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Brain Network Mechanisms Underlying Motor Enhancement
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Gamma and beta oscillations are routinely observed in motor-related brain circuits during movement preparation and execution.
Entrainment of gamma or beta oscillations via transcranial alternating current stimulation (tACS) over primary motor cortex (M1) has
opposite effects on motor performance, suggesting a causal role of these brain rhythms for motor control. However, it is largely unknown
which brain mechanisms characterize these changes in motor performance brought about by tACS. In particular, it is unclear whether
these effects result from brain activity changes only in the targeted areas or within functionally connected brain circuits. Here we
investigated this issue by applying gamma-band and beta-band tACS over M1 in healthy humans during a visuomotor task and concur-
rent functional magnetic resonance imaging (fMRI). Gamma tACS indeed improved both the velocity and acceleration of visually
triggered movements, compared with both beta tACS and sham stimulation. Beta tACS induced a numerical decrease in velocity com-
pared with sham stimulation, but this was not statistically significant. Crucially, gamma tACS induced motor performance enhancements
correlated with changed BOLD activity in the stimulated M1. Moreover, we found frequency- and task-specific neural compensatory
activity modulations in the dorsomedial prefrontal cortex (dmPFC), suggesting a key regulatory role of this region in motor performance.
Connectivity analyses revealed that the dmPFC interacted functionally with M1 and with regions within the executive motor system.
These results suggest a role of the dmPFC for motor control and show that tACS-induced behavioral changes not only result from activity
modulations underneath the stimulation electrode but also reflect compensatory modulation within connected and functionally related
brain networks. More generally, our results illustrate how combined tACS–fMRI can be used to resolve the causal link between cortical
rhythms, brain systems, and behavior.
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Introduction
Research in the last decades has provided compelling evidence
that goal-directed behavior involves network interactions via

rhythmic oscillations (Varela et al., 2001; Buzsáki and Draguhn,
2004; Schnitzler and Gross, 2005; Thut et al., 2012). For the mo-
tor system, oscillatory activity in the gamma (60 –100 Hz) and
beta (10 –30 Hz) band has been suggested to play an important
role during motor control (Donner et al., 2009). For instance, an
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Significance Statement

Recent research has suggested a causal role for gamma oscillations during movement preparation and execution. Here we com-
bine transcranial alternating current stimulation (tACS) with functional magnetic resonance imaging (fMRI) to identify the neural
mechanisms that accompany motor performance enhancements triggered by gamma tACS over the primary motor cortex. We
show that the tACS-induced motor performance enhancements correlate with changed neural activity in the stimulated area and
modulate, in a frequency- and task-specific manner, the neural activity in the dorsomedial prefrontal cortex. This suggests a
regulatory role of this region for motor control. More generally, we show that combined tACS–fMRI can elucidate the causal link
between brain oscillations, neural systems, and behavior.
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increase in oscillatory activity in the gamma band emerges in the
motor cortex (M1) during movement preparation and execution
(Crone et al., 1998; Ball et al., 2008; Cheyne et al., 2008; Gaetz et
al., 2011). In contrast, oscillatory activity in the beta band in-
creases during tonic contraction and decreases before movement
onset and during movement execution (Jurkiewicz et al., 2006;
Engel and Fries, 2010; Muthukumaraswamy, 2010; Gaetz et al.,
2011).

However, all these correlative studies leave it unclear whether
gamma and beta oscillations are causally necessary for motor
behavior or whether they only reflect a functionally irrelevant
by-product. Recently, it has been shown that brain rhythms and
their associated behavior can be modulated in a frequency-
specific manner by transcranial alternating current stimulation
(tACS; Kuo and Nitsche, 2012; Polanía et al., 2012, 2015; Thut et
al., 2012; Veniero et al., 2015; Fertonani and Miniussi, 2016). This
technique has also been used to influence motor performance.
For instance, gamma tACS over M1 improved force generation
and motor reactivity in a visually guided movement-initiation
task (Joundi et al., 2012). In contrast, beta tACS impaired force
generation and slowed down visually guided voluntary move-
ments (Pogosyan et al., 2009; Joundi et al., 2012). A question
emerging from these studies is how these frequency-specific
tACS-induced changes in behavior relate to changes in brain ac-
tivity. Based on previous studies combining noninvasive brain
stimulation and functional imaging, three scenarios are possible:
(1) the stimulation directly affects the activity of the stimulated
area and this locally specific modulation results in stimulation-
induced changes in behavior (Holland et al., 2011); (2) the stim-
ulation affects the function of interconnected areas (Polanía et
al., 2011) and these network effects of stimulation have func-
tional consequences for behavior (Driver et al., 2009); or (3) the
stimulation induces changes in the function of the stimulated
area, which trigger homeostatic compensatory changes in inter-
connected brain regions that maintain the task performance
and/or the activity of the stimulated area (O’Shea et al., 2007;
Moisa et al., 2012). Currently, it is unknown whether tACS-
induced modulations of motor behavior only reflect changes in
local neural activity or also in the activity of brain networks in-
volved in task performance. Furthermore, it is unclear whether
the possible modulation of activity in remote areas reflects func-
tional influences from the stimulated area or rather a homeostatic
compensatory effect. We investigated this by combining tACS
with functional magnetic resonance imaging (fMRI) to entrain
gamma-band and beta-band activity in M1 during a movement-
initiation task, while monitoring the stimulation’s impact on
both behavior and brain activity in the stimulated area and at the
network level.

We first performed quality and safety measurements to ensure
that tACS can be combined with fMRI in an artifact-free and safe
manner. Subsequently, we applied gamma tACS, beta tACS, or
sham stimulation over M1 in healthy participants inside the MR
scanner while they performed a visually guided movement-
initiation task inspired by previous research on the functional
relevance of gamma and beta oscillations for motor control
(Joundi et al., 2012). The participants also performed a control
task requiring constant grip. The concurrent measurement of
fMRI thus allowed us to test the crucial new question of whether
the hypothesized tACS-induced modulations in behavior were
accompanied by activity modulation only at the stimulation site
or also at the network level. Based on the previous results (Joundi
et al., 2012), we hypothesized that motor kinematics are facili-
tated by gamma-tACS entrainment and inhibited by beta-tACS

entrainment. Furthermore, we tested whether the M1 tACS trig-
gers neural activity reconfigurations only in brain regions within
the executive motor network or also within connected brain net-
works, such as the cognitive/executive control network.

Materials and Methods
Safety and quality tests
Before applying tACS concurrently with fMRI in healthy volunteers, we
first assessed the quality of the fMRI images in the presence of tACS. We
mounted two MR-compatible tACS electrodes (size, 5 � 7 cm) to a
watermelon and acquired echo planar images (EPIs) during different
tACS protocols. Here we used the same combined tACS and fMRI setup
as in the main experiment (see Materials and Methods, Main
experiment).

Tests for dynamic tACS artifacts. In a first test, we aimed to investigate
whether tACS induced any dynamic artifacts, as would be indicated by
false-positive or false-negative activations. We used a parametric block
design where the tACS stimulation was applied at five different frequen-
cies (6, 10, 20, 40, 60, and 80 Hz). We set the stimulation intensity to 1
mA peak-to-peak. We also acquired control blocks where no stimulation
was applied. The blocks were pseudorandomized; each stimulation pro-
tocol therefore occurred once within seven consecutive blocks. The
length of one block was 30 s and each type of stimulation was repeated
four times within one run. In total, 14 experimental runs were acquired.
Furthermore, as control, we also acquired 14 sets of EPI data with the
electrodes attached to the melon and connected to the stimulator, but
with the stimulator switched off. We optimized the EPI parameters to
maximize the signal and the signal-to-fluctuation-noise ratio (SfNR) in
the melon (voxel size, 3 � 3 � 3 mm 3; 1.5 mm gap; matrix size, 80 � 80;
TR/TE � 3000/11 ms; flip angle, 90°; parallel imaging factor, 2; 44 slices
acquired in ascending order for full coverage of the melon).

For the analysis, we used statistical parametric mapping (SPM8; http://
www.fil.ion.ucl.ac.uk/spm) implemented in Matlab (MathWorks). We
estimated the possible artifacts due to tACS with a general linear model
(GLM) including two regressors. For the first regressor, we set the con-
trast weight to 1 for all stimulation blocks regardless of the stimulation
frequency and to 0 for the baseline blocks with no stimulation. The
second regressor was a mean-centered parametric modulator with orig-
inal values set to 6, 10, 20, 40, 60, and 80 for the blocks where the stim-
ulation frequency was 6, 10, 20, 40, 60, and 80 Hz respectively, and 0 for
the baseline blocks with no stimulation. We modeled each block as ep-
ochs of 30 s. To achieve high sensitivity for artifacts, we inspected the
activation maps for both parameter estimates, unthresholded or at a
liberal threshold of p � 0.05 uncorrected. We also conducted similar
analyses for the control fMRI dataset in which the electrodes were at-
tached to the melon and connected to the stimulator, but the stimulator
was switched off. Thus, any possible dynamic artifacts modulated by the
tACS stimulation (e.g., false-positive or false-negative activations) could
be revealed by direct comparisons of the GLM results for the tACS dataset
and the control measurements.

The analyses did not reveal any dynamic artifacts caused by the stim-
ulation frequencies (e.g., there were no false-positive or false-negative
activations; Fig. 1A). Visual inspection of the unthresholded statistical
maps for both parameter estimates exhibited similar patterns for the two
tACS conditions (Fig. 1A, left). Furthermore, even at a liberal threshold
of p � 0.05 uncorrected, the activation maps showed only a few voxels
that were randomly distributed across the image volume (Fig. 1A, right),
as would be expected for false positives resulting from an uncorrected
statistical threshold. Most importantly, the analysis conducted for the
control dataset revealed comparable random patterns. We thus con-
firmed that tACS stimulation did not induce any dynamic artifacts in the
fMRI data.

Tests for noise due to tACS. In a second set of measurements, we inves-
tigated whether the tACS affects the SfNR or the noise level in the fMRI
data. We acquired two runs (each consisting of 200 volumes with EPI
parameters similar to those for the first quality measurements), during
which we applied concurrent stimulation with 20 or 70 Hz tACS at 1 mA
peak-to-peak amplitude. Additionally, we acquired one control run with
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the tACS electrodes attached to the melon and connected to the stimu-
lator, but with the stimulator switched off. We computed the SfNR of
each voxel by dividing the mean by the SD across volumes (Fig. 1B).
Further, we calculated the average SfNR across the whole melon. The
average SfNR was only marginally decreased by tACS stimulation com-
pared with the control condition (SfNR was decreased by 2.43% during
70 Hz tACS and by 1.01% during 20 Hz tACS; Moisa et al., 2009). Thus,
the SfNR images did not reveal any temporal EPI signal fluctuations due
to tACS stimulation.

The three measurements described above were also repeated without
initial radio frequency (RF) excitation, leaving the rest of the parameters
unchanged. In this case, no signal from the melon was acquired, so only
the RF noise contributed to the images. For all three different measure-
ments (20 and 70 Hz and control), we computed the mean image and the
mean SD across all volumes. Visual inspections of the mean and SD of the
EPI datasets acquired without RF excitation (second set of noise mea-

surements) did not reveal any patterns indicating RF distortions for any
of the three conditions (20 and 70 Hz tACS and control condition). The
average SD across the whole image was only marginally increased when
tACS stimulation was applied (4.326 during 70 Hz tACS and 4.263 dur-
ing 20 Hz tACS), compared with the control condition with the stimu-
lator switched off (4.201; Moisa et al., 2009). Thus, the impact of the
tACS stimulation on the EPI quality was negligible.

Test for heating under the tACS electrodes. Third, we investigated how
the temperature under the electrodes varied while stimulating inside the
MR scanner and whether this affected the subject’s safety. We attached
two MR-compatible electrodes (size, 5 � 7 cm) to a piece of beef that
simulated human tissue. We used a fiber-optic temperature measure-
ment setup (Luxtron 790, LumaSenseTechnology) with three indepen-
dent sensors that had an accuracy of �/�0.1°C at a temporal resolution
of 2 s each. We placed the temperature sensors under the two stimulation
electrodes and in a control position �6 cm from any of the two active

Figure 1. Quality and safety tests. A, Quality tests performed with a watermelon. Parameter estimates (left) and statistical maps (right) thresholded at p � 0.05 uncorrected for the parametric
analysis (upper row; parametric modulator: regressor values were set to 6, 10, 20, 40, 60, and 80 for the blocks where the stimulation frequency was 6, 10, 20, 40, 60, and 80 Hz respectively, and 0
for the baseline blocks with no stimulation), for stimulation ON versus OFF (middle row; regressor contrast weights were set to 1 for all stimulation blocks, regardless of the stimulation frequency,
and 0 for baseline) and for the control analysis (bottom row; same regressor contrast weights as for the stimulation ON versus OFF analysis, but for the control fMRI dataset, where the electrodes were
attached to the melon and connected to the stimulator, but with the stimulator switched off). B, SfNR images for two conditions: during 70 Hz tACS stimulation and during the control condition,
where the electrodes were attached to the melon and connected to the stimulator, but with the stimulator switched off. Low SfNR values indicate a high temporal variability of the EPI signal, hinting
toward an undesired impact of the tACS stimulation on the EPI quality. Here no additional temporal EPI signal fluctuation was induced by the tACS stimulation compared with the control
measurement. A comparable SfNR map was observed for 20 Hz tACS. C, Temperature measurement during 70 Hz tACS: the temperature under the active electrodes increased with �1°C over the
30 min stimulation. Critically, there was no difference in the temperature increase under the active electrodes and the increase in temperature in the control sensor, which was �6 cm away from
any of the two active electrodes. Similar temperature increases were observed also during 20 Hz tACS.
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electrodes. We monitored the temperature during 30 min of tACS (1.5
mA peak-to-peak amplitude) applied concurrently with EPI acquisition.
These measurements were repeated for the frequencies of interest of our
main experiment: 20 and 70 Hz. Images were acquired with a modified
EPI sequence with maximized transmitted RF power (B1 rms � 2.32
�T). By comparison, the transmitted RF power during the EPI sequence
used for the main behavioral study was 1.04 �T.

The temperature measurements revealed an increase of �1°C under
the active electrodes across the 30 min of stimulation, which was similar
during both types of stimulation (20 or 70 Hz tACS; Fig. 1C). Most
importantly, there was no difference between this temperature increase
for the two stimulation electrodes and for the control sensor (Fig. 1C).
Since for these measurements, we used the maximum RF power induced
by the MR gradients (B1 rms � 2.32 �T), maximum length of the stim-
ulation (30 min), and a high stimulation intensity (1.5 mA), we are
confident that tACS can be performed safely in human participants with-
out any risk of overheating during stimulation inside the MR scanner.

Electric field simulations
We computed the predicted electric field distributions in the brain re-
sulting from our tACS electrode montage. Similar to the main experi-
ment, the active tACS electrode was placed over left M1 (size, 5 � 7 cm;
area, 35 cm 2; see Fig. 5C), while the reference electrode was placed over
the shoulder (size, 10 � 10 cm; area, 100 cm 2). The normalized electric
field distribution was computed using a realistic finite element head
model (Opitz et al., 2013) by means of the SimNIBS 2.0 toolbox (http://
simnibs.de/). The electric field distribution maps were normalized and
displayed in MNI space. Note that the electric field distribution is inde-
pendent of stimulation frequency and therefore identical for gamma and
beta tACS.

Main experiment
Subjects. Twenty healthy volunteers (mean age, 24.1 years; SD, 3.2 years;
15 men; all right-handed) participated in the experiment. All volunteers
provided informed consent to participate and none had a history of
neurological or psychiatric diseases or used medication regularly. The
study was approved by the Research Ethics Committee of the Canton of
Zurich.

Experimental task. Inside the MR scanner, the participants performed
a visually-guided motor task that required them to update their grip force
to a different level once every second. The design of this movement-
initiation task was based on recent findings that the rapid generation of
motor grips were improved by gamma tACS and inhibited by beta tACS
over M1 (Joundi et al., 2012). The participants in our study additionally
performed a grip-control task that required them to maintain a constant
grip level throughout the length of the block. Both these motor tasks were
measured using an MR-compatible 600 N grip manipulandum (Zühlke
Engineering; Sensory-Motor Systems Laboratory, Swiss Federal Institute
of Technology Zurich, Zurich, Switzerland). Before the tACS–fMRI ses-
sion, we defined each participant’s individual maximum voluntary con-
traction (MVC) by averaging three maximal-strength contractions
performed with the right hand. The individual grip level for the tasks was
defined as 5% of the MVC.

A visual cue instructed participants about the current task (movement
initiation, grip control, or rest). During the movement-initiation task, a
new grip level was displayed at a frequency of 1 Hz and the subjects had to
update their grip force as fast as possible to the new level (Fig. 2A, left).
The designated grip level was displayed as a white horizontal bar while
the actual grip force was displayed as a gray vertical bar. Four designated
levels of grip (70, 90, 110, and 130% of the individual grip level) were
pseudorandomly presented so that each force level occurred once within
four consecutive grip-level updates (the actual order was determined
randomly for each quadruplet, with the constraint that the same level did
not repeat). During the grip-control task, the subjects had to keep a
constant grip force (at the individual grip level) for the whole length of
the block (Fig. 2A, middle). During the resting blocks, subjects had to
passively view the display without performing any movements (Fig. 2A,
right). Visual feedback and recording of the grip force was implemented
using Cogent (Wellcome Trust Centre for Neuroimaging, University

College London, London, UK; http://www.vislab.ucl.ac.uk/cogent.php)
programmed in Matlab (MathWorks).

The participants practiced the motor tasks for 2–5 min before en-
tering the MR-scanner room. Before the actual fMRI acquisition, the
subjects practiced the task again for 1–2 min while lying on the MR-
scanner bed.

tACS procedures. Before conducting the main experiment, we per-
formed pilot studies to minimize the possible side effects of the tACS
stimulation (e.g., phosphenes during beta tACS or pain/tickling under
the tACS electrodes). This led us to use a stimulation amplitude of 1 mA
peak-to-peak and an electrode setup with a large electrode (size, 10 � 10
cm; area, 100 cm 2) over the shoulder (see Experimental design). The
effectiveness of this setup was confirmed by the debriefing at the end of
the experimental session: none of the participants reported phosphenes
or any pain/tickling sensation under the tACS electrodes. Thus, the find-
ings reported here are very unlikely to reflect non-neural side-effects of
the tACS stimulation.

For tACS, we used a bipolar MR-compatible current stimulator (DC-
Stimulator MC, neuroConn) positioned outside the MR-scanner room.
We connected the MR-compatible electrodes to the tACS stimulator by
means of two RF filter modules and MR-compatible cables. tACS was
applied at gamma frequency (70 Hz) or at beta frequency (20 Hz) during
both motor tasks and rest periods, at an amplitude of 1 mA peak-to-peak.
At the beginning and at the end of each 18 s stimulation bock, the current
was ramped up and down over the first and last 2 s, respectively (Fig. 2B,
upper left). As a control condition, we also applied sham stimulation, for
which we ramped up the current to 0.5 mA over 2 s before immediately
ramping it down over the next 2 s (Fig. 2B, upper right). The tACS was
precisely synchronized with the fMRI acquisition and visual stimulus
presentation by means of a custom-written software toolbox written in
Matlab (MathWorks).

Experimental design. Before each participant went into the MR scan-
ner, we identified the stimulation site above the hand area of the left M1
by means of first dorsal interosseous (FDI) twitches induced by transcra-
nial magnetic stimulation (TMS) pulses. Single monophasic TMS pulses
were delivered with a figure-eight coil attached to the TMS stimulator
(Magstim Rapid 2, Magstim). Once our region of interest was identified
as the area that consistently yielded FDI twitches in response to the TMS
pulses, we fixated MR-compatible tACS electrodes using a conductive
paste (Ten20 EEG Conductive Paste, Weaver and Company) over the left
M1 and over the left shoulder. The size of the active electrode over the left
M1 was 5 � 7 cm (area, 35 cm 2) while the reference electrode placed over
the shoulder measured 10 � 10 cm (area, 100 cm 2). Both electrodes were
kept in place by means of fixation bandages (DermaPlast CoFix,
Hartmann).

Each subject participated in one experimental session in which tACS
was concurrently combined with fMRI during performance of the visu-
ally guided grip tasks. We used a 3 � 3 factorial block design that crossed
tACS type (gamma tACS, beta tACS, or control sham stimulation) with
motor state as manipulated by the tasks (movement initiation vs grip
control vs rest). In total, we acquired four runs for each participant.
Within one run, each block type was repeated four times. The order of the
blocks was pseudorandomized so that each block type occurred once
within nine consecutive blocks (Fig. 2B, bottom). The length of each
block was 18 s.

fMRI acquisition. Functional imaging was performed on a Philips
Achieva 3T whole-body MR scanner equipped with an eight-channel MR
head coil. Each experimental run contained 216 volumes (voxel size,
2.5 � 2.5 � 2.5 mm 3; 0.5 mm gap; matrix size, 96 � 96; TR/TE �
3000/35 ms; flip angle, 79°; parallel imaging factor, 1.5; 38 slices acquired
in ascending order for full coverage of the brain). We also acquired
T1-weighted multislice fast-field echo B0 scans, which were used for
correction of possible static distortion produced by the presence of the
active electrode (voxel size, 2.5 � 2.5 � 2.5 mm 3; 0.5 mm gap; matrix
size, 96 � 96; TR/TE1/TE2 � 485/4.7/7.9 ms; flip angle, 44°; no parallel
imaging; 40 slices). Additionally, we acquired a high-resolution T1-
weighted 3D fast-field echo structural scan used for image registration
during postprocessing (181 sagittal slices; matrix size, 256 � 256; voxel
size, 1 mm 3; TR/TE/TI � 8.3/2.26/181 ms).
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Behavioral data analysis. Our main analysis of tACS effects on motor
behavior focused on the impact of gamma and beta tACS on the kine-
matics of the movement-initiation task, which we quantified as the ve-
locity and the acceleration of the movement (Pogosyan et al., 2009;
Joundi et al., 2012). We analyzed these two measures with two separate
linear mixed-effects regressions on the experimental conditions. For
each participant, we computed the relative grip level as a fraction of
the individual grip level by dividing the current grip force exerted by the
participant by the individual grip level. Moreover, we computed the
velocity as the absolute value of the first derivative of the discrete differ-
entiation (time steps of 50 ms) of the relative grip level and the accelera-
tion as the absolute value of the second derivative. Thus, the temporal
dynamics of these attributes were included in the regression. Based on
previous findings (Joundi et al., 2012), our hypothesis was that modula-
tion of M1 oscillatory activity with gamma tACS will increase both the
velocity and acceleration of the movements during the movement-
initiation task, compared with sham stimulation. For beta tACS, we ex-
pected a decrease in both velocity and acceleration. Since the control task
required a constant grip, the velocity and the acceleration cannot de-
scribe the kinematics of this task. Thus, we performed the analyses only
for our main movement-initiation task.

In two separate but structurally identical models, we regressed move-
ment velocity or movement acceleration (respectively) on several regres-
sors representing the stimulation type, grip level, grip level change, time
bin, block number, and all corresponding two-way interactions of stim-
ulation type. The grip level regressor had four steps (0.7, 0.9, 1.1, or 1.3
corresponding to 70, 90, 110, and 130% of individual grip level); grip-
level change was defined as the absolute difference between the grip level
for the current trial and the grip level of the preceding trial; time bins
corresponded to the index of the 50 ms sample acquired within one trial
(we recorded one grip every 50 ms; thus within one experimental trial the
bins ranged from 1 to 20); and block number denoted the index of the
current block within the course of the experiment (continuous from 1 to
16). We excluded from the analysis all trials acquired while the stimula-
tion was ramped up and down (the first two and the last two trials in each
block) as well as the third and fourth trial, to allow the tACS entrainment
to become effective. We therefore considered for the analysis only trials
5–16 within each block.

Model fits were performed using a hierarchical linear regression ap-
proach (Gelman and Hill, 2007). Significance for each of the regressors of
interest was tested by evaluating whether the resulting estimates signifi-
cantly differed from zero (that is, the null hypothesis) by means of the

Figure 2. A, Schematic diagram of the motor task. During the movement-initiation task, a new force level was displayed at a frequency of 1 Hz and the subjects updated their grip force
accordingly. The designated grip level was displayed as a white horizontal bar while any dynamic change in the grip force was displayed as a gray vertical bar (left). The grip-control task required the
subjects to keep the grip force at a constant level of 5% of the maximum voluntary contraction (middle). During the resting blocks, subjects passively viewed the display without performing any
movements (right). B, Schematic diagram of the experimental design. The top row shows the timing of one block lasting 18 s. The tACS stimulation was ramped up and down over the first and last
2 s (left, top row). During the sham condition, the current was ramped up to 0.5 mA over 2 s and immediately ramped down over 2 s (right, top row). Each run presented four repetitions of each
condition of the 3 � 3 factorial block design [tACS type (beta tACS, gamma tACS, or sham) crossed with motor state (movement initiation, grip control, or rest) (bottom row). C, Behavioral results
of the multiple-regression analyses for movement-initiation task velocity (left figure) and acceleration (right figure). The error bars represent the SEs of the regression coefficient estimates (see
Materials and Methods). n.s., Not significant; *, significant at p � 0.05; a.u., arbitrary units).
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cumulative function (up to or up from 0 depending on the direction of
the effect) based on the estimated mean and SD of the posterior esti-
mates. For the data analyses, we used R (www.r-project.org).

To control for nonspecific stimulation effects (e.g., on attention to the
task), we investigated whether tACS affected the participants’ ability to
reach the required grip levels. For the main movement-initiation task, we
computed the grip deviation over the last 250 ms of each trial, as the
absolute difference between the exerted force and the designated grip
level (normalized as percentage of the designated grip level). For each
stimulation condition and each subject, the grip deviation was averaged
across time bins, trials, blocks, and experimental runs. Similarly, for the
control grip task, we computed the grip deviation over the last 17 s of
each block. Paired t tests revealed that none of the two stimulation types
affected the participants’ general ability to perform the motor tasks com-
pared with sham stimulation (see Results). Thus, the stimulation did not
result in frequency-unspecific effects on behavior.

fMRI data analysis. The fMRI data were analyzed with statistical para-
metric mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm) implemented
in Matlab (MathWorks). Preprocessing of the functional time series in-
cluded motion correction, slice time correction, normalization to MNI
space, spatial resampling to 3 mm isotropic voxels, temporal high-pass
filtering, and spatial smoothing (Gaussian with 8 mm full-width at half-
maximum).

Statistical analysis followed a two-stage procedure. First, we computed
a single-subject fixed-effects model for each participant by multiple re-
gression of the voxelwise time series onto a composite model containing
the covariates of interest. The GLM design matrix included eight main
regressors, one for each of eight different types of blocks (i.e., combina-
tion of each stimulation type and task). The ninth type of block, namely
sham stimulation during rest, was treated as baseline. For the movement-
initiation task, the regressors were modeled as epochs of 1 s duration
(corresponding to the length of one grip). Similar to the behavioral anal-
ysis, these regressors did not incorporate the first four and the last two
trials per block (i.e., trials acquired during ramping up/down and phys-
iological stabilization of the tACS effects). These trials, from now on
denoted as trials of no interest, were modeled as three separate regressors,
one for each type of stimulation. Similar regressors were defined for the
grip-control task (three regressors of 12 s duration, one for each stimu-
lation type, and three regressors of no interested that modeled the first 4
and the last 2 s of each grip-control block).

All regressors were convolved with the canonical hemodynamic re-
sponse function. We also modeled participant-specific head-movement
parameters as regressors of no interest to account for BOLD signal
changes that correlated with head movements. We removed possible
geometric distortions, using the “unwarp” toolbox implemented in
SPM8, by means of subject-specific field maps. To allow for group-level
inferences, we fed the individual contrast images into a second-level
random-effects analysis across participants. These analyses focused on
identifying the brain regions exhibiting differential modulatory effects of
tACS stimulation at beta and gamma frequencies, and comparing these
effects when tACS was given during the movement-initiation task com-
pared with the control-grip task [quantified by the interaction between
motor task and type of stimulation; e.g., (beta - gamma) for movement
initiation - (beta - gamma) for grip control, or (sham - gamma) for
movement initiation - (sham - gamma) for grip control, or (sham - beta)
for movement initiation - (sham - beta) for grip control]. Inferences were
drawn at a statistical threshold of p � 0.05 FWE corrected for multiple
comparisons at the cluster level (with cluster-forming threshold T(19) �
2.6).

We also investigated whether any brain regions, and in particular the
stimulated left M1, showed correlations between the tACS-elicited
changes in functional activity and in movement-initiation task perfor-
mance. For this purpose, we generated a whole-brain voxelwise correla-
tion analysis between changes in brain activity and changes in velocity or
acceleration, by means of linear regression analysis implemented in
SPM8. For each subject and for each tACS frequency (gamma tACS or
beta tACS), we averaged the movement-initiation velocity or accelera-
tion across trials, blocks, and runs. We then computed the velocity or
acceleration change for gamma tACS versus beta tACS and regressed

onto these subject-specific velocity or acceleration changes the corre-
sponding BOLD activity changes due to movement initiation for gamma
tACS versus beta tACS. Similar regression models were implemented for
gamma tACS versus sham or for beta tACS versus sham stimulation.

The standard GLM analysis revealed task-specific and frequency-
specific neural modulations in a remote region, namely the dmPFC (see
Results). To further investigate which brain regions are functionally con-
nected with the dmPFC during the movement-initiation task, we con-
ducted psychophysiological interaction (PPI) analyses (Friston et al.,
1997). More precisely, we investigated whether any brain regions within
the motor system, in particular the stimulated M1, exhibit increased
functional coupling with the dmPFC during the movement-initiation
task compared with rest. For each subject and each run, we extracted the
physiological time series in the dmPFC seed region by the principal com-
ponent analysis approach embedded in SPM (Friston et al., 1993). We
defined the dmPFC seed region as the region showing a significant inter-
action between the motor tasks (grip control vs movement initiation)
and tACS condition, both for gamma tACS versus beta tACS as well as for
gamma tACS versus sham stimulation (see Fig. 6A; see Results). We
generated eight psychological regressors as described in the main GLM
model, one for each of eight out of nine different types of blocks (i.e.,
combination of each stimulation type and motor task, with rest during
sham stimulation considered as baseline). The corresponding eight psy-
chophysiological regressors were generated as the interaction between
the psychological regressors and the dmPFC time series. Furthermore,
PPI contrasts of interest were computed as a composite of these psycho-
physiological regressors (see below for the specific contrasts tested). The
GLM also contained regressors of no interest modeling the movement-
initiation and grip-control trials of no interest and the head-movement
realignment parameters (see main GLM model). To allow for group-level
inferences, the subject-specific PPI maps were analyzed in a second-level
random-effects analysis across participants. We tested for brain regions
showing increased functional coupling with the dmPFC during move-
ment initiation with respect to rest, regardless of the type of stimulation.
Thus, using PPI analysis, we identified brain areas within the motor
system that showed increased functional coupling with dmPFC during
our main motor task compared with rest. We also conducted two more
PPI analyses to investigate whether any brain regions showed increased
functional coupling with the dmPFC during the different stimulation
and task conditions [similar to the main interactions conducted during
the main GLM analysis; e.g., (beta - gamma) for movement initiation -
(beta - gamma) for grip control, and (sham - gamma) for movement
initiation - (sham - gamma) for grip control].

Results
Gamma entrainment enhances movement initiation
The analyses of motor kinematics during the movement-
initiation task confirmed our main hypothesis: gamma tACS ap-
plied over M1 during the movement-initiation task indeed
increased movement velocity compared with both sham stimu-
lation (linear regression, � � 1.501 � 0.91, p � 0.049) and beta
tACS (linear regression, � � 2.190 � 0.921, p � 0.009). For beta
tACS, we observed a numerical decrease in velocity compared
with sham stimulation, but this was not statistically significant
(linear regression, � � �0.689 � 0.912, p � 0.22; Fig. 2C). Com-
parable results were found for movement acceleration: gamma
tACS increased acceleration compared with both sham stimula-
tion (linear regression, � � 2.961 � 1.171, p � 0.006) and beta
tACS (linear regression, � � 3.204 � 1.183, p � 0.003), whereas
beta tACS did not affect acceleration during the movement-
initiation task compared with sham (linear regression, � �
�0.243 � 1.170, p � 0.42; Fig. 2D). Thus, in concordance with
our main hypothesis, gamma tACS improved dynamic perfor-
mance of the motor-initiation task in a frequency-specific man-
ner. By contrast, beta tACS induced only trending effects in the
hypothesized direction. We therefore focused the analysis of the
corresponding neural effects on gamma tACS.
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The control analyses revealed that the participants complied
well with the behavioral tasks in all stimulation conditions. The
grip deviation during the movement-initiation task was unaf-
fected by either beta (t(19) � 0.0034, p � 0.99) or gamma (t(19) �
0.0497, p � 0.96) tACS when compared with sham stimulation
(mean grip deviation, 	8%). Similarly, the grip deviation of the
control-grip task was not significantly different for beta (t(19) �
0.0569, p � 0.96) or gamma (t(19) � �0.0073, p � 0.99) tACS
compared with sham stimulation (mean grip deviation, 	5%).
Thus, the different tACS conditions did not differentially affect
attention or compliance in the performance of our motor task.

Brain-activity changes elicited by movements and tACS
To identify the regions of the motor network, we compared brain
activity during the two motor tasks with activity during the rest
episodes (averaged across all tACS conditions). As expected, this
activated a network comprising left M1, the bilateral dorsal pre-
motor cortex, the supplementary motor area, the bilateral infe-
rior parietal lobe, the bilateral inferior temporal gyrus, the
bilateral inferior frontal gyrus, the bilateral supramarginal gyrus,
the bilateral putamen, and the bilateral thalamus (Fig. 3A). More-
over, brain activity was reliably enhanced during the movement-
initiation task compared with the grip-control task in the
bilateral dorsal premotor cortex, the supplementary motor area,
the bilateral inferior parietal lobe, the bilateral inferior temporal
gyrus, the left inferior frontal gyrus, the bilateral cerebellum, the
midbrain, and the bilateral thalamus (Fig. 3B). This validates that
a routinely found (Frackowiak, 2004) executive motor system is
activated during our main movement-initiation task.

Based on the previous literature (Joundi et al., 2012; Cabral-
Calderin et al., 2016a; Vosskuhl et al., 2016) and the behavioral
results described above, we expected that tACS would mainly
modulate task-driven, context-specific BOLD activity within the
executive motor system or within connected brain networks. We

could identify these effects by inspecting
the data for interactions of tACS fre-
quency and motor task condition, which
reveal areas where gamma-band (versus
beta-band) tACS specifically modulates
activity related to movement initiation (vs
control). However, before turning to
these analyses, we first ensured that tACS
administration per se (averaged across all
task conditions) did not elicit any artifac-
tual false-positive or false-negative activa-
tions (e.g., due to distortions of the
magnetic field associated with the cur-
rents; Antal et al., 2014). Reassuringly, we
did not find any image voxels that showed
differential signal during tACS stimula-
tion (gamma and beta tACS combined)
compared with sham. Furthermore, nei-
ther of the two stimulation frequencies by
themselves changed the overall MR signal,
when compared with sham (gamma tACS
vs sham or beta tACS vs sham) or with
each other (gamma tACS vs beta tACS).
This confirms that the tACS did not
induce any artifacts manifesting as
MR signals that were constantly present
regardless of brain state.

tACS-induced changes in movement-
initiation performance correlate with tACS-related changes of
BOLD activity in stimulated M1
To elucidate the link between the behavioral and neural changes
induced by gamma-band tACS, we investigated whether the im-
provements in movement-initiation velocity/acceleration corre-
lated with the BOLD activity changes in any region within the
motor system (as defined by the analysis of movement-related
activity given above). This revealed a significant correlation be-
tween the tACS-related velocity change in the movement-
initiation task and the tACS-induced BOLD signal change in the
stimulated primary sensorimotor cortex [correlation between (1)
movement initiation velocity for gamma tACS minus for beta
tACS and (2) movement initiation-related BOLD signal during
gamma tACS minus during beta tACS; peak coordinates (MNI)
x � �39, y � �40, z � 46; T � 3.94; k � 235; Table 1; Fig. 4A,C].
Similarly, the tACS-induced change in acceleration during the
movement-initiation task correlated with the stimulation-
elicited change in M1/somatosensory cortex BOLD activity [peak
coordinates (MNI) x � �39, y � �40, z � 46; T � 4.08; k � 248;
Table 1; Fig. 4D]. Thus, the degree of neural activity modulation
in the stimulated left M1 by gamma entrainment (compared with
beta entrainment) significantly correlated with the change in the
speed and in the acceleration of movement initiation. The only
other area showing comparable effects across the brain was in the
occipital cortex, perhaps reflecting changes in the visual input
and/or attention to the display in response to the stimulation-
elicited performance changes (Table 1).

Gamma tACS during movement initiation induces
compensatory BOLD changes in the dmPFC
We next investigated whether gamma-tACS modulation of left
M1 not only affects the stimulated area but also induces brain
activity changes in interconnected areas specific to a given fre-
quency or motor state. To this end, we inspected whether the

Figure 3. Task main effects (MNI space; p � 0.05 FWE cluster corrected, cluster-forming threshold T(19) � 2.6). A, Movement
initiation and grip control versus rest. B, Movement initiation versus grip control.
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change in neural activity caused by different tACS protocols
(gamma tACS vs beta tACS, or gamma tACS vs sham stimulation,
or beta tACS vs sham stimulation) differed between the different
functional states of the motor system during the different motor
tasks (grip control vs movement initiation). This indeed revealed
an area in the dmPFC where gamma tACS (compared with beta
tACS) differentially affected the BOLD signals in the two task
contexts (Fig. 5A; Table 2). The same pattern emerged in the
dmPFC when comparing the effects of gamma tACS versus sham
stimulation in the two motor contexts (Fig. 5B; Table 2).

This pattern of BOLD changes appears to be consistent with a
compensatory change in response to gamma tACS than with a
direct modulatory effect of the tACS: the BOLD parameter esti-
mates extracted in the dmPFC (Fig. 5A,B, right) show that
gamma tACS over M1 decreases the brain activity in the dmPFC
during the movement-initiation task compared with both beta
tACS and sham stimulation. This modulation of motor activity in

the dmPFC by gamma-band tACS was specific for movement
initiation and was not expressed during the grip-control task. If
anything, the activity in the dmPFC during the grip-control task
was increased by gamma tACS. Thus, the facilitatory effects of
gamma-tACS modulation over M1 on movement initiation are
accompanied by decreased brain activity in a remote brain re-
gion, namely the dmPFC, an area that is known to play a key role
in cognitive control (Botvinick et al., 1999, 2004; Shenhav et al.,
2013). The activity decrease in this brain area appears as a com-
pensatory modulation that may indicate that a decreased level of
motor executive control was necessary for performance of the
movement-initiation task during gamma-tACS modulation over
M1. This interpretation is also consistent with the simulation of
the electric field induced by the present electrode montage: the
predicted field is strongest in the vicinity of the electrode placed
over left M1 (Fig. 5D, left and middle transversal views) and close
to zero in the dmPFC (Fig. 5D, middle transversal and right sag-

Table 1. Brain regions that exhibit a significant correlation between the change in neural activity and the change in movement-initiation task performance for gamma
tACS compared with beta tACSa

Correlation Cluster Cluster size Cluster p value Cluster subdivision Z score T score x y z

Between change in neural activity and
change in velocity

Left sensorimotor cortex 235 0.045 Left S1 3.30 3.94 �39 �40 46
Left M1 2.79 3.17 �42 �25 52

Bilateral occipital lobe 299 0.015 Bilateral visual cortex 2.88 3.30 12 �70 �8
Right cuneus 3.41 4.11 12 �82 16

Between change in neural activity and
change in acceleration

Left sensorimotor cortex 248 0.034 Left S1 3.39 4.08 �39 �40 46
Left M1 3.27 3.85 �42 �25 52

Bilateral occipital lobe 468 0.001 Bilateral visual cortex 3.36 4.03 12 �70 13
Right cuneus 3.14 3.68 9 �85 22

aAll regions pass a statistical threshold of p � 0.05 FWE cluster-corrected, with cluster-forming threshold T(19) � 2.6.

Figure 4. Correlation analyses between behavior and brain activity for gamma tACS versus beta tACS during the movement-initiation task. A, Correlation analysis between velocity change during
gamma tACS versus beta tACS and BOLD-imaging contrast movement initiation during gamma tACS versus beta tACS ( p � 0.05 FWE cluster corrected, cluster-forming threshold T(19) � 2.6). B,
Standard left M1 region of interest (ROI) generated by a meta-analysis of 303 motor studies (Neurosynth database dated Jan. 21, 2015; http://neurosynth.org/). C, D, Overlap between the standard
left M1 ROI and the brain regions showing a significant correlation with the velocity difference (C) and acceleration difference (D) for gamma-tACS versus beta tACS during movement initiation. The
right panels of C and D show the velocity difference (C) and acceleration difference (D) for gamma-tACS M1 versus beta-tACS M1 as a function of BOLD signal parameter estimates (PE; proportional
to BOLD signal changes). The BOLD PEs were first averaged across all voxels in the overlay M1 ROI displayed in the left panels of C and D. For each single subject, the averaged PE for movement
initiation during beta tACS was subtracted from the averaged PE for movement initiation during gamma tACS. S1, Somatosensory cortex; MI, movement-initiation task.
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Figure 5. A, Interaction between motor task (movement initiation versus grip control) and tACS frequency (beta tACS vs gamma tACS). B, Interaction between motor task (movement initiation
vs grip control) and tACS condition (sham stimulation vs gamma tACS). The left panels of A and B show thresholded ( p � 0.05 FWE cluster corrected, cluster-forming threshold T(19) � 2.6) SPMs
projected onto sagittal brain slices in MNI space, whereas the right panels illustrate the effects with parameter estimates (PE; proportional to BOLD signal changes) extracted from the dmPFC region
activated by the interaction contrasts. The error bars represent �/�SEM across subjects. C, The position of the tACS electrode (size, 5 � 7 cm; area, 35 cm 2) over left M1 used for the main
experiment and for the electric field simulation. The other electrode (size, 10 � 10 cm; area, 100 cm 2) was placed over the left shoulder. D, The normalized predicted electric field distribution
projected onto MNI space is minimal in the dmPFC region that exhibits a significant interaction between motor tasks (movement initiation vs grip control) and tACS frequency (beta tACS vs gamma
tACS). The yellow circles indicate the position of the dmPFC region. The electric field is strongest under and in the vicinity of the active electrode placed over left M1 (left and middle transversal views),
while the electric field is minimal in the dmPFC region (middle transversal and right sagittal views). The yellow circle in the middle transversal view is centered on the maximum activation in the
dmPFC [peak coordinates (MNI): x � 15, y � 32, z � 40; Table 2]. The right sagittal view is the same sagittal view as in A. This projection consolidates the notion that the dmPFC effects are not
directly triggered by the stimulation but instead reflect compensatory modulations in response to tACS over M1.

Table 2. Interaction between motor tasks and stimulation typea

Cluster Cluster size Cluster p value Z score T score x y z

(Beta � Gamma)Movement Initiation � (Beta � Gamma)Grip Control dmPFC 417 0.002 4.08 5.34 15 32 40
(Sham � Gamma)Movement Initiation � (Sham � Gamma)Grip Control dmPFC 468 0.002 3.83 4.85 �3 41 37
(Sham � Beta)Movement Initiation � (Sham � Beta)Grip Control Right cerebellum 204 0.043 3.24 3.80 30 �46 �26
aAll regions pass a statistical threshold of p � 0.05 FWE cluster-corrected, with cluster-forming threshold T(19) � 2.6.
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ittal views). Thus, the dmPFC is unlikely to have been directly
affected by the tACS and rather appears to modulate its activity in
a task-dependent and frequency-dependent compensatory
manner.

For completeness, a similar interaction analysis using the
same factor of task and beta tACS versus sham stimulation com-
parison revealed a differential modulation in the right cerebellum
(Table 2).

dmPFC is functionally connected with the stimulated M1
The results thus far indicate that gamma-band tACS changes
movement-initiation-related activity both in M1 and in the
dmPFC, but in different ways. This appears consistent with direct
modulatory tACS influences (the correlation of behavioral
change and BOLD-signal change in M1) or with compensatory
modulation that accompanies the stimulation-induced behav-
ioral enhancement (the context-specific decreases in dmPFC
BOLD activity elicited by movement initiation). These findings
suggest that the two areas should functionally interact during
movement-initiation performance. To further confirm this con-
jecture, we tested whether during movement initiation, the
dmPFC increased its functional coupling with the stimulated M1
and any other brain regions within the executive motor system
(Fig. 6B). A PPI analysis indeed revealed that during the main
movement-initiation task relative to rest, the dmPFC showed
enhanced connectivity with the stimulated M1 [peak coordinates
(MNI): x � �33, y � �34, z � 49; T � 4.97], the supplementary
motor area [peak coordinates (MNI): x � 0, y � �25, z � 40; T �
5.48], the bilateral thalamus [peak coordinates (MNI): x � �6,
y � �19, z � 4; T � 8.77; x � 9, y � �13, z � �2; T � 7.92], and
the left putamen (peak coordinates (MNI): x � �30, y � �13,

z � 1; T � 6.49]. This clearly confirms that the stimulated M1 and
the dmPFC act as an integrated functional network during
movement initiation, as already suggested by the complementary
tACS-induced activity changes in these regions that depend on
both the stimulation frequency and the functional state of the
motor system. For completeness, we did not find any region
showing stimulation and task differential functional coupling
with the dmPFC [e.g., no effect for (beta - gamma) for movement
initiation - (beta - gamma) for grip control, nor for (sham -
gamma) for movement initiation - (sham - gamma) for grip
control].

Discussion
In this study, we combined tACS and fMRI to investigate the
neural mechanisms by which gamma tACS over left M1 en-
hances movement performance. As expected, M1 entrainment
by gamma tACS improved the performance of movement ini-
tiation, both compared with beta tACS and sham stimulation.
The degree of tACS-induced change in movement perfor-
mance correlated with the size of the gamma-tACS-induced
change in neural activity in the M1, suggesting a direct link
between the behavioral effects of tACS and the local activity
modulation in the targeted site. Importantly, gamma tACS
also resulted in specific compensatory changes of brain activ-
ity in the remote dmPFC. Activity in this structure elicited by
movement initiation was reduced specifically during gamma
tACS, compared with both beta tACS and sham stimulation.
Crucially, the functional link between the activity changes in
M1 and the dmPFC was confirmed by a significant psycho-
physiological interaction analysis. We discuss each of these
findings in detail below.

Figure 6. Task-dependent changes in the functional coupling between the dmPFC seed region and other brain areas, assessed using PPI analysis. A, dmPFC seed region for the PPI analysis
generated as the overlay of the two interactions shown in Figure 5A, B. B, Brain areas that exhibit increased functional coupling with the seed region during movement initiation ( p � 0.05 FWE
cluster corrected, cluster-forming threshold T(19) � 2.6). C, Standard motor system regions of interest [ROIs; left M1, supplementary motor area (SMA), thalamus, and left putamen] generated by
a meta-analysis of 303 motor studies (Neurosynth database dated Jan. 21, 2015; http://neurosynth.org/). To generate these ROIs, the standard motor network activation map was first corrected for
multiple comparisons using an expected false discovery rate of 0.01, while the height of the threshold was set to T � 6.5 for generating the left M1 and SMA ROIs and to T � 5 for generating the
putamen and thalamus ROIs. We used different thresholds for different ROIs to be able to distinguish the ROIs from neighboring brain areas (e.g., left M1 from left dorsal premotor area). D, Overlay
between the standard motor system ROIs shown in C and the PPI analysis shown in B.
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We based the design of our main motor task on previous
demonstrations that gamma-band oscillations play an important
role for movement initiation (Gaetz et al., 2011; Joundi et al.,
2012). As expected, gamma tACS over M1 enhanced the velocity
and acceleration of movement initiation, compared with both
beta tACS and sham stimulation. This is in line with a previous
study that showed force-generation enhancement with gamma
tACS and impairment with beta tACS (Joundi et al., 2012). In
general congruence with this study, we also observed a small but
nonsignificant reduction of velocity during beta tACS compared
with sham stimulation. The somewhat smaller effect size in our
study (for beta tACS) may reflect the different complexity and
motor demands of the two tasks: in our study, the participants
had to adjust the grip level only slightly but regularly (with 1 Hz
frequency) while in the study by Joundi et al. the participants had
to perform maximum grip forces triggered by go cues (Joundi et
al., 2012). Furthermore, the lack of a significant beta-tACS im-
pact on movement initiation might also be a consequence of the
stimulation intensity and specific electrode montage used
here. Regardless of these small differences, our findings further
support the idea that gamma tACS enhances movement-update
performance.

When examining how tACS affected the neural activity elic-
ited by the motor behavior—the main aim of our study—we did
not observe a net change in activity induced by gamma tACS at
the stimulated site during movement initiation. This concurs
with a combined tACS and fMRI study that reported no task-
dependent activity modulation at the stimulation site (Cabral-
Calderin et al., 2016a). However, we did observe a correlation
between the strength of the neural-activity change induced by
gamma tACS in stimulated M1 and the strength of the change in
task performance. This suggests that gamma tACS over M1 is
mainly reflected in BOLD fMRI-activity changes that differ in
strength between participants and that are specifically linked to
modulations of motor dynamics.

Based on previous studies (Voss et al., 2014; Cabral-Calderin
et al., 2016a; Vosskuhl et al., 2016) and our behavioral findings,
we expected that tACS would modulate task-driven brain activity
in a frequency-specific manner. From a methodical point of view,
these interactions between tACS frequency and motor task can-
not reflect possible current-induced artifacts in MR-image acqui-
sition that would be constant across task context. Reassuringly,
an inspection of our data for task-unspecific signal changes dur-
ing tACS did not reveal any MR-image differences. However, this
also indicates that the stimulation did not result in an overall,
task-unspecific effect (e.g., for gamma vs beta tACS regardless of
task). One possible reason for this absent overall tACS effect—
and the lack of a net change in activity in the stimulated M1—
might be the tACS protocol used here. We applied a relatively
weak current amplitude (1 mA peak-to-peak) and used an extra-
cephalic reference electrode (Joundi et al., 2012) for minimizing
tACS-related side effects (e.g., possible phosphenes during beta
tACS). Future studies should explore whether different tACS
montages (e.g., with higher intensities or shorter distances be-
tween electrodes; Moliadze et al., 2010) will increase the tACS
impact on both behavior and BOLD activity.

We also investigated how gamma tACS over M1 modulated
the brain activity at the network level. This analysis revealed that
the improved task performance was accompanied by a decrease
in neural activity in the anterior part of the dmPFC, which was
specific for gamma tACS over M1 (compared with both beta
tACS and sham stimulation). This decreased BOLD activity in the
dmPFC during movement initiation appears more consistent

with a homeostatic compensatory effect rather than a direct long-
range inhibitory impact of gamma tACS over M1. From a func-
tional point of view, it may reflect that a decreased level of motor
executive control was necessary for performance of the
movement-initiation task during gamma tACS over M1. This is
supported by the well established role of the dmPFC for cognitive
control, as dmPFC activity usually increases when conflicting
response alternatives are present (Botvinick et al., 1999, 2004;
Shenhav et al., 2013). Viewed from this perspective, the facili-
tatory effect of gamma tACS over M1 on behavior might indicate
a decreased level of conflict during the execution of our
movement-initiation task, which may have required to a lesser
extent the recruitment of areas specialized in cognitive control,
such as the dmPFC.

At first glance, it may be surprising that the application of
stimulation over M1 resulted in changed brain activity in the
remote dmPFC. However, a functional connectivity analysis re-
vealed that the dmPFC is indeed heavily coupled with both cor-
tical and subcortical nodes of the motor network during the
movement-initiation task. This indicates that the modulatory ef-
fects induced by gamma tACS over M1 observed in the dmPFC
might be mediated through functional interactions between sen-
sorimotor areas and regions specialized in cognitive control.
More generally, our experimental setup revealed that modula-
tions of task-relevant brain rhythms in sensorimotor regions may
result in modulations of brain activity in regions that are not
directly linked to the low-level execution of sensorimotor tasks
per se but are rather are involved in more general cognitive
functions.

Methodological consideration
Up to now, several brain-stimulation methods have been com-
bined on-line with fMRI, resulting in techniques such as concur-
rent tDCS and BOLD fMRI (Antal et al., 2011; Holland et al.,
2011; Meinzer et al., 2012), concurrent TMS and BOLD fMRI
(Ruff et al., 2006, 2008; Moisa et al., 2009), concurrent TMS and
arterial spin labeling (Moisa et al., 2010, 2012), or concurrent
tDCS and arterial spin labeling (Zheng et al., 2011; Stagg et al.,
2013). Furthermore, recent studies showed that tACS can induce
BOLD changes even in the absence of behavioral modulations
(Alekseichuk et al., 2016; Cabral-Calderin et al., 2016a,b;
Vosskuhl et al., 2016). Here we go one step further and apply the
on-line combination of tACS and BOLD fMRI to investigate the
causal interplay between cortical rhythms, brain activity, and be-
havior. First, our quality measurements demonstrated that tACS
can be applied inside the MR scanner in an artifact-free fashion.
No static distortions due to the presence of the tACS electrode
were present at the surface of the cortex. Based on results of a
previous study (Antal et al., 2014), we also showed that tACS
applied at different frequencies did not induce any dynamic arti-
facts such as false-positive or false-negative activations. We also
provided additional arguments supporting the feasibility of con-
current tACS–fMRI: first, the SfNR and RF-noise measurements
demonstrated that the noise induced by the tACS in the EPIs is
negligible. Second, the temperature measurements proved that
tACS applied inside the MR scanner is safe for participants.
Third, the results of our motor study further validated our tACS–
fMRI setup. Here we did not simply compare the impact of
gamma tACS with sham stimulation, but we also used beta tACS
matched in duration and amplitude with the gamma-tACS pro-
tocol. The main effects of our motor task showed the expected
activation pattern of the executive motor system, while the com-
parison of gamma tACS or beta tACS with sham stimulation did
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not reveal any artifactual signal differences in unexpected brain
structures, such as white matter, ventricles, or CSF. Thus, it is
unlikely that the frequency-specific modulatory brain activity re-
ported here reflects noise introduced by the stimulation. On the
contrary, our results show that tACS is capable of modulating
movement-related brain activity both locally and at the network
level, in a frequency- and task-specific fashion.

Conclusion
To summarize, we used on-line tACS–fMRI to reveal the neural
substrates of tACS-induced motor performance modulations,
both locally at the stimulation site as well as at the network level.
We show that the gamma-tACS-induced motor performance
enhancements correlated with changed BOLD activity in the
stimulated M1 and modulated, in a frequency- and task-specific
manner, the neural activity of the remote dmPFC. This suggests a
novel role of this region for motor control. More generally, our
results demonstrate that on-line tACS–fMRI can be used to re-
solve the causal link between cortical rhythms, brain systems, and
behavior in health and disease. This may be of great relevance as
tACS could be applied as a therapeutical intervention in neuro-
logical diseases typically linked with abnormal oscillatory activ-
ity, such as schizophrenia or Parkinson’s disease (Thut et al.,
2012; Brittain et al., 2013; Herrmann et al., 2013).
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