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a b s t r a c t
Transcranial alternating current stimulation (tACS) is a promising tool for modulating brain oscillations. Combining tACS with functional magnetic resonance imaging (fMRI), we recently showed that tACS applied over the occipital cortex did not exert its strongest effect on regions below the electrodes, but mainly on more distant frontoparietal regions. Theoretically, this effect could be explained by tACS-induced modulation of functional connectivity between directly stimulated areas and more distant but anatomically and functionally connected regions.
In the present study, we aimed to characterize the effect of tACS on low frequency fMRI signal ﬂuctuations. We
employed simultaneous fMRI-tACS in 20 subjects during resting state (eyes open with central ﬁxation for
~8 min). Subjects received tACS at different frequencies (10, 16, 40 Hz) and with different electrode montages
(Cz-Oz, P5–P6) previously used in behavioral studies. Electric ﬁeld simulations showed that tACS over Cz-Oz directly stimulates occipital cortex, while tACS over P5–P6 primarily targets parietal cortices. Group-level
simulation-based functional connectivity maps for Cz-Oz and P5–P6 resembled the visual and fronto-parietal
control resting-state networks, respectively. The effects of tACS were frequency and partly electrode montage dependent. In regions where frequency-dependent effects of tACS were observed, 10 and 40 Hz tACS generally induced opposite effects. Most tACS effects on functional connectivity were observed between, as opposed to
within, resting-state networks. The left fronto-parietal control network showed the most extensive frequencydependent modulation in functional connectivity, mainly with occipito-parietal regions, where 10 Hz tACS increased and 40 Hz tACS decreased correlation values. Taken together, our results show that tACS modulates
local spontaneous low frequency ﬂuctuations and their correlations with more distant regions, which should
be taken into account when interpreting tACS effects on brain function.
© 2016 Elsevier Inc. All rights reserved.

Introduction
Transcranial alternating current stimulation (tACS) is a non-invasive
brain stimulation technique that has proven to be effective in modulating brain oscillations (Ali et al., 2013; Helfrich et al., 2014a; Ozen et al.,
2010; Zaehle et al., 2010; Reato et al., 2013). A growing body of literature exists documenting frequency-dependent effects of tACS on different brain functions in health (Cabral-Calderin et al., 2015; Feurra et al.,
2013, 2011a; Helfrich et al., 2014b; Joundi et al., 2012; Kanai et al.,
2008; Kar and Krekelberg, 2014; Laczo et al., 2012; Polania et al.,
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2012; Santarnecchi et al., 2013; Wach et al., 2013; Wang et al., 2015)
and disease (Brittain et al., 2013; Fedorov et al., 2010). For instance, effects of tACS on visual perception have been reported when tACS was
applied over occipital and parietal cortices at alpha or gamma frequencies (Helfrich et al., 2014a; Cabral-Calderin et al., 2015; Laczo et al.,
2012; Wang et al., 2015). Although these effects have been mainly attributed to increasing the power or synchrony of alpha/gamma oscillations in occipito-parietal areas, recent studies indicate that underlying
mechanisms of tACS effects are far more complicated. With the exception of a few studies combining tACS with electroencephalographic
(EEG) recordings (Helfrich et al., 2014a; Zaehle et al., 2010) or functional magnetic resonance imaging (fMRI) (Alekseichuk et al., 2015;
Cabral-Calderin et al., 2016; Vosskuhl et al., 2015), most of our knowledge about tACS is derived from behavioral studies. Technical challenges inherent to concurrent measurements of brain activity when
applying tACS, such as artifacts in EEG signals or the need for specialized
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MRI-safe equipment, leave only several published studies of combined
brain imaging and tACS, making it difﬁcult to interpret the behavioral
results in terms of the underlying brain activity (Zaehle et al., 2010;
Helfrich et al., 2014b; Alekseichuk et al., 2015; Cabral-Calderin et al.,
2016; Vosskuhl et al., 2015; Witkowski et al., 2015; Neuling et al., 2015).
In a recent study combining tACS with fMRI (Cabral-Calderin et al.,
2016) we showed that the effect of tACS on brain activity, as inferred
from the blood-oxygenation-level-dependent (BOLD) signal, is rather
complex and cannot entirely be predicted based on electrode positions
alone. In general, the effects of tACS over Cz-Oz were frequency-,
region-, and task-dependent. Speciﬁcally, BOLD activity changes were
stronger with lower tACS frequencies; that is, alpha (10 Hz) and beta
(16 Hz) frequencies were more effective than gamma (60, 80 Hz). Additionally, effects were mainly observed in regions not activated by the
task and that were distant from the electrodes (i.e., fronto-parietal but
not occipital regions) (Cabral-Calderin et al., 2016). The fact that the
above-mentioned study reported tACS effects mainly in areas distant
from the electrodes (i.e., fronto-parietal) could indicate that the effects
of tACS are transmitted from directly stimulated brain regions
(i.e., occipital) to more distant but anatomically and functionally connected regions. In fact, it has been proposed that the effects of phase entrainment (a possible mechanism of tACS) in a given brain area may
propagate through a larger network due to inter-regional phase locking
(Canolty and Knight, 2010). It is thus reasonable to assume that tACS
also interferes with the dynamics of brain networks. A recent study
combining tACS (applied over occipito-parietal areas) with EEG has
reported tACS-induced modulation of interhemispheric functional
connectivity in occipito-parietal cortices in a phase-speciﬁc manner
(Helfrich et al., 2014b). The authors reported that in-phase tACS in the
gamma range (40 Hz) enhanced interhemispheric synchrony while
anti-phase tACS impaired it, providing evidence of the possibility of
modifying functional coupling between brain regions with tACS.
The dynamics of intrinsically functionally connected networks have
been largely studied with resting-state fMRI (rs-fMRI), in which subjects are not engaged in an active task (e.g., awake with eyes closed or
eyes open, with or without eye ﬁxation (Van Dijk et al., 2010)). Over
the last two decades many studies have documented the presence of
resting-state networks (RSNs) arising from regionally distributed but
temporally correlated low frequency BOLD signal ﬂuctuations
(b0.1 Hz) in the resting brain (Fox et al., 2005; Fox and Raichle, 2007;
Biswal et al., 1995; Beckmann et al., 2005; Raichle, 2015). These RSNs
are constrained by, but not limited to, structural connectivity (Park
and Friston, 2013) and resemble several networks of functionally connected regions modulated by active tasks such as the dorsal attention
network (DAN), lateralized right and left fronto-parietal control networks (r-FP and l-FP, respectively), executive network, motor network,
visual network, and default mode network (DMN). It has been suggested that spontaneous BOLD signal ﬂuctuations have neurophysiological origins (Raichle, 2010; Shmuel and Leopold, 2008; Tagliazucchi
et al., 2012). Previous studies attempted to correlate the power of speciﬁc EEG rhythms with resting-state measurements and showed that
RSNs are related not only to one brain rhythm, but to combinations of
several. In terms of the BOLD signal amplitude in resting-state networks,
global (i.e., average over all EEG channels), as well as particularly occipital, alpha (8–13 Hz) power has been positively correlated with DMN
and negatively correlated with DAN, r-FP, l-FP, and visual networks
(Mantini et al., 2007; Mo et al., 2013; Zhan et al., 2014). Global beta
(13–30 Hz) power has been positively correlated with DMN and negatively correlated with DAN, visual and motor networks (Mantini et al.,
2007). Global gamma (N30 Hz) power has been positively correlated
with global resting-state activity and, in particular, with regions from
the executive network (e.g., medial-ventral prefrontal cortex and anterior cingulate (Mantini et al., 2007)). In terms of functional connectivity
(expressed as temporal correlations), special attention has been paid to
occipital alpha power, which negatively correlates with functional connectivity within visual cortices and between visual and more frontal and

89

subcortical regions (Scheeringa et al., 2012). An inverse relationship has
also been reported between central alpha and beta power spectra and
changes in functional connectivity, mostly between subcortical regions
and association cortices. In addition, a positive relationship has been
found between gamma power and functional connectivity changes between subcortical, association and primary cortices (central and occipital gamma power) and within these regions (frontal gamma power)
(Tagliazucchi et al., 2012). These links between speciﬁc EEG frequencies
and RSNs motivate the possibility of probing RSNs by modulating oscillatory activity with tACS.
The aim of the present study was to evaluate whether tACS applied
over occipital and parietal cortices induces changes in spontaneous activity measured with rs-fMRI. To this end, we applied tACS at three different frequencies in the alpha, beta, and gamma range (10, 16, 40 Hz,
respectively), and with two different electrode montages (Cz-Oz and
P5–P6). The tACS frequencies and electrode montages were chosen
based on previous studies showing modulatory effects of tACS at alpha
or gamma frequencies on visual perception (Helfrich et al., 2014a;
Laczo et al., 2012; Wang et al., 2015; Cabral-Calderin et al., 2016).
Given that our previous fMRI study indicated strongest tACS effects
in regions that were distant from the electrodes (i.e., fronto-parietal
but not occipital regions) (Cabral-Calderin et al., 2016), (I) we hypothesized that tACS would change functional connectivity between directly
stimulated regions and more distant areas. Based on previous EEG/
fMRI and tACS/fMRI studies, (II) we expected to observe frequencydependent modulation of RSNs with tACS. Given the previously reported negative correlations between the power of alpha/beta rhythms and
functional connectivity, as well as BOLD signal amplitude in most RSNs
(Tagliazucchi et al., 2012; Mantini et al., 2007; Scheeringa et al., 2012),
(III) we hypothesized that tACS at alpha and beta frequencies should reduce the amplitude of spontaneous low frequency ﬂuctuations and
functional connectivity in most RSNs (e.g., DAN and visual network).
An exception should be observed in the DMN, where the power of
alpha and beta rhythms have been found to positively correlate with
that network's BOLD signal amplitude, therefore, (IV) alpha and beta
tACS should increase the amplitude of spontaneous low frequency ﬂuctuations in the DMN (Mantini et al., 2007; Mo et al., 2013). Since gamma
power has been positively associated with the amplitude of BOLD signal
ﬂuctuations and their correlations (Tagliazucchi et al., 2012; Mantini
et al., 2007), (V) tACS in the gamma range should increase the amplitude of spontaneous low frequency ﬂuctuations and functional connectivity. According to our previous study (Cabral-Calderin et al., 2016) we
hypothesized that (VI) the strongest modulation of spontaneous low
frequency ﬂuctuations would be observed with alpha/beta tACS mainly
in fronto-parietal networks (i.e., r-FP and l-FP). In addition, since different electrode positions induce different electric ﬁeld distributions
(Neuling et al., 2012; Windhoff et al., 2013), (VII) we expected to observe a difference in the low frequency ﬂuctuation changes associated
with each electrode montage. Based on a previous study that simulated
the electric ﬁeld distribution induced by transcranial electric stimulation (Neuling et al., 2012), (VIII) we expect tACS over Cz-Oz to stimulate
mainly occipital cortex and, as a result, to modulate the amplitude of
low frequency ﬂuctuations and functional connectivity relative to the
visual network. Following the same reasoning, (IX) tACS over P5–P6
should stimulate mainly parietal regions, translating into modulation
of the amplitude of low frequency ﬂuctuations in parietal cortices and
functional connectivity of RSNs involving parietal regions such as r-FP,
l-FP and DAN.
Methods
Transcranial alternating current stimulation (tACS)
A battery-driven Eldith DC-stimulator Plus (NeuroConn GmbH,
Ilmenau, Germany) delivered tACS through a pair of conductive
rubber electrodes attached with electrode paste (Weaver and Company,
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Aurora, CO). Two different electrode montages were used in the experiment: (1) electrodes placed over Cz-Oz, (2) electrodes placed over P5–
P6, as determined by the International 10–20 EEG system (Fig. 1A). Each
montage was comprised of two round electrodes with each electrode
covering an area of 16 cm2. The stimulation sites were chosen to induce
oscillations bilaterally in occipital and parietal cortices (Neuling et al.,
2012; Windhoff et al., 2013). For both montages, tACS was applied at
10, 16, and 40 Hz for 8 min. The waveform of the stimulation was sinusoidal without DC offset. The current was ﬁxed to 1 mA (peak-to-peak),
resulting in a mean current density of 0.063 mA/cm2 (peak-to-peak)
under each electrode. The current was ramped up and down over 1 s
in order to make the protocol more comparable to our previous study
(Cabral-Calderin et al., 2016). Impedance was kept below 20 kΩ (impedances below 10 kΩ, as commonly used in tACS studies, cannot be accomplished because our MR-compatible stimulation setup has a
minimum possible impedance of 11.8 kΩ (Cabral-Calderin et al.,
2016)). Previous studies using similar tACS equipment have reported
no signiﬁcant artifacts induced by tACS on the BOLD signal
(Cabral-Calderin et al., 2016; Antal et al., 2014). However, possible artifacts induced by electrical stimulation might be speciﬁc to imaging and
stimulation parameters. In order to evaluate possible tACS-induced artifacts, we performed additional scanning sessions with a phantom, using
the same tACS parameters that were used in the main experiment. In
agreement with our previous study (Cabral-Calderin et al., 2016), we
observed differences in the temporal signal-to-noise ratio (tSNR)
when compared between scans with (i.e., electrodes placed and connected to the tACS stimulator outside the shielded room) or without
tACS setup. However, tSNR values were stable when comparing tACSon with tACS-off, while keeping all the other conditions the same. In
our study, the tACS setup was always in place and, therefore, we do
not expect tACS-induced artifacts to inﬂuence our results. Each subject
participated in a total of six sessions, in each of which tACS was applied
with a single tACS frequency-electrode montage combination in a randomized order. Each session was conducted on a different day, separated by at least 48 h (average time between experimental sessions across
subjects: 208 h, SD: 117 h).

Magnetic resonance imaging (MRI)
Experimental setup and design
Twenty subjects (10 females, mean age 25.1 ± 3.1 years) with normal or corrected-to-normal vision and without history of neurological
or psychiatric disease took part in the study. All subjects gave written informed consent. All procedures were performed according to the declaration of Helsinki and approved by the local Ethics Committee of the
University Medical Center Göttingen. All subjects were naive to the purpose of the experiments and were paid for their participation.
In each of the six sessions, a total of six resting-state scans were collected. Each resting-state scan lasted ~ 8 min, during which subjects
were asked to remain still with eyes open while ﬁxating on a central
cross. Eye position was monitored using an MR-compatible eye tracking
system (Arrington Research, Inc., Scottsdale, AZ) to verify that subjects
remained awake and ﬁxating on the central cross throughout the
resting-state scan. The ﬁrst three resting-state scans of each session referred to pre-sham, sham, and post-sham conditions. During the sham
condition, tACS was applied with the same parameters as the active
stimulation but with a total duration of 10 s. In each session, the last
three resting-state scans referred to pre-stimulation, stimulation, and
post-stimulation conditions. During the stimulation condition, tACS
was applied with a total duration of 8 min. The sham and active stimulation blocks were separated by at least 8 min (in which anatomical data
were collected). In each session, the sham stimulation block preceded
the active stimulation block to prevent after-effects of long stimulation
from contaminating sham conditions. After each run, the subjects rated
the strength of perceived phosphenes, cutaneous sensation, and fatigue
intensities on a scale ranging from 1 to 10. Due to technical problems in
the ﬁrst functional run of each session (lower tSNR with respect to the
other runs within the session), this run (pre-sham) was not used for
analysis. Therefore, the sham condition for each of the different frequencies was not included in the ﬁnal analyses. The post-sham run was used
for deﬁning RSNs (see Methods) and, for simplicity, will be referred to
as “baseline” throughout the manuscript. The session ﬂow is depicted
in Fig. 1B.

Fig. 1. Experimental design. A) The two electrode montages used in our experiment are illustrated with colored circles on top of a 3D reconstruction of one example participant. L: left, R:
right, A: anterior, P: posterior. B) Session ﬂow. Each session included a baseline and three stimulation runs (pre-stimulation, stimulation and post-stimulation) separated by one
anatomical measurement (T1-weighted/T2-weighted with/without fat saturation). The session ﬂow was kept constant across sessions but the tACS condition (frequency x electrode
montage combination) and the type of anatomical measurement collected in each session were pseudorandomized across participants. Dashed boxes on the right of the panel contain
depictions of the analysis implemented with the dataset collected in the speciﬁc run. ICA: independent component analysis for deﬁning the resting-state networks, FEM: ﬁnite
element method simulations, SBC: seed-based functional connectivity analysis, and ALFF: amplitude of low frequency ﬂuctuations and its fraction (fALFF).
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Data acquisition
All images were acquired using a 3 Tesla Magnetom TIM Trio scanner (Siemens Healthcare, Erlangen, Germany) with a 32-channel
phased-array head coil. First, a high-resolution T1-weighted anatomical
scan (three-dimensional (3D) turbo fast low angle shot; repetition time
(TR): 2250 ms, inversion time (TI): 900 ms, echo time (TE): 3.26 ms, ﬂip
angle 9°, isotropic resolution of 1 × 1 × 1 mm3) was obtained. All functional data were acquired using the 2D multiband gradient-echo echoplanar imaging sequence from the Center for Magnetic Resonance Research, University of Minnesota (Xu et al., 2013; Moeller et al., 2010;
Setsompop et al., 2012) with T2*-weighting (TR: 900 ms, TE: 30 ms,
ﬂip angle 50°, 39 slices of 3-mm thickness, gap between slices of 10%,
in-plane resolution of 3 × 3 mm2, multiband acceleration factor 3). A
total of 544 whole-brain volumes were acquired in each functional
run. In the stimulation run, tACS was initiated after 10 volumes were acquired. Six additional anatomical datasets were collected, one in each
session, between sham and active stimulation blocks. Four of these
datasets were used for creating individualized ﬁnite element method
(FEM) head models for the electric ﬁeld simulations (see section
below, (Windhoff et al., 2013; Thielscher et al., 2015)). These four anatomical datasets consisted of two T1-weighted anatomical scans with
the parameters described above, with and without fat suppression,
and two T2-weighted anatomical scans (3D turbo spin echo; TR:
3500 ms, TE: 282 ms, variable ﬂip angle, with integrated parallel acquisition technique: factor 2, isotropic resolution of 1 × 1 × 1 mm3), with
and without fat suppression. The other two anatomical datasets were
not used for any further analyses but were collected in order to have
the same time interval between the sham and active stimulation blocks
in all the six sessions.
Electric ﬁeld simulations
The FEM models simulating the electric ﬁeld induced by tACS were
calculated using SimNibs (Windhoff et al., 2013; Thielscher et al.,
2015). One participant was excluded from the electric ﬁeld simulations
due to a mesh generation error with one of the anatomical datasets. For
the remaining 19 subjects, each subject's set of T1- and T2-weighted images (with and without fat suppression) was used to create an individualized FEM mesh for modeling the electric ﬁeld for the electrode
montages used in this experiment. Inconsistencies in head meshes
due to electrode deformations were corrected manually. Electrode position coordinates were determined using a virtual 10–20 cap placed on
the mesh based on each subject's anatomy using customized Matlab
scripts (Matlab R2011b, www.mathworks.com, Natick, MA). Electric
ﬁeld simulations were generated in SimNibs for Cz-Oz and P5–P6 electrode placements for each subject using standard tissue conductivities
of σskin = 0.465 S/m, σskull = 0.010 S/m, σCSF = 1.654 S/m, σGM =
0.275 S/m, σWM = 0.126 S/m, for skin, skull, cerebral spinal ﬂuid
(CSF), gray matter and white matter (WM), respectively (Thielscher
et al., 2011). To generate regions of interest (ROI) for seed-based functional connectivity analysis, the electric ﬁeld strength (norm E) for
each simulation was transformed to corresponding subject gray matter
masks segmented from original MR volume space. The resulting MRspace electric ﬁeld simulation data were Talairach transformed,
thresholded at 50% of the maximum electric ﬁeld of each map (Opitz
et al., 2015a), and binarized. Binarized electric ﬁeld masks were overlaid
for all subjects for a given electrode montage and then thresholded such
that any voxel in which four or more subjects had 50% or greater electric
ﬁeld strength for the given montage was included. The resulting
thresholded group mask was used as a seed for cross-correlation analysis for each electrode position, except Cz, which left only a few voxels, as
is evident from the group participation maps (Supplemental materials,
Fig. S1). Seeds for P5 and P6 electrode positions were separated using
a right-left hemisphere mask in Talairach space. For each subject, the
mean electric ﬁeld strength from the 50% thresholded map was extracted for each electrode montage and used to quantitatively characterize
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the single subject's electric ﬁeld properties. The extracted values were
used for comparing the electric ﬁeld strength induced by each electrode
montage at the group level using paired t-test as implemented in
STATISTICA version 12.
Functional MRI data analysis
Preprocessing
All data preprocessing was performed in AFNI (Cox, 1996). The ﬁrst
10 volumes were discarded to align stimulation start time to the functional data. Preprocessing steps included: despiking, slice timing correction, deobliquing, motion correction, resampling to 3 × 3 × 3 mm,
transformation to Talairach space using each session's T1-to-MNI152
standard template transformation (MNI template was transformed
to Talairach space using AFNI's 3dWarp in order to ensure compatibility between software used for individual processing and group
statistical analyses), and 6 mm full-width-at-half-maximum-kernel
Gaussian smoothing. With the exception of data used for creating the
RSN seeds, the following preprocessing steps were also implemented:
4th-order polynomial regression (equivalent to demeaning, linear
trend removal, and high-pass ﬁltering), regression of motion parameters and the ﬁrst derivative of the motion parameters, bandpass ﬁltering
between 0.01 and 0.1 Hz, and nuisance regression of WM and CSF
signals extracted from masks segmented from individual anatomical
data.
Amplitude of low frequency ﬂuctuations (ALFF) and fractional ALFF ( fALFF)
analysis
The ALFF and fALFF were computed for all runs using AFNI (Zang
et al., 2007; Zou et al., 2008). Both ALFF and fALFF measure the power
of low frequency ﬂuctuations, which gives an indication of local metabolic changes associated with the BOLD signal. The algorithm was run
on the preprocessed data before bandpass ﬁltering. Brieﬂy, on a voxelby-voxel basis, the time course was converted into the frequency domain using a Fast Fourier Transform, the square root of the power spectrum was computed, and the average of the amplitudes in the range of
0.01–0.1 Hz were then calculated to obtain the ALFF (Zang et al., 2007;
Zou et al., 2008). Dividing each voxel's ALFF value by the amplitudes
of the entire detectable frequency range (0–0.55 Hz) yields that
voxel's fALFF (Zou et al., 2008) (Supplemental materials, Fig. S2A).
Both ALFF maps and fALFF maps were standardized with Z transformation (subtract global mean and divide by standard deviation) prior to
statistical analyses. While the ALFF reports the absolute power of low
frequency ﬂuctuations, it can be sensitive to high frequency pulsatile
changes such as heart rate, an artifact that can be mitigated by considering the fALFF, which has reduced sensitivity to such noise sources but
lower test-retest reliability (Zuo et al., 2010). Thus, it is important to
consider both measures. In our dataset, ALFF results closely resembled
fALFF results and therefore are not shown or described.
Seed-based functional connectivity analysis
Cross-correlation analyses were carried out in AFNI. Two different
sets of ROI seeds were deﬁned for these analyses. The ﬁrst set was deﬁned to represent commonly used RSNs using independent component
analysis (ICA), and the second set consisted of seeds derived from the
electric ﬁeld simulation, as described in the previous section ('Electric
ﬁeld simulations').
In order to deﬁne group-level, subject-based RSNs for analysis of effects of tACS on intrinsic functional connectivity, temporal concatenation group ICA was performed on the baseline run from every session
of every subject using FSL's MELODIC toolbox (Jenkinson et al., 2012).
Using the baseline run from every imaging session allows for grouplevel deﬁnition of independent components without the use of the experimental data (pre-stimulation, stimulation, and post-stimulation
runs), which is subsequently used for evaluating tACS-effects. In addition, including runs from all sessions can account for day-to-day subject
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variability in the RSNs. The algorithm was run on preprocessed data before any nuisance regression or bandpass ﬁltering and was ﬁxed to extract 30 components. Choosing 30 independent components allowed
reliable extraction of the seven RSNs that we chose to focus on; that is,
the DAN, DMN, executive, visual, motor, l-FP, and r-FP networks. We
chose these networks because we were interested in tACS effects
in well-known RSNs (Fox et al., 2005; Beckmann et al., 2005). The
resulting group components were then used to create ROI masks for
seed-based functional connectivity analysis by binarizing 50% of the
maximum positive signal from each of the chosen components. The
ICA components chosen for the purpose of our analysis, as well as the
corresponding seeds derived for calculating functional connectivity,
are depicted in Fig. 2. A graphical representation of the procedure can
be found in Supplemental materials Fig. S2 B. Since the 50% mask of
the DAN seed did not include the bilateral parietal regions (Fox et al.,

2005), we chose the mask threshold (70%) that included left and right
intraparietal sulci.

Network-to-network functional connectivity. As a strategy of data reduction, a network-to-network functional connectivity approach was conducted in order to evaluate ﬁrst the gross impact of tACS on intrinsic
functional connectivity between RSNs. For each condition of an individual subject, the average time course extracted for each RSN was correlated with that of every other network using Pearson's correlation. The
correlation values were transformed with the Fisher's r-to-z procedure
in order to be able to conduct statistical analyses on correlation values.
The resulting z-transformed correlations are summarized in a 7 × 7
inter-network functional connectivity matrix in Supplemental materials
(Fig. S2 B).

Fig. 2. ICA results. A) Selected components representing the seven resting-state networks selected for further analysis (from top: dorsal attention network (DAN), default mode network
(DMN), executive network, motor network, visual network, left fronto-parietal control network (l-FP) and right fronto-parietal control network (r-FP). B) Masks created from each
component (thresholded at 50% or 70%) representing each network to be used in the SBC.
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Whole-brain functional connectivity. For each stimulation run (pre-stimulation, stimulation, and post-stimulation) of each subject, wholebrain functional connectivity was computed for all aforementioned
seeds. Each seed was resampled into functional data resolution
(3 × 3 × 3 mm3) and used as a mask to extract the average time course
from the ROI. For a given seed, the resulting time course was then correlated with that of every other voxel in the brain using Pearson's correlation. The resulting coefﬁcient indexes how temporally similar any
voxel in the brain is to the network or region in question; thus, as measured with BOLD contrast, seed-based functional connectivity is always
an indication of the functional state of the brain relative to the seed of
interest. Supplemental materials (Fig. S2 B, C) illustrate the general
scheme for obtaining whole-brain correlations on the basis of RSN and
electric ﬁeld simulation-based seeds, respectively. Finally, for a total of
ten seeds (7 RSNs, 3 electric ﬁeld simulation-based ROIs), six sessions
and three (pre-stimulation, stimulation, post-stimulation) runs, 180
whole-brain correlation maps were computed for each subject. Correlation maps were Fisher r-to-z transformed prior to statistical analyses.

and P6 seed-based maps, similar two-factor rANOVAs were conducted
for P5–P6 stimulation conditions. For all whole-brain analyses, in cases
of statistical signiﬁcance in the rANOVAs, the standardized fALFF
or Fisher's z-transformed correlation values were extracted from each
signiﬁcant cluster and post-hoc analyses were conducted using paired
t-tests as implemented in STATISTICA.
For all statistical maps, multiple comparisons correction was performed at the cluster level. Maps were thresholded at an initial
cluster-forming threshold of p b 0.005. The sizes of the resulting clusters
were assessed for signiﬁcance using Monte Carlo simulations as implemented in BrainVoyager's cluster-level statistical threshold estimator
plugin. Reported clusters are signiﬁcant at a level of p b 0.05. For labeling
the signiﬁcant regions, the peak activation voxel from each cluster was
entered into the Talairach client tool (Research Imaging Institute, http://
www.talairach.org/client.html), a 5 mm range cube was deﬁned around
the peak voxel and the cluster was labeled according to the region to
which most of the deﬁned voxels belong. The statistical volume maps
in the ﬁgures are overlaid on the Colin brain template.

Statistical analysis

Phosphene perception, cutaneous sensation and fatigue ratings
Statistical analyses for phosphene perception, cutaneous sensation,
and fatigue ratings were performed using a three-factor rANOVA with
the within factors tACS frequency (3 levels: 10, 16, and 40 Hz), electrode
montage (2 levels: Cz-Oz and P5–P6) and time (3 levels: prestimulation, stimulation, and post-stimulation). In cases of statistical
signiﬁcance, post-hoc analyses were conducted by using paired t-tests
as implemented in STATISTICA. Additional analyses were performed
correlating phosphene perception and cutaneous sensation ratings
with the fALFF values extracted from ROIs located in the corresponding
primary sensory cortices. The detailed procedure is described in Supplemental materials.

All statistical comparisons were performed between the different
tACS frequencies and electrode montages for the active stimulation
(pre-stimulation, stimulation, and post-stimulation), combinations of
which were applied in a pseudorandomized manner across subjects
and sessions. This way, each frequency and electrode montage combination works as an implicit control condition for the others, controlling
for placebo effects, which should be universal across conditions. For this
reason, we focus on tACS frequency- and electrode montage-dependent
effects but not on non-speciﬁc tACS effects.
Network-to-network functional connectivity
Statistical analyses were implemented in STATISTICA. To obtain a
general overview for evaluating the impact of tACS on the functional
connectivity between networks, we analyzed the 7 × 7 inter-network
functional connectivity matrices. A four-factor repeated measures
analysis of variance (rANOVA) was conducted for each network
with the within factors tACS frequency (3 levels: 10, 16, and 40 Hz),
electrode montage (2 levels: Cz-Oz and P5–P6), time (3 levels:
pre-stimulation, stimulation, and post-stimulation) and network
combination (6 levels: e.g., for DAN the network combinations
were DAN-DMN, DAN-executive, DAN-motor, DAN-visual, DAN-l-FP,
and DAN-r-FP). Accordingly, seven different four-factor rANOVAs
were conducted. In cases that the rANOVA showed signiﬁcant
interaction effects (e.g., interaction tACS frequency × electrode
montage × time × network), a three-factor rANOVA was conducted
for each level of the network combination factor while keeping the
remaining factors as in the original four-factor rANOVA. In cases of
signiﬁcant interactions, post-hoc analyses were performed using paired
t-tests to further explore the differences.
Whole-brain functional connectivity and fALFF
All group-level volume statistics were conducted using
BrainVoyager QX Software version 2.8 (Brain Innovation, Maastricht,
The Netherlands), and the Neuroelf 0.9c toolbox for Matlab (retrieved
from http://neuroelf.net/). For fALFF and network-to-whole-brain functional connectivity, statistical analyses were done using a three-factor
rANOVA with the within factors tACS frequency (3 levels: 10, 16,
and 40 Hz), electrode montage (2 levels: Cz-Oz and P5–P6), and time
(3 levels: pre-stimulation, stimulation, and post-stimulation). For correlation maps resulting from P5, P6, and Oz seeds, two-factor rANOVAs
were applied using only conditions where tACS was applied with the respective electrode montage. For Oz seed-based maps, a two-factor
rANOVA with the within factors tACS frequency (3 levels: 10, 16, and
40 Hz) and time (3 levels: pre-stimulation, stimulation, and poststimulation) was conducted for Cz-Oz stimulation conditions. For P5

Results
Electric ﬁeld simulations
Using a ﬁnite element method, the electric ﬁeld for each montage
was simulated for every participant in order to predict the regions
being directly stimulated by tACS. According to the simulation, the electric ﬁeld induced by tACS over Cz-Oz is more centered on the occipital
cortex while the electric ﬁeld induced by tACS over P5–P6 is more centered over parietal areas in both hemispheres, as can be viewed in a representative subject shown in Fig. 3. Although the region of maximum
stimulation is different for each electrode montage, some areas receiving lower electric ﬁelds are shared in both montage setups, primarily
in medial occipito-parietal areas. Visual inspection of the electric ﬁeld
simulations showed that the electric ﬁeld is stronger and more widespread for tACS over P5–P6 than for tACS over Cz-Oz. This might be
due to the proximity of the electrodes to the brain and CSF in each montage as well as the composition of the skull in the regions directly underneath the electrodes (Opitz et al., 2015b). For instance, CSF is one of the
most conductive materials in the head, and therefore, it constitutes a
less resistive path for the applied electric currents (Opitz et al.,
2015b). With Cz-Oz, the electrodes are directly above a larger volume
of CSF than P5–P6 electrodes, thus possibly shunting the highest electric
ﬁeld to regions of the brain not directly underneath the electrodes. On
the contrary, with the P5–P6 montage, generally only a thin layer of
CSF sits between the skull and the brain, thus possibly less current is carried away before entering the gray matter regions underneath the electrodes. In fact, it has been previously reported that gray matter regions
that have a thin overlying CSF layer exhibit higher electric ﬁelds than
those overlaid with a thick CSF layer (Opitz et al., 2015b). In addition, individuals' electric ﬁelds are the strongest in subjects with the thinnest
layer of CSF (Laakso et al., 2015). The group participation maps for
each electrode montage, in which the single-subject electric ﬁeld
maps transformed to MRI space and thresholded at 50% are overlaid
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Fig. 3. Electric ﬁeld distributions obtained from the ﬁnite element method simulations for
each electrode montage for a representative subject. L: left hemisphere, R: right
hemisphere, A: anterior, and P: posterior.

on a representative brain, are shown in Fig. S1. As expected from visual
inspection of the maps, a paired t-test analysis on the mean electric ﬁeld
strength extracted from each subject's 50% thresholded map showed
that the mean electric ﬁeld induced by P5–P6 was stronger than that induced by Cz-Oz (t (18) = 5.05, p b 0.001). Overall, the mean strength of
the electric ﬁeld maps (within the 50% thresholded maps) did not show
high variability across subjects. Nonetheless, inter-subject variability
was higher for Cz-Oz than for P5–P6 (Cz-Oz: mean = 0.40 mV/mm,
SD = 0.09, range = 0.31; P5–P6: mean = 0.51 mV/mm, SD = 0.08,
range = 0.27).
Taken together, individual electric ﬁeld simulations as well as the
group participation maps suggest that direct effect of tACS with our
electrode montages is expected over occipital (Cz-Oz) and parietal
(P5–P6) areas.

Effect of tACS on fALFF
We investigated tACS-induced changes in the fALFF, which represents the intensity of spontaneous regional brain activity (Methods,
Supplemental materials, Fig. S2A). With this approach, we evaluated
local changes in resting-state activity independent of functional connectivity measures, which require interpretations relative to particular regions of interest (Zang et al., 2007; Zou et al., 2008). The three-factor
rANOVA, evaluating the main effect of tACS frequency, electrode montage, time, and their interactions, showed a signiﬁcant main effect of
time (F (2, 38) N 6.11, p b 0.005) mainly in frontal and occipital regions,
which in most cases was observed as a decrease in fALFF over time.
However, since the order of the different levels (pre-stimulation, stimulation and post-stimulation) in the time factor is ﬁxed, the effect of time
cannot exclusively be attributed to tACS effects. Time effects could also
manifest through cognitive state or scanner-related factors that systematically ﬂuctuate over time (Chang and Glover, 2010; Murphy et al.,
2013). Therefore, for this and the remainder of the statistical analyses,
we do not report main effects of time, but focus our attention on the interactions: tACS frequency × time, electrode montage × time, and tACS
frequency × electrode montage × time. With this approach, we control
for time and placebo effects, which should be universal across conditions. These interactions could be understood as follows: the tACS

frequency × time interaction shows the effect of time that is dependent
on the tACS frequency (frequency-dependent effects), regardless of the
electrode montage (the effect of frequency can be similar across
electrode montages); the electrode montage × time interaction
shows the effect of time that is dependent on the electrode montage
(montage-dependent effects), regardless of the frequency (the effect
of electrode montage can be similar across frequencies); and the tACS
frequency × electrode montage × time interaction shows signiﬁcant
interaction between the frequency- and montage-dependent effects
(frequency-dependent effects are different between electrode montages). Signiﬁcant tACS frequency × time interaction (F (4, 76) N 4.05,
p b 0.005) was found in a few clusters, including the precuneus (PCu)
and the right middle occipital gyrus (MOG) (Fig. 4A). Post-hoc analyses
on these clusters showed that, in general, tACS effects on fALFF were almost exclusively found in the post-stimulation period with opposite effects induced by 10 and 40 Hz tACS. In some regions, the effect of tACS at
16 Hz followed the effect of 10 Hz tACS (PCu) and in other regions, it
followed that of 40 Hz tACS (MOG). Signiﬁcant electrode
montage × time interaction (F (2, 38) N 6.11, p b 0.005) was observed
in a few clusters, including the cuneus (Cu) and the right medial frontal
gyrus (MedialFG) (Fig. 4B). Post-hoc analyses on these clusters showed
opposite effects induced by each electrode montage during and after the
stimulation period. In general, the observed trend was that, in the most
posterior regions (e.g., Cu), tACS over Cz-Oz increased the fALFF during
the stimulation, which decreased or returned to pre-stimulation levels
in the post-stimulation period, while tACS over P5–P6 decreased fALFF
mainly in the stimulation period. The tACS frequency × electrode
montage × time interaction was signiﬁcant (F (4,76) N 4.05, p b 0.005)
for a few clusters, including bilateral postcentral gyrus (PoC) close to
primary motor/somatosensory cortices, and the inferior parietal lobule
(IPL) (Fig. 4C). Post-hoc analyses showed that for PoC, tACS at 10 Hz increased fALFF during the stimulation period when it was applied over
Cz-Oz while it decreased fALFF during and after the stimulation when
it was applied over P5–P6. A different pattern was observed for IPL,
where 10 Hz decreased fALFF when it was applied over Cz-Oz and it increased fALFF when applied over P5–P6, both effects observed during
the stimulation but not after. The effects of 16 and 40 Hz tACS were observed in PoC where 16 Hz P5–P6 and 40 Hz Cz-Oz decreased fALFF,
both effects observed only in post-stimulation. A detailed description
of the three-factor rANOVA results – including statistical values for
each cluster that showed a signiﬁcant interaction effect as well as the
post-hoc test performed on the fALFF values extracted from the speciﬁc
cluster – is provided in Supplemental materials, Table 1.
In a complementary analysis, it was observed that for some tACS
conditions, the mean strength of the electric ﬁeld induced by tACS predicted the stimulation effects mainly in posterior regions. For instance,
subjects exhibiting higher mean electric ﬁeld strengths with the Cz-Oz
montage showed higher decreases in fALFF values in posterior regions,
such as PCu and the left fusiform gyrus (both during stimulation), due
to 10 Hz tACS over Cz-Oz (r b −0.62, p b 0.005). A detailed description
of these results is provided in Supplemental materials (Results, Fig. S3,
Table 2).
Taken together, fALFF analysis indicates that tACS affected the regional metabolic activity in a frequency- and electrode montagedependent manner during and after the stimulation period, with 10
and 40 Hz tACS inducing opposite effects. Electrode montagedependent effects were observed in a few regions close to the electrodes
(i.e., PoC and IPL), but speciﬁc regional effects were not exclusive to
their correspondingly expected montage. For example, based on simulations, we would expect IPL modulation only with tACS over P5–P6,
however, both montages showed signiﬁcant effects, albeit in opposite
directions. The signiﬁcant correlations observed between the electric
ﬁeld strength and the effect of tACS on fALFF suggests that incorporating
individual predictions based on electric ﬁeld simulations could be a
valuable approach for evaluating tACS effects in both, neural and behavioral studies.
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Fig. 4. Effect of tACS on fALFF. Signiﬁcant interactions in the three-factor rANOVA performed on the fALFF overlaid on the surface-rendered Colin brain template. A) tACS frequency × time
interaction, B) Electrode montage × time interaction, and C) tACS frequency × electrode montage × time interaction. Maps were thresholded using clusters determined by p b 0.005 and a
corrected cluster signiﬁcance threshold of p b 0.05. The resulting cluster size threshold was 6 functional voxels (162 mm) for A and 7 functional voxels (189 mm) for B and C. Bar graphs
show post-hoc results for representative clusters for each interaction effect. Error bars denote standard error of the mean. L: left hemisphere, R: right hemisphere. MOG: middle occipital
gyrus, PCu: precuneus, Cu: cuneus, MedialFG: medial frontal gyrus, PoC: postcentral gyrus, and IPL: inferior parietal lobe. *p b 0.05, **p b 0.01.

Effect of tACS on resting-state network functional connectivity (seed-based
functional connectivity analysis)
Network-to-network functional connectivity changes
After evaluating tACS-induced changes in fALFF as a measure of intensity of spontaneous regional brain activity, we next focused on

evaluating tACS-induced changes on functional connectivity expressed
by temporal correlations. Seven well-known resting-state networks
(Fox et al., 2005; Beckmann et al., 2005) were deﬁned from the baseline
scans using temporal concatenation group ICA (Methods, Fig. 2A). The
main components resulting from the ICA matched the previously reported RSNs (Fox et al., 2005; Biswal et al., 1995; Beckmann et al.,
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2005; Corbetta and Shulman, 2002; Gao and Lin, 2012; Raichle et al.,
2001; Amadi et al., 2013; Lowe et al., 1998; Spreng et al., 2013;
Vincent et al., 2008). The selected component representing the DAN included regions located bilaterally along the intraparietal sulci (IPS),
frontal eye ﬁelds (FEF), human visual motion complex (V5/hMT +),
and part of the MedialFG (Fox et al., 2005; Corbetta and Shulman,
2002; Gao and Lin, 2012). The DMN component included bilateral angular gyri and, most strongly, anterior and posterior cingulate cortices
(ACC/PCC) (Fox et al., 2005; Gao and Lin, 2012; Raichle et al., 2001).
The executive network component included cingulate gyrus (CG) and
bilateral middle frontal gyrus (MFG)/superior frontal gyri (SFG)
(Beckmann et al., 2005; Amadi et al., 2013). The motor network component included bilateral pre-central gyrus (PrC) and PoC, insula and supplementary motor area (SMA) (Biswal et al., 1995). The visual network
component included mainly occipital cortex (Lowe et al., 1998). The
components representing the r-FP and l-FP included regions in the
MFG, inferior temporal gyrus (ITG), PCu and IPL/superior parietal lobe
(SPL), located in the right and left hemispheres, respectively (Gao and
Lin, 2012; Spreng et al., 2013; Vincent et al., 2008). These components
were thresholded at 50% (except for DAN, which was thresholded at
70%) and used to represent RSNs (Fig. 2B) in seed-based functional connectivity analysis.
To obtain a general overview of the impact of tACS on resting-state
functional connectivity, we ﬁrst evaluated between-network correlation changes. To this end, seed-based functional connectivity analysis
was conducted by correlating each RSN's average time course
with that of every other network (Methods, Supplemental materials,
Fig. S2 B). Visual inspection of the network-to-network results
(Supplemental materials, Fig. S4) shows that the functional connectivity
pattern between networks remained similar in all conditions (i.e., tACS
frequency, electrode montage, and time). As reported in the literature of
resting-state functional connectivity, there was an anticorrelation
between DAN and DMN, and positive correlations between DAN and
the fronto-parietal control networks (l-FP and r-LP) (Fox et al., 2005;
Gao and Lin, 2012). The four-factor rANOVA evaluating the main
effects and interactions between tACS frequency, electrode montage,
time, and network combination was signiﬁcant only for the DAN
(tACS frequency × electrode montage × time × network interaction:
F (20, 380) = 1.66, p = 0.037) and for the l-FP (tACS frequency ×
time × network interaction: F (20, 380) = 1.71, p = 0.029; tACS
frequency × electrode montage × time × network interaction: F (20,
380) = 1.97, p = 0.007). Follow-up three-factor rANOVAs for the functional connectivity between each of these networks (DAN and l-FP) and
the remaining six RSNs showed signiﬁcant tACS frequency × electrode
montage × time interaction for the DAN to visual network combination
(F (4, 76) = 2.70, p = 0.036). With respect to the l-FP, a signiﬁcant tACS
frequency × time interaction was observed for the combination l-FP to
visual network (F (4, 76) = 3.16, p = 0.018), and a signiﬁcant tACS
frequency × electrode montage × time interaction was observed for
the functional connectivity of l-FP to DMN (F (4, 76) = 2.64, p =
0.040). It is worth noting that for the two above-mentioned signiﬁcant
tACS frequency × electrode montage × time interactions (DAN to visual
network, l-FP to DMN), post-hoc analyses showed that tACS was effective only when applied over Cz-Oz, but not when applied over P5–P6.
A more detailed description about the main effects and post-hoc analyses are shown in Supplemental materials, Fig. S5. In summary, tACSinduced modulation of the network-to-network functional connectivity was only signiﬁcant for the DAN (i.e., with the visual network) and
the l-FP (i.e., with the visual network and DMN), mainly with tACS
over Cz-Oz.
Network-to-whole-brain functional connectivity changes
To gain further insight into network-based interactions, each RSN's
average time course was correlated with that of every other voxel in
the brain (Supplemental materials, Fig. S2 B). This approach offers the
opportunity to evaluate functional connectivity changes within a

network as well as between the network and the whole brain in a less
categorical manner than the network-to-network analysis (Methods).
We focus our description of the results on the networks that showed
tACS-induced modulation in either the fALFF or the network-tonetwork analysis, i.e., DAN, l-FP, motor, and visual networks. Focus on
the visual and l-FP networks was also motivated by the electric ﬁeld
simulation prediction that tACS at Cz-Oz and P5–P6 maximally stimulate occipital and parietal cortices, respectively. The DMN, executive
network and the r-FP did not show signiﬁcant tACS modulation in either
fALFF or network-to-network analysis; therefore, we will not describe
network-to-whole-brain analysis results for these networks.
Dorsal attention network (DAN). For the DAN (Fig. 5A), the functional
connectivity maps obtained in the pre-stimulation conditions (Fig. 5B)
are similar to the original DAN component obtained from the ICA (compare Fig. 5B to Fig. 2A). A signiﬁcant tACS frequency × time interaction
(F (4, 76) N 4.05, p b 0.005, Fig. 5C) was observed in a few clusters, including the right MOG and the left lentiform nucleus (LN), an anatomical region that comprises the putamen and the globus pallidus in the
basal ganglia. In the case of the MOG, post-hoc analyses showed that
its functional connectivity with the DAN was signiﬁcantly modulated
by tACS at 10 and 16 Hz, with 10 Hz decreasing functional connectivity
and 16 Hz tACS increasing it. These changes were restricted to the stimulation period. For the LN, 10 and 16 Hz tACS increased functional connectivity during (10 Hz) or after (16 Hz) the stimulation period while
40 Hz decreased it both during and after the stimulation. Signiﬁcant
electrode montage × time interaction (F (2, 38) N 6.11, p b 0.005,
Fig. 5D) was observed in the right MFG and most strongly in the bilateral
thalamus. Post-hoc analyses showed that in both regions, tACS over CzOz decreased its functional connectivity with the DAN while tACS over
P5–P6 increased it, however, for the right MFG, these effects were observed only in the post-stimulation period, while for the thalamus,
these effects were observed both during and after the stimulation period. A signiﬁcant tACS frequency × electrode montage × time interaction
(F (4, 76) N 4.05, p b 0.005, Fig. 5E) was observed mainly for the right superior temporal gyrus (STG) and for left IPL. Post-hoc analyses showed
that for the right STG, 16 Hz tACS increased its functional connectivity
with the DAN during the stimulation period when applied over Cz-Oz
while 40 Hz decreased it in the post-stimulation period. For this cluster,
40 Hz tACS was the only effective frequency when tACS was applied
over P5–P6, which increased the functional connectivity in the poststimulation period. For the left IPL, 10 Hz tACS applied over Cz-Oz decreased its functional connectivity with the DAN during and after the
stimulation period while it increased it in the post-stimulation period
when applied over P5–P6. Stimulations with 16 and 40 Hz tACS were effective when applied over P5–P6, decreasing the left IPL-to-DAN functional connectivity during (16 and 40 Hz) and after (only 16 Hz) the
stimulation period. A detailed description of the three-factor rANOVA
results – including statistical values for each cluster that showed a signiﬁcant interaction effect as well as the post-hoc test performed on
the z-transformed correlation values extracted from the speciﬁc cluster
– is provided in Supplemental materials, Table 3.
In general, tACS-induced modulation of the functional connectivity
between the DAN and the whole brain was mainly observed in regions
outside the network (e.g., right MOG). Within network changes were
observed, for example, in the left IPL.
Left fronto-parietal control network (l-FP). For the l-FP (Fig. 6A), the correlation maps in the pre-stimulation conditions (Fig. 6B) resemble
closely the original l-FP component obtained from ICA (compare
Fig. 6B to Fig. 2A). The tACS frequency × time interaction was signiﬁcant
(F (4, 76) N 4.05, p b 0.005, Fig. 6C) in several regions in frontal, parietal
and occipital cortices as well as in the LN. The largest clusters included
one covering a broad area in the right occipito-parietal cortices and another in the LN. Post-hoc analyses showed that 10 Hz tACS increased
functional connectivity between l-FP and these two clusters while
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Fig. 5. Effect of tACS on functional connectivity relative to DAN. Signiﬁcant interactions in the three-factor rANOVA performed on the DAN network-to-whole-brain functional connectivity
analysis. A) Mask used for the DAN seed, B) Functional connectivity maps in the pre-stimulation conditions, C) tACS frequency × time interaction, D) Electrode montage × time interaction,
E) tACS frequency × electrode montage × time interaction. Maps in C–E were thresholded using clusters determined by p b 0.005 and a corrected cluster signiﬁcance threshold of p b 0.05.
The resulting cluster size threshold was 9 functional voxels (243 mm) for C and 10 functional voxels (270 mm) for D and E. Bar graphs show post-hoc results for representative clusters for
each interaction effect. Error bars denote standard error of the mean. L: left hemisphere, R: right hemisphere. MOG: middle occipital gyrus, LN: lentiform nucleus, MFG: middle frontal
gyrus, Tha: thalamus, IPL: inferior parietal lobe, and STG: superior temporal gyrus. *p b 0.05, **p b 0.01.

40 Hz tACS decreased it both during and after the stimulation period. No
signiﬁcant electrode montage × time interaction was observed for this
network. Signiﬁcant tACS frequency × electrode montage × time interactions (F (4, 76) N 4.05, p b 0.005, Fig. 6D) were observed in a few clusters, including the right middle temporal gyrus (MTG) and CG. Post-hoc
analyses showed that for the MTG, 10 Hz tACS decreased functional connectivity during and after the stimulation period when it was applied
over Cz-Oz and increased functional connectivity during the stimulation
period when applied over P5–P6. Stimulation with 16 Hz tACS decreased functional connectivity during the stimulation period only
when it was applied over P5–P6. For the CG, 10 Hz tACS decreased functional connectivity during the stimulation over Cz-Oz. In addition, when
tACS was applied over P5–P6, 16 Hz tACS increased functional connectivity after the stimulation period and 40 Hz decreased it during and
post stimulation. A detailed description of the three-factor rANOVA
and post-hoc results can be found in Supplemental materials, Table 4.
Similar to the DAN, tACS-induced modulation of functional connectivity between the l-FP and the whole brain was mainly observed in regions outside the network whose functional connectivity is low in the
pre-stimulation periods. Spatially extensive tACS frequency × time interaction was observed between the l-FP and occipito-parietal regions,
which matched our prediction of tACS modulating functional connectivity between regions close to the electrodes and more distant frontoparietal areas.
Motor network. As for the networks described above, the correlation maps
with the motor network seed (Fig. 7A) obtained in the pre-stimulation
conditions (Fig. 7B) are similar to the original motor network component

obtained from the ICA (compare Fig. 7B to Fig. 2A). Signiﬁcant tACS
frequency × time interaction (F (4, 76) N 4.05, p b 0.005, Fig. 7C) was observed in the left MFG and bilateral pulvinar nucleus in the thalamus.
Post-hoc analyses showed that 10 Hz tACS increased functional connectivity between the motor network and both clusters, during the stimulation. This effect was observed in the post-stimulation period only for the
pulvinar. The effect of 16 Hz tACS was observed as a decrease in functional
connectivity between the motor network and the MFG during the stimulation and between the motor network and the pulvinar in the poststimulation period. Stimulation with tACS at 40 Hz decreased functional
connectivity only during the stimulation period for the MFG. Signiﬁcant
electrode montage × time interaction (F (2, 38) N 6.11, p b 0.005,
Fig. 7D) was observed for the left SFG and the lingual gyrus (LingG).
Post-hoc analyses showed that tACS decreased functional connectivity
between the motor network and the left SFG only in the poststimulation period when it was applied over Cz-Oz. For the LingG, tACS
over Cz-Oz decreased functional connectivity during the stimulation period, while tACS over P5–P6 increased it both during and after the stimulation period. Signiﬁcant tACS frequency × electrode montage × time
interaction (F (4, 76) N 4.05, p b 0.005, Fig. 7E) was observed for several
clusters, including the left insula and PoC. Interestingly, these two clusters
are located within the motor network (Fig. 7B). For both clusters, and in
agreement with the results obtained in the fALFF analysis, 10 Hz tACS increased functional connectivity during (PoC) and after (insula, PoC) the
stimulation period when tACS was applied over Cz-Oz. Stimulation with
40 Hz tACS over Cz-Oz decreased functional connectivity during (insula)
and after (insula, PoC) the stimulation period. When tACS was applied
over P5–P6, 10 Hz tACS decreased functional connectivity in the post-
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Fig. 6. Effect of tACS on functional connectivity relative to l-FP. Signiﬁcant interactions in the three-factor rANOVA performed on the l-FP network-to-whole-brain functional connectivity
analysis. A) Mask used for the l-FP seed, B) functional connectivity maps in the pre-stimulation conditions, C) tACS frequency × time interaction, D) tACS frequency × electrode
montage × time interaction. Maps in C–D were thresholded using clusters determined by p b 0.005 and a corrected cluster signiﬁcance threshold of p b 0.05. The resulting cluster size
threshold was 13 functional voxels (351 mm) for C and 9 functional voxels (243 mm) for D. Bar graphs show post-hoc results for representative clusters for each interaction effect.
Error bars denote standard error of the mean. L: left hemisphere, and R: right hemisphere. LN: lentiform nucleus, Occ: occipital, MTG: middle temporal gyrus, and CG: cingulate gyrus.
Red* p = 0.05, * p b 0.05, ** p b 0.01.

stimulation period for both clusters while 16 Hz tACS decreased functional connectivity only for the PoC in the post-stimulation period. A detailed
description of the three-factor rANOVA and post-hoc analyses is provided
in Supplemental materials, Table 5.
In general, functional connectivity changes relative to the motor
network resembled the pattern described in the previous section for
the fALFF and for the other networks, with 10 and 40 Hz tACS showing
opposite effects. Within-network functional connectivity changes were
observed in insula and PoC.
Visual network. Correlation maps in the pre-stimulation conditions resemble closely the original component representing the visual network
obtained with ICA (Figs. 8A–B, compare Fig. 8B to Fig. 2A). Signiﬁcant
tACS frequency × time interaction (F (4, 76) N 4.05, p b 0.005, Fig. 8C)
was found for a few clusters, including the PCC and the left MOG.
Post-hoc analyses showed that the visual network functional connectivity to both clusters increased with 10 Hz tACS during and after (only
PCC) the stimulation period. Stimulation with tACS at 16 Hz increased
functional connectivity between the visual network and the PCC after
the stimulation and decreased functional connectivity between the visual network and the MOG during and after the stimulation. Stimulation
with tACS at 40 Hz decreased functional connectivity between the visual
network and the PCC after the stimulation period. Note that the MOG

cluster belongs to the visual network, given by high correlation values
between the visual network and this cluster in the pre-stimulation condition (Fig. 2A, Fig. 8B). Signiﬁcant electrode montage × time interaction
(F (2, 38) N 6.11, p b 0.005, Fig. 8D) was found for a few clusters, including the left insula and the right IFG. Post-hoc analyses showed
that Cz-Oz stimulation increased functional connectivity between the
visual network and the insula while P5–P6 decreased this relationship
during stimulation. In terms of electrode montage, Cz-Oz tACS also
decreased visual network correlation with IFG in the post-stimulation
period. A signiﬁcant tACS frequency × electrode montage × time interaction (F (4, 76) N 4.05, p b 0.005, Fig. 8E) was found for left MFG and in a
cluster intersecting middle and superior frontal gyri (MFG/SFG). The visual network correlation with MFG/SFG was affected only when tACS
was applied over P5–P6, with 10 Hz increasing this functional connectivity during the stimulation period, and 16 and 40 Hz decreasing it
during and after (only for 40 Hz) the stimulation. The functional connectivity between the visual network and the MFG increased with
10 Hz tACS over Cz-Oz in the post-stimulation period and decreased
with 40 Hz tACS over Cz-Oz during the stimulation. Stimulation with
16 Hz tACS decreased functional connectivity between the visual network and the MFG during the stimulation period, when it was applied
over P5–P6. A detailed description of the three-factor rANOVA and
post-hoc results is provided in Supplemental materials, Table 6.
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Fig. 7. Effect of tACS on functional connectivity relative to motor network. Signiﬁcant interactions in the three-factor rANOVA performed on the motor network-to-whole-brain functional
connectivity analysis. A) Mask used for the motor network, B) functional connectivity maps in the pre-stimulation conditions, C) tACS frequency × time interaction, D) electrode
montage × time interaction, E) tACS frequency × electrode montage × time interaction. Maps in C–E were thresholded using clusters determined by p b 0.005 and a corrected cluster
signiﬁcance threshold of p b 0.05. The resulting cluster size threshold was 10 functional voxels (270 mm) for C and E, and 9 functional voxels (243 mm) for D. Bar graphs show posthoc results for representative clusters for each interaction effect. Error bars denote standard error of the mean. L: left hemisphere, R: right hemisphere. MFG: middle frontal gyrus,
Pulv: pulvinar, SFG: superior frontal gyrus, LingG: lingual gyrus, and PoC: postcentral gyrus. *p b 0.05, **p b 0.01.

In summary, functional connectivity changes relative to the visual
network were mainly observed between this network and regions outside of the network, except for the MOG, and followed the previously
described pattern of 10 and 40 Hz tACS showing opposite effects.
Overall, results from the seed-based functional connectivity analyses
using the selected RSNs showed that tACS effects on RSN functional
connectivity were frequency- and electrode montage-dependent, with
10 and 40 Hz tACS often inducing opposite sign of effects. Most of the
tACS effects were observed as modulation of inter-network functional
connectivity (as observed in network-to-network and network-towhole-brain correlations). Intra-network functional connectivity
changes were observed for the DAN (IPL), the motor network (insula,
PoC) and the visual network (MOG). The l-FP showed the most extensive frequency-dependent modulation in functional connectivity, mainly with occipito-parietal areas.
tACS-induced changes in functional connectivity relative to maximally
stimulated areas
Apart from assessing intrinsic resting-state networks, another important question is whether tACS modulates functional connectivity between directly stimulated and distant brain regions. This analysis would
help explain results from our previous study showing that tACS

modulated the BOLD signal in regions distant from the electrodes. To
this end, three different ROIs were generated based on the regions
with the highest electric ﬁeld across subjects (Oz, P5, P6, see
Methods) as predicted by simulations (Fig. 3, Fig. S2). These ROIs were
employed as seeds for seed-based functional connectivity analyses,
wherein each seed's average time course was correlated with that of
every other voxel in the brain (Supplemental materials, Fig. S2 C).
For tACS over Cz-Oz, the seed (Oz) region was located within the occipital cortex (Fig. 9A, Supplemental materials, Fig. S1). The group functional connectivity map of the pre-stimulation conditions shows that
this seed exhibits greatest functional connectivity with other regions
within the occipital cortex (Fig. 9B), constituting a network that resembles the visual network component obtained with our ICA analysis
(compare Fig. 9B to Fig. 2A). This suggests that, based on the electric
ﬁeld simulations, tACS over Cz-Oz maximally stimulates the visual
network. To evaluate whether tACS over Cz-Oz modulates functional
connectivity of the area directly stimulated (as predicted by our
electric ﬁeld simulations), a two-factor rANOVA evaluating tACS
frequency × time interaction effects was conducted with the data collected when tACS was applied with the Cz-Oz montage. Signiﬁcant
tACS frequency × time interaction (F (4, 76) N 4.05, p b 0.005, Fig. 9C)
was observed within the network in the left Cu, but mainly in regions
outside of the visual network, including the left MedialFG and insula.
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Fig. 8. Effect of tACS on functional connectivity relative to the visual network. Signiﬁcant interactions in the three-factor rANOVA performed on the visual network-to-whole-brain functional
connectivity analysis. A) Mask used for the visual network seed, B) functional connectivity maps in the pre-stimulation conditions, C) tACS frequency × time interaction, D) electrode
montage × time interaction, E) tACS frequency x electrode montage x time interaction. Maps in C-E were thresholded using clusters determined by p b 0.005 and a corrected cluster
signiﬁcance threshold of p b 0.05. The resulting cluster size threshold was 11 functional voxels (297 mm) for C, 9 functional voxels (243 mm) for D, and 10 functional voxels (270 mm)
for E. Bar graphs show post-hoc results for representative clusters for each interaction effect. Error bars denote standard error of the mean. L: left hemisphere, R: right hemisphere. PCC:
posterior cingulate cortex, MOG: middle occipital gyrus, IFG: inferior frontal gyrus, MFG: middle frontal gyrus, and SFG: superior frontal gyrus. *p b 0.05, **p b 0.01.

Fig. 9. Effect of tACS on functional connectivity relative to simulation-based ROI Oz. Signiﬁcant interactions in the two-factor rANOVA performed on the Oz functional connectivity analysis.
A) Mask used for the Oz seed, B) Functional connectivity maps in the pre-stimulation conditions, C) tACS frequency x time interaction. Maps in C were thresholded using clusters
determined by p b 0.005 and a corrected cluster signiﬁcance threshold of p b 0.05. The resulting cluster size threshold was 11 functional voxels (297 mm). Bar graphs show post-hoc
results for representative clusters for the interaction effect. Error bars denote standard error of the mean. L: left hemisphere, R: right hemisphere. Cu: cuneus, and MedialFG: medial
frontal gyrus. *p b 0.05, **p b 0.01.
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Post-hoc analyses showed that 10 Hz tACS was most effective during
the stimulation period, signiﬁcantly decreasing functional connectivity
between the Oz seed and the Cu as well as the insula, and increasing it
with the MedialFG. Stimulation with tACS at 16 Hz increased functional
connectivity between the seed and these three regions, which was observed during (Cu) or after (insula) the stimulation period, or both
(MedialFG). On the other hand, 40 Hz tACS mainly decreased functional
connectivity between the seed and regions outside the visual network
during or after the stimulation period. For a more detailed description
of the results, please refer to Supplemental materials, Table 7.
Continuing with the electric ﬁeld simulation-based seeds, for tACS
over P5–P6, one seed region was situated in the posterior parietal cortex
in each hemisphere (P5, P6) (Supplemental materials, Fig. S1). Twofactor rANOVAs were conducted separately for the P5 and P6 seeds, including only the conditions with stimulation applied over P5–P6 in
order to test whether this montage was able to induce changes in the
functional connectivity of the regions being maximally stimulated. For
the P5 seed (Fig. 10A), the group functional connectivity map of the
pre-stimulation conditions shows greatest functional connectivity between this seed and fronto-parietal regions, which is more pronounced
in the left hemisphere (Fig. 10B). This functional connectivity map resembles the l-FP component obtained with our ICA analysis (compare
Fig. 10B to Fig. 2A). A signiﬁcant tACS frequency × time interaction
(F (4, 76) N 4.05, p b 0.005, Fig. 10C) was observed in several clusters, including right Cu and LN. Post-hoc analyses showed that in most of the
clusters, as already reported for previous analyses, 10 and 40 Hz tACS induced opposite effects, with 10 Hz tACS mainly increasing functional
connectivity (during and/or after the stimulation period) and 40 Hz
tACS decreasing it (mainly after the stimulation period). Note that similar clusters (i.e., Cu and LN) exhibited the same functional connectivity
modulation in the P5 seed analysis and l-FP network-to-whole-brain
functional connectivity analysis (compare Fig. 10C to Fig. 6C). Most
changes in functional connectivity relative to the P5 seed (left hemisphere) were observed in regions in the right hemisphere, suggesting
tACS modulation of inter-hemispheric functional connectivity, as
shown in EEG-tACS studies (Helfrich et al., 2014b). For a more detailed
description of the results, please refer to Supplemental materials,
Table 8.
Stimulation with tACS was less effective at modulating the functional connectivity with the P6 seed, whose functional connectivity map in
the pre-stimulation condition resembles that of the r-FP (compare
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Supplemental materials Fig. S6 to Fig. 2A). A signiﬁcant tACS
frequency × time interaction (F (4, 76) N 4.05, p b 0.005) was found
only for the right SFG, where 10 and 40 Hz tACS induced opposite effects
in the post-stimulation period. Note that no inter-hemispheric functional connectivity changes were observed for P6.
Overall, using electric ﬁeld simulation-based seed correlations, we
observed that tACS over Cz-Oz and P5–P6 maximally stimulate different
networks, with stimulation over Cz-Oz targeting the visual network and
stimulation over P5–P6 targeting left and right fronto-parietal control
networks. As expected, tACS modulated functional connectivity between directly stimulated regions and areas distant from the electrodes.
However, no signiﬁcant functional connectivity changes were observed
between the Oz seed and fronto-parietal areas, contrary to our expectations based on the results from our previous tACS-fMRI study (CabralCalderin et al., 2016). The effects of tACS over P5–P6 on functional connectivity with the left seed (P5) were more pronounced than with the
right seed (P6).
In the present study, we reported only frequency- or/and electrode
montage-dependent effects of tACS. Additional analyses evaluating
non-speciﬁc tACS effects suggested that the effects of tACS on fALFF
and functional connectivity were mostly frequency dependent and
that non-speciﬁc effects were minimal (see Supplemental materials,
Results and Fig. S7).

Phosphene perception, cutaneous sensation and fatigue ratings
We evaluated sensory and fatigue experience ratings related to tACS
at each frequency and with each electrode montage. The three-factor
rANOVA showed a signiﬁcant tACS frequency × time interaction on
the phosphene perception ratings (F (4, 76) N 3.78, p = 0.007, Supplemental materials, Fig. S8). As already described in the literature, posthoc analyses showed a signiﬁcant increase in the phosphene ratings
during 10 and 16 Hz tACS (p = 0.01 and p b 0.001, respectively,
(Kanai et al., 2008; Turi et al., 2013)). Stimulation with tACS at 40 Hz
did not induce phosphene perception. No signiﬁcant electrode
montage × time interaction or tACS frequency × electrode montage ×
time interaction was observed for the phosphene ratings. No signiﬁcant
interactions were observed for the cutaneous sensation and the fatigue
ratings. Overall, these analyses showed that 10 and 16 Hz tACS induced
phosphenes with a similar strength while 40 Hz tACS did not induce

Fig. 10. Effect of tACS on functional connectivity relative to simulation-based ROI P5. Signiﬁcant interactions in the two-factor rANOVA performed on the P5 functional connectivity
analysis. A) Mask used for the P5 seed, B) functional connectivity maps in the pre-stimulation conditions, C) tACS frequency × time interaction. Maps in C were thresholded using
clusters determined by p b 0.005 and a corrected cluster signiﬁcance threshold of p b 0.05. The resulting cluster size threshold was 12 functional voxels (324 mm). Bar graphs show
post-hoc results for representative clusters for the interaction effect. Error bars denote standard error of the mean. L: left hemisphere, R: right hemisphere. Cu: cuneus, and LN:
lentiform nucleus. *p b 0.05, **p b 0.01.
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signiﬁcant phosphene perception. Subjects perceived the stimulation
with similar discomfort across frequencies and electrode montages.
In order to evaluate the impact of tACS-induced sensory experiences
on spontaneous low frequency BOLD signal ﬂuctuations, the individual
phosphene perception and cutaneous sensation ratings were correlated
to the individual mean fALFF values extracted from sample ROIs located
in primary visual (V1) and somatosensory (S1) cortices, respectively
(Supplementary materials). Four ROIs were created by deﬁning a
7 mm radius sphere around the center of Brodmann area 17 (for V1)
and Brodmann areas 1–3 (for S1), for each hemisphere. We hypothesized that any effect of tACS-induced sensory experiences should be
largest in the corresponding primary sensory cortices. No signiﬁcant
correlation was observed between the fALFF and either phosphene perception (mean p-value across comparisons: p = 0.547, range 0.089–
0.916) or somatosensory ratings (mean p-value across comparisons:
p = 0.535, range 0.122–0.974) during tACS stimulation for any ROI.
Note that, overall, participants rated phosphene perception and cutaneous sensation with low intensities (mean values ranged from 1 to 2.25
(on a scale of 1–10)), probably due to the long stimulation times. Sensory experiences with higher intensities could have a different impact on
fALFF values in primary cortices.
Discussion
In the present study, we investigated the effects of tACS on spontaneous low frequency BOLD signal ﬂuctuations, a measure that allows
characterization of RSNs. The practice of using resting-state functional
connectivity to inform brain stimulation targets is increasingly gaining
attention in the quest for effective brain stimulation methods (Opitz
et al., 2015a; Fox et al., 2014; Fox et al., 2012). The focus of the discussion will be on the most signiﬁcant and stable ﬁndings across the different analysis approaches rather than every speciﬁc result. The electric
ﬁeld simulations showed that tACS over Cz-Oz mainly stimulates the occipital cortex, while tACS over P5–P6 primarily stimulates parietal cortices. As partly predicted from previous behavioral/imaging studies
(Feurra et al., 2011a; Kanai et al., 2008; Alekseichuk et al., 2015;
Cabral-Calderin et al., 2016; Raco et al., 2014; Feurra et al., 2011b),
tACS effects were frequency and partially electrode montage dependent. In regions where frequency-dependent effects of tACS were observed, 10 and 40 Hz tACS generally induced opposite effects. Most
tACS effects were observed as modulation of inter-network functional
connectivity (e.g., l-FP to visual network, l-FP to DMN). Intra-network
functional connectivity changes were observed only in a few clusters
within DAN (IPL), motor network (insula, PoC) and visual network
(MOG). The l-FP showed the most extensive frequency-dependent
modulation in functional connectivity, mainly with occipito-parietal regions. Taken together, our results show that tACS is able to modulate
local spontaneous low frequency ﬂuctuations and their correlations
with distant regions, which should be taken into account when
interpreting tACS effects on brain function.

that, even though each electrode montage strongly targets a particular
network, part of the applied current could still extend to regions common to both montages. More focal montages (e.g., high-density montages) might induce more speciﬁc montage-dependent effects. The
opposite effects of electrode montage could arise from the fact that,
with our electrode montages, tACS stimulation is antiphase (i.e., 180°
phase difference between the two stimulated sites (Polania et al.,
2012; Struber et al., 2014)). With tACS over Cz-Oz, posterior regions
are stimulated with a 180° phase difference with respect to each electrode, however, stimulation is hemispherically symmetric along the
midline. A different pattern is induced by tACS over P5–P6, where the
hemispheres are stimulated with a 180° phase difference. However,
the goal of the present study was not to compare inter-hemispheric
functional connectivity changes, but to analyze tACS modulation in the
context of resting-state networks, which are typically bilaterally deﬁned
(Fox et al., 2005; Beckmann et al., 2005). In addition, we aimed to examine changes relative to directly stimulated sites, which are also not
constrained to single hemispheres in this study. Inferences about interhemispheric functional connectivity could perhaps be made with our
electric ﬁeld simulation-based seeds for tACS over P5–P6. Here, seeds
were unilaterally placed over parietal areas in each hemisphere, although it is important to note that though the seeds are separated
into hemispheres, the stimulation was not. Stimulation with tACS over
P5–P6 might be more likely to induce changes in functional connectivity
between hemispheres than Cz-Oz tACS because, as mentioned above,
each hemisphere is stimulated with a 180° phase relationship to
the other, in contrast to the Cz-Oz montage. In a previous tACS-EEG
study, it was shown that 40 Hz tACS applied with a similar montage
(~P7–P8) impaired interhemispheric functional coupling observed as
a decrease in the interhemispheric EEG coherence (Helfrich et al.,
2014b). Therefore, we would expect to observe decreases in functional
connectivity between corresponding areas in both hemispheres. In
agreement with that prediction, we observed that 40 Hz tACS decreased
functional connectivity between the left parietal seed (P5) and several
clusters in the right hemisphere, including the right cuneus. However,
induced modulation was frequency dependent, with 10 Hz causing
the opposite effect, i.e., increased functional connectivity between
the P5 seed and the right cuneus. Therefore, a direct link to interhemispheric coupling impairments due to anti-phasic stimulation
cannot be made. In their study, Helfrich et al. (2014b) evaluated tACS effects in interhemispheric EEG coherence only for tACS at 40 Hz; whether the same pattern should be observed for other tACS frequencies still
needs to be established. Future studies could expand on inter- vs.
intra-hemispheric changes in functional connectivity by directly comparing in-phase vs. anti-phase montages over the same regions with
the same frequencies. Although the present study was not aimed at
evaluating how individual differences affect tACS effects, the inclusion
of the electric ﬁeld strength information in the fALFF analysis suggested
that incorporating individual predictions based on electric ﬁeld simulations could be a valuable approach for evaluating tACS effects in both
neural and behavioral studies.

Effects of tACS as predicted by the electrode montages and electric ﬁeld
simulations

Opposite effects of 10 and 40 Hz tACS

Using electric ﬁeld-based seeds predicted by FEM model simulations, we showed that tACS over Cz-Oz is most likely to maximally stimulate the visual network while over P5–P6 it targets left and right
fronto-parietal control networks (Neuling et al., 2012). Further analyses
showed that most electrode-dependent effects were given by opposite
sign of effects induced by tACS with each electrode montage, though
both montages affected similar regions, at least to some extent. It is important to note that, although the maximum electric ﬁeld for each montage was located in different regions, given the spatial proximity of the
two electrode montages, lower electric ﬁelds from the individual simulations that did not pass the 50% masking threshold share common
brain regions, primarily in medial occipito-parietal areas. This suggests

One main ﬁnding of this study was that in most of the analyzed networks, 10 Hz tACS increased functional connectivity while 40 Hz tACS
decreased it, or vice versa. This is in line with the opposite effects of
10 Hz and 40 Hz stimulation on local activity as determined by fALFF
analysis. The antagonism between alpha and gamma frequencies has
been well documented in the literature, suggesting that alpha power
is more related to idling brain state and functional inhibition of taskirrelevant regions (Jensen and Mazaheri, 2010; Spaak et al., 2012)
while gamma oscillations are more related to the performance of perceptual and cognitive operations (Tagliazucchi et al., 2012; Spaak
et al., 2012). Different conceptions of neural activity could be related
to this antagonism of 10 and 40 Hz tACS. First, there is evidence that
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during visual processing, alpha oscillations are related to feedback projections and gamma oscillations are more related to feedforward mechanisms (Tagliazucchi et al., 2012; Spaak et al., 2012; Jensen et al., 2015).
Second, alpha oscillations have been related to information transmission across long-distance areas while gamma oscillations are associated
with local cortical assemblies (von Stein and Sarnthein, 2000). Third, it
has been shown that alpha and gamma oscillations relate to each
other via cross-frequency coupling (e.g., phase-amplitude coupling or
amplitude-envelope correlations) (Canolty and Knight, 2010; Helfrich
et al., 2015). For example, recent studies reported no modulation of
gamma power but reduced alpha power due to gamma tACS entrainment (Helfrich et al., 2014b; Helfrich et al., 2015). According to this,
our results could be explained by opposite modulations of alpha
power, i.e., tACS at 10 Hz increased alpha power (Helfrich et al.,
2014a; Helfrich et al., 2015) while tACS at 40 Hz decreased alpha
power via cross-frequency coupling (Helfrich et al., 2014b; Helfrich
et al., 2015). However, given the nature of our study (low frequency
measurement without concurrent electrophysiological measurements),
sound conclusions about cross-frequency coupling cannot be made.
The effects of tACS were not always as predicted for the different
combinations of tACS frequencies and electrode montages used in our
study. For instance, for each electrode montage, tACS effects were not
limited to the directly stimulated regions. In addition, the effects of a
given frequency were not always as expected according to the existent
literature linking brain oscillations to RSNs (Tagliazucchi et al., 2012;
Mantini et al., 2007; Mo et al., 2013; Zhan et al., 2014; Scheeringa
et al., 2012). A particular example is the observed effect induced by
tACS at 10 Hz. Contrary to our expectations, we found that, in some
brain regions, 10 Hz tACS increased functional connectivity with particular RSNs rather than decreased it. Examples of this pattern are the increase in functional connectivity of the l-FP with occipito-parietal
regions and LN as well as the increase in functional connectivity of the
visual network with MOG. This ﬁnding is reminiscent of ﬁndings in
our previous study (Cabral-Calderin et al., 2016) where short periods
(30 s) of tACS at alpha and beta frequencies mainly increased BOLD signal amplitude in fronto-parietal areas.
These results are surprising if one takes into account the vast literature suggesting that the BOLD signal at rest is mainly negatively correlated to alpha oscillations and positively linked to gamma rhythms.
One important aspect to take into account is the relationship between
oscillatory entrainment and the BOLD signal, which is not well understood (Muthukumaraswamy and Singh, 2009; Parkes et al., 2004). Previous EEG studies have found that alpha tACS increased alpha power in
occipito-parietal areas (Helfrich et al., 2014a; Neuling et al., 2013), however, whether or not these power increases observed in the EEG are
translated the same way into the BOLD signal is not clear. It might be
that the online entrainment induced by tACS does not impose a change
in the metabolic demand of the entrained brain area, therefore the expected change in the spontaneous activity induced by alpha or gamma
tACS may not be observed during the stimulation period with fMRI.
Note that the apparent discrepancy between the results from this
study and our previous study, and the previously reported negative correlation between alpha power and BOLD signal relies on the assumption
that 10 Hz tACS increased alpha power (Helfrich et al., 2014a; Neuling
et al., 2013). However, since we did not measure concurrent electrophysiological data, we cannot be certain about the latter. A recent
study showed that one second of alpha tACS did not produce aftereffects in amplitude or phase of the EEG signals (Struber et al., 2015).
Along those lines, it could be that short stimulation periods of 10 Hz
tACS are not enough to increase alpha power, which would explain
the lack of negative association between 10 Hz tACS and the BOLD signal
in our previous study, where tACS was applied only for 30 s (CabralCalderin et al., 2016). Moreover, the effect of tACS is task-dependent
and increase in alpha power seems to depend on brain state (Neuling
et al., 2013). Therefore, increased alpha power resulting from 10 Hz
tACS, however likely, cannot always be assumed. Further research is
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needed to work out the mechanisms that led to the observed effects
of tACS in fALFF and functional connectivity.
Across the different analyses, we did not observe a clear pattern
distinguishing between online and after-effects of tACS. The effects of
tACS were observed either as changes in functional connectivity during
the stimulation that outlasted stimulation or returned to non-signiﬁcant
levels in the post-stimulation period, or as changes in functional connectivity only in the post-stimulation period. Differences between online and after-effects of tACS might be explained by different dynamic
mechanisms, i.e., online changes could reﬂect oscillatory entrainment
while after-effects could be related to changes in plasticity (Vossen
et al., 2015).
As previously mentioned in the results, one possible confound in any
tACS study is that the observed changes induced by stimulation could
reﬂect sensory experiences rather than tACS entrainment (Schutter,
2015; Kar and Krekelberg, 2012). It has been shown that tACS induces
phosphene perception and cutaneous sensation in a frequencydependent manner (Kanai et al., 2008; Turi et al., 2013). We did not
ﬁnd any signiﬁcant difference in somatosensory ratings between the
different frequencies. In addition, although gamma tACS induced less
phosphene perception, ratings for tACS at alpha and beta frequencies
were similar. If one assumes that tACS effects in our study are related
to phosphene perception, one would expect to observe similar effects
with 10 and 16 Hz tACS because they induced phosphene perception
with a similar strength in our participants. However, this was not the
case for most results reported here. Moreover, if tACS-induced sensory
experiences affect spontaneous fMRI signal ﬂuctuations, we expect
this effect to be maximal in the corresponding primary sensory cortices.
However, the during-stimulation fALFF values extracted from speciﬁc
ROIs within the primary visual and somatosensory cortices did not
show a signiﬁcant correlation with phosphene perception or somatosensory ratings, respectively, for any tACS frequency for any electrode
montage. Based on our results, we assume that sensory experiences
are unlikely to account for the here reported changes in fALFF or
functional connectivity. These ﬁndings are also in agreement with our
previous study where no signiﬁcant association between cutaneous
sensation, phosphene perception ratings and tACS-induced modulation
in the BOLD signal was observed during eyes-open conditions (CabralCalderin et al., 2016). Nonetheless, it is worth mentioning that, similar
to our previous study (Cabral-Calderin et al., 2016), participants rated
their subjective phosphene perception and cutaneous sensation intensities. We cannot entirely exclude that unconsciously perceived phosphenes induced secondary effects such as attention shifts (Brignani
et al., 2013).
Effects of tACS as a modulation of inter-network functional connectivity
Most of the effects found in this study were changes in functional
connectivity between networks or regions belonging to different RSNs.
Exceptions from this rule were changes in a few clusters within the
DAN, motor and visual networks. It is possible that our network-based
analysis might be biased to detect functional connectivity changes between the given RSN and areas outside of the seed, and that smaller
within-network node ROIs or voxel-wise analyses might be more suitable for detecting within-network changes. However, the analysis
with electric ﬁeld simulation-based ROIs, in which a smaller seed was
used as reference for functional connectivity maps, did not show additional within-network changes. We thus believe that during resting
conditions, tACS is more likely to modulate functional connectivity between than within networks. One could speculate that changes in functional connectivity due to tACS are more easily induced between areas
in which reciprocal functional connectivity is weak, while a higher energy level might be required for modulating strong functional connectivity. Previous studies suggested that the lack of effect with non-invasive
brain stimulation methods could be explained by a ceiling effect
(Neuling et al., 2013; Salomons et al., 2014; Nettekoven et al., 2015).
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In our case, “ceiling effect” could be deﬁned in terms of either ongoing
oscillations or the BOLD signal itself. In other words, it could be that
the amplitude of the oscillations at the applied frequency was already
at (or close to) a maximum value (Ehm et al., 2011), therefore no further
enhancement is observed with tACS. Another possibility is that the metabolic demands of some functional networks were already optimally
driven, and therefore these networks are not driven more by electrical
stimulation (Ekstrom et al., 2008). A particular example of this could
be the lack of tACS effect in the fALFF and functional connectivity analysis with the DMN. The DMN is a task-negative network that has been
reported to be most active in resting conditions; therefore, we hypothesize that already strongly activated networks/regions that exhibit high
functional and anatomical connectivity cannot be modulated more with
tACS. This point of view would be in agreement with our previous study
where we showed that the effect of tACS during motor or visual task
conditions was mainly observed in regions not activated by the task
(Cabral-Calderin et al., 2016). Along the same lines, a previous EEG
study showed that tACS-entrainment only occurred when the intrinsic
power at this frequency was present, but relatively low (Neuling et al.,
2013).
Left fronto-parietal control network: a particularly vulnerable candidate?
One of the networks showing strongest modulation in its functional
connectivity was the left fronto-parietal control network (l-FP), which
showed tACS-induced changes in functional connectivity in the
network-to-network and network-to-whole-brain functional connectivity analyses, and it was also found to be modulated when the P5
seed from the electric ﬁeld simulation was analyzed. The most extensive
frequency-dependent modulation in functional connectivity relative to
the l-FP was observed in occipito-parietal regions, where 10 Hz tACS increased and 40 Hz tACS decreased correlation values. This result is reminiscent of our previous study showing stronger tACS-induced increases
in BOLD signal in left fronto-parietal regions (Cabral-Calderin et al.,
2016). One possibility is that tACS is most effective in particular cortical
regions because of vulnerability brought on by metabolic energy compromises that must take place in regions that play multiple roles or
act as functional hubs but have not evolved high efﬁciency (Tomasi
et al., 2013). A study modeling the relationship between glucose
metabolism, measured with ﬂudeoxyglucose in positron emission tomography, and resting-state functional connectivity found higher metabolism associated with higher rs-fMRI signal amplitudes in the
cerebellum, occipital cortex, and parietal cortices relative to the rest of
the brain. However, the same study showed that glucose efﬁciency in
cerebellum, thalamus, and other subcortical structures is higher than
in the cortex. Thus, it could be postulated that functional hubs like in
the fronto-parietal networks would be particularly susceptible to any
manipulation that challenges energy consumption (Tomasi et al.,
2013). Fronto-parietal regions play multiple functional roles involved
in facilitating attention, language, memory, and visual consciousness
(Naghavi and Nyberg, 2005; Zhu et al., 2014). In functional connectivity
studies, fronto-parietal networks are considered as control networks
found to mediate DAN-DMN anticorrelations in a task-dependent manner (Gao and Lin, 2012; Spreng et al., 2013). In fact, the left frontoparietal control network seems particularly susceptible to perturbations
and has been shown to break down in neurological diseases such as
Lewy body dementia (Peraza et al., 2015) and aphasic stroke (Zhu
et al., 2014), in which the degree of network disruption is associated
with the deﬁcit's severity and recovery. In addition, previous studies
have shown modulation of the amplitude of the BOLD signal or functional connectivity of fronto-parietal regions due to tACS or transcranial
magnetic stimulation, respectively (Cabral-Calderin et al., 2016; Gratton
et al., 2013). The ﬂexibility of the left fronto-parietal control network
might explain its sensitivity to tACS modulation.
We previously showed that tACS over Cz-Oz increased the BOLD signal in fronto-parietal regions (most strongly in the left hemisphere) but

not in the areas close to the electrodes, such as occipital cortex (CabralCalderin et al., 2016). We hypothesized that this modulation of distant
areas could be explained by changes in functional connectivity between
these areas and the directly stimulated regions. In the present study, we
found that the functional connectivity between the l-FP (which includes
the regions reported in our previous study, such as MFG and IPL) and occipital regions was modulated by tACS in a frequency-dependent manner. These results partially match our previous hypothesis. However,
when the seed region for the functional connectivity analysis was
placed over Oz (for tACS over Cz-Oz), which would match our previous
design, no signiﬁcant functional connectivity changes were observed
with similar fronto-parietal areas. We would like to point out, however,
that our seed region for Oz only included the voxels where the strongest
electric ﬁeld was observed for most of the subjects and not the entire
stimulated area. It could still be possible that stimulated areas outside
our Oz seed are changing functional connectivity with the left frontoparietal control network. Results from this and our previous study
suggest that the l-FP is a network that is easy to perturb with tACS. Future studies could expand on the possibility of using tACS for modulating l-FP functional connectivity in patient populations where decreased
l-FP functional connectivity has been reported (Zhu et al., 2014; Peraza
et al., 2015).
Implications for behavioral studies
We previously showed that tACS effects on the BOLD signal were not
typically observed in the areas under the electrodes but mainly in more
distant fronto-parietal regions (Cabral-Calderin et al., 2016). In agreement with those ﬁndings, the present study showed that tACS effects
are not limited to the directly stimulated brain regions, i.e., tACS also
modulates spontaneous BOLD signal ﬂuctuations in distant regions
(e.g., medial frontal gyrus) as well as functional connectivity between
spatially distant networks/regions (e.g., between the l-FP and the visual
network). These results suggest that tACS effects are inﬂuenced by network interactions, which should be considered when interpreting behavioral effects of tACS. Behavioral consequences of tACS cannot be
interpreted based only on the role of the directly stimulated regions,
and the roles of functional networks should also be considered. For instance, when applying tACS over the occipital cortex, the logical aim is
to modulate the activity in visual areas, and, in consequence, the performance in a given visual task. However, our results suggest that using
this stimulation protocol, the activity of fronto-parietal areas – as well
as their functional connectivity with more distant brain regions – is
also being modulated. Therefore, any change in visual task performance
could be inﬂuenced by attentional or executive control processes, more
than by local changes in visual areas. However, it is important to note
that the results shown in the present study pertain to resting-state conditions. Since tACS effects on the BOLD signal are strongly task dependent (Cabral-Calderin et al., 2016), inference from resting state to
task-related tACS effects should be made carefully. Future studies
could evaluate functional connectivity changes induced by tACS under
the task condition of interest, e.g., with fMRI or electrophysiological
measurements cleared from tACS-induced artifacts, and implement
causational analysis techniques like psychophysiological interactions
or dynamic causal modeling.
Limitations
Resting-state functional connectivity in a single subject varies over
time (Chang and Glover, 2010; Hutchison et al., 2013). In addition,
some studies reported the effect of stimulation with oscillatory currents
to be variable over time (Veniero et al., 2015). Our functional connectivity analyses were done with average measures across 8 min periods;
therefore, dynamic ﬂuctuations in functional connectivity due to tACS
below that time window are not evaluated. Another factor to take into
account when examining tACS effects is the inter-subject variability
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(in terms of anatomy, RSN spatial distributions and brain stimulation response), which might contribute to different tACS effects (Opitz et al.,
2015a; Mennes et al., 2011; Mueller et al., 2013; Cohen et al., 2008). Future studies could expand on the use of subject-speciﬁc electric ﬁeld
simulations and RSNs to investigate the inﬂuence of individual differences on tACS effects.
Conclusions
In the present study we evaluated the effect of tACS on spontaneous
low frequency BOLD signal ﬂuctuations by applying tACS over the posterior cortex of healthy subjects at three different frequencies and
with two different electrode montages. We offer a detailed description
of the impact of tACS on spontaneous activity during and after stimulation. Stimulation frequency-dependent effects were given by opposite
effects induced by 10 Hz (alpha) and 40 Hz (gamma). Most tACS effects
were observed as modulation of inter-network functional connectivity
(e.g., l-FP to the visual network), while intra-network functional connectivity changes were modest and only observed in the DAN, motor
and visual networks. The left fronto-parietal control network showed
the most extensive frequency-dependent modulation in functional connectivity, mainly with occipito-parietal areas. Our results suggest that
tACS effects are not limited to regions below the electrodes but are inﬂuenced by network interactions, which should be taken into account
when using tACS for studying brain function and behavior in health
and disease.
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