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The aim of this study was to investigate if the blood oxygenation level-dependent (BOLD) changes in the visual
cortex can be used as biomarkers reflecting the online and offline effects of transcranial electrical stimulation
(tES). Anodal transcranial direct current stimulation (tDCS) and 10 Hz transcranial alternating current stimula-
tion (tACS) were applied for 10 min duration over the occipital cortex of healthy adults during the presentation
of different visual stimuli, using a crossover, double-blinded design. Control experimentswere also performed, in
which sham stimulation as well as another electrode montage were used. Anodal tDCS over the visual cortex in-
duced a small but significant further increase in BOLD response evoked by a visual stimulus; however, no after-
effectwas observed. Ten hertz of tACS did not result in an online effect, but in awidespread offline BOLD decrease
over the occipital, temporal, and frontal areas. These findings demonstrate that tES during visual perception af-
fects the neuronal metabolism, which can be detected with functional magnetic resonance imaging (fMRI).
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Introduction

During the last decade, two methods dominated the field of non-
invasive electrical stimulation (tES) of the human brain: transcranial di-
rect current (tDCS) and, increasingly, alternating current stimulation
(tACS). Animal studies demonstrated that tDCS can modify the mem-
brane potential of neurons andmodulate spontaneousfiring rates: cath-
odal stimulation hyperpolarizes, while anodal stimulation depolarizes
the resting membrane potential (Bindman et al., 1964; Creutzfeldt
et al., 1962; Ranieri et al., 2012). In the current literature, stimulation
is defined as cathodal or anodal for a given area dependingon the spatial
proximity of that anatomical location to the corresponding electrode.
During tACS, the externally applied alternating current is assumed to
entrain endogenous neural oscillations possibly by increasing the
power of oscillations or the phase synchronization between the driving
and the endogenous oscillations (Ali et al., 2013; Antal et al., 2008;
Cecere et al., 2015; Helfrich et al., 2014; Neuling et al., 2013).

Roughly, 90% of the conceptional framework of manipulating
cortical excitability in human subjects by transcranial stimulation tech-
niques has been obtained at the motor cortex (M1) (for a review, see
Nitsche and Paulus, 2011). This is due to the comparatively easy
ophysiology, UniversityMedical
, Robert-Koch-Str. 40, 37075,
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acquisition and analysis of the transcranial magnetic stimulation
(TMS)-induced motor-evoked potentials (MEPs), which amplitudes
presumably reflect the excitability changes of the M1 (Nitsche and
Paulus, 2000, 2001). With regard to other cortical areas, different bio-
markers can be used, e.g., phosphene threshold measurements during
the visual cortex stimulation (Antal et al., 2003a, 2003b) or complex be-
havioural changes likememory accuracy (Pisoni et al., 2015) or reaction
time (Nelson et al., 2014). At present, functional magnetic resonance
imaging (fMRI) seems to be the most suitable method having a clear
potential to investigate the online effect of the transcranial electrical
stimulation techniques with a high spatial resolution (regarding the
combination of tES with other methods, see Miniussi et al., 2012;
Stagg, 2014). The novel concurrent combination of electrical stimula-
tion and fMRI allows tracing of alterations not only at the stimulation
site but also at a remote projection areaswithin thewhole brain, during
ongoing or immediately after stimulation (Turi et al., 2012). However,
the number of studies using concurrent application of tDCS and fMRI
is limited. Interestingly, many of them did not replicate the bipolar ef-
fect of tDCS that can be observed in the neurophysiological studies,
e.g., after M1 stimulation (Amadi et al., 2014; Antal et al., 2011). The di-
rection and the magnitude of the induced effects also demonstrated
high task dependency. For example, it was found that in rest neither an-
odal nor cathodal tDCS over the M1 induced a detectable BOLD signal
change, while anodal stimulation decreased BOLD in the supplementary
motor area only during voluntary finger tapping (Antal et al., 2011). In
another study, anodal tDCS over the left frontal area facilitated picture

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2015.11.034&domain=pdf
http://dx.doi.org/10.1016/j.neuroimage.2015.11.034
mailto:ivan.alekseichuk@med.unioettingen.de
http://dx.doi.org/10.1016/j.neuroimage.2015.11.034
http://www.sciencedirect.com/science/journal/10538119


111I. Alekseichuk et al. / NeuroImage 140 (2016) 110–117
naming, which was correlated with decreased BOLD response in the
Broca's area (Holland et al., 2011). tACS has not been systematically in-
vestigated using the functional magnetic resonance imaging yet.

Another functional approach – magnetoencephalography (MEG) –
currently is developing as a method that can be combined with tES.
First proof-of-concept studies show the possibility to recover the brain
oscillations using MEG during the application of tDCS (Garcia-Cossio
et al., 2016; Soekadar et al., 2013) as well as tACS (Witkowski et al.,
2016) over the motor cortex. While this research strategy was intro-
duced very recently, it is demonstrating a potential to provide a precise
mapping of oscillatory entrainment in the neocortex that will comple-
ment the future tES studies.

The number of brain stimulation studies targeting the visual cortex
is relatively low and the question is still unanswered, if the tES results
observed during M1 stimulation can directly be translated to the visual
cortex stimulation. The visual andmotor cortices varywith regard to the
different cytoarchitecture of the cortices and different spatial orienta-
tions of the neurons, factors influencing excitatory/inhibitory circuitries.
Furthermore, differences in cortical connections and neuronal mem-
brane properties, including receptor expression, may also account for
the altered responses. Already early animal experiments demonstrated
that the DC effect on the visual cortex was less pronounced than on the
M1 (Creutzfeldt et al., 1962). Later human studies confirmed these
results (Antal et al., 2001, 2004; Kraft et al., 2010; Olma et al., 2011),
demonstrating that the tDCS aftereffects are relatively short lasting in
the visual areas compared to those of the M1, using the same stimula-
tion intensity and durations. With regard to tACS, it was suggested
that the aftereffect might be longer. Recent tACS-EEG study showed
that continuous stimulation in alpha range over the occipital cortex
lead to the enhancement of the oscillatory activity during as well as
after the stimulation, up to 30 min (Helfrich et al., 2014).

As it was mentioned above, most of the imaging studies have inves-
tigated online changes in the motor or prefrontal cortices (for a review,
see Saiote et al., 2013). Research with regard to other cortical areas is
rather underrepresented. Therefore, our aim was to observe the tES-in-
duced metabolic changes measured by blood oxygen level-dependent
(BOLD) activity targeting the visual cortex. We (i) investigated the fea-
sibility of BOLD imaging to detect the effects of tES on the occipital area
and (ii) made an attempt to clarify the spatial-temporal organization of
the detectable effects.

Materials and Methods

Participants

Sixteen healthy adult volunteers initially signed up for this study.
One volunteer was excluded due to non-appearance; thus, 7 males
(24.6 ± 1.6 years old) and 8 females (25.1 ± 3.9 years old) took part
in the experiment. All participants were interviewed about their state
of health: none of them had any neurological or psychiatric disorders,
metallic or electric implants, or took any medication during the
4 weeks prior the experimental sessions. They received complete infor-
mation regarding the exclusion criteria's and possible side effects for tES
andMRI and gave their written informed consent to participate accord-
ing to the regulation of the University Medical Center Goettingen and
Declaration of Helsinki. We confirm that the ethical committee of the
University of Goettingen approved this study.

Visual stimuli

Visual stimuli were generated using the software package
“Presentation” (Neurobehavioral Systems, USA) and were delivered
through the MR-suited LCD glasses covering a visual field of 30° in the
horizontal and 20° in the vertical direction. We have used two separate
visual perception conditions: rotated wedges and expending rings
(Fig. 1).
In both cases, volunteers were instructed to focus their attention on
the fixation cross in the center of their visual field. No other instructions
except of a passive perceptionwere given. During the 6min achromatic,
dartboard contrast pattern (~90% contrast)was presented in the certain
area of the screen. The wedge was span 45° of angle and extends to 20°
from fixation; it changed the position in the clockwisemanner. The ring
occupied from 1° to 20° of the visual field in eight subsequent steps. The
color of the stimulus was inversed with rate 15 Hz. The position of the
stimulus on the screen was changing in every 10 s in synchrony with
the MRI data acquisition rate. These stimuli induced BOLD activity that
is specific for the processing of the visual information in the left or
right side of the visual field and in the center or on the periphery of
the visual field (DeYoe et al., 1996; Wandell, Dumoulin, Brewer, 2007;
see Supplementary Figs. 1 and 2 for details).

Transcranial direct current and alternating current stimulation
(tDCS and tACS)

Stimulation was delivered by the MR-compatible battery-driven
stimulator (NeuroConn GmbH, Germany) that was placed outside
of the shielded room and connected to the two 5 × 5 cm2 MR-
compatible rubber electrodes through the isolated optical cable with fil-
tering system. The signal-to-noise ratio of the acquired MR images was
unaffected by the onset of the electrical stimulation and nonsignificant-
ly decreased (no more than 9%) due to the hardware set up in compar-
ison to the empty room. Electrodes were fixed on the scalp of the
participant with conductive paste. We used the following electrode
montage: anode over the Oz and cathode over the Cz according to the
international 10–20 EEG system. According to the computational
model, this placement led to the predominant bihemispheric occipital
stimulation with peak field intensity of 0.3 V/m (Supplementary
Fig. 3). Calculations were made with the specialized modeling software
package “HD-Explore” (Soterix Medical Inc., USA). Stimulation was ap-
plied with the intensity of 1 mA peak-to-baseline and duration of
10 min (including 15 s of the fade-in/fade-out periods). This ensured
the comparable amount of the ejected energy for the tDCS and tACS,
while peak-to-peak amplitude of the alternating current was twice
higher than for the direct current due to the existence of the positive
and negative phases. In case of tACS, the frequency of the alternating
current was 10 Hz. This stimulation frequency lies in the center of the
alpha range, which is the dominant oscillatory activity in the human oc-
cipital cortex. During the sham control session, the stimulationwas lim-
ited to theduration of 30 s. Impedance alwayswas kept below20 kOhm.
Additionally, for the control session, we used an additional AC stimula-
tionmontagewith electrode positions at C5–C6,which focuses the elec-
trical field in the central–frontal region. Each stimulation session was
separated from the previous one by at least 48 h.

Functional magnetic resonance imaging (fMRI)

MRI studies were performed at 3 T (Siemens Magnetom Tim Trio,
Erlangen, Germany) using a standard 8-channel phased-array head
coil. Participants were placed supine inside the magnet bore and wore
the headphones for noise protection and MR-suited LCD glasses.
Physical and emotional condition of the volunteers was monitored
throughout the experiment. At the beginning of every session, we
recorded T1-weighted anatomical image with 3D turbo FLASH MRI
sequence at 1 mm3 isotropic resolution (repetition time (TR) =
2250 ms, echo time (TE) = 3.26 ms, inversion time (TI) = 900 ms,
flip angle = 9°). For BOLD fMRI a T2*-sensitive gradient-echo echo-
planar imaging technique (TR = 2000 ms, TE = 36 ms, flip angle =
70°) at 2 × 2 mm2 resolution was used. Twenty-eight consecutive sec-
tions at 2mmthickness roughly parallel to the calcarinefissurewere ac-
quired, covering the brain areas of interest. Region of interest included
the occipital, temporal, frontal, and posterior part of the parietal cortex.



Fig. 1. Visual perception conditions: achromatic, dartboard contrast pattern was presenting in form of thewedge or ring for 10 s per position. In total, therewere 8 different positions that
were repeated 4 times per run. Lower panel: structure of the single experimental session.
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A total of 175 volume images (5 dummy scans, 160 volumes of interest,
and 10 blank scans at the end) were acquired during the every run.

Experimental procedure

All participants took part in 4 sessions in randomized order. Each
session had the same structure (Fig. 1) with one variable parameter:
subjects received (1) DC stimulation over the occipital cortex, (2) AC
stimulation over the occipital cortex, (3) sham stimulation over the oc-
cipital cortex, or (4) AC stimulation over the central–frontal region. Par-
ticipants and MRI technician were blinded regarding the type of the
stimulation. Every session began with an anatomical scan followed by
the 4 runs of data acquisition with 2 min breaks in between the runs.
During these breaks, the volunteers received a verbal reminder of the
instructions. At the first run, we collected the fMRI data that character-
ize the visual stimuli “wedges.” The second run corresponded to the
stimuli “rings.” The first and the second runs served as a baseline condi-
tions for evaluation of the current-induced changes in the task-related
BOLD activity. Third and fourth runs replicated the visual stimuli during
(for the “wedges”) and immediately after (for the “rings”) the electrical
stimulation, respectively. Later on, online effect of the electrical stimula-
tion was described as difference between the BOLD activity at the
3rd and the 1st runs (visual stimuli “Wedges”), and immediate after
effect – as difference between the 4th and the 2nd runs (visual stimuli
“Rings”). Then the magnitude of the current-induced effects during
the DC- and AC-related sessions was compared with the corresponding
changes during the sham stimulation.

Data analysis

The fMRI data were processed using Statistical Parametric Mapping
software (SPM12; Wellcome Trust Centre for Neuroimaging, UK) run-
ning under Matlab 2015a (MathWorks, USA). The first five volumes
from every run were discarded to ensure the MRI steady state. Then
we performed the temporal correction of the acquired slices within
each volume, using the first image as reference. Subject-specific vol-
umes of interest from each experiment were spatially realigned and
registered to the mean image. The realignment parameters were
saved to account for the residual head-motion effects on the level of
the statistical model. Finally, the functional images were coregistered
to the individual anatomy, normalized to the standard MNI space and
smoothedwith an8mmfull-width at half-maximum isotropic Gaussian
kernel. All interpolations were made with the 4th-degree B-spline
method.

We computed the statistical model separately for AC and DC stimu-
lations, and for the online effect and aftereffect. On the first level of the
analysis, each design matrix included four sessions (stimuli-specific
baseline and active run for the real and sham electrical stimulation).
Within each session, eight positions of the visual stimulus were includ-
ed as conditions and described by the boxcar function with duration of
10 s and off period of 70 s. Motion parameters were included as addi-
tional regression factors. To remove low frequency drifts, the data
were high-pass filtered using a cutoff period of 128 s. Later each condi-
tionwasmodeled by convolving it with the canonical hemodynamic re-
sponse function. We accounted for the serial correlation using the first
order autoregressive function.

In order to estimate the statistical contrasts, all visual stimuli were
grouped in four categories depending on their position on the screen
and, subsequently, on the visual field: right wedges or left wedges,
and central rings or peripheral rings. Contrasts of interest were first de-
fined as the activity during the presentation of a given group of stimuli
versus the global activity. Then contrasts related to the electrical stimu-
lation were compared with the corresponding current-free baseline
images (stimulation minus baseline). Finally, the stimulation effect
was compared with the BOLD alterations during the sham session
(baseline-adjusted stimulation session minus baseline-adjusted sham
session). On the second level of the statistical analysis, group-averaged
parametric maps of the current-induced effect were calculated. For
that, a one-sample T-test was used. Additionally, the statistical interac-
tion between the electrical stimulation and the position of the visual
stimulus on the screen was estimated with an F-test. All statistical
tests were conducted voxelwise with a significance level p=0.001, un-
corrected. Subsequently, cluster size threshold (≥40)was applied to de-
crease the probability of the false positive findings.

Results

rAll of the subjects tolerated the experimental procedure very well;
none of them reported any side effects during or after the stimulation.
Two volunteers indicated non-disturbing phosphenes at least once dur-
ing the measurements with an average magnitude of 3.8 out of 10. The
corresponding data sets were not excluded.

Functional MR images were analyzed with focus on the current-
specific activity, while the BOLD response on the visual stimuli per se



Fig. 2. tDCS-induced modulation of the stimuli-related BOLD activity. Red color indicates lower critical values and yellow indicates higher critical values. Upper panel: clusters of the in-
creased BOLD signal during tDCS and visual stimulation in the right (A) or left (B) field of view. Lower panel (C): clusters of the statistical interaction between the DC stimulation and the
visual stimulus. See corresponding Table 1 (section 1) for the details.
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was considered being a baseline. Given that two different visual
stimuli were used to evaluate the online and aftereffect of the stimula-
tion, the corresponding global BOLD activity during the baseline run
“rings” and the baseline run “wedges” were compared across all
sessions. No statistical difference (p b 0.001, cluster size ≥40) was
observed.
Table 1
DC-induced activation locations. Critical values correspond to the one-sample T-test or F-test (n
given in MNI space.

Anatomical region Side

1. Online effect of the anodal tDCS over the occipital cortex (see Fig. 2)
Visual stimulus in the right field of view
Cuneus L
Angular gyrus L
Middle occipital and angular gyrus R
Precuneus R/L

Visual stimulus in the left field of view
Cuneus R
Middle occipital and angular gyrus R
Middle occipital and angular gyrus L

Statistical interaction between the visual stimulus and tDCS
Middle occipital gyrus R
Middle occipital gyrus L
Inferior occipital gyrus L

2. Online effect of the sham stimulation
No suprathreshold clusters

3. Online effect of the anodal tDCS over the occipital cortex minus effect of the sham s
Visual stimulus in the right field of view
Middle occipital gyrus R
Superior occipital gyrus L
Calcarine R

Visual stimulus in the left field of view
Middle occipital gyrus L
Middle occipital gyrus R
Cuneus R/L
Transcranial direct current stimulation (tDCS) and sham stimulation

An increase in the BOLD signal during the anodal DC stimulation in
comparison to the current-free baseline run was observed (p b 0.001,
cluster size ≥40). The significant changes were localized in the
occipital–parietal area (Figs. 2A, B and Table 1, section 1).
=15, p b 0.001, cluster size ≥40). Coordinates of the voxelwithmaximumcritical value are

Coordinates
(x/y/z)

Critical value,
±T(14)

Cluster
size

−14/−96/18 +4.86 65
−38/−66/40 +5.17 82
48/−68/40 +5.23 89
2/−68/28 +4.02 97

20/−98/12 +4.32 42
46/−72/38 +4.71 67

−32/−70/36 +4.33 55

F(1,14)
32/−84/32 24.60 48
−30/90/30 22.34 44
−42/−88/6 29.17 90

timulation

26/−92/4 +4.27 70
−16/− 96/18 +4.31 73
18/−100/−6 +4.55 93

−32/−72/34 +4.49 89
40/−70/34 +4.43 167
0/−78/28 +4.09 42



Fig. 3.AC-inducedmodulation of the stimuli-related BOLD activity. Brain slices are given in the axial planewith coordinates from 0 to 60mm inMNI space. Light blue color indicates lower
critical values and dark blue indicates higher critical values. Panel A: clusters of the decreased BOLD signal after the tACS over the occipital cortex associatedwith the visual stimulus in the
center of thefield of view. Panel B: clusters of the decreased BOLD signal after the tACS over the occipital cortex associatedwith the visual stimulus on the periphery of thefield of view. See
corresponding Table 2 (section 1) for the details. Panel C: BOLD activity after tACS over the occipital region minus BOLD activity after tACS over the central–frontal region.
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The spatial distribution of the effect was in agreement with the ex-
pected route of the current flow (bihemispheric occipital–parietal re-
gions, see Supplementary Fig. 3 for details) and demonstrated stimulus
specificity: further increase in the activity in the occipital polewas linked
to the presentation of the visual stimulus in the opposite hemisphere of
the field of view. The statistical interaction between the electrical stimu-
lation and the position of the visual stimulus was located in the visual
cortex as well (Fig. 2C). At the same time, sham stimulation did not in-
duce any detectable alterations in the BOLD response. Subsequent statis-
tical comparison of the effect of the anodal tDCS with the effect of the
sham stimulation confirmed the occipital localization of the current-
induced changes (Table 1, section 3). Concerning the aftereffect of the
stimulation, there was no significant current-specific BOLD alterations.

Transcranial alternation current stimulation (tACS)

Transcranial AC current, on the contrary, did not lead to a significant
online cortical effect when the stimulation was applied either over the
occipital cortex or over the central–frontal region. Nevertheless, evalua-
tion of the immediate afteraffect revealed prominent decrease of the
BOLD signal (Fig. 3 and Table 2). With regard to the occipital cortex
stimulation, this decrease occurred both in visual-related areas (inferior
and middle occipital gyrus) and in distant regions (Table 1, section 1),
while AC stimulation over the central–frontal cortex did not induce
any effect in the occipital area (Table 1, section 2). Comparison of the af-
tereffect of tACS over the occipital cortex and the aftereffect of the sham
stimulation (Table 2, section 3) confirmed the direction and spatial lo-
calization of the current-induced BOLD modification: a decrease of the
signalwas detected in the occipital aswell as the parietal–frontal region.

Discussion

In this study, we have demonstrated that tES applied over the occip-
ital cortex during visual perception affects the neuronal metabolism,
which can be detected by changes in the BOLD fMRI. However, the in-
duced BOLD activity modifications were highly dependent on the type
of the stimulation: regarding tDCS, the online effect of the anodal stim-
ulation was small; however, the observed increase in the BOLD signal
was mostly localized in the visual cortex or functionally related areas
to the maximum electrical field. Based on the dominant theory of the
tDCS mechanism (Bindman et al., 1964; Rahman et al., 2013), which
suggests that DC is shifting the membrane potential of the neuronal
cells that are orthogonal to the electrical current, we hypothesized
that the effect of the anodal stimulation would accumulate over time,
resulting in more prominent changes. In opposite to our expectation,
the aftereffect of the stimulation in the current studywas not significant
on the level of BOLD response.

Nevertheless, so far there are not enough experimental data in order
to make a solid speculation regarding the relationships between the ef-
fect of the electrical field, the localization of the physiological effect, and
the appearance of the BOLD response change in the brain. However, it is
already clear that these three factors probably do not have linear and
trivial dependencies. With regard to the basic mechanisms of the
BOLD fMRI, contradictory to the intuitive expectations, increase or de-
crease of the BOLD signal is predominantly corresponding to the chang-
es in excitation–inhibition balance in the neuronal microcircuits rather
than to the local neuronal spiking rate alteration (Logothetis, 2008).
Thus, absence of the significant BOLD response in the target area should
not be treated as the complete absence of the effect.

Previous neurophysiological studies have shown that anodal tDCS is
also able to modulate the activity of the visual cortex, by decreasing
phosphene thresholds (Antal et al., 2003a, 2003b), improving contrast
perception (Kraft et al., 2010) and increasing the amplitude of visual-
evoked potentials (Antal et al., 2004). According to these results, our
BOLD increase during anodal stimulation might represent an improve-
ment in visual perception. Nevertheless, in our present study the ob-
served BOLD change is minor, suggesting that anodal stimulation
might have a ceiling effect here. Furthermore, the relationship between



Table 2
AC-induced activation locations. Critical values correspond to the one-sample T-test (n=15, p b 0.001, cluster size ≥40). Coordinates of the voxelwithmaximumcritical value are given in
MNI space.

Anatomical region Side Coordinates
(x/y/z)

Critical value,
±T(14)

Cluster
size

1. Aftereffect of the tACS over the occipital cortex (see Figs. 3A, B)
Visual stimulus in the center of the field of view
Inferior occipital gyrus R 40/−74/−2 −6.03 237
Middle occipital, angular, inferior parietal, middle temporal and supramarginal gyrus L −54/−54/30 −8.56 965
Precentral and middle frontal gyrus L −46/4/46 −5.96 589
Supramarginal gyrus R 60/−22/34 −5.26 183
Superior frontal gyrus and supplementary motor area L −8/24/46 −4.56 228

Visual stimulus on the periphery of the field of view
Middle occipital, inferior occipital and middle temporal gyrus R 46/−80/10 −5.74 767
Middle occipital, angular, supramarginal and middle temporal gyrus L −52/−52/30 −7.91 966
Medial superior frontal gyrus R 12/30/44 −6.32 124
Middle frontal and precentral gyrus L −46/4/46 −6.60 676
Superior frontal gyrus L −4/34/46 −5.54 612
Postcentral gyrus R 60/−20/34 −4.08 113

2. Aftereffect of the tACS over the central–frontal cortex
Visual stimulus in the center of the field of view
Superior frontal and middle frontal gyrus R 22/34/48 +4.93 427
Superior frontal gyrus L −12/20/48 +4.55 114
Middle temporal gyrus L −50/−68/6 −7.67 142

Visual stimulus on the periphery of the field of view
Superior frontal and middle frontal gyrus R 22/32/48 +4.59 373
Superior frontal and middle frontal gyrus L −14/20/48 +4.33 211
Middle temporal gyrus L −52/−72/4 −4.38 67

3. Aftereffect of the tACS over the occipital cortex minus aftereffect of the sham stimulation
Visual stimulus in the center of the field of view
Inferior occipital gyrus R 40/−72/−4 −4.49 84
Superior and middle occipital gyrus R 24/−76/18 −4.35 73
Middle temporal gyrus R 60/−64/2 −4.58 250
Middle temporal gyrus L −62/−48/0 −4.16 72
Precentral gyrus R 54/4/30 −4.21 88

Visual stimulus on the periphery of the field of view
Middle occipital and middle temporal gyrus L −54/−70/12 −5.02 278
Inferior occipital gyrus R 36/−70/6 −4.06 76
Lingual gyrus L −18/−74/−6 4.13 83
Middle temporal gyrus R 60/−64/2 −4.63 223
Precentral gyrus R 56/8/34 −4.88 115
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tDCS-induced neurophysiological and BOLD changes might not be
straightforward and linear, and electrode positions should be taken
into account. For example, it is well known that anodal tDCS over the
M1 increases MEP size in rest and decreases them when coexist with
motor movement (Antal et al., 2007). However, during the finger tap-
ping, it resulted in a decrease in the BOLD response, not in the M1 but
in the SMA (Antal et al., 2011). In another study, anodal stimulation dur-
ing learning of a visuomotor task did not result in significant perfor-
mance or BOLD changes compared to the placebo stimulation (Saiote
et al., 2013). Concerning other stimulation sites, it was demonstrated
that anodal tDCS over the left frontal cortex increases the reaction
time in a naming task and decreases BOLD activity in the Broca area
(Holland et al., 2011), and it improves the performance of older adults
in semantic word generation task by affecting the related resting state
fMRI connectivity (Meinzer et al., 2013). Taken together, most results
suggest a reduction of the BOLD response by anodal tDCS, opposite to
the increase seen here. It seems to be that direction of the effect depends
on the nature and state of the target brain area.

The magnitude of the small anodal effect can also be explained by
the low stimulation intensity. The occipital bones are thicker than the
bones over the frontal areas, thus the distance between the stimulating
electrode and the targeted cortical area is longer in case of the visual
cortex, compared to M1 stimulation. Therefore, it is possible that in
case of the visual cortex stimulation, higher intensities would change
the BOLD response more effectively. The cytological organization and
functional dynamics of the occipital cortex are substantially different
compared to the motor cortex, which can also lead to the less stable
effect of the membrane hypo- or depolarization. Interestingly, the in-
crease in the BOLD activity after tDCS with intensity of 1 mA was previ-
ously demonstrated for the cathodal stimulation of themotion sensitive
area V5 (Antal et al., 2012). This differencemay come from observations
that anodal and cathodal stimulation induces different changes of GABA
level (Stagg et al., 2009). The absence of the detected aftereffect for tDCS
in the current study can also be explained by the data of a previous
study: by measuring the amplitude of the visual-evoked potentials, it
was demonstrated that anodal polarization decayed after 4 min post-
stimulation (Accornero et al., 2007).

Previous studies found that natural alpha power increase is associat-
ed with inhibition in the firing rates, reduced phosphene detection, and
smaller BOLD signal (Haegens et al., 2011; Ritter et al., 2009; Romei
et al., 2008). Therefore, we anticipated that our transcranial 10 Hz stim-
ulation might also decrease the BOLD response. However, in case of
tACS, our primary finding is the absence of meaningful significant
BOLD activity change during the stimulation, but strong, widely spread
decrease of the signal immediately after the stimulation. These results
are in line with the commonly accepted hypothesis that tACS relies on
the effects of the functional resonance between the applied field and
the local oscillatory activity (Ali et al., 2013; Fröhlich and McCormick,
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2010) and, subsequently, on the modulation of the short- and long-
range connectivity by the phase shift rather than on the “mechanical”
modulation of the neuronal excitability like in case of tDCS. Again, we
can only speculate that the lack of an online effect of tACS over the
targeted area may be due to the insufficient time or intensity of the
stimulation. Reports in the literature regarding the minimal sufficient
intensity of the applied electrical current in order to induce an effect
are contradictory and vary between 0.2 and 0.5 V/m (Herrmann et al.,
2013; Reato et al., 2010). The other possibility is that 10 Hz tACS-in-
duced entrainment that can be observed in previous neurophysiological
studies (e.g., Zaehle et al., 2010) does not induce an extra cost in theme-
tabolism or the changes is too small to cause a BOLD alterations. The
principal difference in the mechanisms of the DC and AC stimulation
can drive the fact that the stimulation with close to the border intensity
leads to the predominant effect during or immediately after the stimu-
lation, respectively.

The AC stimulation over the central–frontal cortex did not lead to an
online effect as well but caused both increase and decrease of the BOLD
signal in the parietal–frontal regions after stimulation. The lack of signif-
icant changes in the occipital area is supporting the task relevance of the
AC stimulation.

With regard to the limitations of this study, it remains unclear
whether the implementation of other parameters and montages,
e.g., themulti-electrode arraywith the individually pre-definemontage
and intensity, or individualized AC frequencies, could have a significant
impact on BOLD activity change. Additionally, it should be noted that
due to the absence of a cognitive task or a technical device (e.g., eye
tracking) that could ensure focusing the volunteer's attention, the re-
sults of this study may be diluted with a non-specific effects. Post hoc
screening, however, suggests that the volunteers carefully followed
the instructions.

Taking together, our results indicate that both DC and AC current af-
fect the neuronal activity in the occipital cortex, which can be observed
by BOLD fMRI. While tDCS over the occipital cortex during visual per-
ception led to small, transient, but significant increase in the BOLDactiv-
ity in the stimulated area, tACS with frequency of 10 Hz provokes a
widely spread decrease of the BOLD signal immediately after the stimu-
lation. Further implementation of the concurrent fMRI-tES with more
complicated paradigms, including research of the complex cognitive
functions and state-dependent connectivity, should be accompany
with careful planning of the stimulation control conditions and cautious
interpretation of the findings.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2015.11.034.
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