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a b s t r a c t

Background: Electrical brain stimulation can elicit neurosensory side effects that are unrelated to the
intended stimulation effects. This presents a challenge when designing studies with blinded control
conditions.
Objective: The aim of this research was to investigate the role of different transcranial alternating current
stimulation (tACS) parameters, i.e. intensity, frequency, and electrode montage, on the probability,
duration and intensity of elicited neurosensory side effects.
Methods: In a �rst study, we examined the in�uence of tACS on sensations of phosphenes, dizziness,
pressure, and skin sensation in �fteen healthy subjects, during 8 s of stimulation with different ampli-
tudes (1500 mA, 1000 mA, 500 mA, 250 mA), frequencies (2 Hz, 4 Hz, 8 Hz, 16 Hz, 32 Hz, 64 Hz), and
montages (F3/F4, F3/C4, F3/P4, P3/F4, P3/C4, P3/P4). In a second study, ten healthy subjects were exposed
to 60 s of tACS (1000 mA, 2 Hz versus 16 Hz, F3/F4 versus P3/P4) and were asked to rate the intensity of
sensations every 12 s.
Results: The �rst study showed that all stimulation parameters had an in�uence on the probability and
intensity of sensations. Phosphenes were most likely and strongest for frontal montages and higher
frequencies. Dizziness was most likely and strongest for parietal montages and at stimulation frequency
of 4 Hz. Skin sensations and pressure was more likely when stimulation was performed across central
regions and at posterior montages, respectively. The second study also revealed that the probability and
the intensity of sensations were neither modi�ed during more extended periods of stimulation nor
affected by carry-over effects.
Conclusion: We demonstrated that the strength and the likelihood of sensations elicited by tACS were
speci�cally modulated by the stimulation parameters. The present work may therefore be instrumental
in establishing effective blinding conditions for studies with tACS.

� 2014 Elsevier Inc. All rights reserved.
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ticipants with regard to the experimental conditions has been suc-
cessfully introduced, particularly for stimulation amplitudes below
2 mA [1]. There is conclusive evidence that sensations elicited by
tDCS fade with stimulation time [2]. Study designs based on a fade-
in/stimulation/fade-out approach have thus been proven effective
in blinding subjects [3]. In many clinical trials, subjects are therefore
not able to distinguish between active and sham tDCS [4,5].

However, designing studies with blinded control conditions for
transcranial alternating current stimulation (tACS), still poses a
challenge. This emerging technique modulates the ongoing oscil-
latory brain activity, rendering it a valuable tool for investigating
brain function in healthy and diseased conditions [6e9]. For tACS,
entrainment effects have been found to be linked to ongoing
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oscillatory activity [10,11], and strongly depend on the current state
of the central nervous system [12,13]. Furthermore, tACS might
affect switching between states [14], rendering it particularly
suitable for closed-loop stimulation protocols which detect speci�c
brain states and trigger short-term stimulation to speci�cally
modulate neurophysiological activity [15,16]. However, tACS may
elicit sensations [6] that are unrelated to the stimulation effects,
thus possibly inducing unwanted side effects. For closed-loop
applications of tACS, effective blinding of short-term stimulation
will therefore be important. Consequently, this research direc-
tion cannot rely on the established fade-in/stimulation/fade-
out approach [3], but will require a better understanding of the
neurosensory effects induced by short-term tAC stimulation, e.g. for
several seconds up to 1 min. The contribution of different stimu-
lation parameters, such as stimulation amplitude, frequency,
montage and duration on the induction of neurosensory side effects
therefore requires further research.

During earlier studies, three primary sensations were shown to
be elicited by non-invasive electrical brain stimulation. These were
phosphenes (i.e. �ickering perception of a light) during tACS [6],
skin sensations (e.g. perception of itching or tingling) during
transcranial direct current stimulation (tDCS) [17], and sensations
of dizziness during alternating current galvanic vestibular stimu-
lation (AC-GVS) [18]. Earlier studies indicated that the strongest
phosphenes were perceived when stimulation was applied in the
low beta band [16,19], and the sensitivity to phosphenes decreased
as the distance between the stimulation electrodes and the retina
increased [20]. With regard to skin sensations, studies on the
electrical stimulation of skin revealed a linear dependency between
the sensation ratings and stimulation intensity and frequency
[21,22]. In other words, high stimulation intensities/frequencies
resulted in more perceptible skin sensations. When it came to
sensations of dizziness, Stephan et al. [18] showed a frequency-
dependency in an AC-GVS study, with an inverse relation be-
tween the strength of the sensations and the stimulation frequency,
indicating that the strongest sensations for stimulation frequencies
lie in the low frequency range (< 4 Hz).

The aim of this research project was to provide a deeper insight
into the neurosensory side effects of tACS. In a �rst study, the acute
effects of different stimulation parameters were explored to iden-
tify those settings resulting in the highest likelihood and intensity
of sensations. The second study was based on those settings with
the highest probability for side effects and explored the in�uence of
stimulation duration.

Methods

Subjects

We recruited eighteen healthy subjects (mean age 23.9 years, SD
2.25, eleven females) for the �rst study, and ten healthy subjects
(mean age 26.2 years, SD 2.28, �ve females) for the second study.
Subjects had no history of psychiatric or neurological conditions,
and participated after giving written informed consent. The study
was approved by the local ethics committee. For the �rst study,
three subjects could not be included in the analysis, as one subject
reported a persistent headache, while two others were not
following the instructions adequately.

Experimental setup

Experiments were conducted using a multi-channel transcranial
AC stimulator (NeuroConn, Ilmenau, Germany). We used rubber
electrodes (size of reference electrode 5 � 7 cm2 and size of stim-
ulation electrode 4 � 4 cm2) inserted into sponges soaked with tap
water. Please note that tap water has been shown to smoothen the
current density distribution [10]. Whenever montages were
switched, the wetness of the electrodes was inspected and if
necessary, additional tap water was added. The electrodes were
attached to the scalp by a non-conductive elastic band and a cap
which is usually used for electroencephalography. Stimulation and
reference electrodes were positioned based on the international
10e20 EEG system, with stimulation electrodes always being
placed on the right hemisphere (F4, C4 or P4) and reference elec-
trode on the left hemisphere (F3 or P3). Impedance was checked at
the beginning of each stimulation block and kept below 17 kU.
Stimulation waveform was sinusoidal and without DC offset. Sub-
jects were seated on a comfortable chair with their eyes open in a
dimly lit room, facing a dark wall or a computer screen in the �rst
and the second study, respectively. Subjects were kept blinded to-
ward the stimulation condition.

Sensation rating system

We had initially planned to instruct subjects to pay special
attention to three speci�c sensations, but as the additional
sensation of pressure was reported by the �rst subject in the �rst
study, we decided to include it in the list of possible sensations for
all subsequent measurements. Subjects were therefore informed
before the task that four sensations were most likely: phosphenes,
pressure, dizziness and skin sensations. In the �rst study, subjects
were instructed to pay attention to any feelings induced by
the stimulation and to provide a qualitative description of any
sensation. In the second study, subjects were instructed to
concentrate on only one sensation which was indicated by a text
presented on a computer screen. Following their qualitative
description, subjects rated the intensity of the perceived sensation
on a 6-point scale, with 0 and 6 indicating no sensations and
strong sensations, respectively. The probability of a sensation was
later calculated by comparing intensity ratings to zero, resulting
in binary values.

di …
�

0 if i … 0
1 if i � 1

All reports of visual sensations, such as �ashes, lights, �ickering,
foggy and blurred vision, were grouped together as phosphenes. All
reports of increased weight or pressure, either focal at the elec-
trodes sites or generalized across the whole head were grouped
together as pressure. All reports of changes in spatial perception,
such as vertigo or being off-balance as well as lightheadedness,
were grouped together as dizziness. All reports of tingling, itching
or heat causing a desire to scratch or withdraw were grouped
together as skin sensations.

First study

In a three-factorial design, we researched the effect of ampli-
tude, frequency and montage on probability and intensity of
sensations. We explored six different bipolar montages (F3eF4,
F3eC4, F3eP4, P3eF4, P3eC4, P3eP4). For each electrode montage,
six stimulation frequencies (2 Hz, 4 Hz, 8 Hz, 16 Hz, 32 Hz, and
64 Hz) at four different stimulation intensities (1500 mA, 1000 mA,
500 mA, and 250 mA) were explored, resulting in 24 trials per
montage. At the start of each trial, stimulation was ramped up for
3 s; subsequently stimulation was kept constant for 4 s and fol-
lowed by 1 s of ramping down. In the following interval without
stimulation, subjects were asked to describe and rate any sensation
experienced. After 4 s, the next trial started. The approximate
duration of the whole experiment was 90 min for each subject.
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Second study

In a three-factorial design, we examined the effect of duration,
frequency and montage on probability and intensity of sensations.
Stimulation intensity was kept constant at 1000 mA while we
explored two different bipolar montages (F3eF4, P3eP4) and two
stimulation frequencies (2 Hz versus 16 Hz). Every possible com-
bination was explored four times; on each occasion, the subject was
instructed to focus on one speci�c sensation (phosphenes, pressure,
dizziness or skin sensations), thus resulting in 16 trials. To avoid
potential carry-over effects, the inter-stimulation break was
extended to 60 s in this study. Prior to each trial, the subject was
informed about the sensation of interest within this trial. At the
onset of each trial, stimulation was ramped up for 1 s; subsequently
stimulation was kept constant for 58 s, followed by 1 s of ramping
down. At the onset of the trial and every 12 s from then on, an
auditory cue was given, and subjects rated the intensity of the
sensation of interest by pressing the respective number on a
keyboard (0e6). The approximate duration of the whole experi-
ment was 50 min for each subject.

Data analysis

The statistical analysis of the results was performed using R and
Matlab. Given the factors amplitude, montage and frequency for the
�rst study and time, montage and frequency for the second study,
we performed a 3-way repeated measures ANOVA on the proba-
bility of a sensation being experienced. We included only cases in
which a sensation was perceived, and subsequently performed a 3-
way repeated measures ANOVA on the intensity of each sensation.
For the second study, we also performed a 4-way repeated mea-
sures ANOVA with the factors sensation, stimulation duration, fre-
quency and montage on the response time of ratings and the
probability of a sensation.

Results

First study

Phosphenes were reported by all �fteen subjects. The proba-
bility of experiencing phosphenes depended on the frequency
(F(5, 2132) … 69.1, P < 0.001), amplitude (F(3, 2132) … 64.3,
P < 0.001), and montage (F(5, 2132) … 18.5, P < 0.001). There was
clear evidence for a direct relationship between phosphenes and
amplitude as well as between frontal and parietal montages (see
Fig. 1A). What is more, the effect was most likely when stimulation
was performed at 16 Hz or higher. The strength of phosphenes
depended on frequency (F(5, 436) … 5.45, P < 0.001), amplitude
(F(3, 436) … 22.7, P < 0.001), and montage (F(5, 436) … 8.1,
P < 0.001). Phosphenes were rated as stronger when stimulation
frequency was at 16 Hz or higher. They were stronger for frontal
than for parietal montages and there was a clear relationship to
amplitude, with strength of sensation increasing with stimulation
amplitude (see Fig. 2A).

Dizziness was reported by fourteen subjects. Two subjects
reported simultaneous presence of black spots in their visual �elds.
The probability of experiencing dizziness depended on frequency
(F(5, 2132) … 2.3, P … 0.039) and montage (F(5, 2132) … 2.68,
P < 0.02). The probability of dizziness was highest when stimu-
lating with 4 Hz and increased from frontal to parietal montages
(see Fig. 1B). The strength of dizziness depended on amplitude
(F(3, 384) … 14.2, P < 0.001), and montage (F(5, 384) … 3.8,
P … 0.003). There was a clear relationship to amplitude, with the
strength of sensation increasing with stimulation amplitude, and a
trend for frontal to parietal montage (see Fig. 2B).
Pressure was reported by twelve subjects. The probability
of experiencing pressure depended only on montage (F(5,
2132) … 8.49, P < 0.001). Although the pattern was less evident, it
still resembled an increase from frontal to parietal montages (see
Fig. 1C). The strength of pressure depended on amplitude (F(3,
308) … 6.7, P < 0.001), and montage (F(5, 308) … 8.1, P < 0.001).
There was a clear relationship to amplitude, with the strength of
sensation increasing with stimulation amplitude, and with the
parietal montage eliciting the strongest sensations (see Fig. 2C).

Skin sensations were reported by thirteen subjects. The proba-
bility of experiencing skin sensations depended on amplitude (F(3,
2132) … 137.1, P < 0.001) and montage (F(5, 2132) … 8.49, P < 0.001).
There was clear evidence for a direct relationship to amplitude, and
central montages were more liable to cause skin sensations than
frontal or parietal montages (see Fig. 1D). The strength of skin
sensations depended on amplitude (F(3, 463) … 56.3, P < 0.001),
and montage (F(5, 463) … 9.9, P < 0.001). There was a clear rela-
tionship to amplitude, with the strength of sensation increasing
with stimulation amplitude, and a trend for frontal and central
rather than for parietal montages (see Fig. 2D).

Second study

The probability (F(4, 184) < 1.2, P > 0.31) or the intensity
(P > 0.29) of any sensation was not affected by the stimulation
duration, indicating that the sensations remained stable over time
(see Figs. 3 and 4). Subjects perceived the respective sensations
immediately at the onset of the stimulation and maintained that
perception during the course of stimulation.

The �ndings from the �rst study could be replicated. The
probability of phosphenes was higher for 16 Hz versus 2 Hz stim-
ulation (F(1, 184) … 95.1, P < 0.001) and lower for parietal versus
frontal montage (F(1, 184) … 27.57, P < 0.001). The probability
of dizziness was higher for 2 Hz versus 16 Hz stimulation
(F(1, 184) … 13.5, P < 0.001) (see Fig. 3). The intensity of �ickering
was higher for 16 Hz (F(1, 64) … 11.1, P … 0.0015) and frontal
montage (F(1, 64) … 88.9, P < 0.001) and dizziness was perceived
more intensely at parietal montage (F(1, 74) … 5.9, P … 0.017) (see
Fig. 4). In addition, we found that the probability of skin sensations
increased for parietal versus frontal montage (F(1, 184) … 10.7,
P … 0.0013), while the intensity was increased for 16 Hz stimulation
(F(1, 96) … 6.1, P … 0.015). The intensity of pressure was higher for
parietal montage (F(1, 55) … 6.9, P < 0.011).

Having compared the sensations with each other, we found that
frequency (F(1, 781) … 0.73, P > 0.39) or montage (F(1, 781) … 1.6,
P > 0.46) had no effect on the reaction time for ratings, whereas
stimulation duration (F(4, 781) … 47.4, P > 0.001) and type of
sensation (F(3, 781) … 51.2, P < 0.001) did (see Fig. 5). With longer
stimulation period, reaction time decreased from 5.4 s to saturate at
around 3.2 s (see Fig. 5B). What is more, the reaction time for rating
dizziness had increased signi�cantly (see Fig. 5D). Regardless of the
type of sensation, the probability was not affected by stimulation
duration (F(4, 781) … 0.2, P > 0.96) (see Fig. 6B), but increased for
16 Hz versus 2 Hz (F(1, 781) … 5.5, P … 0.019) (see Fig. 6A) and
decreased for parietal versus frontal montage (F(1, 781) … 15.8,
P > 0.001) (see Fig. 6C). We also observed an increased probabi-
lity of skin sensations, and the lowest probability for pressure
(F(3, 781) … 9.2, P < 0.001) (see Fig. 6D).

Discussion

The goal of this study was to investigate neurosensory side
effects of tACS elicited by different stimulation set-ups to inform
the design of placebo-controlled studies. As well as phosphenes
and skin sensations, we studied pressure and dizziness. To the best



Figure 1. Probability of neurosensory effects for different factors. A to D indicate Phospenes (A), Dizziness (B), Pressure (C) and Skin Sensation (D). Factors with a signi�cant
in�uence according to a 3-way repeated measures ANOVA on the sensation are colored light grey. Error bars indicate standard deviance. Probabilities for montages are indicated by
thickness of line between stimulation electrodes (F4, C4, P4) to reference electrodes (F3, P3). Asterisk indicates signi�cant �ndings.
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Figure 2. Intensity of neurosensory effects for different factors. A to D indicate Phospenes (A), Dizziness (B), Pressure (C) and Skin Sensation (D). Factors with a signi�cant in�uence
according to a 3-way repeated measures ANOVA on the sensation are colored light grey. Error bars indicate standard deviance. Asterisk indicates signi�cant �ndings.
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Figure 3. Probability of sensation for different stimulation parameters. Light grey lines indicate signi�cant differences according to ANOVA. Factors included in the model were
frequency (�rst column), montage (second column) and stimulation duration (third column). Asterisk indicates signi�cant �ndings.

V. Raco et al. / Brain Stimulation 7 (2014) 823e831828
of our knowledge, this is the �rst time that these two sensations
have been reported during tACS.

In both the studies presented here, we were able to replicate
earlier �ndings [6,20,23] on the induction of phosphenes, showing
that stronger phosphenes were elicited when tACS was applied in
higher frequency bands and when electrode montages were closer
to the retina. At even higher frequencies in the ripple range (not
tested in our study) some of these effects have been shown to be
reversed [23]. Phosphenes are already a widely researched sensa-
tion and their induction by ACS is currently also being explored for
therapeutic interventions in the context of retinal disorders [24,25].
In support of electrical �eld modeling studies [26], we provide
further evidence that the �ickering following ACS is of retinal, not
cortical origin [19].

On the basis of previous �ndings in AC-GVS experiments [18],
and because of the possible involvement of the vestibular nerve
[27], we anticipated that the strongest sensations of dizziness
would occur when stimulating at low frequencies and posterior
montages. Consistent with this hypothesis, our results showed the
strongest dizziness ratings for the parietal montage and the lower
frequencies condition. There are several possible explanations as to
why there are no reports of dizziness in previous tACS studies. Low
stimulation frequencies inducing dizziness have rarely been
explored in the past. Moreover, in previous studies, a sagittal
alignment of stimulation and reference electrodes [1] was often
used, inducing a current �ow orthogonal to the vestibular nerve. By
contrast, the parietal electrode montage in the present study
induced a current �ow parallel to the nerve. It should also be noted
that dizziness showed the longest reaction time of all sensations.
This could be explained by the wavelength of low frequency stim-
ulation, making it necessary to evaluate this sensation over a longer
period of time.

The sensation of pressure was not included in the original list of
sensations, but was added after being reported by the �rst subject.
We were surprised to �nd a signi�cant modulation by montage in
the �rst study, which was replicated in the second study. Although
the origin of this sensation is unclear, we tend to assume the
possible involvement of muscle proprioceptors close to the scalp,
namely those of the occipitalis muscle. The sensation of muscle
�ber stretching is probably perceived as increased head weight as if
pressure would be applied externally. The absence of this effect in
other tACS studies might be related to a different electrode posi-
tioning than the parietal electrode montage that caused the more
pronounced effects in this study.

We observed a modulation of skin sensations by amplitude and
montage in the �rst study. We additionally replicated earlier
studies indicating an effect of stimulation frequency [21,23] and
showed in the second study that the probability was increased for
the frontal montage. The effect of stimulation amplitude can be
explained by increased current density, while �ndings about the
impact of electrode montage and stimulation frequency are com-
plex and still lack conclusive interpretation. One possible expla-
nation might be related to the regionally speci�c sensitivity of
tactile nerves in the skin [28].



Figure 4. Intensity of sensation for different stimulation parameters. Light grey lines indicate signi�cant differences according to ANOVA. Factors included in the model were
frequency (�rst column), montage (second column) and stimulation duration (third column). Asterisk indicates signi�cant �ndings.
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When it comes to the design of placebo-controlled non-invasive
brain stimulation studies, two different strategies have been pro-
posed [29]. The �rst, known as sham controlled stimulation (SCS),
Figure 5. Latency of ratings for different factors. Light grey lines indicate signi�cant differen
duration (B), montage (C) and type of sensation (D). Asterisk indicates signi�cant �ndings.
applies low current stimulation or no stimulation whatsoever to
ensure that subjects are unaware of the experimental conditions
[2]. Thus, this approach intends to avoid sensory effects in the
ces according to ANOVA. Factors included in the model were frequency (A), stimulation



Figure 6. Probability of sensation for different factors. Light grey lines indicate signi�cant differences according to ANOVA. Factors included in the model were frequency (A),
stimulation duration (B), montage (C) and type of sensation (D). Asterisk indicates signi�cant �ndings.
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experiment. The second strategy, known as off-target active stim-
ulation (OAS), aims to mimic the neurosensory effects of the
experimental condition without affecting the nervous system. For
both approaches, it is essential to accurately de�ne any stimulation
intensities, frequencies and locations that cannot be distinguished
by the subject. In this vein, we were able to demonstrate that all
three studied factors, i.e. stimulation amplitude, frequency and
electrode montage, determined the probability of sensations
perceived by the subject. In the second study, we were also able to
show that a longer stimulation period did not modulate the prob-
ability or the intensity of side effects but decreased the reaction
time for reporting the side effects. We interpret this decrease in
reaction time to be foremost a training effect.

The reaction time has already been reported to be in�uenced
by the stimulation frequency when two sensations were rated
simultaneously [23]. When we explored the response time for
different sensations separately, we found no effect of the stimu-
lation frequency. These �ndings of our second study therefore
support the notion that split-attention processes are relevant for
the subject’s perception of neurosensory side effects. We postulate
that sensory perception is partially caused by different resonance
frequencies for various sensations, and that the subsequent longer
time-constant re�ects the sensory integration. Here, it should be
noted that dizziness presented the longest reaction times. Effects
resonating more strongly at higher versus lower frequencies might
be related to more sensory events over a shorter time-scale and
might therefore be detected more quickly and more reliably. In
this context, split-attention processes would result in a simulta-
neous inhibition of perceiving sensations resonating at lower
frequencies. This sensory integration perspective is supported
by the exponential decrease in reaction time over stimulation
duration. Future studies should address this hypothesis more
speci�cally and might even include more elaborate mathemati-
cal models predicting perception of tACS-induced neurosensory
effects.

Stimulation amplitude was the most versatile parameter to
modulate the probability and the intensity of neurosensory effects:
the amplitude determined the intensity of all sensations, but
in�uenced the probability for phosphenes and skin sensations only,
not the probability for dizziness and pressure (see Figs. 1 and 2).
As regards stimulation frequencies, those above 16 Hz induced
the highest probability and strength of perception for the most
common neurosensory effect, i.e. phosphenes. This is of particular
signi�cance, since higher frequencies are often used for tACS par-
adigms. However, these side effects could be reduced by choosing
low stimulation intensities and electrode montages further away
from the retina, e.g. the P3eP4 montage.

Our �ndings have implications for both SCS and OAS ap-
proaches. For SCS, it will be imperative to de�ne an accurate
threshold of stimulation intensities that do not induce neurosen-
sory side effects. Special attention should therefore be paid to the
diversity of possible sensations, particularly the less common ones,
to detect them adequately. OAS, both experimental and control
conditions might necessitate stimulation settings that induce the
same neurosensory effects. However, these speci�c neurosensory
effects might not always be experienced by subjects in the same
way. Even if the experimental condition were to induce similar
effects in different subjects, the control condition mimicking these
still might need to be individually adapted. The introspective
discrimination e both qualitative and quantitative e of neurosen-
sory side effects would pose a relevant challenge in any case,
requiring full concentration for the complex task. What is more, the
reported sensations are prone to misinterpretation or even to
random guesses. This might apply to the �rst study as well, since
the participating subjects had to name all the sensations at once
that they had experienced during a stimulation session. This might
have introduced a bias toward the strongest sensation. Interestingly
enough, the main �ndings of the �rst study were replicated in the
second study, where subjects had to focus on one speci�c sensation
at a time only. However, it should be borne in mind that this might
have biased the perception to higher probabilities.

In both studies, we identi�ed the speci�c in�uence of diffe-
rent stimulation parameters and electrode montages on various
neurosensory side effects. However, the particular mechanism
in�uencing the sensory organs will require further investigation.
Our results indicated that subjects could easily distinguish the
actual experimental condition from control conditions based on the
probability and intensity of different neurosensory side effects,
making the design of placebo-controlled stimulation studies a
challenging task. Thus, the set-up and stimulation paradigms for
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tACS experiments have to be chosen with care, e.g. by selecting
those stimulation parameters that do not elicit sensations or
selecting stimulation parameters for the sham condition that are
able to mimic the neurosensory effects of the verum condition
effectively.
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