in visual regions
when attention was directed to the visual modality. Com-
parable intersensory attention effects have been found for
tactile [Bauer et al., 2012; van Ede et al., 2014] and auditory
stimuli [Leske et al., 2014; Mazaheri et al., 2014]. Hence,
our findings suggest that anticipatory BBA modulations
may serve a similar sensory gating mechanism as pro-
posed for ABA. Thus, the effects of intersensory attention
in visual cortex were reflected by a stronger anticipatory
reduction in ABA and BBA when participants attended to
the visual compared to the tactile modality (Fig. 4). In the
somatosensory cortex, effects of intersensory attention
were observed specifically in BBA. The suppression of
BBA was stronger when participants attended to the tactile
compared to the visual modality. Our source-space data fit

with a number of recent magnetoencephalographic studies
examining BBA at the sensor level [Bauer et al., 2012; van
Ede et al., 2010, 2014]. Bauer et al. [2012] reported a sup-
pression of BBA over somatosensory areas when partici-
pants were cued to the tactile compared to the visual
modality. Thus, our findings of anticipatory BBA modula-
tions in the somatosensory cortex provide further evidence
that BBA may reflect an intersensory gating mechanism. In
contrast to the sensory cortices, we did not find effects of
intersensory attention in the motor cortex. This observation
likely relates to the fact that go-targets in both modalities
required the same motor response.

DBA and BBA in Motor and Somatosensory

Cortex Reflect Temporal Orienting

Unlike intersensory attention, temporal orienting did not
modulate anticipatory activity in the visual cortex. At first
glance, this finding is in contrast with recent studies that
showed entrainment effects of DBA [Cravo et al., 2013] and
modulations of ABA [Rohenkohl and Nobre, 2011] in visual
areas during temporal orienting. A reason for this discrep-
ancy could be that our task was relatively easy (d0> 4). Previ-
ous studies reporting temporal orienting effects in the visual
cortex likely called for more elaborate sensory processing
[Correa et al., 2006; Rohenkohl and Nobre, 2011; Cravo et al.,
2013] rather than the speeded response required in the pres-
ent experiment, which presumably led to a stronger atten-
tional modulation in visual areas. Alternatively, it might be
that stimulus timing is a more important parameter for the
somatosensory and motor systems than for the visual one.
This could be related to the much higher temporal resolution
of the motor and somatosensory systems compared to the
visual system [van Erp and Werkhoven, 2004].

In the somatosensory cortex, we observed a stronger
suppression of BBA when stimuli were presented in an
irregular compared with a regular fashion. This finding
relates to recent electrophysiological studies that showed
anticipatory modulations of BBA over sensory and motor
areas during temporal orienting [Arnal et al., 2014; Cravo
et al., 2011; Fujioka et al., 2012; Saleh et al., 2010; van Ede
et al., 2011; see Arnal, 2012 for a review]. For instance, van
Ede et al. [2011] reported a temporally specific suppression
of ABA and BBA in sensorimotor cortex during anticipa-
tion of a tactile event. This suppression was strongest
before the expected onset of the stimulation. Accordingly,
our finding of stronger BBA suppression during temporal
uncertainty in the irregular compared with the regular
condition might indicate a less timed but more sustained
deployment of attention.

Another main finding was that the ITC of DBA was
stronger during the regular compared with the irregular
condition. Increased ITC could be a marker for an atten-
tion selection mechanism that entrains the phase of
ongoing slow-wave oscillations so that the expected stimu-
lus arrives at a state of high neuronal excitability [Lakatos

Figure 8.

Overview of statistically significant findings. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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et al., 2008; Schroeder and Lakatos, 2009]. Electrophysio-
logical studies in humans have provided evidence for such
a mechanism in sensory [Besle et al., 2011; Cravo et al.,
2013; Gomez-Ramirez et al., 2011; Gray et al., 2015] and
motor areas [Besle et al., 2011; Saleh et al., 2010]. In the
motor cortex, temporal orienting was reflected by a similar
pattern as in the somatosensory cortex: BBA was more
strongly suppressed when stimuli were presented in an
irregular compared with a regular fashion. It is well
known that suppression of BBA relates to response prepa-
ration [Kilavik et al., 2013; Pfurtscheller, 1981]. Accord-
ingly, in our study, the stronger BBA suppression in the
irregular condition likely reflects enhanced preparatory
engagement of motor areas due to temporal uncertainty.
By contrast, knowledge about the temporal onset of stim-
uli in the regular condition results in a less energy-
demanding state, as reflected by an overall reduced sup-
pression of BBA. Finally, we observed an increase in
power and ITC of DBA in motor cortex. As in the somato-
sensory cortex, we suggest that this reflects entrainment of
DBA to the temporal properties of the stimulation. We
would like to emphasize that the difference between regu-
lar and irregular conditions was much stronger in the
motor than in the somatosensory cortex. This supports the
recently proposed crucial role of neural oscillations in
motor areas for temporal orienting [Arnal, 2012; Arnal
et al., 2014]. It could be argued that the finding of tempo-
ral orienting effects in right somatosensory areas is, at
least partially, explained by volume conduction from left
motor cortex activity. However, there are reasons why it is
unlikely that volume conduction substantially contributed
to the present finding. First, while the effect of temporal
orienting on BBA was more pronounced in motor cortex,
the overall suppression of BBA was stronger in somatosen-
sory cortex. Contrary to this finding, previous studies
reported stronger BBA suppression during motor prepara-
tion in the contralateral hemisphere [Doyle et al., 2005; Kil-
ner et al., 2005]. Second, if volume conduction would have
contributed to the present results, it should also cause the
intersensory attention effect, which was found in the right
somatosensory ROI, to be additionally found in left motor
ROI. As this was not the case, we argue that volume con-
duction does not explain the current results. Finally, the
pattern of DBA modulation was clearly different in the
motor compared to the somatosensory cortex. While tem-
poral orienting led to a power increase in motor cortex, no
differences between regular and irregular conditions were
found in somatosensory cortex.

Intersensory Attention and Temporal Orienting

Operate in Parallel in Sensory and Motor Cortex

The analysis of neural oscillations in the different ROIs and
frequency bands did not reveal significant interactions
between the two types of attention. Although null results
should be interpreted cautiously, we suggest that the com-

plete absence of interactions indicates that intersensory atten-
tion and temporal orienting operate, to a substantial degree,
independently of each other in separate sensory and motor
cortices. Moreover, the lack of interactions is in line with
studies that suggest the existence of a supramodal temporal
orienting mechanism [Bolger et al., 2013; Lange and R€oder,
2006; Lunghi et al., 2014] which facilitates behavioral
responses independent of the sensory modality. Interestingly,
recent studies revealed that another attentional mechanism,
namely spatial attention, interacts with both intersensory
attention [Banerjee et al., 2011; Bauer et al., 2012; Rohenkohl
et al., 2014; van Ede et al., 2010] and temporal orienting [Doh-
erty et al., 2005; van Ede et al., 2011]. For example, Banerjee
et al. [2011] showed that, while both auditory and visual spa-
tial attention modulate ABA, this modulation shows a clear
modality-specific topographical distribution. As spatial atten-
tion and intersensory attention both involve modulations of
ABA and BBA in sensory areas [Bauer et al., 2012], this might
facilitate interactions between the two mechanisms. By con-
trast, temporal orienting also involves modulations of slow-
wave DBA [Besle et al., 2011; Cravo et al., 2013; Saleh et al.,
2010], which often operates on a global brain-wide rather
than local scale [Buzs�aki, 2006]. Whether these two mecha-
nisms of attention interact in other cortical areas, such as pre-
frontal cortex, remains to be elucidated.

CONCLUSION

We investigated intersensory visuo-tactile attention and
temporal orienting in the same experimental paradigm. We
found that a combination of anticipatory BBA power and
DBA power and phase modulations reflects both attention
mechanisms. Effects of intersensory attention were observed
in visual and somatosensory cortex, whereas effects of tem-
poral orienting were found in motor areas and somatosen-
sory cortex. Our data show that oscillatory responses in the
delta and alpha band simultaneously encode separate
attentional task demands. Despite their similar function and
partially overlapping neural signatures, we found no interac-
tions between intersensory attention and temporal orienting.
This study provides compelling evidence that spectrally and
anatomically distinct patterns of neuronal activity encode
intersensory attention and temporal orienting in a largely
independent manner.
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