




































































































































U-shaped Relation between Prestimulus Alpha-band and
Poststimulus Gamma-band Power in Temporal

Tactile Perception in the Human
Somatosensory Cortex

Marc André Wittenberg, Thomas J. Baumgarten, Alfons Schnitzler,
and Joachim Lange

Abstract

■ Neuronal oscillations are a ubiquitous phenomenon in the

human nervous system. Alpha-band oscillations (8–12 Hz)

have been shown to correlate negatively with attention and

performance, whereas gamma-band oscillations (40–150 Hz)

correlate positively. Here, we studied the relation between

prestimulus alpha-band power and poststimulus gamma-

band power in a suprathreshold tactile discrimination task.

Participants received two electrical stimuli to their left index

finger with different SOAs (0 msec, 100 msec, intermediate

SOA, intermediate SOA ± 10 msec). The intermediate SOA

was individually determined so that stimulation was bistable,

and participants perceived one stimulus in half of the trials

and two stimuli in the other half. We measured neuronal activ-

ity with magnetoencephalography (MEG). In trials with inter-

mediate SOAs, behavioral performance correlated inversely

with prestimulus alpha-band power but did not correlate with

poststimulus gamma-band power. Poststimulus gamma-band

power was high in trials with low and high prestimulus alpha-

band power and low for intermediate prestimulus alpha-band

power (i.e., U-shaped). We suggest that prestimulus alpha

activity modulates poststimulus gamma activity and sub-

sequent perception: (1) low prestimulus alpha-band power

leads to high poststimulus gamma-band power, biasing per-

ception such that two stimuli were perceived; (2) intermediate

prestimulus alpha-band power leads to low gamma-band power

(interpreted as inefficient stimulus processing), consequently,

perception was not biased in either direction; and (3) high pre-

stimulus alpha-band power leads to high poststimulus gamma-

band power, biasing perception such that only one stimulus

was perceived. ■

INTRODUCTION

Even in the absence of external sensory input, the brain is

constantly active. Thus, neuronal activity is constantly

fluctuating (Buzsáki & Draguhn, 2004). Incoming stimuli

can therefore impinge on different levels of neuronal ac-

tivity (i.e., brain states) at different times. These brain

states can influence the processing of stimuli (Iemi,

Chaumon, Crouzet, & Busch, 2017; Lange, Keil, Schnitzler,

van Dijk, & Weisz, 2014; Weisz et al., 2014; Keil, Müller,

Ihssen, & Weisz, 2012; Jensen & Mazaheri, 2010).

One prominent marker of brain states is neuronal os-

cillation. Neuronal oscillations refer to rhythmic changes

in activity of neuronal populations (Buzsáki & Watson,

2012). Thus, fluctuations of brain states can be reflected

in fluctuations of these neuronal oscillations. Two promi-

nent frequency bands are the alpha (8–12 Hz) and gamma

band (40–150 Hz). It has been found that fluctuations in

prestimulus alpha-band power correlate with varying per-

ception despite physically identical stimulation (Lange,

Halacz, van Dijk, Kahlbrock, & Schnitzler, 2012; van Dijk,

Schoffelen, Oostenveld, & Jensen, 2008; Linkenkaer-

Hansen, Nikulin, Palva, Ilmoniemi, & Palva, 2004). For

example, lower parieto-occipital alpha-band power

increased participants’ ability to detect near-threshold

visual stimuli (van Dijk et al., 2008; Hanslmayr et al.,

2007). Similarly, prestimulus alpha-band power in contra-

lateral somatosensory-posterior areas was lower when

participants could discriminate veridically between two

subsequent tactile stimuli compared with trials where par-

ticipants perceived stimulation as one single stimulus

(Baumgarten, Schnitzler, & Lange, 2016). Given these

results, it was suggested that prestimulus alpha oscilla-

tions reflect the excitability of a brain area, which in turn

influences the neuronal processing and perception of am-

biguous stimuli (Lange et al., 2014; Lange, Oostenveld, &

Fries, 2013; Thut, Nietzel, Brandt, & Pascual-Leone, 2006).

In addition, alpha-band power has been related to active

inhibition of brain areas ( Jensen & Mazaheri, 2010;

Klimesch, Sauseng, & Hanslmayr, 2007). In line with the

inhibition hypothesis, prestimulus alpha-band power is

modulated by spatial attention, and such modulations ofHeinrich-Heine-University Düsseldorf
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alpha-band power have been shown to affect perception

(Thut et al., 2006; Worden, Foxe, Wang, & Simpson, 2000;

Foxe, Simpson, & Ahlfors, 1998). In addition to prestimu-

lus alpha-band power, the power of poststimulus gamma

oscillations is also modulated by attention. In visuo-

spatial attention tasks, poststimulus gamma-band power

increases in the visual area contralateral to the stimulus

(e.g., Händel, Haarmeier, & Jensen, 2011; Fries,Womelsdorf,

Oostenveld, &Desimone, 2008; Siegel, Donner,Oostenveld,

Fries, & Engel, 2008; Müller, Gruber, & Keil, 2000). Simi-

larly, poststimulus gamma power in tactile spatial attention

tasks increases in somatosensory areas contralateral to the

attended side and can affect perception (Haegens, Nácher,

Hernández, et al., 2011; Haegens, Osipova, Oostenveld, &

Jensen, 2010; Bauer, Oostenveld, Peeters, & Fries, 2006).

Finally, it was found that poststimulus gamma oscillations

and behavioral performance are linked. For example, high

gamma-band power in visual cortex relates to faster RTs

(Hoogenboom, Schoffelen, Oostenveld, & Fries, 2010;

Womelsdorf, Fries, Mitra, & Desimone, 2006). In the

somatosensory domain, higher poststimulus gamma-band

power in contralateral primary somatosensory cortex (S1)

relates to increased stimulus detection (Siegle, Pritchett, &

Moore, 2014; Meador, Ray, Echauz, Loring, & Vachtsevanos,

2002). Generally, gamma oscillations are discussed as the

neuronal underpinnings of cortical information processing

(Fries, 2005, 2009, 2015).

In summary, both prestimulus alpha and poststimulus

gamma oscillations are associated with attention, neuro-

nal processing, and behavioral performance. Prestimulus

alpha-band power typically decreases with higher atten-

tion, and low alpha-band power is associated with higher

behavioral performance. By contrast, poststimulus gamma-

band power typically increases with higher attention and

high gamma-band power is associated with higher behav-

ioral performance. Given these similar, but also diametrical

effects of prestimulus alpha-band power and poststimulus

gamma-band power, we speculated that prestimulus

alpha-band power and poststimulus gamma-band power

are directly (negatively) correlated.

To this end, we studied the relation of prestimulus

alpha-band power, poststimulus gamma-band power,

and tactile perception in a suprathreshold tactile discrim-

ination task. We hypothesized that poststimulus gamma-

band power in primary somatosensory cortex (S1) is

positively correlated with perception, whereas prestimu-

lus alpha-band power is negatively correlated with per-

ception. Consequently, when comparing alpha- and

gamma-band power directly, we hypothesized to find a

negative correlation between prestimulus alpha-band

power and poststimulus gamma-band power.

METHODS

We used data recorded by Baumgarten et al. (2016).

Here, we give a concise description. More details on

paradigm, participants and recordings can be found in

Baumgarten et al. (2016).

Participants

We included 12 of the 16 right-handed participants (four

men, mean = 26.0 years, SD = 5.3 years) measured by

Baumgarten et al. (2016; see below for reasons for ex-

cluding four participants). Participants gave written in-

formed consent in accordance with the Declaration of

Helsinki and the Ethical Committee of the Medical Faculty,

Heinrich-Heine-University Düsseldorf before participating

in the experiment.

Participants had no known neurological disorders, no

somatosensory deficits, and normal or corrected-to-

normal vision.

Paradigm

Each trial began with a fixation dot in the center of the

participant’s visual field projected on the backside of a

translucent screen (60 Hz refresh rate) positioned

60 cm in front of the participant. After 500 msec, this fix-

ation dot decreased in luminance, indicating that the

stimulation is about to be applied after a jittered period

(900–1100 msec). Then, participants received two electri-

cal stimuli (duration: 0.3 msec each) with different SOAs.

Electrical stimuli were applied by electrodes located be-

tween the two distal joints of the left index finger. The

amplitude of the pulses was individually determined so

that stimulation was clearly perceived, but without being

painful (stimulus amplitude: mean = 4.1, SD = 1.4 mA).

In a premeasurement, the individual SOA was deter-

mined for which a participant veridically perceived two

stimuli in ∼50% of the trials (intermediate SOA, mean =

24.6 msec, SD = 6.2 msec). During the task, partici-

pants received stimulation with five different SOAs:

0 msec, 100 msec, intermediate SOA, intermediate SOA

± 10 msec. After stimulation, the fixation dot remained

visible for another jittered period (500–1200 msec) to

minimize motor preparation effects. By written instruc-

tion on the screen, participants were asked to report

the number of perceived stimuli (either one or two)

within 3000 msec via button press with the right index

or middle finger. Again, to minimize motor preparation

effects, configuration of the response buttons was ran-

domized for each trial.

Each SOA was used in 50 trials. Only the intermediate

SOA was used in 200 trials, resulting in 400 trials in total.

Stimuli were presented in blocks. Each block consisted

of 80 trials: 40 trials with intermediate SOA and 10 trials

for each of the remaining SOAs. After each block, a

self-paced break (∼2 min) was included.

To familiarize participants with the task, a 5-min train-

ing phase with all five SOAs preceded the actual measure-

ment. Before the measurement, participants received
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information about the task, but not about the purpose of

the study or the different SOAs.

Presentation of the stimuli was done with Presentation

software (Neurobehavioral Systems, Albany, NY).

Magnetoencephalography Measurement

A 306-channel whole-head magnetoencephalography

(MEG; Neuromag Elekta Oy, Helsinki, Finland) was used

to record brain activity at a sampling rate of 1000 Hz

while participants performed the task. The MEG

consisted of 102 pairs of orthogonal gradiometers and

102 magnetometers. For the analysis, only the gradio-

meters were taken into account. EOGs were measured

to detect eye movements. EOG electrodes were placed

at the outer sides of both eyes and above and below the

left eye.

Data Preprocessing

Data were analyzed with custom-made scripts using

Fieldtrip (Oostenveld, Fries, Maris, & Schoffelen, 2011)

and Matlab (The MathWorks, Natick, MA).

Continuously recorded data were divided into trials. A

trial started with the appearance of the fixation dot and

ended with the press of the response button. The total

number of trials was 400 with an average trial length of

∼6 sec (4–8.6 sec). Power line noise at 50 Hz and its har-

monics at 100 and 150 Hz were removed by a band-stop

filter, and data were bandpass filtered between 2 and

250 Hz. For the filters, we used the default options imple-

mented in FieldTrip, that is, we used an infinite impulse

response zero-phase Butterworth filter of fourth order. A

mean of 5.1 (SEM = 0.5) noisy channels were removed

and reconstructed by interpolation of neighboring chan-

nels. Artifacts (muscle or eye movement, SQUID jumps)

were removed semiautomatically by means of a z-score-

based algorithm implemented in FieldTrip, followed by

an additional visual inspection to remove artifacts (e.g.,

extensively noisy channels or channels still containing

nondetected squid jumps, etc.). A mean of 104.1 (SEM =

9.1) trials were removed due to artifacts.

Other preprocessing steps were conducted according

the respective analyses (see below).

Overview of Analysis Steps

We aimed to analyze the relation between prestimulus

alpha-band power, poststimulus gamma-band power, and

perception. Details on the analyses will be provided below.

Here, we give a concise overview of the analysis steps

performed. First, for each single trial prestimulus alpha-

band power was determined by averaging power in a

priori defined sensors, time range, and frequency band

based on results of our previous study (Baumgarten

et al., 2016). Second, for each single trial poststimulus

gamma-band power was determined similarly by averag-

ing power across sensors, time, and frequency. Here,

sensors of interest were determined based on the topogra-

phy of the M50, and frequency ranges were determined

individually.

After performing these two steps, we could determine

per participant and for each single trial one value for

prestimulus alpha-band power, poststimulus gamma-

band power, and perception, respectively. This enabled

us to sort individual trials with respect to alpha-band

power or gamma-band power. Then, we combined trials

to bins, computed mean gamma-band power and/or

mean perception in these bins. Finally, we tested by

means of first- and second-order regression analyses a

putative relation between the two variables (i.e., alpha-

or gamma-band power, respectively, on the one side,

and gamma-band power or perception, respectively, on

the other side).

Time–Frequency Analysis

Time–frequency analysis (TFA) was performed for fre-

quencies in the alpha (8–12 Hz) and gamma band (40–

150 Hz) by means of discrete Fourier transformation on

sliding time windows. For the following analyses, we only

used trials with intermediate SOA. Before TFA, we re-

moved the mean of the respective time period and the

linear trend. We combined each pair of gradiometers

by summing the spectral power of orthogonal gradiome-

ters. The TFA was performed on 3000-msec data seg-

ments (−1000 to 2000 msec). If the data in a trial were

shorter than 3000 msec (e.g., due to removed artifacts),

the corresponding trial was zero-padded to 3000 msec.

The alpha-band (8–12 Hz) power was analyzed in steps

of 1 Hz with a time window Δt of seven cycles of the re-

spective frequency f (Δt = 7/f ), moved in steps of

50 msec (Baumgarten et al., 2016). We used a single

Hanning taper on each time window, resulting in spectral

smoothing of 1/Δt.

In our previous study, we found a significant effect of

prestimulus alpha-band power on perception in a specific

set of sensors and in the prestimulus time period (−0.9

to −0.25 sec, with 0 msec being the time point in which

the first electrical stimulus occurred; Baumgarten et al.,

2016). Here, we thus analyzed alpha-band power in the

same sensors and the same time period. As in Baumgarten

et al. (2016), we averaged alpha-band power from 8 to

12 Hz in this time window and in these sensors. These sen-

sors are as follows: MEG1042+1043, MEG1112+1113,

MEG1122+1123, MEG1312+1313, MEG0712+0713,

MEG0722+0723, MEG1142+1143, MEG1132+1133,

MEG1342+1343, MEG2212+2213, MEG2412+2413,

MEG2422+2423, MEG2642+2643, MEG1832+1833,

MEG2242+2243, MEG2232+2233, MEG2012+2013,

MEG2442+2443, MEG2432+2433, MEG2522+2523,

MEG2312+2313, MEG2322+2323, MEG2512+2513,

MEG2342+2343, MEG2022+2023, MEG2212+2213,

MEG2612+2613, MEG2222+2223.
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The gamma band (40–150 Hz) was analyzed in steps of

5 Hz with a time window of 100 msec, moved in steps of

20 msec. Here, we used three Slepian tapers on each time

window, resulting in spectral smoothing of ±20 Hz. We

focused our analysis of gamma-band power on the right

primary somatosensory cortex (S1 contralateral to stimu-

lation site) by identifying five sensors showing maximum

amplitude of the M50 (MEG1122+1123, MEG1132+1133,

MEG1312+1313, MEG1342+1343, MEG1332+1333; see

below for details on sensor selection). In the following

analyses, we averaged gamma-band power over these five

sensors. Furthermore, we only used trials with inter-

mediate SOAs.

For the analysis of gamma-band power, we first deter-

mined individual frequencies showing maximal power.

To this end, we calculated for each participant, for each

time point between 0 and 200 msec, and for each fre-

quency between 40 and 150 Hz the power relative to

an averaged prestimulus baseline (−600 to −200 msec)

by means of an independent t test.

Next, we averaged for each frequency the t values across

all poststimulus time points (0–200 msec; Baumgarten,

Schnitzler, & Lange, 2017; Cousijn et al., 2014). Individual

gamma-band peaks were identified using Matlab’s built-in

function findpeaks (Baumgarten et al., 2017). Gamma

ranges with maximum power were determined by taking

the width of the gamma-band peak at its half height

(as implemented in the function findpeaks; Figure 1A).

We used two inclusion criteria for a frequency to be

identified as a peak frequency: First, to ensure that

gamma-band activity was not just a broadband signal in

response to stimulation onset but a clear narrow-band

range, we defined a minimum peak height relative to

neighboring points (i.e., setting in findpeaks the Min-

PeakProminence to a t value of 0.5). By this criterion,

we had to exclude one participant because we could

not ensure that a seeming gamma range was actually a

broadband response across a wider range of frequencies,

including the beta band (20–40 Hz, Participant 8 ex-

cluded; see Figure 1A). Second, to ensure that gamma

ranges with highest power were sufficiently strong to

be not confused with noise fluctuations, we set an abso-

lute threshold of t = 1 (i.e., setting in findpeaks the Min-

PeakHeight to a t value of 1). By this criterion, we had to

exclude three participants from further analyses (Partici-

pants 5, 13, and 15; see Figure 1A).

Selection of Sensors of Interest (Event-related
Field Analysis)

We focused our analysis of gamma-band power on the

right primary somatosensory cortex (S1 contralateral to

stimulation site). To this end, we determined sensors

showing maximum amplitude of the M50 component of

the event-related field. The M50 component is known to

originate from S1 after tactile stimulation (Iguchi, Hoshi,

Tanosaki, Taira, & Hashimoto, 2005). To identify the

M50, we first averaged the time domain data for each gra-

diometer and each participant separately. Next, gradiom-

eter pairs were combined by adding the signal of all trials

to the two orthogonal sensors using Pythagoras’ rule.

The evoked responses were then averaged across partic-

ipants. We identified the M50 component by focusing on

the time window 0.025–0.120 sec after stimulation. Fi-

nally, we determined five sensor pairs showing maximum

amplitude of the M50 (MEG1122+1123, MEG1132

+1133, MEG1312+1313, MEG1342+1343, MEG1332

+1333).

Regression Analyses

For each participant, we sorted the trials with intermedi-

ate SOA from low to high power, either for the gamma

band or the alpha band. Then, we divided the trials in five

bins with equal number of trials in each bin. There were

30.0 ± 0.1 trials per bin. Note that the sum of trials in all

bins is not 200 due to trials being removed in the prepro-

cessing steps.

To determine a potential relation between oscillatory

power and perception, we determined for each bin the

mean responses per participant by averaging the number

of “1” and “2” responses.

For each bin, we normalized mean responses accord-

ing to the following procedure (Baumgarten et al., 2016;

Lange et al., 2012; Jones et al., 2010; Linkenkaer-Hansen

et al., 2004): We calculated the mean response for each

participant for (a) each single bin and (b) across all bins.

Then, for each single bin, we subtracted the mean re-

sponse across all bins from the mean response from a

single bin. The obtained result was then divided by the

mean response across all bins.

Finally, we calculated for each bin mean responses

(and SEM) across participants.

To reproduce the results of Baumgarten et al. (2016),

we performed linear regression analysis between alpha-

band power and perceptual responses. To determine a

potential relation between prestimulus alpha-band power

and poststimulus gamma-band power, we performed re-

gression analyses (Baumgarten et al., 2016; Lange et al.,

2012; Linkenkaer-Hansen et al., 2004). Because we a priori

expected a linear relationship, we first performed a linear

regression. In addition, we performed a post hoc quadratic

regression analysis.

To determine a potential relation between alpha-band

and gamma-band power, we determined for each alpha-

band power bin the average gamma-band power per

participant. Next, we normalized for each participant the

mean gamma-band power relative to the mean gamma-

band power across all bins. Finally, we calculated for each

alpha-band power bin mean gamma-band power (and

SEM) across participants.

To exclude the possibility that a correlation between

alpha-band power and gamma-band power was induced

by covarying noise levels in both frequency bands across
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Figure 1. Poststimulus gamma-band activity. (A) Individual spectra in the gamma-band range (40–150 Hz). Spectra were determined by computing

for each frequency (40–150 Hz) and time point (0–200 msec) t values (poststimulus vs. prestimulus activity) and then averaging t values across

0–200 msec. Peaks of each spectrum were determined using the Matlab function findpeaks. Dashed horizontal lines indicate the threshold (t= 1) for

a peak to be recognized. Instead of peak frequencies, our analysis relied on narrow-band frequency ranges. Frequency ranges were determined by

computing the width of the peak at its half height. Smaller gray lines indicate the relative height of the peak (Prominence in Matlab function

findpeaks) and the width (Width at half prominence in Matlab function findpeaks). Red vertical lines indicate the frequencies at the half height,

which determine the upper and lower limits of the gamma-band range used for subsequent analyses. Note that Participants 5, 13, and 15 had to be

excluded from further analyses because their gamma peaks were below the threshold. Participant 8 had to be excluded from further analyses,

because increased activity extended also to lower frequencies (not shown) so that we could not excluded that this activity was actually a broadband

response to stimulation. (B) Topographical representation of gamma-band activity averaged across participants. For each participant, t values in

the individual gamma-band ranges (see A) were averaged for each sensor. Next, the t values were averaged across participants. Black dots indicate the

sensors of interest for gamma-band analysis, which were determined beforehand.
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trials, we performed additional control analyses. To this

end, we repeated the abovementioned analysis, but

now with gamma-band power averaged across a different

time window (but with identical length), for which we

did not expect modulations of gamma-band power but

just noise fluctuations (−500 to −300 msec).

Second, we computed signal-to-noise ratios (SNRs) by

dividing for each participant and trial poststimulus

gamma-band power (i.e., between 0 and 200 msec) and

prestimulus gamma-band power (i.e., “noise” between

−500 and −300 msec). Then, we repeated the above-

mentioned analysis for the SNRs.

All regression analyses were carried out using the

Matlab built-in function regstats.

Statistical Analysis

We statistically compared perception across alpha- and

gamma-band power bins, respectively. Likewise, we statis-

tically compared gamma-band power across alpha-band

power bins. First, we applied a Kolmogorov–Smirnov test

to test for normality of the data for each bin. Kolmogorov–

Smirnov tests showed that data in all bins significantly

differed from a normal distribution (all ps < .05). To con-

firm and strengthen the significant linear or quadratic re-

gression, we additionally performed planned post hoc

Wilcoxon signed-ranked tests on the most extreme values,

respectively. That is, for the significant linear regression be-

tween alpha-band power and perception, we compared

Bins 1 and 5. For the significant quadratic regression

between alpha-band power and gamma-band power,

gamma-band power should be lower in alpha-band power

Bin 3 relative to Bins 1 and 5. To this end, we applied one-

sidedWilcoxon signed-ranked tests to compareBin 3 versus

Bin 1 and Bin 3 versus Bin 5.

RESULTS

To investigate the relationship between prestimulus

alpha-band power, poststimulus gamma-band power,

and perception, we measured MEG while participants

performed a tactile temporal discrimination task.

Behavioral Data

Participants received one or two stimuli with varying

SOAs and had to report the number of perceived stimuli.

When only one stimulus was presented, participants re-

ported one stimulus in 94.3 ± 0.4% of all trials. When

two stimuli were presented with an SOA of 100 msec,

participants reported two stimuli in 97.0 ± 0.3% of all tri-

als. In addition, we presented stimuli with a predeter-

mined individual SOA for which participants were

supposed to perceive half of the trials as one stimulus

and the other half as two stimuli (intermediate SOA,

mean = 24.6 msec, SD = 6.2 msec). As intended, partic-

ipants perceived trials with this intermediate SOA as two

stimuli in 59.9 ± 0.9% of the trials. Finally, stimuli with an

intermediate SOA+10 msec were perceived as two stim-

uli in 82.1 ± 1.3% and stimuli with an intermediate SOA-

10 msec were perceived as two stimuli in 27.2 ± 1.5%.

Individual Gamma Ranges with Highest Power

We analyzed for each participant’s gamma ranges with

highest power within 40–150 Hz. Twelve of the 16 partic-

ipants showed narrow-banded gamma-band activity with-

in the range of 40–150 Hz (Figure 1A). Four participants

showed two different gamma ranges with highest power.

Three participants had to be excluded because their

gamma-band activity never reached the threshold of

t = 1. One participant had to be excluded because of a

broadband response that extended into lower frequen-

cies. Thus, for this participant, we could not distinguish

a clear narrow-banded range of gamma-band activity.

Relation of Prestimulus Alpha and Poststimulus
Gamma-band Power to Perception

We divided all trials with the intermediate SOA in five

bins with respect to prestimulus alpha-band or poststim-

ulus gamma-band power, respectively, and computed

mean perception rates per bin. We found a significant

negative correlation between prestimulus alpha-band

power bins and perception, r(3) = 0.92, p = .03

(Figure 2A).

That is, with lower prestimulus alpha-band power, par-

ticipants more likely reported to perceive two stimuli.

Wilcoxon sign-ranked tests showed a significant differ-

ence in perception between alpha-band power Bin 1

and Bin 5 (z = 2.20, p = .03).

By contrast, we found no significant correlation be-

tween poststimulus gamma-band power and perception

for both linear, r(3) = 0.04, p = .95 (Figure 2B), and

quadratic, r(2) = 0.44, p = .80, regression analyses.

Relation of Prestimulus Alpha and Poststimulus
Gamma-band Power

We divided all trials with the intermediate SOA in five

bins with respect to prestimulus alpha-band power and

computed mean gamma-band power per bin. Regression

analysis did not demonstrate a significant linear relation-

ship between prestimulus alpha-band power and post-

stimulus gamma-band power, r(2) = 0.22, p = .72.

However, regression analysis demonstrated a significant

quadratic relationship between prestimulus alpha-band

power and poststimulus gamma-band power, r(2) =

0.98, p = .04 (Figure 3).

That is, trials with high and low prestimulus alpha-band

power showed thehighest poststimulus gamma-bandpower.

Trials with intermediate prestimulus alpha-band power

showed the lowest poststimulus gamma-band power.
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Wilcoxon signed-rank tests revealed a significant differ-

ence in gamma-band power between alpha-band power

Bins 1 and 3 (z = −2.00, p = .02), that is, bins with

low prestimulus alpha-band power showed significantly

higher poststimulus gamma-band power than trials with

intermediate prestimulus alpha-band power. Wilcoxon

sign-ranked tests also revealed a significant difference

of poststimulus gamma-band power between alpha-band

power Bins 3 and 5 (z = −1.84, p = .03), that is, bins

with high prestimulus alpha-band power showed signifi-

cantly higher poststimulus gamma power than trials with

intermediate prestimulus alpha-band power. Gamma-

band power in the intermediate alpha-band power bin

is therefore significantly lower than in the bin with high-

est or lowest alpha-band power, respectively.

Control analyses revealed that this result could not be

explained by common noise fluctuations in the alpha and

gamma bands (Figure A1).

Figure 4 combines and summarizes the results above;

with low prestimulus alpha and high poststimulus gamma-

band power, participants more often perceived two stimuli.

By contrast, with high poststimulus gamma-band power

but with high prestimulus, alpha-band power participants

more often perceived one stimulus. Finally, with inter-

mediate alpha-band power and low poststimulus gamma-

band power, participants had no clear preference for

either perception (Figure 4).

DISCUSSION

We analyzed data from a previous temporal tactile discrim-

ination task in which participants received one or two tac-

tile stimuli with varying SOAs (Baumgarten et al., 2016). We

analyzed neuronal activity recorded with MEG with respect

to the relation of prestimulus alpha-band power, poststim-

ulus gamma-band power, and tactile perception. We found

a significant linear relationship between prestimulus alpha-

band power and tactile perception. However, we did not

find a significant correlation between poststimulus gamma-

band power and tactile perception (Figure 2). Finally, we

found a significant U-shaped relation between prestimulus

alpha-band power and poststimulus gamma-band power

(Figure 3). That is, for both lowest and highest prestimulus

alpha-band power, we found the highest poststimulus

gamma-band power. For intermediate prestimulus alpha-

band power, we found the lowest poststimulus gamma-band

power.

As in our original study (with 16 participants; Baumgarten

et al., 2016), we also found a significant correlation between

prestimulus alpha-band power and perception for the 12

participants in our present study. Our results are also in line

with other studies reporting a linear relationship between

Figure 2. Regression analyses of oscillatory power and normalized temporal perceptual discrimination rate for (A) binned prestimulus

alpha-band power (8–12 Hz, Bin 1 vs. Bin 5, p = .03) and (B) binned poststimulus gamma range with highest power. Insets show results of

linear regression analyses (black lines). Higher number bins indicate higher spectral power. Error bars represent SEM.

Figure 3. Regression analysis of binned prestimulus alpha-band power

(8–12 Hz) and poststimulus gamma range with highest power. Inset

shows result of quadratic regression analysis (black line). Higher

number bins indicate higher spectral power. Error bars represent SEM.

Bin 3 vs. Bin 1, p = .02; Bin 3 vs. Bin 5, p = .03.
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prestimulus alpha-band power in somatosensory areas and

tactile perception (Lange et al., 2012; Jones et al., 2010).

Prestimulus alpha-band power and poststimulus

gamma-band power were analyzed in predefined sensors

of interest. Prestimulus alpha-band power was analyzed in

sensors showing a significant effect of prestimulus alpha

power on perception in our previous study (Baumgarten

et al., 2016). Poststimulus gamma-band power was ana-

lyzed in sensors defined by the M50 component of

evoked fields. Because we performed our analyses on

sensor level, we can only indirectly infer the underlying

cortical sources. In our previous study, we found that

the alpha effect on perception originates from somato-

sensory and parietal cortical regions (Baumgarten et al.,

2016). In addition, the M50 component is known to origi-

nate from primary somatosensory cortex (S1; Iguchi et al.,

2005). Because the poststimulus gamma response in our

task strongly overlapped with the sensors defined by the

M50 component (Figure 1B), it seems likely that the effect

of poststimulus gamma-band activity has the same origin as

the M50 event-related field component, namely, S1. This

interpretation is in line with previous studies showing that

poststimulus gamma-band activity in response to tactile

stimulation is typically found in (primary) somatosensory

areas or in sensors putatively overlying somatosensory areas

(Cheng et al., 2016; Siegle et al., 2014; Lange, Oostenveld,

& Fries, 2011; Gross, Schnitzler, Timmermann, & Ploner,

2007; Bauer et al., 2006). In summary, this suggests that

the cortical sources of prestimulus alpha-band power and

poststimulus gamma-band power might overlap but also

demonstrate differences.

We focused our analysis of poststimulus gamma-band

power on the time period of 0–200 msec. This time win-

dow temporally coincides with evoked activity. Such

evoked activity could induce broadband activity in the

frequency domain that might be misinterpreted as gamma-

band activity. However, except for one participant, our

analysis of the individual gamma-band ranges revealed

narrow-band poststimulus gamma-band power increases

that did not extend into lower frequencies (Figure 1A).

We are thus confident that our gamma-band activity is

not due to broadband evoked responses.

Three participants did not show a reliable range of

gamma-band activity and were thus excluded from the

analyses. We can only speculate about the reason for

the missing gamma-band activity. One reason might be

a SNR of gamma-band activity too low to be detected.

Moreover, these participants showed a decrease of gamma-

band power in almost all frequencies. Such a decrease is

highly unusual as it indicates increased prestimulus gamma-

band power relative to the poststimulus period in almost all

frequencies. Because of the unusual gamma-band activity

and missing gamma range with highest power (according

to our criteria, see above), we thus decided to exclude

these participants from further analyses.

Wehave analyzed gamma-band activity in the rangeof 40–

150 Hz. Many studies have used an upper limit lower than

150 Hz for gamma oscillations oscillations (Fries, Nikolić, &

Singer, 2007; Bauer et al., 2006; Hoogenboom, Schoffelen,

Oostenveld, Parkes, & Fries, 2006). However, several studies

have shown that gamma-band activity can extend up to

150 Hz (Lange et al., 2011; Ray, Niebur, Hsiao, Sinai, &

Crone, 2008; Tallon-Baudry, Bertrand, Hénaff, Isnard, &

Fischer, 2005). Therefore, we included gamma-band activity

up to 150 Hz to not miss potentially important effects in

the higher frequencies of the gamma band.

There has been an ongoing discussion about the na-

ture of gamma-band oscillations. Several studies report

increases of gamma-band power in narrow frequency

bands in response to sensory stimulation (Krebber,

Harwood, Spitzer, Keil, & Senkowski, 2015; Fries et al.,

2007; Gross et al., 2007; Hoogenboom et al., 2006), argu-

ing that gamma-band power reflects oscillatory activity.

Other studies reported increases of gamma-band power

in broadbands, spanning almost the entire gamma band

(40 up to 200 Hz; e.g., Hermes, Miller, Wandell, &

Winawer, 2015; Crone, Korzeniewska, & Franaszczuk,

2011). These studies often argue that the broadband re-

sponse is unlikely of oscillatory nature but rather reflects

asynchronous neuronal firing. In line with previous MEG/

EEG studies, we found in our study poststimulus gamma-

band responses in comparably narrow frequency bands.

It seems interesting that narrow band gamma responses

are often found in MEG and EEG studies, whereas broad-

band gamma responses are often reported in ECoG

studies (e.g., Hermes et al., 2015; Lachaux et al., 2005).

The nature of gamma-band power is thus far from con-

clusive, and thus, it is interesting and important to fur-

ther elucidate the nature of gamma-band activity.

Previous studies reported increased somatosensory

poststimulus gamma-band power in relation to improved

Figure 4. Combination and summary of results. Low prestimulus alpha-

band power (8–12 Hz) and high poststimulus gamma-band power lead

to increased perception of two stimuli. High prestimulus alpha-band

power and high poststimulus gamma-band power lead to increased

perception of one stimuli. Intermediate alpha-band power and low

gamma-band power lead to no clear preference for either perception.
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tactile or nociceptive somatosensory perception (Siegle

et al., 2014; Gross et al., 2007; Meador et al., 2002).

Therefore, we hypothesized that poststimulus gamma-

band power might correlate with perception in our tactile

discrimination task. Contrary to our hypothesis, however,

we did not find a significant correlation between post-

stimulus gamma-band power and perception. The reason

for the apparent discrepancy between our study and pre-

vious studies might be found in the stimuli and tasks.

Stimulus detection tasks can be near-threshold or supra-

threshold. In near-threshold tasks, participants typically

report whether or not they perceive a stimulus near per-

ceptual threshold (e.g., Siegle et al., 2014; Weisz et al.,

2014; van Dijk et al., 2008; Linkenkaer-Hansen et al.,

2004). In suprathreshold tasks, stimuli are always above

perceptual threshold, and thus, participants always per-

ceive a stimulus but typically have to discriminate between

different stimuli or perceptual states (e.g., Baumgarten

et al., 2016; Peng, Hautus, Oey, & Silcock, 2016; Sato,

Nagai, Kuriki, & Nakauchi, 2016; Lange et al., 2012).

Notably, the studies reporting a positive relation be-

tween poststimulus gamma-band power and perception

used near-threshold stimuli and tasks. For example, de-

tection of tactile near-threshold stimuli improved when

participants exhibited higher poststimulus gamma-band

power in contralateral S1 (Meador et al., 2002). Also, per-

ceived pain around the pain threshold was accompanied

by higher gamma-band power in S1 compared with un-

perceived pain stimuli (Gross et al., 2007). Entraining

peristimulus neocortical gamma-band power optogeneti-

cally led to increased tactile stimulus detection in mice in

a near-threshold detection task (Siegle et al., 2014). By

contrast, we used a suprathreshold discrimination task.

That is, participants always perceived a stimulus but their

perception varied on a trial-by-trial basis between per-

ceiving one or two stimuli. It has been suggested that

neuronal oscillations in the gamma band are a fundamen-

tal process of neuronal communication and stimulus pro-

cessing (e.g., Fries, 2005, 2015). Gamma oscillations are

believed to be instrumental for efficient neuronal pro-

cessing. That is, neuronal synchronization in the gamma

band leads to efficient transmission of the sensory signal

in the neuronal network and hence to an efficient stimu-

lus processing (e.g., Womelsdorf & Fries, 2007). By con-

trast, lower gamma-band activity would then indicate that

the sensory signal is transmitted less efficiently across the

neuronal network and hence the signal is less efficiently

processed, leading potentially to a less clear and poten-

tially even ambiguous perception. In line with this hy-

pothesis, low gamma-band power in a near-threshold

detection task might indicate that the stimulus is insuffi-

ciently processed and thus not perceived. By contrast,

high gamma-band power indicates efficient stimulus

processing, leading to successful detection of the near-

threshold stimulus (Siegle et al., 2014; Gross et al.,

2007). In suprathreshold tasks, a stimulus is always strong

enough to be sufficiently processed to result in successful

perception. Therefore, a suprathreshold task should dis-

play high gamma-band power for all stimuli.

In our study, we used stimuli with identical physical

characteristics (two suprathreshold stimuli with interme-

diate SOA), which differed only in participants’ subjective

perception. Gamma-band power was present in all trials,

indicating efficient stimulus processing. However, the

lack of a significant difference in gamma-band power be-

tween perceiving one or two stimuli suggests that the

stimulus processing in S1 is largely independent of sub-

jective perception in suprathreshold tasks. Subjective

perception might be processed in other, higher cortical

areas. For example, studies using working memory tasks

in humans and monkeys found that vibrotactile stimula-

tion induced gamma-band power in somatosensory areas.

Somatosensory gamma-band power, however, did not

differ between correctly and incorrectly perceived trials.

Such differences between subjective perception and

gamma-band power were found in higher areas (Haegens,

Nácher, Hernández, et al., 2011; Haegens et al., 2010).

An alternative explanation for the lack of a significant

correlation between poststimulus gamma-band power

and perception might be that a potential correlation be-

tween gamma-band power and subjective perception

might be too small to be detected with our paradigm

or analysis approach. In addition, differences in gamma-

band power might occur at different frequencies than an-

alyzed in our study. However, we focused our analysis on

individual frequency bands showing gamma-band power

in response to stimulation, whereas other frequency

bands showed only negligible gamma-band power, at all.

In contrast to our study in the somatosensory domain,

studies in the visual domain reported that poststimulus

gamma-band power correlated with subjective per-

ception in suprathreshold tasks. These differences in

gamma-band power, however, were typically found in

higher visual areas, other than primary visual cortex.

For example, if participants receive one visual stimulus

accompanied by two tactile stimuli, they frequently per-

ceive a second illusory visual stimulus (Shams, Kamitani,

& Shimojo, 2000).

Studies have shown that, despite identical physical

stimulation, poststimulus gamma-band power in parieto-

occipital cortex correlated with participants’ subjective

perception of the illusion (Balz et al., 2016; Lange et al.,

2011; Bhattacharya, Shams, & Shimojo, 2002). Moreover,

poststimulus gamma-band power in somatosensory corti-

ces was larger for congruent compared with incongruent

visuotactile stimuli and correlated with shorter RTs

(Krebber et al., 2015). Future studies might thus further

investigate how gamma-band power correlates with

tactile perception in suprathreshold tasks by studying

other cortical areas or using methodological approaches

that allow a finer spatial resolution, such as intracranial

EEG or local field potential recording.

The main focus of our study was to study a potential

relationship between prestimulus alpha and poststimulus
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gamma-band power. It has been shown that attention

correlates negatively with prestimulus alpha-band power

and positively with poststimulus gamma-band power in

somatosensory areas (Haegens, Luther, & Jensen, 2012;

Haegens, Nácher, Luna, Romo, & Jensen, 2011; Bauer

et al., 2006). In addition, higher behavioral performance is

associated with lower prestimulus alpha-band power and

higher poststimulus gamma-band power (e.g., Baumgarten

et al., 2016; Siegle et al., 2014). We thus hypothesized that

prestimulus alpha and poststimulus gamma-band power

negatively correlate on a trial-by-trial basis, a question that

to our knowledge has never been directly investigated. In

contrast to our hypothesis, we did not find a significant

linear relationship. Rather, we found that prestimulus

alpha and poststimulus gamma-band power show a qua-

dratic relationship. That is, low but also high prestimulus

alpha-band power was associated with high poststimulus

gamma-band power, whereas intermediate levels of pre-

stimulus alpha-band power were associated with low levels

of poststimulus gamma-band power. In addition, in trials

with low prestimulus alpha/high poststimulus gamma-band

power, participants more often perceived two stimuli,

whereas in trials with high prestimulus alpha/high post-

stimulus gamma-band power, participants perceived more

often one stimulus (Figure 4). Furthermore, in trials with

intermediate prestimulus alpha/low poststimulus gamma-

band power, participants showed no preference for either

perception.

Although this quadratic relation was shown to be sig-

nificant, the overall effect sizes seem rather small. We can

only speculate about the size of the effects. It might be

that only a small fraction of neurons that elicit gamma-

band activity are involved in the perception process

and are modulated by prestimulus alpha-band power.

This would lead to a comparably low SNR and thus small

effect sizes. Another potential reason might be found in

the overall lower SNR for higher frequencies. Such a low

SNR might reduce potential effects. The effect sizes in

our study are, however, comparable in size to effect sizes

of gamma-band effects in other MEG studies (Yuan, Li,

Liu, Yuan, & Huang, 2016; Krebber et al., 2015; Haegens

et al., 2010).

We propose that low prestimulus alpha-band power re-

flects states of high excitability (Iemi et al., 2017; Lange

et al., 2013; Thut et al., 2006). Therefore, stimuli will be

efficiently processed during states of low prestimulus

alpha-band power, resulting in the perception of two

stimuli (Baumgarten et al., 2016).

The lower prestimulus alpha-band power, the higher

was participants’ confidence in their decision. In other

words, stronger or more efficient processing of “two”

stimuli is accompanied by lower alpha-band power

(Baumgarten et al., 2016).

Such efficient stimulus processing should be reflected in

high poststimulus gamma-band power (Fries, 2005, 2009).

Hence, we propose that low prestimulus alpha-band

power will lead to high poststimulus gamma-band power,

resulting in the perception of two stimuli (Figure 4, upper

curve). On the other hand, high prestimulus alpha-band

power reflects lower excitability or pulsed inhibition

(Jensen & Mazaheri, 2010; Mathewson, Gratton, Fabiani,

Beck, & Ro, 2009), leading to the perception of only one

stimulus (Baumgarten et al., 2016).

The higher prestimulus alpha-band power, the higher

was participants’ confidence in their decision of “one”

stimulus. In other words, stronger or more efficient

processing of “one” stimuli was accompanied by higher

alpha-band power (Baumgarten et al., 2016). Again, such

efficient stimulus processing (despite leading to errone-

ous perception) should be reflected in high poststimulus

gamma-band power (Fries, 2005, 2009). Thus, we

propose that high prestimulus alpha-band power should

also lead to high poststimulus gamma-band power. This

way, however, high gamma-band power will result in

the perception of one stimulus (Figure 4, lower curve).

Finally, intermediate level of prestimulus alpha-band

power will not bias perception in either direction, leading

to lower or inefficient forwarding of the stimulus,

which will be reflected in lower levels of gamma-band

power.

This proposed model offers an alternative explanation

why we did not find a significant correlation between

gamma-band power and perception (Figure 2B). If

prestimulus alpha-band power determines whether high

poststimulus gamma-band power reflects the perception

of one or two stimuli, then averaging across all pre-

stimulus alpha states (as done in Figure 2B) will also

average across both perceptions. Thus, ignoring the

prestimulus alpha state and simply looking at poststimu-

lus gamma states might give the wrong impression of no

correlation between poststimulus gamma-band power

and perception.

In conclusion, we found that prestimulus alpha-band

and poststimulus gamma-band power show a quadratic

relationship with both low and high prestimulus alpha

power, leading to high poststimulus gamma-band power.

Notably, the two states of high poststimulus gamma-band

power are related to different states of perception. We

propose a model in which prestimulus alpha-band power

determines the computational and perceptual fate of a

stimulus. If prestimulus alpha-band power is low, stimuli

are efficiently processed, leading to more veridical per-

ception in suprathreshold temporal discrimination tasks

or near-threshold detection tasks. In such cases, post-

stimulus gamma-band power will be high, indicating effi-

cient stimulus processing. If prestimulus alpha-band

power is high, stimuli are inefficiently processed,

leading to more incorrect perceptions in suprathreshold

temporal discrimination tasks and no perception in

near-threshold detection tasks. In suprathreshold tempo-

ral discrimination tasks, stimuli will still be processed,

leading to high gamma-band power. In near-threshold

detection task, nonperceived stimuli will not be processed,

leading to no poststimulus gamma-band power.
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Perception of physical identical stimuli can differ over time depending on the brain

state. One marker of this brain state can be neuronal oscillations in the alpha band

(8–12 Hz). A previous study showed that the power of prestimulus alpha oscillations in

the contralateral somatosensory area negatively correlate with the ability to temporally

discriminate between two subsequent tactile suprathreshold stimuli. That is, with high

alpha power subjects were impaired in discriminating two stimuli and more frequently

reported to perceive only one stimulus. While this previous study found correlative

evidence for a role of alpha oscillations on tactile temporal discrimination, here, we

aimed to study the causal influence of alpha power on tactile temporal discrimination

by using transcranial alternating current stimulation (tACS). We hypothesized that tACS

in the alpha frequency should entrain alpha oscillations and thus modulate alpha power.

This modulated alpha power should alter temporal discrimination ability compared to

a control frequency or sham. To this end, 17 subjects received one or two electrical

stimuli to their left index finger with different stimulus onset asynchronies (SOAs). They

reported whether they perceived one or two stimuli. Subjects performed the paradigm

before (pre), during (peri), and 25 min after tACS (post). tACS was applied to the

contralateral somatosensory-parietal area with either 10, 5 Hz or sham on three different

days. We found no significant difference in discrimination abilities between 10 Hz tACS

and the control conditions, independent of SOAs. In addition to choosing all SOAs as

the independent variable, we chose individually different SOAs, for which we expected

the strongest effects of tACS. Again, we found no significant effects of 10 Hz tACS

on temporal discrimination abilities. We discuss potential reasons for the inability to

modulate tactile temporal discrimination abilities with tACS.

Keywords: transcranial alternate current stimulation, tactile discrimination, alpha oscillations,

somatosensory, supra-threshold

INTRODUCTION

Perception does not only depend on the incoming stimuli, but also on intrinsic neuronal activity
(or so called brain states). This intrinsic neuronal activity fluctuates over time and from trial
to trial. Recent studies have shown that such fluctuations of neuronal activity can substantially
influence perception. Specifically, fluctuations of neuronal oscillatory activity in the alpha band
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(∼8–12Hz) correlate with perception of physical identical stimuli
over time. For example, the ability to detect visual near-threshold
stimuli improved with lower posterior prestimulus alpha band
power (Hanslmayr et al., 2007; van Dijk et al., 2008). Similarly
in the somatosensory domain, lower prestimulus alpha band
power was related to better perception or discrimination of tactile
stimuli (Linkenkaer-Hansen et al., 2004; Haegens et al., 2011;
Lange et al., 2012; Baumgarten et al., 2016). Alpha oscillations are
therefore interpreted as reflecting the excitability of a brain area, a
decision bias or active inhibition of brain areas (Thut et al., 2006;
Klimesch et al., 2007; Jensen and Mazaheri, 2010; Lange et al.,
2013, 2014; Iemi et al., 2017; Limbach and Corballis, 2017). The
evidence for a role of prestimulus alpha power, however, is mostly
correlative. To provide causal evidence for an influence of alpha
power on perception it is required to modulate alpha power and
measure its impact on perception.

One potential method to modulate neuronal oscillations is
transcranial alternating current stimulation (tACS). tACS is a
method to non-invasively stimulate the brain with electrical
activity of a given frequency (Antal and Paulus, 2013). It has
been suggested that tACS with 10 Hz entrains the endogenous
alpha band power in the stimulated brain area during stimulation
(Helfrich et al., 2014b; Ruhnau et al., 2016). Alterations in alpha
power have also been shown to outlast tACS, such that alpha
power was increased after tACS (Zaehle et al., 2010; Neuling
et al., 2013; Kasten et al., 2016). However, these studies were
not conducted in the somatosensory domain. Recently, a study
in the somatosensory cortex showed a decrease in alpha power
after tACS (Gundlach et al., 2017). This opens the possibility to
study the causal influence of alpha oscillations on brain functions.
tACS over the sensory area areas has been used successfully to
elicit sensations in the respective sensory domains (Abd Hamid
et al., 2015). For example, Feurra et al. (2011b) used tACS to
stimulate the primary somatosensory cortex and could elicit
tactile sensations in the contralateral hand. Also, tACS has been
successfully used to modulate performance in motor (Pogosyan
et al., 2009; Feurra et al., 2011a; Joundi et al., 2012), perceptual
(Laczó et al., 2012; Neuling et al., 2012; Helfrich et al., 2014a;
Kar and Krekelberg, 2014), and higher cognitive function tasks
(Santarnecchi et al., 2013).

Here, we aimed to use tACS to study a putative causal
impact of alpha oscillations on tactile temporal perception.
A recent study has shown that prestimulus alpha band
(∼8–12 Hz) power significantly negatively correlated with
subjects’ ability to perceive two electro-tactile stimuli as two
separate stimuli (rather than one single stimulus; Baumgarten
et al., 2016). To this end, we stimulated the somatosensory
cortex with tACS at 10 Hz (i.e., in the alpha band) while
subjects performed a tactile temporal discrimination task
(Baumgarten et al., 2016). We hypothesized that 10 Hz tACS
entrains intrinsic alpha oscillations and thus modulates the
power of these alpha oscillations. Subsequently, discrimination
of two subsequent tactile supra-threshold stimuli is expected to
be altered with 10 Hz tACS compared to sham stimulation
and stimulation with a control frequency (5 Hz). We
tested this hypothesis during stimulation and 25 min after
stimulation had ended.

MATERIALS AND METHODS

Subjects
We measured 17 subjects (nine female; age: 25.4 ± 1.4 years;
mean ± SEM; range: 18 to 41 years). All subjects were
right-handed according to the Edinburgh Handedness Inventory
(87.0 ± 3.4; mean ± SEM; Oldfield, 1971).

Exclusion criteria were history or family history of
epilepsy, history of loss of consciousness, brain related
injury, or other neurological or psychiatric disorders, high
blood pressure, cardiac pacemaker or intracranial metal
implantation, tinnitus, intake of central nervous system-affective
medication, pregnancy, and impairments of the peripheral
nerves in the left arm.

The experiment was conducted in accordance with the
Declaration of Helsinki and approved by the local ethics
committee of the Heinrich-Heine-Universität Düsseldorf,
Germany (Study No. 4965R). Prior to the experiment, subjects
gave written informed consent.

Subjects were naïve with respect to the hypotheses and
stimulation conditions. Subjects received 50€ after completion of
the entire experiment.

Paradigm
The paradigm was modified after Baumgarten et al. (2016).
Subjects received one or two electrical stimuli with different
stimulus onset asynchronies (SOAs) on their left index finger.
Subjects were asked to respond whether they perceived
one or two stimuli.

Each trial began with a fixation dot which decreased in
luminance after 500 ms, indicating the upcoming application of
the stimuli (Figure 1B). After a jittered period of 500–700 ms,
subjects received one or two stimulations to the left index finger
(stimulation duration: 0.3 ms each) while viewing the fixation
dot. Amplitude of the stimuli was individually determined such
that subjects could clearly perceive the stimuli without being
painful (2.1 ± 0.2 mA; mean ± SEM). After another jittered
period of 300–800 ms showing the fixation dot, subjects were
asked by written instruction on the screen to respond with their
right hand by button press. In nine subjects, button press with
the right index finger related to perception of two stimuli and
button press with the right middle finger related to perception
of one stimulus. In the other subjects, button press pattern was
reversed such that a press with the right index finger related to
perception of one stimulus and button press with the right middle
finger related to perception to two stimuli.

We used the following SOAs: 0 (i.e., only one stimulus
applied), 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 130 ms. Trials
with SOAs 0, 110, and 130 ms were each presented in 10 trials
whereas each of the other SOAs was presented in 20 trials.
SOAs with only 10 trials were added so that subjects responded
to SOAs that clearly allowed for a perception of either 1 or 2
stimuli. The lower number of stimuli was chosen to keep the
duration of the experiment within the time limit for tACS safety
conditions (see below). The different SOAs were presented in
pseudo-random order.
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FIGURE 1 | Experimental procedure and paradigm. (A) The experiment started with a short training period. Next, participants conducted the task (pre, see B),

followed by a 10 min break. Next, participants conducted the task again, now with additional tACS (peri), followed by a 25 min break. Finally, participants conducted

the task for the third time, now again without tACS (post), followed by the questionnaire. Participants repeated the entire procedure on three different days. Each day

differed only in stimulation frequency of tACS (10, 5 Hz, or sham) during the peri section. Quest., questionnaire. (B) The task used in the pre, peri, and post session

(see A) started with a fixation point, which decreased in luminance after 500 ms. This darker fixation point was shown for a jittered period of 500–700 ms. The jittered

period was followed by electric stimulation of the left index finger with varying SOAs (0, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 130 ms). After another jittered

period of 300–800 ms showing the fixation point, participants were asked to respond whether they perceived one stimulus or two stimuli. Then the next trial started

with the brighter fixation point. (C) Electrode placement. S1 was determined by neuronavigation. M1 was determined by the strongest FDI response when TMS was

applied. Starting from M1, we applied TMS in steps of 0.5 cm moving to posterior (dashed line), until FDI response was no longer visible (“no FDI response”). At this

spot we placed the most anterior border of the stimulation electrode (red). The reference electrode (blue) was placed on the contralateral forehead.

Subjects were asked to perform the experiment on 3 days,
each separated by 1 week. On each day a different tACS
frequency was applied: 10, 5 Hz, or sham. The order
of tACS frequencies was randomized across subjects and
double-blinded. For the double blinding, a person naïve to
the experiment randomly selected the tACS frequency in
each session and operated the DC stimulator during the
experiment while the participants and the main experimenter
who performed and analyzed the tACS experiment and
communicated with the participants were unaware of the
tACS frequency. Main experimenter and participants learned

of the used tACS frequencies only after all three frequencies
had been applied.

During each day, subjects performed the paradigm three
times: pre (before tACS), peri (during tACS), and post (after
tACS). The peri session started 10 min after pre session
ended; the post-session started 25 min after the peri session
ended (Figure 1A). The pre session was included as baseline
performance of the paradigm. The post-session was included
because it was shown that tACS effects can outlast the end of
stimulation (Veniero et al., 2015). There is no consistent pattern,
however, regarding the latency and duration of post-stimulation
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tACS effects (Veniero et al., 2015). While some studies report
aftereffects a few minutes after the end of stimulation (e.g.,
Helfrich et al., 2014b), other studies report that aftereffects of
10 Hz tACS can last for 30 min (Neuling et al., 2013) or even
start only 30 min after stimulation (Wach et al., 2013; see Veniero
et al., 2015 for an overview). Most of these studies investigated
tACS in the visual domain. Here, we aimed to investigate whether
post-stimulation effects might be obtained in the somatosensory
domain. Previous studies in the sensorimotor domain reported
no effects of 10 Hz tACS directly after stimulation (Wach et al.,
2013; Gundlach et al., 2016) and that aftereffects were visible only
30 min after stimulation (Wach et al., 2013). Therefore, we chose
to study potential post-stimulation effects 25 min after tACS.

One session including all SOAs and repetitions lasted
∼8–10 min.

A training phase of 5 min was included at the beginning
of each day to let subjects familiarize with the paradigm. This
training phase included SOAs 0, 20, 40, 60, 80, 100, 130, 150 ms.
0 and 150 ms appeared three times as often as the other
SOAs to familiarize subjects with the clear perception of 1 or 2
stimuli, respectively.

The paradigm was presented with the Presentation software
(Neurobehavioral Systems, Albany, NY, United States). Electrical
stimuli at the left index finger were delivered by a stimulus
current generator (DeMeTec GmbH, Langgöns, Germany).

In summary, our study included three independent
variables: frequency (sham, 5, 10 Hz), session (pre, peri,
post), SOAs (0–130 ms).

The post-session of each day was followed by a short
questionnaire. In this questionnaire, subjects were interviewed
if they felt a sensation during the tACS. Also, they were asked
whether they thought stimulation or sham was applied and how
confident they were with their answer on a scale from 1 (“very
unsure”) to 10 (“very sure”). If they answered that stimulation
had happened, then subjects were asked on their subjective
impression of the stimulation frequency and their confidence
in their judgment on a scale from 1 (“very unsure”) to 10
(“very sure”).

Transcranial Alternating Current
Stimulation (tACS)
Transcranial alternating current stimulation was applied with
two saline-soaked sponge electrodes (7 cm × 5 cm) on the skin
surface (DC Stimulator Plus, NeuroConn, Ilmenau, Germany).
The electrodes were held in place with a rubber band covering
the whole electrode. One electrode was placed over the right
somatosensory cortex similar to the area found in Baumgarten
et al. (2016). The other electrode was placed over the left orbit.
tACS was applied at 10 or 5 Hz with a current of 1 mA
(peak-to-peak amplitude, sinusoidal waveform) for a maximum
of 10min leading to a current density of 28.57µA/cm2 and a total
charge of 0.017 C/cm2. Impedance was kept below 5 k!. These
settings are within the boundary conditions of established safety
protocols for transcranial direct current stimulation (Nitsche
et al., 2003). Sham stimulation consisted of only 30 s stimulation
with either 10 or 5 Hz. Each stimulation session included 10 s
fade-in and 10 s fade-out time. If subjects finished the paradigm

before 10 min, the stimulation was terminated, resulting in an
average stimulation time of 8.2 ± 0.13 min (mean ± SEM).

Localization of Right Primary Motor and
Somatosensory Cortex
Since Baumgarten et al. (2016) found a significant correlation
between alpha power and tactile temporal discrimination in
primary somatosensory cortex (S1) contralateral to stimulation,
we aimed to stimulate contralateral (i.e., right) S1 with tACS.

To this end, the right S1 was localized by using
neuronavigation (LOCALITE, Sankt Augustin, Germany)
based on a standard MRI brain (MNI coordinates x = 36 mm,
y = −36 mm, z = 48 mm; Bingel et al., 2004).

After locating S1 with neuronavigation, the tACS electrode can
be placed differently on the located spot (i.e., electrode centered
above spot or spot at the border of the electrode). We sought to
place the electrode to minimally overlap with motor cortex to
avoid stimulation of the finger muscle which might be misjudged
for a stimulus from the finger electrodes and thus interfere with
the task (Figure 1C). To this end, we localized the right primary
motor cortex (M1) with TMS.

Right M1 was localized by inducing muscle twitching in the
first dorsal interosseus (FDI) by means of TMS. TMS of the right
motor cortex was performed using a standard figure of eight
coil (MC-B70) connected to a MagPro stimulator (Medtronic,
Minneapolis, MN, United States). We located the right FDI
by placing the coil tangentially to the scalp with the handling
pointing backward. We began by placing the coil 45◦ away
from the head midline and vertical to the right periauricular
point. Moving the coil anterior, posterior, medial, and lateral in
∼0.5 cm steps led to the localization with the maximal FDI motor
response. This spot was determined as M1.

From M1 we applied TMS again posterior in ∼0.5 cm steps
until hand twitching stopped. This point we determined as
the posterior end of M1. Here, we placed the anterior border
of the electrode.

S1 localized by neuronavigation was 2.8 ± 0.2 cm
posterior to M1.

Data Analysis and Statistics
For data analysis we used custom MATLAB (The MathWorks,
Natick, MA, United States) scripts.

For each frequency (5, 10 Hz, sham), session (pre, peri, post),
SOA and subject, we determined mean responses across all
repetitions. Next, for each frequency, session and SOA, individual
mean responses were averaged across subjects.

In ourmain statistical analysis, we applied three-way repeated-
measures ANOVA (rmANOVA, Trujillo-Ortiz, 2006) with factors
Frequency, Session and SOAs, after testing for normality of
the data by means of Shapiro–Wilk tests (BenSaïda, 2009, all
p-values > 0.42). The main hypothesis was to test whether
subjects’ responses showed significant main effects of Frequency
and/or Session, or significant interaction effects.

Since our main analysis did not reveal any relevant significant
effects (see section “Results”), we performed additional statistical
tests. These tests were performed to exclude the possibility that
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the non-significant results of themain analysis were caused by too
low statistical power, by “noise” in the data due to the inclusion of
data points that are irrelevant with respect to the hypothesis, or
by too high intra- or inter-individual variability of responses.

The normalization was done in two different ways. In the first
additional analysis, we normalized the data to minimize intra-
individual variability.

The first normalization was based on the potential problem
that individual performance might differ between different
days in terms of absolute performance. We aimed to reduce
intra-individual differences across days by normalizing the
responses in the peri and post-sessions with respect to the pre
session according to the formula:

r_normFreq,Session(SOA) =

rFreq,Session(SOA) − rFreq,pre(SOA)

rFreq,pre(SOA)
(1)

with r_norm being the individual normalized mean response as
a function of SOA for a given tACS frequency Freq (10, 5 Hz,
Sham) and paradigm Session (pre, peri, post). r denotes the
non-normalized response as a function of SOA for a given Freq
and Session. This normalization results in a measure that can be
described as “responses relative to the pre session.”

In a second normalization, we sought to reduce
inter-individual differences by transforming individual
mean responses on a scale between 0 and 1 according to
the following formula

r_normFreq,Session(SOA) =

rFreq,Session(SOA) − r_minFreq,Session

r_maxFreq,Session − r_minFreq,Session
(2)

with r_norm being the individual normalized mean response
as a function of SOA for a given tACS frequency Freq (10,
5 Hz, Sham) and paradigm Session (pre, peri, post). r denotes
the non-normalized response as a function of SOA for a given
Freq and Session. r_min and r_max denote the non-normalized
minimum and maximum, respectively, responses across all
SOAs for a given Freq and Session. As mentioned above, this
normalization results in responses normalized between 0 and 1.

As for the main analysis, we applied three-way
repeated-measures ANOVA (rmANOVA, Trujillo-Ortiz,
2006) with factors Frequency, Session and SOAs on individual
and normalized mean responses, again after confirming
normality by means of Shapiro–Wilk tests (BenSaïda, 2009, all
p-values > 0.12).

In the third and final analysis, we focused on a priori
hypotheses for chosen SOAs for the statistical analysis. The
a priori chosen SOAs were based on results of one of our previous
studies (Baumgarten et al., 2016). This MEG study found an
influence of alpha power on perception for intermediate SOAs
at ∼25 ms. We speculated therefore that the effect of alpha
power on perception is specific for SOAs of ∼25 ms, while all
other SOAs are unaffected by changes in alpha power. To this
end, we selected from our study only those SOAs that are close
to 25 ms. That is, we chose the responses of the SOA at 20

and 30 ms, either separately or averaged across both SOAs. For
statistical analyses, we applied either planned t-tests or Wilcoxon
sign-ranked tests, depending on whether or not input data were
normally distributed (again tested by means of Shapiro–Wilk
tests; BenSaïda, 2009).

Alternatively, the effect of alpha power on response rates
might not be specific for SOAs of 25 ms per se, but rather
for individual intermediate SOAs (intermediate SOAs and
SOAs of ∼25 ms coincide in Baumgarten et al., 2016). In
the present study, the intermediate SOA was 54.1 ± 7.7 ms
(mean ± SEM). If the influence of alpha power is specific for
intermediate SOAs, we might expect an influence at ∼54 ms
(the intermediate SOA). In this analysis, we therefore chose to
analyze the effect of tACS on mean responses for the individual
intermediate SOA.

In line with the statistical analyses above, we applied either
planned t-tests or Wilcoxon sign-ranked tests, depending on
whether or not input data were normally distributed (again tested
by means of Shapiro–Wilk tests; BenSaïda, 2009).

For the statistical analysis of specific SOAs, we applied
left-tailed tests when comparing mean responses at peri 10 Hz
tACS against mean responses pre 10 Hz tACS, peri 5 Hz tACS, or
peri sham tACS, respectively.

We used two-tailed tests when comparing mean responses at
post 10 Hz tACS against mean responses pre 10 Hz tACS, post
5 Hz tACS, or post-sham tACS, respectively.

In addition, we used Bayesian statistics to test whether our
data is in favor of the null hypothesis that there is no difference
between 10Hz tACS and control conditions. For all Bayesian tests
we used the program JASP (JASP Team, 2018).

For non-normalized and normalized data, we calculated
Bayesian repeated measures ANOVAs with factors
Frequency, Session, and SOAs. For the interactions
Frequency × Session, Frequency × SOAs, Session × SOAs
and Frequency × Session × SOAs we calculated the Bayes
Inclusion Factor (BFInclusion) based on matched models in JASP.

For our hypotheses for specific SOAs, we calculated Bayesian
paired sample t-tests. As with our frequentist approach, we
calculated left-tailed tests for peri tACS at 10 Hz vs. control
conditions (i.e., mean responses at 10 Hz tACS smaller thanmean
responses at control conditions), and two-tailed tests for post-
tACS at 10 Hz vs. control conditions. All Bayesian statistics were
estimated based on a uniform prior distribution.

As an additional analysis we tested whether subjects that
reported a flicker during tACS at 10 Hz showed a behavioral
effect. To this end, we compared mean responses for peri tACS at
10 Hz vs. peri tACS at sham in line with above described analyses,
but now only for subjects that reported a flicker sensation.

Given that tACS can have after-effects due to neuro-plastic
changes (Veniero et al., 2015), we compared the first and the
second half of the trials for peri tACS at 10 Hz by means of
two-way repeated measures ANOVAs for non-normalized and
normalized data with factors SOAs and Half (i.e., first or second
half of the trials). Beforehand, we tested data for normality by
means of Shapiro–Wilk tests. All data were normally distributed
(all p > 0.10). Additionally, we calculated Bayesian repeated
measures ANOVAs with factors SOAs and Half.
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We also tested the first half against the second half of the
trials for peri tACS at 10 Hz for the aforementioned specific
SOAs. Depending on normality (tested by Shapiro–Wilk tests) we
applied either planned t-tests or planned Wilcoxon sign-ranked
tests. Additionally, we calculated Bayesian t-tests.

RESULTS

Questionnaire
All subjects tolerated tACS and TMS well. Four subjects felt
a tingling sensation under the electrodes at the start of the
stimulation. Four subjects reported a light burning under an
electrode at the beginning of the stimulation while one of them
felt the burning during the whole stimulation at 10 Hz. Two
subjects reported a warming under an electrode.

Five subjects had a flickering effect in their visual field at 10 Hz
tACS. Two subjects had the flickering only at the beginning of the
stimulation while three subjects during the whole stimulation.

When 10 Hz tACS was applied, two of the 17 subjects
correctly identified the 10 Hz frequency with a confidence rating
of 7.0 ± 0.3 (mean ± SEM), only one of them reporting the
flickering effect.

For the 5 Hz tACS frequency, five of the 17 subjects identified
correctly the 5 Hz frequency with a confidence rating of 3.2± 0.9.
For sham tACS, six of the 17 subjects identified correctly that
sham tACS was applied with a confidence rating of 5.8 ± 0.6.
Since all these values are below chance level, we evaluated the
blinding procedure as successful.

General Effects of 10 Hz tACS on Tactile
Perception
We measured perceptual responses in a temporal tactile
discrimination task where subjects had to decide whether they
perceived one or two electrical stimuli. We employed tACS at
three different stimulation conditions: 10, 5 Hz, and sham. For
each tACS frequency, subjects performed the paradigm three
times: pre-, peri-, and post-tACS. Mean responses are shown in
Figure 2. We tested the hypothesis that tACS at 10 Hz should
modulate subjects’ perception.

Three-way repeated measures ANOVA (rmANOVA) with
factors Frequency (sham, 5, 10 Hz), Session (pre, peri, post),
and SOAs (0–130 ms) revealed no significant main effects of
Frequency [F(2,32) = 0.78, p = 0.47], Session [F(2,32) = 1.67,
p = 0.20], nor interaction effects for Frequency × Session
F(4,64) = 0.64, p = 0.64], Frequency × SOAs [F(22,352) = 0.44,
p = 0.99], and Frequency × Session × SOAs [F(44,704) = 0.72,
p = 0.91]. There was a significant main effect of SOAs
[F(11,176) = 59.59, p < 0.01] which indicates that mean
responses increase with increasing SOAs (Figure 2). There was
also a significant interaction Session × SOAs [F(22,352) = 2.29,
p < 0.01] which indicates that the increase of mean responses
over SOAs differs between sessions independent of tACS
frequency. However, the aim of our study was to investigate an
effect of tACS frequency. Therefore, these two significant effects
are irrelevant with respect to the main goal and will thus not
further be discussed.

Bayesian repeated measures ANOVA with factors
Frequency, Session, and SOAs revealed Bayes factors in
favor of the null hypothesis that there is no difference in
mean responses for the relevant main factors Frequency
and Session and the interactions (Frequency: BF10 = 0.11,
Session: BF10 = 0.07, Frequency × Session: BFInclusion = 0.01,
Frequency × SOAs: BFInclusion = 6.37 × 10−6, Session × SOAs:
BFInclusion = 3.93 × 10−5, Frequency × Session × SOAs:
BFInclusion = 8.89 × 10−6). Only the factor SOAs revealed strong
evidence for the alternative hypothesis (BF10 = 6.50 × 10346),

indicating that the factor SOA is an explanatory factor for
the observed pattern of the data. Since this factor is of no
relevance for the hypothesis of our study, we will not further
discuss this finding.

Since the most relevant effects in the above analyses were
not significant, we conducted further analyses to exclude
several factors that might have hampered the main analyses.
Our approaches included normalization approaches (to reduce
intra- and inter-subjective variability) or using specific a priori
hypotheses based on previous results (Baumgarten et al., 2016;
see section “Materials and Methods”).

Normalized Response Rates
We normalized data in two ways: in a first approach, we
normalized individual mean responses relative to the pre session
for each tACS frequency. In the second approach, we normalized
individual mean responses relative to individual minimum and
maximum mean responses.

Similar to the main analysis of non-normalized response
rates, we only obtained significant results for the main factor
SOAs [relative to pre: F(11,176) = 2.83, p < 0.01; relative to
minimum-maximum: F(11,176) = 61.56, p < 0.01] and the
interaction factor Session× SOA [relative to pre: F(22,352) = 2.14,
p < 0.01; relative to minimum-maximum: F(22,352) = 1.67,
p = 0.03]. Again, because these results are not relevant for our
main goal, no post hoc analyses were carried out here.

We did not obtain significant results for main
factors Frequency and Session nor for the interactions
Frequency × Session, Frequency × SOAs, or
Frequency × Session × SOAs (relative to pre: all p > 0.08;
relative to minimum-maximum: all p > 0.15).

When data were normalized to the pre session, we obtained
large Bayes factors for Session (BF10 = 29913.82) and SOAs
(BF10 = 3.80). The large Bayes factor for the main factor
Session most likely indicates a trivial result. Due to the
normalization, all values in the pre session are set to “0”
whereas the values in the peri and post-session are non-zeros.
Bayesian analysis states that the model “Session” explains this
difference better than a randomized model between all values.
However, in this case this does not reveal a true difference
between sessions per se but rather this is a result of our
normalization procedure.

The main factor Frequency provides evidence for no
difference between tACS frequencies (BF10 = 0.02). Also, the
Bayes factors for the interactions provided strong evidence in
favor of no effects (Frequency × Session: BFInclusion = 0.06,
Frequency × SOAs: BFInclusion = 4.83 × 10−5, Session × SOAs:
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FIGURE 2 | Mean responses of perceived stimuli at different SOAs for (A) 10 Hz tACS, (B) 5 Hz tACS, and (C) sham tACS before (pre), during (peri), and 25 min

after (post) stimulation. Error bars represent SEM.

BFInclusion = 9.00 × 10−4, Frequency × Session × SOAs:
BFInclusion = 2.82 × 10−5).

When data was normalized relative to minimum-maximum,
Bayesian repeatedmeasures ANOVA revealed again Bayes factors
in favor of the null hypothesis that there is no difference in
mean responses for the relevant factors (Frequency: BF10 = 0.02,
Session: BF10 = 0.02, Frequency × Session: BFInclusion < 0.01,
Frequency × SOAs: BFInclusion = 1.75 × 10−5, Session × SOAs:
BFInclusion = 1.77 × 10−5, Frequency × Session × SOAs:
BFInclusion = 9.82 × 10−6). Only the factor SOAs provided
strong evidence for an effect (SOAs: BF10 = 1.31 × 10399),
indicating again that the factor SOAs is an explanatory factor
for the observed pattern of the data. Since this factor is of no
relevance for the hypothesis of our study, we will not further
discuss this finding.

Comparison Between the First and
Second Half of the Trials for 10 Hz tACS
To test whether tACS duration influences perception
(e.g., due to neuro-plastic changes), we compared the

first and the second half of the trials for the peri session
of tACS at 10 Hz.

A two-way repeated measures ANOVA revealed
neither a significant main effect for Half nor an
interaction effect for SOAs × Half (all p > 0.22
for normalized and non-normalized data and for
a priori chosen SOAs).

Bayesian statistics provided evidence for no difference
between halves (all BF10 < 0.20, for normalized and
non-normalized data). Results for the interaction
SOAs × Half provided evidence for no interaction effects
(all BFInclusion ≤ 0.23).

A priori Hypotheses for the Effect of
10 Hz tACS on Tactile Perception at
Intermediate SOAs
Here, we test the hypothesis that 10 Hz tACS might affect
specifically intermediate SOA (i.e., SOAs for which subjects had
mean responses of ∼1.5, i.e., no clear bias toward perception of
“1” or “2”).
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Mean responses at peri 10 Hz tACS did not differ significantly
from mean responses at pre 10 Hz tACS, peri Sham tACS or
peri 5 Hz tACS (all p > 0.54; Figure 3). Bayesian statistics
provided evidence for the null hypothesis of no effect of tACS (all
BF10 < 0.23).

Likewise, mean responses at post 10 Hz tACS did not
differ significantly from mean responses at pre 10 Hz tACS,
post-Sham tACS or post 10 Hz tACS (all p > 0.34; Figure 3).
Bayesian statistics provided either inconclusive results or
evidence for the null hypothesis of no effect of tACS (all BF10
between 0.25 and 0.44).

Hypotheses for the Effect of 10 Hz tACS
on Tactile Perception at SOAs 20 and
30 ms
A previous study reported a correlation of alpha power and
perception at SOAs of ∼25 ms (Baumgarten et al., 2016).
Therefore, we tested in this analysis that the causal effect of 10 Hz
oscillations on temporal tactile perception might not be related to
the intermediate SOA per se, but rather to an SOA of 20 to 30 ms.

Mean responses at peri 10 Hz tACS did not differ significantly
from pre 10 Hz tACS, peri Sham tACS or peri 5 Hz tACS at an
SOA of 20, 30 ms, or when responses of the SOAs at 20 and
30 ms where combined (all p> 0.38). Bayesian statistics provided
evidence in favor of the null hypothesis (all BF10 < 0.27).

Likewise, mean responses at post 10 Hz tACS did not differ
significantly from mean responses at pre 10 Hz tACS, post-Sham
tACS or post 10 Hz tACS (all p > 0.22). Bayesian statistics
provided either inconclusive results or evidence for the null
hypothesis of no effect of tACS (all BF10 between 0.26 and 0.48).

Additional Analyses Only for Subjects
That Reported a Flicker Sensation
When comparing mean responses for peri tACS at
10 Hz vs. peri tACS at sham only for subjects that

FIGURE 3 | Mean responses of perceived stimuli at the individual intermediate

SOA for 10 Hz tACS, 5 Hz tACS, and sham tACS before (pre), during (peri),

and 25 min after (post) stimulation. Error bars represent SEM.

reported a flicker sensation, there was no behavioral effect
(all p > 0.21).

DISCUSSION

We stimulated the somatosensory cortex with transcranial tACS
while subjects performed a tactile discrimination task. Based
on previous findings that reported a correlation between alpha
power and tactile discrimination abilities (Baumgarten et al.,
2016), we hypothesized that 10 Hz tACS would affect subjects’
tactile perception. This way, we would provide evidence for a
causal role of alpha power for tactile perception and add on the
numerous studies reporting a correlation between (prestimulus)
alpha power and perception. However, we found no significant
effects of 10 Hz tACS on perceptual performance, neither when
applied while subjects performed the task (i.e., peri tACS) nor did
we find any aftereffects of stimulation (post-tACS).

That is, we did not find evidence for a causal role of alpha
oscillations for tactile temporal discrimination. Bayesian statistics
revealed that there is moderate to strong evidence in favor of
the null hypothesis that mean responses with tACS at 10 Hz
do not differ from control conditions. That is, our results are
in favor that tACS at 10 Hz did not modulate tactile temporal
discrimination. However, we do not conclude that 10 Hz or alpha
power is not causally involved in tactile temporal discrimination.
For such a conclusion there are still many factors to be considered
as discussed below.

We will discuss in the following potential reasons and
implications of this null result.

One potential reason might be that tACS at 10 Hz did
not entrain neuronal oscillations. Since we did not measure
neuronal activity in our study, we cannot exclude this possibility.
Several previous studies, however, have shown that tACS in
the alpha-band modulates neuronal oscillations. These studies
have shown that alpha power is typically increased during
tACS (Helfrich et al., 2014b; Ruhnau et al., 2016) as well as
after tACS (Zaehle et al., 2010; Neuling et al., 2013; Kasten
et al., 2016). In contrast to our study, these studies were not
conducted in the somatosensory domain. In the somatosensory
domain, recently, a decrease of alpha power after tACS at alpha
frequencies was reported (Gundlach et al., 2017). One might
argue that the current density we used may have been too low
to entrain neuronal oscillations. Several studies, however, were
able to entrain brain oscillations using similar current densities
as we did (Moliadze et al., 2012; Neuling et al., 2015; Ruhnau
et al., 2016). Since these studies were conducted in the visual
domain, it might still be that in the somatosensory domain
stronger current densities are needed to induce behavioral
relevant entrainment. However, we refrained from using higher
current densities because Feurra et al. (2011b) showed that tACS
with a higher current density over S1 at alpha frequency elicited
tactile sensations in the contralateral hand. Therefore, we used
lower current density to minimize the possibility of inducing
tactile sensations interfering with the task.

Another potential problemmight be spatial inaccuracies in the
stimulation so that our tACS did not entrain neuronal oscillations
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in S1. To exclude such a problem, we located S1 with two
independent criteria (neuronavigation and no motor response
with TMS) and we applied a large stimulation electrode. It seems
thus unlikely that a putative entrainment did not affect S1.

In sum, although we have no direct measure of
entrainment, we are confident that we entrained neuronal
oscillations in the same area in which alpha power
correlated with tactile discrimination in our previous study
(Baumgarten et al., 2016).

Previous studies reported no unequivocal effects of tACS
on perception. On the one hand, studies reported that tACS
modulates perception (Neuling et al., 2012; Brignani et al.,
2013; Gundlach et al., 2016; Veniero et al., 2017). On the
other hand, several studies did not find an effect of tACS on
perception (Brignani et al., 2013; Gundlach et al., 2016; Veniero
et al., 2017; Sheldon and Mathewson, 2018). Specifically in
the somatosensory domain, results are not clear. For example,
Sliva et al. (2018) reported that tACS at alpha frequencies over
somatosensory cortex lead to a decrease of performance in a
tactile detection task of near-threshold stimuli. This decrease
was reported for baseline corrected detection rates, but not
for absolute detection rates. Thus, the putative effect of tACS
may at least partially be explained by differences in baseline
performances. In contrast, Gundlach et al. (2016) reported for
a similar task that tACS at alpha frequencies did not affect
mean detection rates. However, they reported that detection rates
varied in a phasic manner, i.e., depending on the phase of tACS.
Notably, these studies used detection tasks in which subjects
had to report whether a stimulus near perceptual threshold was
perceived. In our study, however, we used a discrimination task
in which stimulation was always above perceptual threshold
and subjects had to report whether they perceived one or two
stimuli. Detection and discrimination tasks might be influenced
by different processes. For example, our previous studies have
shown that tactile discrimination tasks are influenced by power
in the alpha frequencies, but the phase of beta frequencies
(Baumgarten et al., 2015, 2016). Therefore, we focused our
analysis on power modulations. In line with this hypothesis,
Brignani et al. (2013) reported an effect of tACS at alpha
frequencies in a visual detection task, while they could not
find an effect of 10 Hz tACS in a visual discrimination task.
Future studies might explore the differences between detection
and discrimination tasks and how tACS might affect these
tasks in more detail.

There is no clear consensus which frequency to use when
tACS with “alpha frequencies” is applied. Whereas some studies
used individual alpha frequencies, based on individual peak
frequencies of neuronal oscillations in the alpha band (Cecere
et al., 2015; Gundlach et al., 2016), others used a fixed frequency
for all subjects (Brignani et al., 2013; Kar and Krekelberg,
2014; Sheldon and Mathewson, 2018). In the present study,
we used a fixed frequency of tACS for all subjects. While
this approach is easier to perform, especially since we did not
measure neuronal oscillations, a fixed frequency might bear the
downside that tACS does not match the “optimal” frequency
in all subjects. According to the Arnold’s tongue principle, low
stimulation intensities only entrain the endogenous frequency in

a small frequency band, whereas higher stimulation intensities
can entrain a wider frequency band around the endogenous
frequency (Herrmann et al., 2016; Kurmann et al., 2018).
Therefore, it could be that we did not entrain alpha power in
those subjects whose endogenous peak alpha frequency differs
too much from 10 Hz to be entrained at the low stimulation
intensity. However, Baumgarten et al. (2017) showed that tactile
temporal discrimination does not correlate with individual alpha
frequency of neuronal oscillations. In addition, several studies
found an effect of tACS on detection using fixed frequencies
(e.g., Brignani et al., 2013; Kar and Krekelberg, 2014). Finally,
Baumgarten et al. (2016) reported an effect of alpha power
on discrimination performances for one frequency, averaged
across all subjects, rather than individual frequencies for each
subject. Therefore, it seemed feasible for us to expect an effect
of a fixed frequency for tACS. On the other hand, it could
be that the mechanisms underlying tactile discrimination are
not modulated by 10 Hz but other, neighboring frequencies
within the alpha band. Given our low stimulation intensity,
this potential alpha frequency might not be entrained due to
the Arnold’s tongue principle. As mentioned above, however,
we were restricted to 1 mA stimulation intensities, because
a higher stimulation intensity could have produced tactile
sensations (Feurra et al., 2011b), which might be misjudged
for a stimulus from the finger electrode and thus distort
behavioral results.

One might argue that the control frequency of 5 Hz
might affect alpha power similarly to 10 Hz stimulation (de
Graaf et al., 2013). Given that we found no effect of tACS
in our study at all, this limitation does not change the
conclusion of this study.

Given that tACS can produce after-effects due to neuro-plastic
changes (Veniero et al., 2015), we also investigated whether tACS
at 10 Hz might have an effect only at a later time segment during
the stimulation. To this end, we compared the first half of the
trials to the second half of the trials during peri tACS at 10 Hz.
We found no differences between the first and the second half
of the trials. This result suggests that longer stimulation duration
did not lead to stronger results.

In summary, in our study we were unable to modulate
tactile discrimination by applying tACS at alpha frequencies
contralateral to the tactile stimulation. Consequently, we
were unable to provide evidence for a causal role of
somatosensory alpha oscillations in tactile discrimination
tasks. tACS experiments comprise many degrees of freedom
(e.g., electrode placements, stimulation frequency, stimulation
current density, task and combinations of all factors). Another
problem is that tACS can have different effects on different
individuals due to anatomical differences such as the gyral
depth or the thickness of the skull (Nitsche et al., 2008;
Opitz et al., 2015). These factors result in a large search space
for optimal parameters for the tACS experiment, making it
difficult to decide for the optimal setup with regard to the
question investigated (Kar and Krekelberg, 2014). And even
with identical parameters, sometimes results of an tACS
experiment cannot be replicated, even within one study
(Veniero et al., 2017).
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We are, however, confident that we used a reasonable
parameter space for the stimulation parameters to expect a
modulation of discrimination abilities. Thus, we might conclude
that this specific combination of experimental factors is unable
to modulate tactile temporal discrimination, but that we cannot
conclude whether alpha power has a causal role on tactile
temporal discrimination. This null effect should thus offer new
insights and increase knowledge about an adequate setup of tACS
experiments and to further understand difficulties and sometimes
inconsistent results in tACS studies. Nevertheless, additional
studies are needed to investigate a potential causal role of
somatosensory alpha oscillations in tactile discrimination tasks.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

MW and JL designed the study and analyzed the data.
MW and MM collected the data. MW, MM, AS, and JL
wrote the manuscript.

FUNDING

JL was supported by the German Research Foundation (Grant
No. LA 2400/4-1).

ACKNOWLEDGMENTS

We would like to thank Vanessa Krause, Mareike Heller, Thomas
Baumgarten, Konstantin Weltersbach, and Ariane Keitel for help
with the tACS experiments.

REFERENCES

Abd Hamid, A. I., Gall, C., Speck, O., Antal, A., and Sabel, B. A. (2015). Effects

of alternating current stimulation on the healthy and diseased brain. Front.

Neurosci. 9:391. doi: 10.3389/fnins.2015.00391

Antal, A., and Paulus, W. (2013). Transcranial alternating current stimulation

(tACS). Front. Hum. Neurosci. 7:317. doi: 10.3389/fnhum.2013.00317

Baumgarten, T. J., Schnitzler, A., and Lange, J. (2015). Beta oscillations define

discrete perceptual cycles in the somatosensory domain. Proc. Natl. Acad. Sci.

U.S.A. 112, 12187–12192. doi: 10.1073/pnas.1501438112

Baumgarten, T. J., Schnitzler, A., and Lange, J. (2016). Prestimulus alpha

power influences tactile temporal perceptual discrimination and confidence in

decisions. Cereb. Cortex N.Y. 26, 891–903. doi: 10.1093/cercor/bhu247

Baumgarten, T. J., Schnitzler, A., and Lange, J. (2017). Beyond the peak - tactile

temporal discrimination does not correlate with individual peak frequencies in

somatosensory cortex. Front. Psychol. 8:421. doi: 10.3389/fpsyg.2017.00421

BenSaïda, A. (2009). Shapiro-Wilk and Shapiro-Francia Normality Tests. Available

at: https://de.mathworks.com/matlabcentral/fileexchange/13964-shapiro-wilk-

and-shapiro-francia-normality-tests (accessed November 15, 2016).

Bingel, U., Lorenz, J., Glauche, V., Knab, R., Gläscher, J., Weiller, C., et al. (2004).

Somatotopic organization of human somatosensory cortices for pain: a single

trial fMRI study. NeuroImage 23, 224–232. doi: 10.1016/j.neuroimage.2004.

05.021

Brignani, D., Ruzzoli, M., Mauri, P., and Miniussi, C. (2013). Is transcranial

alternating current stimulation effective in modulating brain oscillations? PloS

One 8:e56589. doi: 10.1371/journal.pone.0056589

Cecere, R., Rees, G., and Romei, V. (2015). Individual differences in alpha

frequency drive crossmodal illusory perception. Curr. Biol. 25, 231–235.

doi: 10.1016/j.cub.2014.11.034

de Graaf, T. A., Gross, J., Paterson, G., Rusch, T., Sack, A. T., and Thut, G. (2013).

Alpha-band rhythms in visual task performance: phase-locking by rhythmic

sensory stimulation. PLoS One 8:e60035. doi: 10.1371/journal.pone.006

0035

Feurra, M., Bianco, G., Santarnecchi, E., Del Testa, M., Rossi, A., and Rossi, S.

(2011a). Frequency-dependent tuning of the human motor system induced by

transcranial oscillatory potentials. J. Neurosci. 31, 12165–12170. doi: 10.1523/

JNEUROSCI.0978-11.2011

Feurra, M., Paulus, W., Walsh, V., and Kanai, R. (2011b). Frequency specific

modulation of human somatosensory cortex. Front. Psychol. 2:13. doi: 10.3389/

fpsyg.2011.00013

Gundlach, C., Müller, M. M., Nierhaus, T., Villringer, A., and Sehm, B. (2016).

Phasic modulation of human somatosensory perception by transcranially

applied oscillating currents. Brain Stimulat. 9, 712–719. doi: 10.1016/j.brs.2016.

04.014

Gundlach, C., Müller, M. M., Nierhaus, T., Villringer, A., and Sehm, B. (2017).

Modulation of somatosensory alpha rhythm by transcranial alternating current

stimulation at mu-frequency. Front. Hum. Neurosci. 11:432. doi: 10.3389/

fnhum.2017.00432

Haegens, S., Nácher, V., Luna, R., Romo, R., and Jensen, O. (2011). α-Oscillations

in the monkey sensorimotor network influence discrimination performance by

rhythmical inhibition of neuronal spiking. Proc. Natl. Acad. Sci. U.S.A. 108,

19377–19382. doi: 10.1073/pnas.1117190108

Hanslmayr, S., Aslan, A., Staudigl, T., Klimesch, W., Herrmann, C. S., and Bäuml,

K.-H. (2007). Prestimulus oscillations predict visual perception performance

between and within subjects. NeuroImage 37, 1465–1473. doi: 10.1016/j.

neuroimage.2007.07.011

Helfrich, R. F., Knepper, H., Nolte, G., Strüber, D., Rach, S., Herrmann, C. S., et al.

(2014a). Selective modulation of interhemispheric functional connectivity by

HD-tACS shapes perception. PLoS Biol. 12:e1002031. doi: 10.1371/journal.pbio.

1002031

Helfrich, R. F., Schneider, T. R., Rach, S., Trautmann-Lengsfeld, S. A., Engel, A. K.,

and Herrmann, C. S. (2014b). Entrainment of brain oscillations by transcranial

alternating current stimulation.Curr. Biol. 24, 333–339. doi: 10.1016/j.cub.2013.

12.041

Herrmann, C. S., Murray, M. M., Ionta, S., Hutt, A., and Lefebvre, J. (2016).

Shaping intrinsic neural oscillations with periodic stimulation. J. Neurosci. 36,

5328–5337. doi: 10.1523/JNEUROSCI.0236-16.2016

Iemi, L., Chaumon, M., Crouzet, S. M., and Busch, N. A. (2017). Spontaneous

neural oscillations bias perception by modulating baseline excitability.

J. Neurosci. 37, 807–819. doi: 10.1523/JNEUROSCI.1432-16.2016

Jensen, O., and Mazaheri, A. (2010). Shaping functional architecture by oscillatory

alpha activity: gating by inhibition. Front. Hum. Neurosci. 4:186. doi: 10.3389/

fnhum.2010.00186

Joundi, R. A., Jenkinson, N., Brittain, J.-S., Aziz, T. Z., and Brown, P.

(2012). Driving oscillatory activity in the human cortex enhances

motor performance. Curr. Biol. 22, 403–407. doi: 10.1016/j.cub.2012.

01.024

Kar, K., and Krekelberg, B. (2014). Transcranial alternating current stimulation

attenuates visual motion adaptation. J. Neurosci. 34, 7334–7340. doi: 10.1523/

JNEUROSCI.5248-13.2014

Kasten, F. H., Dowsett, J., and Herrmann, C. S. (2016). Sustained Aftereffect of

α-tACS lasts up to 70 min after stimulation. Front. Hum. Neurosci. 10:245.

doi: 10.3389/fnhum.2016.00245

Klimesch, W., Sauseng, P., and Hanslmayr, S. (2007). EEG alpha oscillations:

the inhibition-timing hypothesis. Brain Res. Rev. 53, 63–88. doi: 10.1016/j.

brainresrev.2006.06.003

Kurmann, R., Gast, H., Schindler, K., and Fröhlich, F. (2018). Rational design of

transcranial alternating current stimulation: identification, engagement, and

Frontiers in Neuroscience | www.frontiersin.org 10 April 2019 | Volume 13 | Article 311



Wittenberg et al. 10 Hz tACS Does Not Modulate Tactile Discrimination

validation of network oscillations as treatment targets. Clin. Transl. Neurosci.

2:2514183X18793515.

Laczó, B., Antal, A., Niebergall, R., Treue, S., and Paulus, W. (2012).

Transcranial alternating stimulation in a high gamma frequency range

applied over V1 improves contrast perception but does not modulate

spatial attention. Brain Stimulat. 5, 484–491. doi: 10.1016/j.brs.2011.

08.008

Lange, J., Halacz, J., van Dijk, H., Kahlbrock, N., and Schnitzler, A. (2012).

Fluctuations of prestimulus oscillatory power predict subjective perception of

tactile simultaneity. Cereb. Cortex N.Y. 1991, 2564–2574. doi: 10.1093/cercor/

bhr329

Lange, J., Keil, J., Schnitzler, A., van Dijk, H., and Weisz, N. (2014). The role

of alpha oscillations for illusory perception. Behav. Brain Res. 271, 294–301.

doi: 10.1016/j.bbr.2014.06.015

Lange, J., Oostenveld, R., and Fries, P. (2013). Reduced occipital alpha

power indexes enhanced excitability rather than improved visual perception.

J. Neurosci. 33, 3212–3220. doi: 10.1523/JNEUROSCI.3755-12.2013

Limbach, K., and Corballis, P. M. (2017). Alpha-power modulation reflects the

balancing of task requirements in a selective attention task. Psychophysiology

54, 224–234. doi: 10.1111/psyp.12774

Linkenkaer-Hansen, K., Nikulin, V. V., Palva, S., Ilmoniemi, R. J., and Palva,

J. M. (2004). Prestimulus oscillations enhance psychophysical performance in

humans. J. Neurosci. 24, 10186–10190. doi: 10.1523/JNEUROSCI.2584-04.2004

Moliadze, V., Atalay, D., Antal, A., and Paulus, W. (2012). Close to threshold

transcranial electrical stimulation preferentially activates inhibitory networks

before switching to excitation with higher intensities. Brain Stimulat. 5,

505–511. doi: 10.1016/j.brs.2011.11.004

Neuling, T., Rach, S., and Herrmann, C. S. (2013). Orchestrating neuronal

networks: sustained after-effects of transcranial alternating current stimulation

depend upon brain states. Front. Hum. Neurosci. 7:161. doi: 10.3389/fnhum.

2013.00161

Neuling, T., Rach, S., Wagner, S., Wolters, C. H., and Herrmann, C. S. (2012).

Good vibrations: oscillatory phase shapes perception. NeuroImage 63, 771–778.

doi: 10.1016/j.neuroimage.2012.07.024

Neuling, T., Ruhnau, P., Fuscà, M., Demarchi, G., Herrmann, C. S., and Weisz, N.

(2015). Friends, not foes: Magnetoencephalography as a tool to uncover brain

dynamics during transcranial alternating current stimulation. NeuroImage 118,

406–413. doi: 10.1016/j.neuroimage.2015.06.026

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A.,

et al. (2008). Transcranial direct current stimulation: State of the art 2008. Brain

Stimulat. 1, 206–223. doi: 10.1016/j.brs.2008.06.004

Nitsche,M. A., Liebetanz, D., Lang, N., Antal, A., Tergau, F., and Paulus,W. (2003).

Safety criteria for transcranial direct current stimulation (tDCS) in humans.

Clin. Neurophysiol. 114, 2220–2222; author reply 2222–2223.

Oldfield, R. C. (1971). The assessment and analysis of handedness: the edinburgh

inventory. Neuropsychologia 9, 97–113.

Opitz, A., Paulus,W.,Will, S., Antunes, A., and Thielscher, A. (2015). Determinants

of the electric field during transcranial direct current stimulation. NeuroImage

109, 140–150. doi: 10.1016/j.neuroimage.2015.01.033

Pogosyan, A., Gaynor, L. D., Eusebio, A., and Brown, P. (2009). Boosting cortical

activity at beta-band frequencies slows movement in humans. Curr. Biol. 19,

1637–1641. doi: 10.1016/j.cub.2009.07.074

Ruhnau, P., Neuling, T., Fuscá, M., Herrmann, C. S., Demarchi, G., and Weisz, N.

(2016). Eyes wide shut: transcranial alternating current stimulation drives alpha

rhythm in a state dependent manner. Sci. Rep. 6:27138. doi: 10.1038/srep

27138

Santarnecchi, E., Polizzotto, N. R., Godone, M., Giovannelli, F., Feurra, M.,

Matzen, L., et al. (2013). Frequency-dependent enhancement of fluid

intelligence induced by transcranial oscillatory potentials. Curr. Biol. 23,

1449–1453. doi: 10.1016/j.cub.2013.06.022

Sheldon, S. S., and Mathewson, K. E. (2018). Does 10-Hz cathodal oscillating

current of the parieto-occipital lobe modulate target detection? Front. Neurosci.

12:83. doi: 10.3389/fnins.2018.00083

Sliva, D. D., Black, C. J., Bowary, P., Agrawal, U., Santoyo, J. F., Philip, N. S., et al.

(2018). A prospective study of the impact of transcranial alternating current

stimulation on eeg correlates of somatosensory perception. Front. Psychol.

9:2117. doi: 10.3389/fpsyg.2018.02117

JASP Team (2018). JASP (Version 0.9)[Computer software].

Thut, G., Nietzel, A., Brandt, S. A., and Pascual-Leone, A. (2006). Alpha-band

electroencephalographic activity over occipital cortex indexes visuospatial

attention bias and predicts visual target detection. J. Neurosci. 26, 9494–9502.

doi: 10.1523/JNEUROSCI.0875-06.2006

Trujillo-Ortiz, A. (2006). RMAOV33. Avaliable at: https://de.mathworks.com/

matlabcentral/fileexchange/9638-rmaov33 (accessed March 20, 2017).

van Dijk, H., Schoffelen, J.-M., Oostenveld, R., and Jensen, O. (2008). Prestimulus

oscillatory activity in the alpha band predicts visual discrimination ability.

J. Neurosci. 28, 1816–1823. doi: 10.1523/JNEUROSCI.1853-07.2008

Veniero, D., Benwell, C. S. Y., Ahrens, M. M., and Thut, G. (2017). Inconsistent

effects of parietal α-tACS on pseudoneglect across two experiments: a

failed internal replication. Front. Psychol. 8:952. doi: 10.3389/fpsyg.2017.

00952

Veniero, D., Vossen, A., Gross, J., and Thut, G. (2015). Lasting EEG/MEG

aftereffects of rhythmic transcranial brain stimulation: level of control over

oscillatory network activity. Front. Cell. Neurosci. 9:477. doi: 10.3389/fncel.

2015.00477

Wach, C., Krause, V.,Moliadze, V., Paulus,W., Schnitzler, A., and Pollok, B. (2013).

Effects of 10 Hz and 20 Hz transcranial alternating current stimulation (tACS)

on motor functions and motor cortical excitability. Behav. Brain Res. 241, 1–6.

doi: 10.1016/j.bbr.2012.11.038

Zaehle, T., Rach, S., and Herrmann, C. S. (2010). Transcranial

alternating current stimulation enhances individual alpha activity

in human EEG. PloS One 5:e13766. doi: 10.1371/journal.pone.

0013766

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Wittenberg, Morr, Schnitzler and Lange. This is an open-access

article distributed under the terms of the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice. No

use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 11 April 2019 | Volume 13 | Article 311


