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The brain receives a rich flow of information which must be processed according to behavioral relevance. How is the state of the sensory
system adjusted to up- or downregulate processing according to anticipation? We used magnetoencephalography to investigate whether
prestimulus alpha band activity (8 -14 Hz) reflects allocation of attentional resources in the human somatosensory system. Subjects
performed a tactile discrimination task where a visual cue directed attention to their right or left hand. The strength of attentional
modulation was controlled by varying the reliability of the cue in three experimental blocks (100%, 75%, or 50% valid cueing). While
somatosensory prestimulus alpha power lateralized strongly with a fully predictive cue (100%), lateralization was decreased with lower
cue reliability (75%) and virtually absent if the cue had no predictive value at all (50%). Importantly, alpha lateralization influenced the
subjects’ behavioral performance positively: both accuracy and speed of response improved with the degree of alpha lateralization. This
study demonstrates that prestimulus alpha lateralization in the somatosensory system behaves similarly to posterior alpha activity
observed in visual attention tasks. Our findings extend the notion that alpha band activity is involved in shaping the functional architec-
ture of the working brain by determining both the engagement and disengagement of specific regions: the degree of anticipation modu-
lates the alpha activity in sensory regions in a graded manner. Thus, the alpha activity is under top-down control and seems to play an

important role for setting the state of sensory regions to optimize processing.

Introduction

In daily life our brains receive a constant flow of sensory infor-
mation. To process this information effectively it must be filtered
according to behavioral relevance. It is highly conceivable that
this filtering involves mechanisms which adjust the processing
capabilities of sensory regions according to the input’s antici-
pated relevance. Oscillatory activity in the alpha band (8—-14 Hz)
was proposed to play an important role in the engagement and
disengagement of sensory areas depending on task demands.
Here, we investigated whether somatosensory alpha activity is
top-down modulated according to the anticipation of sensory
input. Further, we asked whether the alpha modulation has con-
sequences for somatosensory discrimination performance.

The prominent posterior alpha rhythm was long considered
to reflect cortical idling (Adrian and Matthews, 1934; Pfurt-
scheller etal., 1996). More recently, converging electrophysiolog-
ical evidence suggests that alpha oscillations play an important
and active role in cognitive processing (Palva and Palva, 2007).
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The alpha rhythm was proposed to reflect the state of the under-
lying neuronal network, which provides the neural context for
processing (Cooper et al., 2003; Klimesch et al., 2007). In particular,
alpha activity might serve to direct the flow of information through
the brain and allocate resources to relevant regions (Jensen and
Mazaheri, 2010). This is consistent with previous work suggesting
that sensory alpha activity is involved in directing focal attention
(Pfurtscheller and Lopes da Silva, 1999; Suffczynski et al., 2001).

In support of such an alpha mechanism, visual attention is
known to modulate alpha activity over parieto-occipital cortex as
measured with electroencephalography (Foxe et al., 1998). In
visual spatial attention tasks, alpha activity shows a lateralized
pattern: alpha decreases contralateral to the attended location
(Sauseng et al., 2005) and increases contralateral to the ignored
location, presumably to suppress distracting input (Worden et
al., 2000; Kelly et al., 2006). This lateralized alpha activity corre-
lates with visual detection performance (Thut et al., 2006; Héndel
et al., 2011). The functionality of alpha might be generalized to
other modalities. Previously, investigating somatosensory working
memory (WM) we found an increase of somatosensory alpha power
(also known as the mu rhythm) ipsilateral to the tactile stimulus,
which was stronger for correct than incorrect trials (Haegens et al.,
2010). These results indicate that the somatosensory alpha rhythm
serves the same functional role as posterior alpha.

Here, we asked whether anticipatory somatosensory alpha ac-
tivity reflects the allocation of attentional resources, and to what
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Figure 1.  Experimental paradigm and behavioral results. A, Subjects performed a tactile

stimulus discrimination task where a visual cue directed attention either to their right or left
hand. The strength of attentional modulation was controlled by varying the reliability of the cue
in three experimental conditions (100, 75, or 50% valid cueing). Subjects had to discriminate
between two target frequencies, presented as electrical pulse trains to the cued thumb on valid
cue trials, and to the non-cued thumb on invalid cue trials. B, Discrimination rate (left) and
reaction time (right) for each of the experimental conditions, for valid (blue) and invalid cue
trials (red) separately. Error bars indicate the SEM. Behavioral performance on invalid trials was
significantly worse than on valid trials, both in terms of lower discrimination rate ( p << 0.05)
and slower RT ( p << 0.001). Invalid cues had a more detrimental effect on RT for the 75%
condition than for the 50% condition ( p << 0.01). Subjects were faster on the 100% condition
than on the 75% ( p << 0.05) or 50% conditions ( p << 0.01).

extent it is top-down modulated by the degree of anticipation.
Brain activity was measured with magnetoencephalography
(MEG), while subjects performed a somatosensory discrimina-
tion task where a visual cue directed attention to the right or left
hand. The strength of attentional modulation was controlled
by varying cue reliability in three experimental blocks. We
hypothesized that prestimulus somatosensory alpha power
would modulate with respect to attention and that the
strength of this modulation would increase parametrically
with cue reliability. Since we posit that alpha activity plays a
direct role in modulating neuronal processing, we further hy-
pothesized that prestimulus alpha would be predictive of so-
matosensory discrimination performance.

Materials and Methods
Subjects. Eighteen healthy subjects (mean age, 25 years; range, 20-33
years; 11 female) participated in the experiment after giving written in-
formed consent according to the Declaration of Helsinki. All subjects had
normal or corrected-to-normal vision and were right-handed.
Materials. Electrical stimuli were delivered with two constant-current
high-voltage stimulators (Digitimer Ltd) to the left and right thumb. The
intensity (left-hand mean, 2.9 mA, range, 1.9-3.8 mA; right-hand mean,
3.3 mA, range, 2.5-4.5 mA) of the 0.2 ms electric pulses was set to 150%
of the subject’s sensory threshold level. This level was established during
a practice session before the recordings, for each thumb independently.
Experimental paradigm. Subjects performed a somatosensory spatial
attention task (Fig. 1 A), in which they had to discriminate between two
target frequencies presented to the left or right hand thumb. A trial
started with a fixed 1.2 s baseline during which a fixation cross was
presented. For the following 0.2 s a visual cue (arrow) replaced the fixa-
tion cross. The arrow pointed either to the left or right, instructing the
subject which hand to attend to while maintaining fixation. After a pre-
stimulus interval (jittered, mean: 1.4 s, range: 1.0-1.8 s) an electrical
target stimulus (240 ms pulse train) was presented to the cued hand. At
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onset of the target stimulus, a distracter stimulus (one pulse) was pre-
sented to the non-cued hand. The target stimulus could either be of low
or high frequency. The low (either 25 Hz or 33.3 Hz) and high frequen-
cies (41.7, 50, or 66.7 Hz) were established individually for each subject
during a practice session before recordings. The frequencies were se-
lected individually such that each subject could execute the task above
chance level but below ceiling performance. Furthermore, the practice
session was used to familiarize the subject with the task.

The task of the subject was to indicate by button press with the right
index finger whether the low-frequency (lower button) or high-
frequency (upper button) target was presented. The response window
was limited to 1.5 s after stimulus offset. Immediately after the button
press, visual feedback was presented. For correct responses the fixation
cross turned green, and for incorrect or no responses it turned red (for
0.2 s). After the feedback the next trial started.

In one experimental block, the visual cue was always valid, meaning
that in 100% of the trials the later presented target stimulus was on the
side indicated by the arrow. This condition is further referred to as the
100% condition. In the block of the 75% condition, the cue was invalid
on 25% of the trials. On invalid cue trials, the distracter was presented to
the cued hand, whereas the target stimulus was presented to the non-
cued hand. In this case, the subject had to respond to the non-cued hand.
Distracter and target stimuli were sufficiently different, allowing the sub-
ject to recognize the cue as invalid. In the block of the 50% condition, half
of the cues were invalid, leaving the cue uninformative. The subjects were
instructed to always indicate the frequency of the target stimulus (high or
low). At the start of each block, subjects were instructed on the cue
reliability (being 100%, 75% or 50%) and completed 200, 480 and 200
trials in each condition respectively. The block order was counterbal-
anced over subjects.

Subjects were seated upright in the MEG system with their arms com-
fortably positioned on the armrests beside them. They were instructed
not to move during the experiment and keep fixation. In between the
blocks and twice within the 75% condition subjects had a short break but
remained seated in the MEG system.

Data acquisition. Ongoing brain activity was recorded at a sampling
frequency of 1200 Hz, using a whole-head MEG system with 275 axial
gradiometers (CTF MEG systems, VSM MedTech Ltd). The data were
down-sampled offline to a sampling frequency of 300 Hz. The subject’s
head location relative to the MEG sensors was measured at the start and
end of each session using marker coils placed at the nasion and both ear
canals. In addition, anatomical magnetic resonance (MR) images of the
subjects’ brains were acquired using a 1.5 T Siemens Magnetom Sonata
system. During MR acquisition, similar earplugs, now with a drop of
Vitamin E in place of the coils, were used to allow coregistration of the
MR image and MEG data.

Data analysis. Behavioral performance on the task was computed in
terms of discrimination rate (percentage correct responses) and reaction
times (RTs) on correct trials. To analyze the behavioral results, a
repeated-measures ANOVA with factors validity (valid and invalid cue)
and reliability (75% and 50%) was applied.

For the MEG data analysis we used custom-build Matlab code and
the Matlab-based FieldTrip toolbox, which is developed at the
Donders Institute for Brain, Cognition and Behaviour
(http://www.ru.nl/neuroimaging/fieldtrip/).

Because of the jittered window length between cue and stimulus onset,
the data were processed twice: once cue-locked (i.e., with respect to cue
onset) and once stimulus-locked (i.e., with respect to stimulus onset).
For all the results reported, the stimulus-locked approach was used, un-
less indicated otherwise.

For each subject, all trials were first cleaned from artifacts. This was
done on all conditions combined. Independent component analysis
(ICA) (Jung et al., 2000) was used to identify eye artifacts (eye move-
ments and eye blinks) in the data. The ICA components were visually
inspected and those representing eye artifacts were then projected out
of the data. Further, trials with extremely high variance (containing,
e.g., MEG superconducting quantum interference device jumps or
muscle artifacts) were removed from the data (on average 3.75% of
trials).
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For the sensor-level analysis, planar gradients of the MEG field distri-
bution were calculated using a nearest-neighbor method comparable to
the method described by Bastiaansen and Knosche (2000), which makes
interpretation of the sensor-level data easier, as sensors showing maximal
activity are typically located above the actual sources.

Spectral analysis. Power spectra were calculated for each MEG sensor
using the planar gradient representation of the data. From each trial, a
segment of data (1 s) directly before stimulus onset (i.e., stimulus-
locked) was extracted. This segment was multiplied with a Hanning taper
and power of 5-35 Hz was computed using a fast Fourier transform
(FFT) approach. To inspect the time course of the frequency effects, we
also computed time-frequency representations (TFRs) of the power
spectra. To this end we used an adaptive sliding time window of four
cycles length (At = 4/f) for each frequency represented and applied a
Hanning taper before estimating the power using an FFT approach.

Source analysis. To localize the sources of the alpha band activity we
applied a beamformer approach, using an adaptive spatial filtering tech-
nique (Gross et al., 2001; Schoffelen et al., 2008). This beamformer tech-
nique uses the Fourier spectra, which were obtained by applying a
multitaper FFT approach to the stimulus-locked segments (1 s) from the
100% condition, centered at 11 Hz with five orthogonal Slepian tapers
resulting in =3 Hz smoothing (Percival and Walden, 1993), i.e., aband of
8—14 Hz. We constructed a realistically shaped single-shell description of
the brain for each subject, using the individual anatomical MR image.
The brain volume of each individual subject was divided into a grid with
a 1 cm resolution and normalized toward the template MNI brain (In-
ternational Consortium for Brain Mapping, Montreal Neurological In-
stitute, Canada) using SPM2 (http://www.fil.ion.ucl.ac.uk/spm). Lead
fields were calculated for all grid points (Nolte, 2003). With the lead fields
and the Fourier spectra (of attention-left and attention-right combined),
a common spatial filter was constructed for each grid point, for each
subject. Using this common filter, the spatial distribution of power was
estimated for attention-left and attention-right separately. Sources that
differ between the two attention conditions (left vs right) could now be
localized. Note: for source analysis, the data of 17 subjects was used, as for
one subject head localization data during the MEG recording were miss-
ing due to technical problems.

Statistical analysis. Statistical analysis was performed both on sensor
and source level, using the same procedure. For each subject, trials were
averaged for attention left and right separately within each condition and
then normalized in the following way: (attention-left — attention-right)/
(attention-left + attention-right). This approach gives negative values
for stronger decrease in the attention-left condition, and positive values
when there is a stronger decrease in the attention-right condition. This
procedure also reduces intersubject variability in the power estimates,
thus providing a convenient normalization.

To establish whether the difference between attention left and right
was significantly different from 0, a cluster-based nonparametric ran-
domization test was applied (Maris and Oostenveld, 2007). By clustering
neighboring sensors (or grid points in the source analysis) that show the
same effect, this test deals with the multiple-comparisons problem and at
the same time takes into account the dependency of the data. The nor-
malized data were averaged over the alpha frequency range (8—14 Hz)
and for each sensor a dependent-samples t value was computed (testing the
attention left-right contrast vs 0). All samples were selected for which this
t value exceeded an a priori threshold (uncorrected p < 0.05), and these
were subsequently clustered on the basis of spatial adjacency. The sum of
the £ values within a cluster was used as cluster-level statistic. The cluster
with the maximum sum was subsequently used as test statistic. By ran-
domizing the data across the two conditions (i.e., the normalized con-
trast and 0) and recalculating the test statistic 2000 times, we obtained a
reference distribution of maximum cluster ¢ values to evaluate the statis-
tic of the actual data.

Alpha-lateralization index. To capture the relative prestimulus al-
pha distribution over both hemispheres in one measure, a lateraliza-
tion index of alpha power was calculated for each subject, using
sensors within predefined regions of interest (ROIs): alpha-
lateralization index = (alpha-ipsilateral-ROI — alpha-contralateral-
ROI)/(alpha-ipsilateral-ROI + alpha-contralateral-ROI).
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Contra- and ipsilateral refers to the hemispheres with respect to the
cue. This index is comparable to the one applied by Thut et al. (2006),
and gives a positive value when alpha power is higher over the ipsilateral
hemisphere and/or lower over the contralateral hemisphere (ipsilat-
eral > contralateral), and a negative value for the opposite scenario (con-
tralateral > ipsilateral). The ipsi- and contralateral “somatosensory”
sensors used to compute the alpha-lateralization index were selected for
each subject individually, based on the poststimulus response to guaran-
tee an orthogonal selection of sensors. For all MEG sensors, the average
poststimulus power was computed for the combined alpha and beta
band (8—26 Hz) in a 500 ms time window. This time-frequency window
contained a strong (evoked) stimulus response, as observed from the
grand-average TFR. For each subject, a contrast was computed between
stimulus-left and stimulus-right (in a fashion similar to that of the atten-
tion contrasts computed previously), and 15 left-hemispheric and 15
right-hemispheric sensors were selected based on the strongest stim-
ulus response (note: frontal and occipital sensors were excluded from
this selection process to avoid contamination). These selected sensors
were subsequently used for the computation of the prestimulus alpha
lateralization.

To test for differences in the alpha-lateralization index over conditions
(100, 75, and 50%) a linear regression analysis was used. To test for
differences in the alpha-lateralization index between good and bad per-
formance, i.e., correct versus incorrect trials and low-RT versus high-RT
trials (divided by a median split), paired-sample ¢ tests were performed
within each condition. A linear regression analysis was used to assess the
modulation of these differences by cue reliability.

Results

Performance increased with cue reliability

The average performance over all conditions in 18 subjects was a
discrimination rate of 77.6 = 8.1% with an RT of 530.7 = 100.2
ms (RT was computed on correct trials only). Figure 1 B shows
the average performance per reliability-condition, separately for
validly and invalidly cued trials. For the 75% and 50% reliability
conditions, a repeated-measures ANOVA was performed. There
was neither a significant effect of reliability on discrimination rate
(Fa.17) = 0.847, p = 0.370), nor on RT (F, ,, = 1479, p =
0.241). There was a significant effect of validity both on discrim-
ination rate (F(, ;;) = 6.534, p < 0.05) and on RT (F, ,; =
23.239, p < 0.001), with higher discrimination rates and lower
RTs for validly cued trials. Furthermore, the interaction effect
between reliability and validity was not significant for discrimi-
nation rate (F, ,,, = 0.458, p = 0.508), but showed a highly
significant effect for RT (F, ,,) = 11.715, p < 0.01).

The performance on the 100% reliability condition was com-
pared with the other reliability conditions with paired-sample ¢
tests. In terms of discrimination rate there were no differences
between the reliability conditions (100% vs 75%, t,,y = 0.687,
p = 0.502; 100% vs 50%, t.,,, = 1.208, p = 0.244), but subjects
were faster on the 100% condition compared with the other two
conditions (100% vs 75%, t,;y = —2.445, p < 0.05; 100% vs
50%, t(,,, = —2.960, p < 0.01).

To summarize, the behavioral results confirmed the expected
outcome: performance on invalid trials was significantly worse
than on valid trials, both in terms of discrimination rate and RT.
Invalid cues had a more detrimental effect on RT for the 75%
condition than for the 50% condition. Subjects were faster on the
100% condition than on the 75% or 50% conditions.

Prestimulus somatosensory alpha lateralization reflects
direction of attention

Using the stimulus-locked data from the 100% condition, we
assessed whether a visuo-spatial cue lead to somatosensory pre-
stimulus lateralization in the alpha band. Prestimulus alpha



5200 - J. Neurosci., April 6, 2011 - 31(14):5197-5204

Haegens et al. @ Top-Down Control of Somatosensory Alpha Activity

B 35
T 25
>
2
o |
g 15
-0.06 0.06 5
B Tl -1.5 -1

attention left vs. right

Figure 2.

time (s)

-0.5 0 0.5

t-values

Prestimulus somatosensory alpha lateralization. A, Topographic plot showing prestimulus (t = —1t0 0's) alpha power (8 —14 Hz) lateralization in sensors over sensorimotor regions.

Sensors showing significant modulation ( p << 0.05) are marked with asterisks. B, Average TFR of the sensors identified in 4, showing sustained decrease of alpha activity during the prestimulus
interval (t = —1to 0 s). Left-hemispheric sensors were mirrored to combine them with the right-hemispheric sensors (scale as in 4). C, Alpha power source reconstructions obtained using
beamforming are shown on a standardized brain volume. Lateralized alpha activity is located in sensorimotor cortex (including Brodmann areas 1, 2, 3). The color code represents t values obtained
from the comparison between attention to left and right hand. The t values are masked at a p value of <<0.1, indicating a significant effect for the right somatosensory source ( p < 0.01) and a trend
for the left source ( p = 0.062). All plots are showing power as a contrast between attention left and attention right in the 100% condition, grand-averaged over 18 subjects (note: 17 subjects were

included in the source reconstruction).

power (8—14 Hz) for the combined planar gradients was calcu-
lated for left and right attention conditions separately, and the
contrast between left and right attention was computed as (atten-
tion-left — attention-right)/(attention-left + attention-right).
Spectral analysis revealed a lateralized pattern of alpha power. A
cluster-based randomization test over the sensors further showed
that the alpha lateralization had two significant clusters of sensors
above left and right sensorimotor regions ( p < 0.05 for both
clusters) (Fig. 2A).

A time-frequency analysis of the lower frequencies (5-35
Hz) showed that alpha lateralization was sustained through-
out the 1 s before stimulus onset (Fig. 2 B) and that none of the
other lower frequencies between 5 and 35 Hz showed a sub-
stantial modulation.

Using a beamforming approach, the sources of the prestimu-
lus alpha lateralization could be localized to sensorimotor regions
(Fig. 2C), with the peaks of activity in primary somatosensory
cortex [i.e., postcentral gyrus, including Brodmann areas 1, 2,
and 3, according to the atlas by Talairach and Tournoux (1988)]
for both hemispheres. A cluster-based randomization test over
the 3D source space showed that the lateralized difference in
alpha activity between attention-left and attention-right was sig-
nificant for the right somatosensory source (p < 0.01) and
showed a trend for the left source ( p = 0.062). Note that data of
only 17 subjects was used for the source analysis.

Prestimulus somatosensory alpha lateralization increases
with cue reliability
Prestimulus alpha power for attention-left versus attention-right
was then computed for each of the experimental conditions (i.e.,
100, 75, and 50%) as described above and compared across
conditions (Fig. 3A). The alpha lateralization was significant
on sensor level both in the 100% (see before) and 75% condi-
tion (p < 0.01 for two clusters above left and right sensori-
motor regions). For the 50% condition the effect was much
weaker, however, a significant cluster was found in sensors
over left sensorimotor regions ( p < 0.05).

To further assess the differences in alpha lateralization be-
tween the conditions, the alpha-lateralization index was com-
puted for each condition in each subject separately using the
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Figure3. Prestimulussomatosensory alpha lateralization increases with cue reliability.

A, Topographic plots showing prestimulus (t = —1 to 0 s) alpha power (8 -14 Hz)
lateralization over sensorimotor regions, for each of the reliability conditions (100%,
75%, 50%). Sensors showing significant modulation due to attention ( p << 0.05) are
marked with asterisks. All plots are showing power as a contrast between attention left
and attention right, grand-averaged over 18 subjects. B, Bar graph showing a significant
(p < 0.01) parametric decrease of the alpha-lateralization index (computed for each
subject using individual ROIs, subsequently averaged over 18 subjects) with decreasing
cue reliability. Error bars indicate the SEM.

subject-specific sensor selection based on the stimulus re-
sponse. There was a significant parametric decrease of the
alpha-lateralization index with decreasing cue reliability (Fig.
3B) as assessed by linear regression (R* = 0.150, p < 0.01).
This decrease could not be explained by a difference in overall
ipsilateral plus contralateral alpha power between the conditions
(data not shown), as a similar test on the denominator (normal-
ized per subject using the average power over conditions) in the
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Figure4. Prestimulus somatosensory alpha lateralization influences task performance. 4, B,

Bar graphs showing significant difference ( p << 0.05) in alpha lateralization between correct
and incorrect trials (A) and between low- and high-RT trials (B) for the 100% condition. The
alpha-lateralization index was computed for each subject using individual ROls with respect to
the sensors. Error bars indicate SEM. Cand D show similar graphs for the 75% condition.
Here, no significant effects were observed ( p > 0.05), although for RT a near significant trend
( p = 0.056) was observed, indicating that strong alpha lateralization led to faster RTs on valid
cue trials, whereas on invalid cue trials this was detrimental for performance.

alpha-lateralization index showed no significant effect (R* =
0.000, p = 0.964).

Prestimulus somatosensory alpha lateralization is a strong
predictor of performance

Next, we investigated whether the alpha lateralization was predic-
tive of the subjects’ performance. For the 100% condition, we
contrasted correct with incorrect trials (Fig. 4A) and trials with
low RT versus trials with high RT (Fig. 4 B). This analysis shows
that a higher alpha-lateralization index precedes better perfor-
mance: both correct trials and fast RTs are related to high alpha
lateralization values whereas incorrect trials and slow RTs show
less alpha lateralization. Paired-sample t tests confirmed that
these differences were significant (correct vs incorrect: t,;) =
2.187, p < 0.05; low vs high RT: ,,) = 2.556, p < 0.05).

This was further substantiated by analysis of the invalid cue trials
from the 75% condition, on which an opposite pattern was ob-
served: high alpha lateralization was detrimental for performance on
invalid cue trials (Fig. 4C,D). These effects were tested using a paired-
sample f test comparing the differences in the alpha-lateralization
index between correct (low RT) and incorrect (high RT) trials for
valid versus invalid. For discrimination rate this effect was not sig-
nificant (¢,,, = 0.638, p = 0.532), for RT a near significant trend was
observed (t,,) = 2.048, p = 0.056).

As expected, in the 50% condition alpha-lateralization index val-
ues were rather low and did not correlate with performance (data not
shown): both correct and incorrect, and low- and high-RT trials
showed similarly low alpha-lateralization index values (in the range
of 0.01-0.02; correct vs incorrect: t,,, = —0.436, p = 0.669; low vs
high RT: .1, = 0.375, p = 0.712).

Next, we compared the differences in the alpha-lateralization
index between good and bad performance (i.e., correct vs incor-
rect trials and low-RT vs high-RT trials) over conditions, to see
whether this was modulated by cue reliability (Fig. 5A,B). A lin-
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Figure 5.  Prestimulus somatosensory alpha lateralization influences task performance in a
graded manner. A, B, Bar graphs showing that cue reliability modulates the difference in alpha
lateralization between correct and incorrect trials (trend, p = 0.081) (4) and between low- and
high-RT trials (significant, p << 0.01) (B). The alpha-lateralization index was computed for each
subject using individual ROIs. Error bars indicate SEM. Note that the 25% condition refers to the
invalid trials from the 75% condition.

ear regression analysis showed that with decreasing cue reliabil-
ity, there was a strong trend toward decreasing differences in the
alpha-lateralization index between correct and incorrect trials
(R* = 0.043, p = 0.081). This effect was significant for reaction
times: with decreasing cue reliability, the difference in the alpha-
lateralization index between low- and high-RT trials becomes
smaller and eventually flips from positive to negative values
(R* = 0.135, p < 0.01). Note that for this analysis we distin-
guished the following conditions: 100%, 75% (valid trials from
75% condition), 50% (all trials), and 25% (invalid trials from
75% condition—which is not the exact equivalent of a 25% reli-
able cue).

Alpha lateralization: contralateral decrease or

ipsilateral increase?

The results presented so far on somatosensory alpha lateraliza-
tion do not reveal whether the effects considered are explained by
a contralateral decrease or an ipsilateral increase, or a combina-
tion of the two. To assess this, we inspected the cue-locked time
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Figure 6.  Contralateral decrease or ipsilateral increase? Cue-locked time courses of contra-
and ipsilateral alpha power in the 100% condition, for left and right ROI separately, grand-
averaged over 18 subjects (ROIs were defined for each subject individually). Blue traces show
attention-left, red traces show attention-right, dashed lines indicate ipsilateral, straight lines
indicate contralateral side, gray area indicates the prestimulus window. 4, B, For the left ROI
(A), both ipsi- and contralateral attention conditions lead to a significant decrease of alpha
power ( p << 0.05, significant time samples are indicated by the horizontal traces) compared
with pre-cue values (cue onset, t = 0's; stimulus onset, t = 1.2-2.0 s, depending on jitter),
whereas in the right ROl (B), a contralateral decrease (trend, p = 0.064) but an ipsilateral
increase (not significant) was observed.

courses of ipsi- and contralateral alpha power, for left and right
ROI separately (Fig. 6A,B). This reveals an interesting pattern:
for the left ROI, both ipsi- and contralateral attention conditions
lead to a decrease in alpha power compared with pre-cue values.
However, in the right ROI, we observed a contralateral decrease
but a slight ipsilateral increase. To assess the statistical signifi-
cance of these effects we performed a cluster-based randomiza-
tion test, contrasting the cue/post-cue window (t = 0—1.2 s) with
the baseline period (f = —0.5 to 0 s). We used subject-specific
ROIs and normalized the alpha time course per subject with a log
transform. For the left ROI, the observed decreases were signifi-
cant for both conditions (Fig. 6, p < 0.05; significant time sam-
plesindicated). For the right ROI, only the contralateral attention
condition lead to a trend ( p = 0.064).

To further explore this, we repeated the contrasts for correct
versus incorrect and low-RT versus high-RT trials for the 100%
condition, using the ipsi- and contralateral alpha power sepa-
rately, instead of the alpha-lateralization index. Alpha power was
computed for each subject using individual ROIs and normalized
by the subject’s mean power (data not shown). We observed lower
contralateral alpha power (trend: ,,, = —1.962, p = 0.066) and
higher ipsilateral alpha power for correct versus incorrect trials (¢,
= 0.971, p = 0.345). Neither of these effects were significant by
themselves, whereas the lateralization effect (using both contra- and
ipsilateral activity) was significant, as reported before. Interestingly,
there was significantly lower contralateral alpha power when con-
trasting low- with high-RT trials (¢.,,) = —2.775, p < 0.05), but no
ipsilateral difference in alpha power (t,,) = —0.068, p = 0.946).

Discussion

As predicted, prestimulus alpha power in primary sensorimotor
regions was strongly lateralized with respect to the direction of
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somatosensory attention (left versus right hand). The alpha band
lateralization increased parametrically with cue reliability. Im-
portantly, the degree of alpha lateralization predicted the sub-
jects” discrimination performance: both accuracy and speed of
response improved with lateralization. Our findings strongly
suggest that a top-down drive is involved in determining the
alpha band activity and thus the state of the somatosensory cor-
tex. The “alpha state” then reflects an anticipatory mechanism
which biases the detection ability and consequently behavioral
performance.

Alpha lateralization reflects general mechanism

Interestingly, the prestimulus alpha lateralization in the somato-
sensory system behaves similarly to posterior alpha activity ob-
served in visual attention tasks (Foxe et al., 1998; Worden et al.,
2000; Sauseng et al., 2005; Kelly et al., 2006). The sources of the
prestimulus alpha lateralization were localized to early senso-
rimotor regions, with the peak of activity in primary somato-
sensory cortex. Thus, anticipatory alpha activity is focal and
functionally specific to the sensory areas in question. This study
extends the notion that alpha band activity is involved in shaping
the functional architecture of the working brain by determining
the functional engagement and disengagement of specific re-
gions: alpha power decreases in task-relevant areas and increases
in task-irrelevant areas.

Alpha lateralization under top-down control

Previous work suggested that spontaneous fluctuations in ongo-
ing alpha activity can modulate visual and somatosensory per-
ception (Linkenkaer-Hansen et al., 2004; van Dijk et al., 2008;
Busch et al., 2009; Mathewson et al., 2009; Zhang and Ding,
2010). Here, we show this modulation is under top-down con-
trol. Not only is the alpha activity lateralized with respect to the
spatial orientation of attention, but the strength of this lateraliza-
tion is further modulated by the information about cue reliabil-
ity. The more likely information about important sensory input is
valid, the stronger is the modulation of the system via alpha. This
view is further supported by previous work suggesting that so-
matosensory alpha activity is modulated by (pre)frontal regions
(Haegens et al., 2010; Zhang and Ding, 2010). To the best of our
knowledge, this is the first study to show that subjects can use
information about cue reliability to modulate their somatosen-
sory alpha levels in a graded manner to be optimally prepared for
processing upcoming stimuli.

Alpha lateralization required for optimal performance
The current result is complementary to our previous finding
demonstrating that increased alpha activity over the ipsilateral
somatosensory regions leads to better somatosensory WM per-
formance (Haegens et al., 2010). Further, it is in line with results
from the visual domain: higher ongoing visual alpha activity has
been related to lower visual detection performance (Hanslmayr
et al., 2007; van Dijk et al., 2008). Furthermore, alpha lateraliza-
tion over parieto-occipital regions has been correlated with de-
tection of attended and successful inhibition of unattended visual
stimuli (Thut et al., 2006; Hindel et al., 2011). Recent TMS stud-
ies entraining posterior alpha oscillations strongly suggest that
the influence of alpha activity on perception is causal rather than
merely correlational (Sauseng et al., 2009; Romei et al., 2010).
Whereas we report a linear relationship between alpha later-
alization and performance, previous work on spontaneous fluc-
tuations of ongoing somatosensory alpha activity reported an
inverted u-shape relation between contralateral prestimulus al-
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phaactivity and detection of near-threshold somatosensory stim-
uli (Linkenkaer-Hansen et al., 2004; Zhang and Ding, 2010).
These studies report that performance is optimal (in terms of
detection rate and RT) at intermediate levels of contralateral al-
pha activity. With both weak and strong contralateral alpha ac-
tivity, performance drops. It should be noted that in contrast to
our findings, these two studies relied on spontaneous fluctua-
tions in alpha band activity. It is possible that spontaneous alpha
fluctuations occupy a broader range than the cue-induced alpha
activity we report; possibly our data only reflect the latter flank of
the inverted u-shape. In a non-cued paradigm other factors not
directly related to the task, such as drowsiness, sleep onset and
movement, could reduce the measure of alpha power while at the
same time impairing performance. In a related study with a sim-
ilar non-cued paradigm (Monto et al., 2008), it is apparent that
non-cued detection tasks can be rather boring and include rela-
tively long periods (i.e., up to several tens of seconds) of no de-
tection. This is quite different from the cued-paradigm we used
here, which keeps subjects alert as an active direction of attention
is required on each trial. Thus, there is probably quite a difference
in the range of alpha activity observed in spontaneous random
fluctuations compared with the fluctuations observed when at-
tention is directed.

Recently, Jones et al. (2010) reported functionally relevant
modulation of somatosensory alpha activity in a cued spatial at-
tention study, where subjects had to attend to either their hand or
foot. When attention was directed to the hand, alpha activity in
the somatosensory “hand area” decreased, whereas it increased
when attention was directed to the foot. This is consistent with
previous reports involving the alpha activity with focal attention
in the somatosensory system (Pfurtscheller and Lopes da Silva,
1999; Suffczynski et al., 2001). In a cued-attention paradigm,
Jones et al. report a linear relationship between alpha activity and
performance, in line with our findings and in contrast with the
aforementioned inverted u-shape relationship. They report a de-
crease of performance with increasing alpha power, which is con-
sistent with our findings.

While our results are in line with those of Jones et al., our
study does add several new insights. First, we explored interhemi-
spheric allocation of attention rather than intrahemispheric. We
show that the lateralization of alpha activity between contra- and
ipsilateral sides (rather than just local alpha) is a strong predictor
of performance, both in terms of discrimination rate and RT. In
principle Jones et al. could have related detection performance
for the hand to alpha activity from the foot area (and vice verse).
However, given the spatial smearing of MEG, it is problematic to
reliably separate alpha activity from the hand and foot area in the
same hemisphere. Further, the improved performance with alpha
decrease reported by Jones et al. could potentially be explained by
a speed-accuracy trade-off. We exclude this possibility by show-
ing that both accuracy and RT improve with stronger alpha lat-
eralization. Most importantly, we show that there is a gradedness
introduced by cue reliability: anticipation allocation by alpha ac-
tivity is not a binary switch but reflects the environment in a
probabilistic manner.

Lateralization mainly driven by contralateral decrease

It is an ongoing debate whether alpha lateralization is mainly
driven by an active decrease or increase. In the current study,
lateralization was mainly driven by a decrease of prestimulus
alpha power contralateral to the cued side, but further enhanced
by a slight ipsilateral increase of alpha power in the case of atten-
tion to the right hand. It remains unclear whether this reflects a
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genuine difference between the left and right hemispheres (all
subjects were right-handed), or whether it is due to the fact that
the right hand was used as response hand. A general preparation
for the motor response could explain the decrease in alpha activ-
ity over left sensorimotor cortex, in response to both the ipsi- and
contralateral cue. Future research should address this issue by
comparing left and right hemispheric alpha power modulation in
different response paradigms. In any case, ipsilateral alpha activ-
ity was always higher than contralateral, both within hemispheres
and within attention conditions, and it is this lateralization that
best reflects the attentional bias (Thut et al., 2006).

A recent visual WM study by Sauseng et al. (2009) suggests
that increasing distracter levels lead to increased ipsilateral alpha
levels (compared with contralateral). Previous visual spatial at-
tention studies that reported a true ipsilateral increase versus
baseline tend to have used strong distracters that needed to be
suppressed for optimal task performance (Worden et al., 2000;
Kelly et al., 2006). Why did we primarily observe a contralateral
alpha decrease and only a weak ipsilateral increase? It is possible
that the relatively weak (one pulse) distracter used in the current
paradigm did not require as much active suppression. Whether
the presence and strength of ipsilateral distracters affects ipsilat-
eral alpha activity should be addressed in future research. If this is
the case, it would further substantiate the claim that alpha power
increase reflects active functional disengagement of a region.

Conclusion

The present study demonstrates for the first time that alpha
lateralization in the sensorimotor system reflects a top-down
controlled attentional bias with a profound influence on per-
formance. Our findings therefore strengthen the idea that the
alpha rhythm is not specific for the visual system but reflects a
general mechanism for resource allocation in the brain. Further,
the graded lateralization depending on statistics of the environ-
ment (i.e., cue reliability) suggests that alpha reflects the degree of
anticipation. We thus propose that the alpha band rhythm re-
flects a general mechanism setting the state of sensory regions
according to anticipated behavioral relevance.
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