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a b s t r a c t
Alpha, the most prominent human brain rhythm, might reﬂect a mechanism of functional inhibition for gating
neural processing. This concept has been derived predominantly from local measures of inhibition, while largescale network mechanisms to guide information ﬂow are largely unknown. Here, we investigated functional
connectivity changes on a whole-brain level by concurrent transcranial alternating current stimulation (tACS)
and resting-state functional MRI in humans. We speciﬁcally focused on somatosensory alpha-band oscillations
by adjusting the tACS frequency to each individual´s somatosensory (mu-) alpha peak frequency (mu-tACS).
Potential diﬀerences of Eigenvector Centrality of primary somatosensory cortex (S1) as well as on a whole brain
level between mu-tACS and sham were analyzed. Our results demonstrate that mu-tACS induces a locally-speciﬁc
decrease in whole-brain functional connectivity of left S1. An additional exploratory analysis revealed that this
eﬀect primarily depends on a decrease in functional connectivity between S1 and a network of regions that are
crucially involved in somatosensory processing. Furthermore, the decrease in functional centrality was speciﬁc
to mu-tACS and was not observed when tACS was applied in the gamma-range in an independent study. Our
ﬁndings provide evidence that modulated somatosensory (mu-) alpha-activity may aﬀect whole-brain network
level activity by decoupling primary sensory areas from other hubs involved in sensory processing.

1. Introduction
Oscillatory activity is a fundamental operational mode across multiple spatiotemporal domains in the central nervous system (Buzsáki and
Draguhn, 2004). Alpha-band oscillations (8–12 Hz) are postulated to be
involved in guiding information ﬂow across the brain due to an overall
inhibitory nature (Foxe and Snyder, 2011; Jensen and Mazaheri, 2010;
Klimesch et al., 2007; Palva and Palva, 2007). This functional mode
seems to apply to diﬀerent sensory domains: amplitude ﬂuctuations
in the alpha-band are associated with changes in perception of visual
stimuli (Ergenoglu et al., 2004; Samaha et al., 2017; van Dijk et al.,
2008), auditory stimuli (Strauß et al., 2015; Wöstmann et al., 2016)
or somatosensory stimuli (Haegens et al., 2011b; Jones et al., 2010;
Lange et al., 2012; Linkenkaer-Hansen et al., 2004; Schubert et al., 2009;
Weisz et al., 2014). The inhibitory role of alpha-band activity for neu-
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ral processing is substantiated by the phase dependence between alphaband and spiking activity in monkeys and gamma-band activity in humans (Osipova et al., 2008; Haegens et al., 2011b; Spaak et al., 2012;
Roux et al., 2013). Furthermore the power of ongoing alpha band activity is inversely correlated with local BOLD-activity (Osipova et al.,
2008; Haegens et al., 2011b; Spaak et al., 2012; Roux et al., 2013;
Goldman et al., 2002; Moosmann et al., 2003; de Munck et al., 2007;
Ritter et al., 2009; Becker et al., 2011), while the relationship between
power-ﬂuctuations in alpha- and gamma-band activity seems to be more
complex (Hirschmann et al., 2020; Wittenberg et al., 2018). Alpha-band
activity seems also to be relevant for top-down processes such as attention in a way, that increases in amplitude can be found for to-beignored stimuli or locations (Forschack et al., 2017; Haegens et al.,
2011a; Keil et al., 2016; Wöstmann et al., 2017).
Furthermore, the strength of functional network connectivity within
diﬀerent sensory systems was negatively correlated with the power in
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the alpha-band as found with MEG-recordings for the somatosensory
(Weisz et al., 2014) and the auditory system (Leske et al., 2015) and
with fMRI for the visual system (Scheeringa et al., 2012). Recently we
showed, that imperceptible somatosensory stimulation induces an increase in mu-alpha amplitude (Forschack et al., 2017; Nierhaus et al.,
2015) and a functional disconnection of S1 to higher order somatosensory regions (Nierhaus et al., 2015). Fluctuations in alpha-band power,
therefore, seem to be related to modulations of information transfer in
sensory relevant networks.
While these results are based on correlational ﬁndings, techniques
like transcranial alternating current stimulation (tACS) may help to elucidate the causal role of alpha-band activity for information processing, by independently modulating oscillations in these frequency bands
in various task settings (Thut et al., 2011). Both in vitro (Reato et al.,
2010) and in vivo (Helfrich et al., 2014b, 2014a) ﬁndings suggest that
tACS induces changes in target neural oscillatory activity by entrainment (Lafon et al., 2017; but see Veniero et al., 2015; Vossen et al.,
2015). When tACS was applied in the alpha range, behavior was modulated in line with the proposed inhibitory role of alpha-band activity
(Jensen and Mazaheri, 2010; Klimesch et al., 2007; Mathewson et al.,
2011): auditory, visual and somatosensory perception was dependent
on the tACS phase (C. Gundlach et al., 2016; Helfrich et al., 2014b;
Neuling et al., 2012a).
Besides changes in local inhibition, the behaviorally relevant effects of alpha-band activity suggest neural interactions on a larger brain
scale. Consequently, we here asked, whether modulations of neural activity the alpha-band induce functional connectivity changes on a largescale brain network level. We speciﬁcally examined functional network
changes induced by tACS at somatosensory (mu-) alpha frequency (mutACS) as measured with resting-state fMRI. Mu-tACS has been shown
to modulate the lower frequency part of the mu-rhythm in the alpharange (8 to 12 Hz) (Gundlach et al., 2017), led to a phasic inhibition of
somatosensory perception (C. Gundlach et al., 2016) and changed somatosensory response bias (Craddock et al., 2019). Based on this, we
hypothesized a decrease in functional connectivity of left and right primary somatosensory cortex during mu-tACS and expected, that this decrease is speciﬁc for mu-tACS and not present when tACS is applied at a
physiologically plausible control frequency in the gamma range (65 Hz)
(Cheng et al., 2016; Gross et al., 2007; van Ede et al., 2014).
2. Materials and methods
2.1. Participants
20 healthy participants (8 female, mean age 27.85, SD = 3.23) participated in a single-blinded combined fMRI and tACS experiment with
a pre-experimental EEG part. All participants were right-handed according to the Oldﬁeld questionnaire for the assessment of handedness
(Oldﬁeld, 1971). Prior to the study, participants underwent a neurological examination, were screened for contraindications of participating
in non-invasive brain stimulation and MRI experiments and gave written informed consent to participate in the experiment. Participants were
not taking any medication. The study was designed and conducted according to the declaration of Helsinki and was approved by the ethics
committee of the University of Leipzig.
For a control experiment, a group of 17 healthy, right-handed subjects (7 female, mean age 28.47, SD = 4.17) was invited. The number of
participants for the control study was determined by a power analysis
based on the central ﬁnding of the main experiment. We used G∗ Power
(Faul et al., 2009) to calculate the minimum number of subjects required in order to replicate the central ﬁnding from the main experiment (see results: ECM-values decrease during mu-tACS as compared to
sham; tested with paired t-test; eﬀect size: Cohen’s d = 0.787) with a
power of 0.90 and an alpha probability of 0.05, under the assumption
that the found eﬀects are independent of the stimulation frequency. The
power analysis revealed a minimum number of 16 subjects.
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2.2. Transcranial alternating current stimulation (tACS)
Electric stimulation was delivered with a battery-operated and MRIcompatible stimulator system (ELDITH, Neuroconn, Ilmenau, Germany)
via two MRI-compatible rubber electrodes (40 × 40 mm) placed roughly
over CCP3 and CCP4 (Oostenveld and Praamstra, 2001) as previously
used for bilateral stimulation of both S1 (Gundlach et al., 2017; C. 2016)
(see Fig. 1A). The electrodes were connected to the stimulator placed
outside the scanner room via cables with 5 kΩ resistors that ran through
the scanner room passing a radio frequency ﬁlter in the MR cabin wall
and with two ﬁlter boxes (Neuroconn) placed between stimulator and
electrodes in order to reduce potential artifacts during image acquisition. This technical setup has been successfully used before (Sehm et al.,
2013, 2012). Impedance was kept below 10 kΩ by applying electrode
gel (Ten20, D.O. Weaver, Aurora, CO, USA) between skin and electrode.
Stimulation intensity was kept at 1 mA (peak to peak) resulting in a maximum current density of 62.5 μA/cm2 under the stimulation electrodes.
The corresponding electric ﬁeld distribution was modeled using a realistic ﬁnite element model as implemented in SimNibs 2.0 (Opitz et al.,
2015; Thielscher et al., 2015) for illustration for a single subject. For this
purpose, from the recorded T1 image diﬀerent tissue types (white and
gray, gray matter, CSF, skin, and skull) were ﬁrst segmented and tetrahedral volume meshes were then generated using the SimNibs routine.
The electric ﬁeld distribution for a 1 mA direct current (Ruﬃni et al.,
2013) applied with the here used electrode were then modeled and are
illustrated in Fig. 1B.
In the main experiment, verum-tACS was applied with participants’
individual mu-alpha frequency, while in a control study the frequency
of the verum stimulation was changed to 65 Hz. Sham stimulation consisted of noise stimulation of 20 s in length to mimic tingling sensations
associated with the onset of real stimulation (Gandiga et al., 2006). For
all stimulation blocks the ﬁrst and last 5 s were ramped up and down in
intensity.
2.3. EEG
For the pre-experiment EEG was recorded at a sampling rate of
2500 Hz and a bandpass ﬁlter from 0.1 to 1000 Hz using a BrainAmp
MR plus ampliﬁer (Brain Products, Munich, Germany) with electrodes
placed at positions C3, C4, and POz according to the 10–5 convention (Oostenveld and Praamstra, 2001) (Fig. 1A). Data and electrode
impedance levels were recorded using the BrainVision Recorder (Brain
Products, Munich, Germany) and impedance levels were always kept
below 10 kΩ. The online reference was placed above position FCz and
for potential online re-referencing, signals from electrodes above both
mastoids were recorded as well. For later oﬄine analysis, EEGLAB
(Delorme and Makeig, 2004) and custom Matlab scripts (The MathWorks, Natick, MA, USA) were used, while statistical analyses were performed using R (R Core Team, 2016).
2.4. MRI
All images of the main experiment were recorded with a Siemens
Magnetom Tim Trio 3 Tesla scanner and a 32 channel head coil. Due to
a hardware-upgrade of the Siemens Magnetom Tim Trio 3 at the time of
the scheduled control experiment, this experiment was recorded with a
Siemens Magnetom Verio 3 Tesla scanner and a 32 channel head coil.
For resting-state functional imaging a BOLD-contrast sensitive T2∗ weighted multiband echo-planar-imaging (EPI) sequence was used
(Feinberg et al., 2010; Moeller et al., 2010). Each 18 min and 10 s long
resting-state measurement included 1510 whole brain images with 44
slices (AC-PC oriented, multiband factor = 4, data matrix 64 × 64, repetition time (TR) = 722 ms, time echo (TE) = 28 ms, ﬂip angle = 55°, bandwidth = 2003 Hz/Px, ﬁeld of view (FOV) = 192 mm, resolution = 3 mm
x 3 mm x 3 mm, intergap distance = 0.5 mm).
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Fig. 1. Electrode setup, electric ﬁeld modeling and design for main and control experiment A) Positioning of EEG electrodes, used in pre-experiment of the main experiment
for detection of mu-alpha peak frequencies. TACS electrodes were positioned posterior to C3 and C4, centered approximately at position CCP3 and CCP4. B)
Corresponding modeling of electric ﬁeld strength for 1 mA of applied current for one representative subject. Left: posterior view with electrodes shaded in gray.
Right: Sagittal cut at MNI plane of −39 mm illustrating electric ﬁeld distribution covering left primary somatosensory cortex. C) Procedure for main experiment
(mu-tACS applied) and control experiment (gamma-tACS applied). For the main experiment, the resting-state fMRI measurement was preceded by an EEG-experiment
in order to determine each participant’s individual mu-alpha peak frequency. The sequence of session 1 and session 2 for both experiments was counterbalanced
across subjects.

For later spatial coregistration of the functional data, a structural
scan was performed by recording T1-weighted images with the MPRAGE, ADNI-protocol ( TR = 2300 ms, TE = 3 ms, time to inversion
(TI) = 900 ms, ﬂip angle = 9°, bandwith = 241 Hz/Px, FOV = 256 mm
x 240 mm, resolution = 1 mm x 1 mm x 1 mm) (Jack et al., 2008).
2.5. Experimental design
Participants were invited for two sessions that were separated by at
least ﬁve days. Counterbalanced across subjects, verum tACS stimulation
was applied on one day and sham stimulation on another day. In both
sessions, participants were briefed on experimental procedures before
EEG and tACS electrodes were mounted. Subsequently, they took part
in a pre-experiment in order to determine each participant´s individual
mu-alpha peak frequency using EEG and then did the main experiment
consisting of a resting-state fMRI measurement.
2.5.1. Pre-experiment
Participants were seated in a comfortable chair inside a shielded
EEG chamber while the pre-experiment was conducted to determine
each participant’s individual mu-alpha peak frequency (10 Hz component of mu-rhythm). Each participant performed a passive somatosensory experiment with simultaneous EEG recording. While participants
were ﬁxating a centrally presented cross on a screen, 150 electric suprathreshold stimuli were applied to the right index ﬁnger via two Velcro
ring-electrodes using a DS7 isolated bipolar constant current stimulator

(Digitimer Ltd, Welwyn Garden City, Hertfordshire, UK), with intensity
levels set to clearly perceivable but not painful levels. Electric stimuli
were delivered with a mean interstimulus interval of 2 s and a maximum jitter of 1 s. The recorded EEG data were then analyzed to extract
the Event-Related Desynchronization (ERD) of the mu-rhythm to the
presented stimuli (Pfurtscheller et al., 1997; Pfurtscheller and Lopes da
Silva, 1999). The frequency with the maximum ERD was identiﬁed to
serve as the individual target stimulation frequency for the subsequent
fMRI-part (see also C. Gundlach et al., 2016).

2.5.2. Main experiment
The main experiment consisted of resting-state functional MRI measurement with a total duration of 18 min and 10 s for which participants were instructed to lie awake, relaxed and motionless with their
eyes open. Before the resting-state recording, a ﬁeldmap was recorded
to be able to compensate for ﬁeld inhomogeneities during later data processing. For the resting-state measurement, 1510 images were recorded.
After 499 measured volumes (e.g. ~6 min) either verum-tACS at participants’ individual mu-alpha frequency or sham-stimulation was applied
(see Fig. 1C). Before and after scanning, subjects were asked to rate their
current level of attention, tiredness, and pain on a ten-level visual analog scale. Additionally, after the experiment, participants had to report
whether they felt the tACS-stimulation and how sure they were on this
(ten-level visual analog scale).
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2.5.3. Control experiment
In an independent control experiment, we aimed at testing the speciﬁcity of mu-tACS protocol by comparing it with tACS applied in another
physiologically plausible frequency range (Gamma, 65 Hz). The second
group of subjects was invited for a similar experiment: while the control
study had no pre-experiment, it consisted of the same two resting-state
fMRI measurements as in the main experiment (see Fig. 1C). However,
while the sham stimulation was the same, in the tACS session of the control study tACS was applied with a ﬁxed frequency in the gamma band
of 65 Hz bilaterally over both SI.
2.6. Data analysis
2.6.1. Pre-experiment
In order to determine the participants’ individual mu-alpha frequency, data recorded at electrode C3 were cut into epochs according to the trigger of the presented stimulus (−1500 ms to +1500 ms).
For each trial, signals were wavelet-transformed from 5 to 35 Hz with
0.1 Hz increments using 5 cycle long wavelets to extract the amplitudetime course of various frequencies. A baseline time window from 600
to 300 ms pre-stimulus was subtracted and time courses were averaged across trials to reveal general stimulus-related changes of neural
activity for diﬀerent frequencies. Post-stimulus amplitude values (200
to 600 ms) were then averaged for each frequency. Within the alphaband (8 to 14 Hz), the frequency with the maximum event-related
desynchronization (Pfurtscheller et al., 1997; Pfurtscheller and Lopes
da Silva, 1999) i.e., the maximum local amplitude diﬀerence between
pre- and post-stimulus window, was extracted and served as target stimulation frequency (mu-alpha) for the main experiment. This approach
was previously used (Gundlach et al., 2017; C. 2016) and allowed to
speciﬁcally modulate mu-alpha activity, while not interfering with visual alpha-band activity (see Gundlach et al., 2017).
2.6.2. Main experiment
Preprocessing structural as well as functional images was achieved
by using an analysis pipeline, developed and used for resting-state data
recorded with a multiband sequence (Feinberg et al., 2010). These preprocessing scripts run in a Python-based Nipype environment (Gorgolewski et al., 2011) under Linux and integrate components of diﬀerent software platforms, used for preprocessing of functional and structural MRI-data: Freesurfer 5.3.0 (Laboratory for Computational Neuroimaging., 2013), SPM12 (Friston et al., 2007), AFNI (Cox, 1996),
ANTS 2.1.0 (Avants, Tustison, Song, et al., 2011; Avants, Tustison,
Wu, Cook & Gee, 2011) and FSL 5.0 (Jenkinson, Beckmann, Behrens,
Woolrich & Smith, 2012). Code available here (https://github.com/
NeuroanatomyAndConnectivity/pipelines/tree/master/src/lsd_lemon).
During preprocessing of the structural data, images were skullstripped and segmented into gray and white substance with Freesurfer.
With ANTS the segmented image was coregistered to an FSL T1 template
(MNI coordinate system, 1 mm resolution) and thereby transferred to
the standardized MNI space (Evans et al., 1993).
For functional preprocessing, the ﬁrst 5 images were discarded to allow for initial magnetic stabilization to be complete. Systematic motion
in data was extracted as a deviation from the ﬁrst image. Systematic ﬁeld
inhomogeneities were compensated by using the recorded ﬁeldmaps.
Physiological noise and movement artifacts were regressed out. Time
courses of BOLD activity were then ﬁltered from 0.01 to 0.1 Hz and data
was coregistered to preprocessed structural images and thereby transferred to MNI space. Data were then spatially smoothed with a Gaussian
Kernel with 8 mm FWHM for later statistical analysis.
Based on the resulting artifact-corrected and spatially smoothed time
course, functional connectivity estimates were calculated for each voxel,
each condition (tACS vs sham) and time range (pre-stimulation, stimulation, post-stimulation; each with a length of 499 images) based on the
Eigenvector centrality mapping (ECM) (Lohmann et al., 2010) implemented in LIPSIA (Lohmann et al., 2001). ECM is a graph-based, data-

NeuroImage 221 (2020) 117175

driven approach to describe functional network architecture (Zuo et al.,
2012). For each voxel, a centrality value is derived based on the degree
of functional connectivity. Crucially ECM-values of voxels are high, i.e.
are central in the network, if time courses of resting-state BOLD activity
measured in theses voxels are correlated with the BOLD activity in many
other voxels. Additionally ECM values are scaled if two voxels with correlated activity are themselves central to the network, i.e. their BOLD
activity is highly correlated with that in other voxels. Accordingly, low
ECM-values are found for voxels with activity less correlated with that
of other (central) voxels. For each voxel ECM-values thus evaluate the
quantity as well as the quality of its connections. This approach is free
of any assumptions on the number of nodes to be used and can be derived for each voxel in the brain. Crucially, while the estimation of ECMs
for each voxel allows for identifying central and presumably important
nodes in the brain on a network level, by comparing ECM during mutACS and sham it is possible to map changes in the network architecture
caused by the application of the stimulation. Speciﬁcally a potential decrease in centrality in a node during mu-tACS would mean that this node
becomes less central to the network by decoupling its activity from that
of other (important) nodes in the brain network.
For subsequent statistical testing, the resulting ECM-maps of each
subject were transformed to create a normal distribution of these values
across all voxels, conditions and time ranges (Lohmann et al., 2010;
van Albada and Robinson, 2007).
For testing whether the application of mu-tACS led to an alteration
of functional connectivity measures, we planned analyses of changes
in Eigenvector centrality (i) in a whole-brain approach and (ii) in predeﬁned regions of interests (ROI) corresponding to the left and right
primary somatosensory cortex which were the target regions of tACS. In
case of statistically signiﬁcant changes in these approaches, we planned
an additional exploratory seed-based investigation to potentially identify alterations in speciﬁc functional connections. Thus online-changes
in functional connectivity induced by mu-tACS were investigated on 3
diﬀerent levels:
First, potential diﬀerences in Eigenvector centrality measures between tACS- and sham-session were analyzed in primary somatosensory
cortices, the target regions of our tACS protocol in an ROI-approach.
Therefore, average Eigenvector centrality indices were extracted for
right and left primary somatosensory cortex based on two 9 mm spheres
centered at voxels in bilateral cortices (MNI: x = ±40 mm, y = −24 mm,
z = 50 mm) described in a meta-analysis (Mayka et al., 2006) and diﬀerences between tACS and sham application were tested with paired t-test.
In addition, diﬀerences between tACS- and sham-connectivity measures
in both somatosensory cortices were tested for the time window before
and after stimulation.
Second, potential changes of Eigenvector centrality in diﬀerent brain
regions were examined with a whole brain approach, as suggested by
Cabral Calderin et al. (Y. 2016), who reported connectivity changes due
to occipitally applied tACS for brain regions beyond directly stimulated
brain areas. For this purpose diﬀerences in Eigenvector centrality measures between tACS and sham-stimulation across the whole brain were
tested with a paired t-test implemented in AFNI (3dttest++). Resulting
z-values were thresholded (z > 2.576, e.g. p < .01) on a voxel level and
corrected on a cluster level (p < .05, corrected, based on Monte Carlo
simulations implemented in AFNI with 3dClustSim).
Third, speciﬁc connectivity changes between the target region in
S1 and all other voxels in the brain were tested with a seed-based approach. From a 3 mm sphere centered at the peak-voxel of the previous
ECM based analysis, the ﬁrst eigenvariate of the BOLD-timecourse was
extracted (Friston et al., 2006) and used as a regressor for the whole
brain activity in a linear regression model implemented with SPM12
(Friston et al., 2007) for each subject. Potential diﬀerences in the whole
brain connectivity to the seed region were tested with a paired t-test
(3dttest++ in AFNI, voxel-wise thresholded at z > 2.576, cluster corrected with p < .05, one-tailed). With this approach, areas were identiﬁed that had signiﬁcantly lower functional connectivity to the seed
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during tACS as compared to sham. Images were created with MRIcron
(Rorden et al., 2007).
2.6.3. Control experiment
The analysis of the control experiment was performed analogously
to the main experiment as described above. After preprocessing, onlinechanges in functional connectivity induced by mu-tACS were investigated with 1) an analysis of changes of Eigenvector centrality measures
in left S1 during tACS as compared to sham. In order to directly compare
results of both studies, a mixed ANOVA model was used to test ECMvalues of left S1 with the between-subjects factor STUDY (mu-tACS vs
gamma-tACS) and a within-subjects factor SESSION (tACS vs sham), implemented in R (R Core Team, 2016). 2) Potential changes of Eigenvector centrality during gamma-tACS as compared to sham were examined
on a whole-brain level. 3) A seed-based connectivity analysis was performed with the same seed as used in the main experiment in order to
compare potential connectivity changes during gamma-tACS and mutACS. A paired t-test with a two-tailed hypothesis was used for comparison of potential changes induced by gamma-tACS vs. sham (3dttest++
in AFNI, voxel-wise thresholded at z > 2.576, cluster corrected with p <
.05, two-tailed).
2.6.4. Subjective ratings
For main and control experiment, the diﬀerence between pre/post
ratings of attention, vigilance, and pain between tACS and sham blocks
were compared with a Wilcoxon Signed Ranks test. Ratings for stimulation perceived vs not perceived for the tACS session compared to the
sham session was tested with a McNemar test.
Main Experiment: Overall there were no signiﬁcant diﬀerences between tACS and sham session for any pre- to post-changes of the selfreported variables. Reported vigilance changes (tACS pre: median = 8,
ranging from 6 to 10, tACS post: median = 7, ranging from 4 to 10; sham
pre: median = 8, ranging from 6 to 10, sham post: median = 8, ranging
from 5 to 10) were not signiﬁcantly diﬀerent between tACS and sham
(Z = −1.36, p = .175). Neither was there any signiﬁcant diﬀerence of
pre- to post-modulation for tiredness (Z = −1.29, p = 0.197) between
tACS (pre: median = 3, range = 1 to 7, post: median = 3, range = 1
to 7) and sham (pre: median = 3, range = 1 to 5, post: median = 3,
range = 2 to 6). Pre- to post- diﬀerences in ratings of pain level were
comparable between tACS and sham session (Z = 0; p = 1; tACS pre/post:
median = 1, range = 1 to 2; sham pre: median = 1, range = 1 to 1; sham
post: median = 1, range 1 to 2).There was no signiﬁcant diﬀerence in
the reported frequency of skin sensations due to the stimulation between
sham and tACS, as revealed by the McNemar test (p = .065).
Control Experiment: Consistent with the main experiment, overall
there were no signiﬁcant diﬀerences between tACS and sham session
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for any pre- to post-changes of the self-reported variables. Reported vigilance changes (tACS pre: median = 8, ranging from 7 to 10, tACS post:
median = 8, ranging from 5 to 10; sham pre: median = 8, ranging from
6 to 10, sham post: median = 8, ranging from 6 to 9) were not significantly diﬀerent between tACS and sham (Z = −0.92, p = .356). There
was no signiﬁcant diﬀerence of pre- to post-modulation for tiredness
(Z = −1.09, p = .275) between tACS (pre: median = 2, range = 1 to 4,
post: median = 3, range = 1 to 5) and sham (pre: median = 3, range = 1
to 6, post: median = 4, range = 2 to 8). Pre- to post-diﬀerences in ratings
of pain level were comparable between tACS and sham session (Z = 0;
p = 1; tACS pre: median = 1, range = 1 to 1; post: median = 1, range = 1
to 2; sham pre/post: median = 1, range = 1 to 2). Again, there was no
signiﬁcant diﬀerence in the reported frequency of skin sensations due to
the stimulation between sham and tACS, as revealed by the McNemar
test (p = .267).

2.7. Code and data availability
The code used to generate the main ﬁndings and the datasets generated during and/or analyzed during the current study are available
from the corresponding author upon reasonable request.

3. Results
3.1. Identiﬁcation of individual mu-alpha stimulation frequencies
Before the actual fMRI-experiment, participants’ individual somatosensory mu-alpha frequency was identiﬁed based on the
event-related desynchronization (ERD) (Pfurtscheller and Lopes da
Silva, 1999) to suprathreshold somatosensory stimuli measured with the
EEG as used in previous experiments (Gundlach et al., 2017; C. 2016).
The peak frequency with the maximum ERD in the alpha range was
extracted from signals measured at electrode C3 for 200 to 600 ms poststimulus. ERD patterns varied in frequency (M = 10.625 Hz, SD = 1.723)
and amplitude across subjects (see Fig. 2B) due to interindividual differences in somatosensory mu-alpha peak frequency. However, when
amplitude spectra are aligned to each subject’s individual mu-alpha
peak frequency, a strong ERD pattern emerges: This pattern is typical for somatosensory processing (Gundlach et al., 2017; C. 2016;
Pfurtscheller and Lopes da Silva, 1999) and is characterized by a decrease in amplitude from around 100 to 600 ms post-stimulus for the
mu-alpha peak frequency and neighboring frequencies. Additionally, a
more transient decrease in the beta range (mu-alpha + around 10 Hz)
is followed by a beta rebound (see Fig. 2A).

Fig. 2. ERD patterns of pre-experiment A) Average, baseline corrected time-frequency plot of signals measured at electrode C3 across all subjects, aligned to each
participant’s individual mu-alpha frequency and presentation of suprathreshold electric stimuli (at 0 ms). B) Subjects’ individual amplitude spectra for the time
window averaged from 200 to 600 ms post-stimulus. Dashed lines indicate individual mu-alpha peak frequencies with maximum ERD in the alpha band (8 to 14 Hz,
shaded in gray).
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Fig. 3. Eigenvector centrality measures of left and
right primary somatosensory cortices The Figure
represents mean and single subject Eigenvector centrality measures from spheres in primary somatosensory cortex (MNI: x= ±40 mm,
y = −24 mm, z = 50 mm) derived from data
recorded during tACS and sham stimulation.

Fig. 4. Results of whole-brain ECM analysis The ﬁgure represents z-values of a signiﬁcant cluster for the whole brain comparison of ECM-values for tACS vs sham. The
shown cluster shows voxels for which ECM-values were signiﬁcantly smaller during tACS as compared to sham (voxelwise threshold |z| > 2.576, cluster corrected
for p < .05). The cluster was located in left primary somatosensory and motor cortex.

3.2. Mu-tACS speciﬁcally reduces functional connectivity in S1
In a ﬁrst step we compared Eigenvector centrality measures (ECM),
as a marker of the degree of whole-brain connectivity of each voxel
in the cortical target areas, the left and right primary somatosensory
cortices (MNI: x= ±40 mm, y = −24 mm, z = 50 mm) between tACS and
sham stimulation. As visible in Fig. 3, Eigenvector centrality values were
signiﬁcantly lower during mu-tACS as compared to sham in left primary
somatosensory cortex (tACS: M = 0.371, SD = 0.015, sham: M = 0.380,
SD = 0.011, t(19) = −3.520, p = 0.002, d = 0.787). A similar pattern
was found on a trend-level for the right somatosensory cortex (tACS:
M = 0.370, SD = 0.015, sham: M = 0.375, SD = 0.011, t(19) = −1.922,
p = 0.070, d = 0.430).
Before stimulation, Eigenvector centrality values neither in left
(tACS: M = 0.375, SD = 0.015, sham: M = 0.378, SD= 0.013,
t(19) = −1.141, p = .268, d = 0.255) nor right primary somatosensory
cortex (tACS: M = 0.374, SD = 0.016, sham: M = 0.374, SD = 0.012,
t(19) = −0.173, p = .864, d = 0.039) were diﬀerent between tACS and
sham. Similarly after stimulation, no signiﬁcant diﬀerences were observable for left (tACS: M = 0.372, SD = 0.015, sham: M = 0.375, SD = 0.011,
t(19) = −1.009, p = 0.326, d = 0.226) or right S1 (tACS: M = 0.370,
SD = 0.015, sham: M = 0.373, SD = 0.013, t(19) = −0.954, p = .352,
d = 0.213).
The whole brain analysis revealed a speciﬁc decrease in Eigenvector
centrality during tACS as compared to sham in a single cluster (124 voxels in cluster, peak voxel: MNI coordinates: x = −39 mm, y = −30 mm,
z = 57 mm; z-value = −3.897) located in left primary somatosensory
cortex (Brodmann area 3b, 1, 2) and left primary motor cortex (Brodmann area 4) according to SPM’s anatomy toolbox (Eickhoﬀ et al., 2005)
(Fig. 4).

In an additional analysis, we asked, which network might contribute
to the overall decrease in Eigenvector centrality in S1. Therefore, using a
seed-based connectivity analysis, diﬀerences in connectivity strength of
the identiﬁed region and any other voxel in the brain between tACS and
sham was tested. The analysis revealed six clusters for which functional
connectivity was signiﬁcantly reduced during tACS as compared to sham
(voxelwise threshold z > 2.576, cluster corrected for p < .05, one-sided)
(see Fig. 5 and Table 1).

3.3. No reduction of S1 functional connectivity during gamma-tACS
In the control study, the application of tACS at a gamma frequency
of 65 Hz did not induce changes in Eigenvector centrality as compared
to sham in left S1 (tACS: M = 0.371; SD = 0.015; sham: M = 0.369;
SD = 0.012; t(16) = 0.629; p = 0.538; d = 0.153) or right S1 (tACS:
M = 0.367; SD = 0.016; sham: M = 0,368; SD = 0.009; t(16) = −0.252;
p = 0.805; d = 0.061). For both SI there were no diﬀerences before or
after stimulation (all ps >0.568). A direct comparison of ECM-values
in left S1 across studies with a mixed ANOVA model comprising the
between-subject factor STUDY (mu-tACS vs gamma-tACS) and withinsubject factor SESSION (tACS vs sham) revealed a main eﬀect for the
factor SESSION (F(1,35) = 4.41, p = .043, 𝜂𝑔2 = 0.025), no eﬀect of the
factor STUDY (F(1,35) = 1.88, p = .179, 𝜂𝑔2 = 0.041) and crucially a
signiﬁcant interaction (F(1,35) = 8.73, p = .006, 𝜂𝑔2 = 0.048) driven by
the signiﬁcant diﬀerence of ECM-values between mu-tACS and sham but
not gamma-tACS and sham as stated above.
Interestingly the whole brain analysis revealed one cluster with increased functional connectivity values during tACS as compared to sham
(66 voxels in cluster, peak voxel: MNI coordinates: x = 33 mm, y = 0 mm,
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Fig. 5. Results of seed-based connectivity analysis of the main experiment The ﬁgure represents z-values of clusters for which connectivity to a seed region in left
primary somatosensory cortex (3 mm sphere, MNI coordinates: x = −39 mm, y = −30 mm, z = 57 mm) was signiﬁcantly lower during mu-tACS as compared to sham
stimulation (voxelwise threshold |z| > 2.576, cluster corrected for p < .05, one-sided). Clusters are encircled in red with numbers corresponding to cluster number
in Table 1. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Table 1
Clusters that showed a signiﬁcant reduction in functional connectivity to the seed in left SI during tACS as
compared to sham.
no

Peak voxel
MNI coordinates (x, y, z) in mm

z-values

Number of voxels in cluster

Probabilistic anatomical region

1
2
3
4
5
6

60, −72, 12
−33, −72, 12
3, −90, 18
−6, −42, −39
39, −51, −3
0, −3, 15

−3.588
−3.475
−4.072
−4.241
−3.767
−3.679

183
124
117
65
63
58

right intraparietal cortex
left intraparietal cortex
bilateral Cuneus
left cerebellum, Lobule IX, X
right middle temporal gyrus
left Thalamus

Fig. 6. Results of whole-brain ECM analysis for the control experiment The ﬁgure represents z-values of a signiﬁcant cluster for the whole brain comparison of ECMvalues for tACS applied with 65 Hz vs sham in the control study. The shown cluster shows voxels for which ECM-values were signiﬁcantly greater during tACS as
compared to sham (voxelwise threshold |z| > 2.576, cluster corrected for p < .05).
Table 2
Clusters that showed a signiﬁcant reduction in functional connectivity to the seed in left SI during Gamma-tACS as compared
to sham.
no

Peak voxel
MNI coordinates (x, y, z) in mm

z-values

Number of voxels
in cluster

Probabilistic anatomical region

1
2
3
4

63, −15, 18
−27, −87, −36
−54, 6, 0
−51, −3, 27

4.456
−3.727
4.121
4.797

315
179
143
98

right pre- and postcentral gyrus, operculum, insula
left cerebellum Crus 2 and Crus 1
left superior temporal gyrus, insula
left precentral and postcentral gyrus

z = 51 mm; z-value = 3.981) in right dorsolateral prefrontal cortex
(Fig. 6).
In order to test the frequency speciﬁcity of the seed-based connectivity changes in the main experiment during the application of mu-tACS,
a seed-based connectivity analysis with the same seed (3 mm sphere,
MNI coordinates: x = −39 mm, y = −30 mm, z = 57 mm) was per-

formed for the control experiment. As can be seen in Table 2 and Fig. 7,
the contrast between gamma-tACS and sham revealed a strikingly different pattern as compared to the main experiment with connectivity
increases between the seed in left SI and three other brain regions (cluster 1, 3 and 4) as well as connectivity decrease with one brain region in
the cerebellum (cluster 2).
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Fig. 7. Results of seed-based connectivity analysis of the control experiment The ﬁgure represents z-values of clusters for which connectivity to a seed region in left
primary somatosensory cortex (3 mm sphere, MNI coordinates: x = −39 mm, y = −30 mm, z = 57 mm) was signiﬁcantly modulated during gamma-tACS as compared
to sham stimulation (voxelwise threshold |z| > 2.576, cluster corrected for p < .05, two-sided). Clusters are encircled in red with numbers corresponding to cluster
number in Table 2. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

4. Discussion
We here demonstrate that tACS applied at individual somatosensory
mu-alpha frequency induces a decrease in functional connectivity of the
primary somatosensory cortex, most likely by entrainment of endogenous oscillatory mu-alpha-band activity. Our results suggest how activity in the alpha-band, the most prominent rhythm of the human brain,
may aﬀect activity on a whole-brain network level: by speciﬁcally decoupling primary sensory areas as hubs for sensory processing. With our
experimental approach, we demonstrate that the application of tACS
tuned to endogenous functional rhythms is an avenue to induce local
and functionally speciﬁc eﬀects on a whole-brain network level.
Our ﬁndings support the general notion of a suppressive function
of neural alpha-band activity in sensory processing and the gating of
information. Multiple studies linking power ﬂuctuations in the alphaband to changes of neural information ﬂow, have converged to the
concept that alpha-band activity represents an inhibitory brain mode
for the orchestration of information processing in the brain (Foxe and
Snyder, 2011; Jensen and Mazaheri, 2010; see: Klimesch et al., 2007;
Palva and Palva, 2007). In this vein, changes in local neural excitability
were shown to be linked to the phase and amplitude of alpha-band activity. Speciﬁcally, the cyclic nature of alpha-band activity may create
inhibitory phases which increase in its temporal extent when alpha-band
activity is increased in amplitude. An inhibitory role of this rhythm has
been suggested by an inverse correlation between measures of neural
activity (gamma in humans; spiking activity in monkeys) and alphaband amplitude (Haegens et al., 2011b; Osipova et al., 2008; Roux et al.,
2013; Spaak et al., 2012). In a similar vein, only recently it was demonstrated that induction of LTP-like neuroplastic changes crucially depends on the phase of ongoing activity in the alpha-band in humans
(Zrenner et al., 2018).
Beyond such local aspects of alpha-activity, MEG-studies investigated network-level alpha-band dynamics and demonstrated, that states
of low alpha-amplitude are beneﬁcial for stimulus perception and linked
to increased functional connectivity measures for corresponding sensory areas (Frey et al., 2016; Leske et al., 2015; Weisz et al., 2014).
Similarly, states with low visual alpha-band amplitude were related to
pronounced stimulus-driven activity in visual areas and decreased activity in the default mode network as well as auditory areas, assessed
with fMRI. Increased alpha-amplitudes, in contrast, reversed the pattern, suggesting a cross-modal regulation of cortical excitation and inhibition within the visual-auditory network by alpha-power ﬂuctuations
(Mayhew et al., 2013). Besides these modulations of functional connectivity within a visuo-auditory network, increases in alpha-band power
also covaried with a decrease in long-range neural connectivity between

the visual cortex and the rest of the brain (Scheeringa et al., 2012) and
were related to a gating of visual information to downstream visual areas
(Zumer et al., 2014). Our ﬁndings strongly support the assumed modulatory role of alpha-band activity on a network level and add causal
evidence to previous correlational studies: we show that an externally
applied stimulation with a frequency matching the peak frequency of
endogenous alpha-band activity, induces changes in functional connectivity of the neuroanatomical substrates of the target somatosensory system. Therefore, we provide evidence that alpha-band activity represents
a mechanism for the direct alteration of information transfer and are not
only a mere epiphenomenon thereof.
The speciﬁcity of this ﬁnding was underlined by our control study:
the application of tACS at a frequency in the gamma band (65 Hz) did
not decrease whole-brain centrality of S1. However, in this experiment,
we found increases in Eigenvector centrality values of the right dorsolateral prefrontal cortex (DLPFC) as well as an increase in connectivity between a seed in S1 and a secondary somatosensory and multisensory network during gamma-tACS as compared to sham. These results themselves are interesting in the light of previous studies that 1)
link gamma oscillatory activity to cognitive functions (e.g. visuo-spatial
working memory, visual image categorization, decision making) with
the DLPFC as a relevant hub region (Chand et al., 2016; Haxby et al.,
2000). 2) The brain regions for which we found modulation of seedbased connectivity to left S1 during gamma-tACS, such as the cerebellar region, were linked to multisensory integration (Huang et al., 2013;
Ishikawa et al., 2015; Rondi-Reig et al., 2014). The regions in the preand post-central gyrus, insula and operculum have been associated with
upstream somatosensory and somatomotor processing (Mazzola et al.,
2006; Preusser et al., 2015) with gamma-band activiy as a relevant brain
rhythm for information transfer (Cheng et al., 2016; Hagiwara et al.,
2010). These ﬁndings additionally conﬁrm that combining tACS with
functional MRI is a promising tool for investigating a broad range of
brain rhythms and their neuroanatomical and functional substrates.
The diﬀerential results between both stimulation conditions (alphavs. gamma-frequency) strongly emphasize the frequency dependence
of tACS eﬀects. Hence, stimulation eﬀects do not only depend on the
locus of the stimulation but rather, based on resonance phenomena,
on the interaction of the speciﬁc stimulation frequency and the endogenous neural frequencies (Ali et al., 2013; Herrmann et al., 2013;
Negahbani et al., 2019; Reato et al., 2013). This approach, to target functionally relevant endogenous rhythms and thus diﬀerential neural networks, might, therefore, improve the rather poor spatial and functional
speciﬁcity of transcranial electric stimulation techniques (Neuling et al.,
2012b; Sehm et al., 2013). A previous study demonstrated, that a tACSbased modulation of oscillations in the beta-band at 20 Hz induced a
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decrease in functional connectivity between both primary motor cortices (Weinrich et al., 2017). In our study, we used a diﬀerent stimulation approach, by matching the stimulation frequency to the individual functional (Mu) frequency as assessed in a pre-experiment using
EEG. Based on previous ﬁndings (Helfrich et al., 2014b; Herrmann et al.,
2013; Reato et al., 2013), we reasoned to maximize resonance phenomena and thereby increase potential stimulation eﬀects (see Kasten et al.,
2019; Stecher et al., 2017; Stecher and Herrmann, 2018) as well as target the somatosensory system. Indeed, we show that our stimulation
protocol speciﬁcally modulates connectivity of the target somatosensory
system with its central hub, the primary somatosensory cortex.
Interestingly, the seed-based analysis revealed, that the decrease in
functional connectivity strength in the primary somatosensory cortex
during mu-tACS is most prominently driven by a decrease of connectivity to a network of brain regions that are involved in somatosensory processing and involves thalamus, cuneus, intraparietal cortex, and
the cerebellum. Within this network, the thalamus represents a structure that acts as a central hub and gatekeeper of incoming somatosensory information (Patestas and Gartner, 2013; Sherman, 2006). Cuneus,
as well as the intraparietal cortex, are regions involved in multisensory integration and processing (Ehrsson et al., 2004; Grefkes et al.,
2002; Grefkes and Fink, 2005). Lobule IX and X of the cerebellum were
shown to receive somatosensory input necessary for somatomotor processing and integration in rats (Rondi-Reig et al., 2014) and were specifically active during multisensory and sensorimotor processing in humans (Kipping et al., 2013; Stoodley et al., 2012). Taken together, mutACS decouples primary somatosensory cortex as a central hub of the
somatosensory system from a network of downstream as well as upstream brain regions that are crucially involved in somatosensory and
multisensory processing.
For stimulation, we used a bilateral setup centered over both S1.
Accordingly, our ﬁndings reveal changes in functional connectivity
in a bilateral network, however with stronger and signiﬁcant eﬀects
in left S1. One reason for this lateralization of induced changes may
be related to the experimental procedure for identifying each subject’s individual stimulation frequency: the stimulation frequency was
derived from the pre-experiment that was based on stimulation of
the right index ﬁnger and data extraction from oscillatory dynamics
of the left somatosensory cortex. This procedure may thus have tailored the tACS application speciﬁcally to the left somatosensory cortex.
As mentioned before, stimulation is most eﬀective when endogenous
and stimulation frequency match (Ali et al., 2013; Herrmann et al.,
2013; Kasten et al., 2019; Negahbani et al., 2019; Reato et al., 2013;
Stecher et al., 2017; Stecher and Herrmann, 2018). Since mu-alpha-peak
frequencies between left and right somatosensory cortex slightly diﬀer
(Pfurtscheller et al., 1977), the stimulation frequency in our study was
potentially less optimized for the right somatosensory cortex, which in
turn might have resulted in less prominent eﬀects in this brain area.
4.1. Limitations
One potential limitation of our and other studies using tACS study
pertains to a recent discussion regarding the underlying mechanisms
of stimulation-induced eﬀects. Only recently Asamoah and colleagues
(B. 2019) reported that stimulation eﬀects for the motor system may
be mediated by transcutaneous stimulation eﬀects rather than by direct transcranial neural modulation. Furthermore, also retinal stimulation eﬀects have been reported (Schutter, 2016), so that various mechanism, including peripheral and central eﬀects, may contribute to the
overall outcome of tACS. This is a general discussion regarding tACS
that needs to be further elucidated in future studies. However, there are
various relevant ﬁndings that substantiate a neural source of tACS stimulation eﬀects. First, in own previous work we found a modulation of
somatosensory behavior only when tACS was applied with a montage
and a stimulation protocol (similar to the one employed here) targeting somatosensory mu-alpha activity but not when tACS was applied
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in the alpha-band over visual areas (C. Gundlach et al., 2016). This
ﬁnding would not be expected if a mere transcutaneous stimulation effect were to be hypothesized. Others found that stimulation eﬀects seem
to diﬀer and depend on the stimulation montage (Feurra et al., 2011;
Krause et al., 2019; Yaple et al., 2017). Furthermore, stimulation eﬀects
could be located in areas beyond visual or sensory regions as tACS modulated task-related BOLD activity in frontal working-memory relevant
regions directly beneath the tACS electrodes during a working memory
task (Violante et al., 2017). Only recently, Kasten et al. (2019) found
a link between interindividual diﬀerences in anatomy and thus diﬀerences in modelled intracranial electric ﬁelds and diﬀerences in stimulation aftereﬀects measured with MEG after the application of tACS.
A link between interindividual diﬀerences in peripheral electric ﬁelds
in the skin and eyeballs and stimulation aftereﬀects on the other hand
could not be found. Similarly, Negahbani et al. (2019) show some preliminary evidence that in vivo measurements of neural activity in animals during tACS are well in accordance with entrainment-related dynamics of alpha-band activity as modelled in a biologically-motivated
thalamo-cortical generative model of neural alpha-activity. In direct response to the work from B. Asamoah et al. (2019) Vieira and colleagues
(P.G. 2019) also report preliminary evidence that peripheral somatosensory input is not required for tACS eﬀects on brain activity as neural
activity in non-human primates was still entrained by tACS even when
somatosensation was blocked or strongly suppressed.
Another limitation of our and other studies using tACS is that a
potential entrainment of neural oscillations during the application of
mu-tACS cannot be measured directly, but must be inferred. Based on
a large body of in-vivo, in-vitro and in-silico experiments in animal
models as well as in human experiment using EEG and MEG, there is
strong evidence that applied electric oscillatory stimulation leads to
entrainment of ongoing neural oscillatory activity during the application (Herrmann et al., 2016, 2013; Krause et al., 2019; Reato et al.,
2013) that also manifests in power decreases (Helfrich et al., 2014b;
Negahbani et al., 2019). Crucially, in previous work, we found a phasic modulation of somatosensory perception by mu-tACS in accordance
with the mechanism of entrainment of neural oscillatory activity during
the application of tACS. Stimulation eﬀects outlasting the actual stimulation, may however rely on diﬀerent mechanisms than mere entrainment and may potentially be related to neural plasticity, rebound and/or
homeostasis (Zaehle et al., 2010; Strüber et al., 2015; Veniero et al.,
2015; Vossen et al., 2015; Haberbosch et al., 2019). In line with this,
we recently found a post-stimulation decrease in mu-alpha amplitude after tACS ceased that is more reconcilable with a plasticity/homeostasisdependent mechanisms rather than a direct eﬀect related to entrainment (Gundlach et al., 2017). The found decrease in mu-alpha power
(in contrast to previous ﬁndings of post-tACS alpha-power increases)
may point to a particularity of our stimulation protocol. With our montage, directly adopted from an early tACS study (see Zaehle et al., 2010),
both primary somatosensory cortices are stimulated antiphasically, potentially leading to metaplastic mechanisms after the anti-phasic stimulation of both SI (Gundlach et al., 2017). How diﬀerent stimulation
montages (e.g. only one stimulation electrode above SI to target either
left or right SI only) may aﬀect the modulation of centrality needs to
be examined in future studies. Nonetheless, our ﬁndings are well in line
with the predominantly-hypothesized mechanism of entrainment of mualpha activity by mu-tACS. An expected oﬄine post-stimulation eﬀect of
mu-tACS on functional connectivity (stemming from a decrease in mualpha amplitude as reported previously) (Gundlach et al., 2017), however, was not measurable. This may be due to the fact that decreases
in the mu-alpha-band amplitude were transient and only measurable
in a two minute long time window while the estimation of centrality
required a time window of around six minutes, based on the acquired
BOLD signal.
Furthermore, in the current study, we used one target stimulation
frequency (individual mu-alpha peak frequency) and one control frequency (gamma) in order to test eﬀects on functional connectivity. In or-
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der to allow for a clear estimation of the frequency speciﬁcity, an experimentally implemented parametric modulation of the target stimulation
frequency would be desirable for future studies. On this notion, there is
a recent study that proposes an eﬃcient sampling of the tACS parameter space (see Lorenz et al., 2019). However, in studies like ours, that
require the integration of longer data epochs for the extraction of dependent measures (such as rs-fMRI connectivity measures) this is practically
impossible. While in the current study, we used 2 control stimulation
conditions (sham stimulation and gamma stimulation), future studies
should systematically modulate target stimulation frequencies in order
to further characterize the speciﬁcity of the target frequency.
5. Conclusion
In sum, we demonstrate that tACS adjusted to individual somatosensory alpha frequency induces a speciﬁc functional decoupling of the primary somatosensory cortex. Our results provide causal evidence for the
inhibitory mechanism of action of alpha-band activity on the level of
whole-brain functional networks: by decoupling primary sensory areas
as hubs from other the target network. Of note, we show, that tuning
stimulation frequencies to endogenous functional rhythms is an eﬀective way to non-invasively induce functionally and locally speciﬁc brain
changes and that may thus be of grave relevance both for basic and clinical brain research. The idea that the application of tACS induces functionally and locally speciﬁc brain changes may be of high relevance for
both basic and clinical brain research.
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