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Left parietal tACS at alpha frequency induces a shift of visuospatial
attention
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Abstract

® Background: Voluntary shifts of visuospatial attention are associated with a lateralization of
occipitoparietal alpha power (7-13Hz), i.e. higher power in the hemisphere ipsilateral and lower power
contralateral to the locus of attention. Recent noninvasive neuromodulation studies demonstrated that
alpha power can be experimentally increased using transcranial alternating current stimulation (tACS).
Objective/Hypothesis: We hypothesized that tACS at alpha frequency over the left parietal cortex
induces shifts of attention to the left hemifield. However, spatial attention shifts not only occur
voluntarily (endogenous), but also stimulus-driven (exogenous). In order to study the task-specificity of
the potential effects of tACS on attentional processes, we administered three conceptually different
spatial attention tasks. Methods: 36 healthy volunteers were recruited from an academic environment. In
two seperate sessions, we applied either high-density tACS at 10Hz, or sham tACS, for 35-40 minutes to
their left parietal cortex. We systematically compared performance on endogenous attention, exogenous
attention, and stimulus detection tasks. Results: In the Endogenous attention task, we found a greater
leftward bias in reaction times during left parietal 10Hz tACS as compared to sham. There were no
stimulation effects in the exogenous attention or stimulus detection task. Conclusion: The study shows
that high-density tACS at 10Hz can be used to modulate visuospatial attention performance. The tACS
effect is task-specific, indicating that not all forms of attention are equally susceptible to the
stimulation. e

cesses. Visual detection tasks measure low-level
perceptual sensitivity and attentional selection,

Introduction

Visual scenes typically include many stimuli. As
our brains are not able to efficiently process all
stimuli simultaneously, some need to be priori-
tized over others. Such selection can be achieved
with visuospatial attention, which enables prefer-
ential processing of stimuli at a location of inter-
est, as shown by decreased reaction times (RT)
[1]. To some extent, we naturally display prefer-
ential processing in one hemifield relative to the
other [2]; we have a spatial attention bias. On top
of this, spatial attention can be shifted, either
voluntarily (endogenous), or automatically, when
captured by a salient stimulus (exogenous). Dif-
ferent tasks have been used to assess these pro-
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also in the context of multiple, simultaneously
presented stimuli. They can reveal information
about attentional biases, but do not include an
attentional manipulation and therefore leave
higher-order attentional processes out of consid-
eration. In contrast, orienting tasks (endogenous
and exogenous) directly capture higher-order
attentional processes, by comparing the efficiency
of attention shifts across various cue conditions
[3]. In endogenous attention shifts, participants
voluntarily allocate attention based on internal
goals or task instructions. Exogenous attention
shifts on the other hand are stimulus-driven and
automatic. Electroencephalography (EEG) stud-
ies show that a shift in endogenous attention is
associated with an occipitoparietal alpha (8-12Hz)
power lateralization, i.e. alpha power increases in
the ipsilateral relative to the contralateral side of
attention [4-7]. Even on a trial-by-trial basis,
alpha power lateralization predicts RT to stimuli
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in either hemifield [7]. Interestingly, while endog-
enous attention shifts are associated with a lat-
eralization of occipitoparietal alpha power, evi-
dence for a similar link between exogenous atten-

tion and alpha power lateralization is still lacking.

Hemineglect patients show a pathological at-
tention bias, marked by reduced responses to
stimuli in the contralesional hemifield, generally
caused by (usually right-hemispheric) unilateral
stroke in the temporoparietal lobe [8,9]. Patients
are slower and less accurate in contralesional
target detection [10,11], and display a spatial
orienting bias in endogenous and exogenous tasks
[12-14]. In EEG, the amplitude [15-17] and am-
plitude variability [15] of alpha oscillations are
reduced over their damaged hemispheres. In the
recovery period, alpha power increases again [18]
and is associated with clinical improvement
[17,19,20]. These results suggest that alpha power
is related to attentional bias and orienting per-
formance.

To empirically demonstrate the causal rele-
vance of parietal alpha oscillations in attention,
one should modulate alpha power experimentally.
This can be achieved with non-invasive brain
stimulation (NIBS) techniques such as transcra-
nial alternating current stimulation (tACS).
TACS consists of low-intensity electrical current
flowing rhythmically back and forth between two
(or more) electrodes [21-23]. Recent studies com-
bining tACS with EEG show that tACS at alpha
frequency leads to an elevation of alpha power
[22-25]. TACS has been used to study the func-
tional role of oscillations in various coanitive
processes in healthy volunteers [26-31]. Unilateral
tACS at alpha frequency has previously been
shown to influence spatial attention performance
[30,31]. Left temporocentral alpha tACS induced
a leftward bias in an auditory attention/working
memory task [30]. In the visual domain, right
parietal alpha tACS modulated visuospatial at-
tention performance in a landmark task (experi-
ment 1, [31], although this finding could not be
replicated (experiment 2, [31]).

In the current study, we investigated whether
left parietal tACS at alpha frequency results in a
significant shift of visuospatial attention to the
left hemifield in healthy volunteers. We used a
high-density ring electrode montage over the left
parietal cortex targeting the left hemispheric
attention network. Considering the conceptual
difference between simple detection versus orient-
ing tasks and endogenous versus exogenous spa-
tial attention shifts, we evaluated whether alpha
tACS affected these processes differentially. We
stimulated the left parietal cortex at alpha fre-
qguency (10Hz) and sham in separate sessions and
measured visuospatial attention performance in a

visual detection, endogenous attention, and exog-
enous orienting spatial attention task. We hy-
pothesized that left parietal 10Hz tACS induces
an attentional leftward bias relative to sham in
the endogenous attention and detection task. As
it is still unknown whether parietal alpha oscilla-
tions are also associated with exogenous attention
shifts we had no a priori hypothesis regarding the
effect of tACS on the Exogenous attention task.

Methods

Participants

We tested 36 healthy, right-handed stu-
dents with normal or corrected to normal vision
(18 women, mean age = 21.56 years, age range =
18-29 years). At the beginning of each session,
participants gave their written informed consent
and were screened for tACS safety. For this, we
followed the recommended procedures of Antal
and colleaques [321, screenina for e.a. skin diseases,
neuroloaical disorders, implants, pregnancy and
medication.

Procedure

Each participant underwent 10Hz as well
as sham tACS in two separate sessions. A session
started with practicing the detection, endogenous
attention and exogenous attention task. TACS
was subsequently applied at either 10Hz or sham
during which participants performed the
visuospatial attention tasks. In each session, par-
ticipants performed all three visuospatial atten-
tion tasks in a counterbalanced order. TACS
never exceeded 40 minutes and was switched off
after completion of all tasks. An eye tracker was
used for the Endogenous and Exogenous atten-
tion task to record eye movements.

Blinding

Throughout the experiment, participants
were blinded to the experimental hypotheses and
the stimulation protocol. At the end of each ses-
sion, we administered a questionnaire which re-
quired the participants to judge whether real or
sham stimulation was applied. To assure that
participants were not able to differentiate be-
tween the two stimulation conditions, we ran a
generalized estimating equation analysis [33] with
actual stimulation condition (real or sham) as
factor and rated stimulation condition as depend-
ent variable (table 1). Rated stimulation condi-
tion was assessed on an ordinal scale with seven
levels. The value one corresponded to ‘I definitely
experienced placebo/sham stimulation’ and the
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value seven to ‘I definitely experienced real stim-
ulation’. According to the Wald chi square test,
the actual stimulation condition did not affect
the rated stimulation condition  (X2(1,
N=64)=.205, p=.651), indicating that blinding
was indeed maintained.

TACS

A small circular (diameter: 2.1cm, thick-
ness: 2mm) and a large (Outer diameter: 11lcm;
Inner diameter: 9cm, thickness: 2mm) rubber ring
tACS electrode (NeuroConn, llmenau, Germany)
were placed onto the left parietal cortex, with the
small electrode positioned over P3 and the large
electrode centred around it (figure 1A). This ring
electrode montage enables a higher spatial focali-
ty as compared to standard rectangular electrodes
[34]. Conductive gel (en20 paste, Weaver and
Company, Aurora, CO, USA) was applied be-
tween skin and electrodes to reduce the imped-
ance to below 10k{2. Stimulation frequency and
intensity were set to 10Hz and 1mA peak to peak,
phase offset was set to 0 and 100 cycles were used
for ramping up. The sham stimulation was
ramped up and then immediately ramped down
with each 100 cycles.

Visuospatial attention tasks

The detection task was preceded by a
short calibration procedure during which the
contrast of a sinusoidal grating was manually
reduced to slightly above the participant’s detec-
tion threshold. This value was used as an initial
contrast value for the detection task. During the
detection task, sinusoidal gratings with random-
ized left or right orientation were presented in the
left, right, or both hemifields (figure 1B). The

participant had to indicate the location of the
stimulus and the contrast of the stimuli in the
left, right or both hemifields were adapted ac-
cording to a staircase algorithm aiming at 50%
accuracy [35]. One iteration of the detection task
comprised three staircases of each 40 trials result-
ing in three contrast thresholds per session (one
for left, one for right and one for the bilateral
targets). In total, the detection task took
approximately 10 minutes.

The Endogenous attention task started
with the presentation of a fixation point, which
changed in greyscale after a jittered interval.
Then two arrowheads pointing to the left
(<<e<<x), right (>>+>>) or both sides
(<<e+>>) flanking the fixation point and
predicting the correct target location with 80%
validity were shown. This was followed by a
sinusoidal grating with a Gaussian envelope,
which appeared at 7° eccentricity either in the
left or right hemifield (figure 1C). The grating
was rotated by 45° in either clockwise or counter-
clockwise direction and the task of the
participant was to discriminate its orientation.
There were in total 336 trials consisting of 192
valid trials, 48 invalid trials, and 96 neutral trials
and task duration was approximately 20 minutes.

The same fixation point and target
stimulus were also used for the Exogenous atten-
tion task (figure 1D). As opposed to the
endogenous version, the cues consisted of a
change in background luminance (neutral cue) or
four dots surrounding one of the possible target
locations and indicating the correct target
location with 50% validity (directional cue). The
sinusoidal grating was presented at 14° eccentrici-
ty and the participant had to discriminate its
orientation. The Exogenous attention task

Table 1. Outcomes of a post-stimulation questionnaire assessing the rated stimulation condition based

on the participant’s subjective experience.

I definitely I most I might have Idonot I might have I most I definitely
experienced probably experienced know experienced probably experienced
sham experienced sham real experienced real
stimulation sham stimulation stimulation real stimulation
stimulation stimulation

“I.'h"lt kind  qomz 3% 23.3% 16.7% 16.7% 10% 23.3% 6.7%

(o)

stimulation tACS

do you think

you Sham 2.9% 23.5% 14.7% 32.4% 5.9% 14.7% 5.9%

experienced
today?

Each cell indicates the percentage of responses for every answer option per stimulation condition.
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Fig 1. Experimental setup and example trials from the three attention tasks. A TACS setup. TACS ring
electrodes were centered on P3 and each participant was stimulated at 10Hz or sham in separate sessions.
B Example trial from the Detection task. A sinusoidal grating was presented either in the left, right or
both hemifields. Participants had to indicate the location of the sinusoidal grating. C Example trial from
the Endogenous attention task. A trial started with the presentation of a fixation point followed by an
endogenous cue (<<e <<, >>e¢>> 0r <<e>>) directing attention to the left, right or both sides.
Thereafter, a sinusoidal grating tilted 45° to either side was shown in the left or right hemifield. The
participants had to indicate whether the grating was turned to the left or right by pressing the
corresponding button (invalid trial in this example). D Example trial from the Exogenous attention task.
Similarly to the Endogenous attention task, a trail started with the presentation of a fixation point
followed by an exogenous cue. The exogenous cue consisted of four black dots forming a square and
surrounding either the left or right potential target location (directional cue) or a luminance change of the
background color of the screen (neutral cue). Then the sinusoidal grating was presented in the left or right

hemifield and participants had to discriminate its orientation.

consisted of 216 trials in total with 72 trials per
type of cue (valid, neutral, invalid), lasting

corrected liyama ProLite monitor at 57-cm
viewing distance. Video mode was 1920x1080 and

approximately 10 minutes in total.

A more detailed description of the tasks
can be found in Duecker and colleagues [3]. All
tasks were presented with 60Hz on a gamma-

the background luminance was 100cd/m2. The
software application presentation
(NeuroBehavioural Systems, Albany, CA) was
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used for running the tasks interfacing with
MATLAB for the staircase algorithm [35].

Eye tracker

Eye tracking (Eyelink1000, SR Research,
Mississauga, Ontario, Canada) was used during
the endogenous and exogenous cueing task. Ini-
tially a 9-point calibration and validation proce-
dure was executed. Then we used monocular eye
tracking at 1000Hz to track gaze position sample
by sample point. Participants were told to keep
their chin in the chin rest at all times to avoid
movements. Post-hoc trials containing eye blinks
and eye movements exceeding 2° of visual angle
in the time window from 100ms before cue onset
until stimulus onset were deleted (5.92% of all
trials for the endogenous and 2.65% for the exog-
enous version). No eye tracking was used for the
detection task, as it does not include a
(re)orienting component.

Statistical analysis

For both the Endogenous and Exogenous
attention tasks we removed trials with extreme
RTs based on the median +/- 1.5%interquartile
range (IQR) criterion. To assure a sufficient
number of trials per cell we calculated the aver-
age amount of trials over both hemifields per
Stimulation condition and Type of cue. Only
participants with more than 15 trials per stimula-
tion condition and cue type were included in the
analysis.

We performed repeated-measures anal-
yses of variance (RM-ANOVA) to compare the
condition averages of median RTs. A RM-
ANOVA on sham tACS data, with factor Cue-
Type, validated our attention tasks. For the de-
tection task, a RM-ANOVA with factors Stimula-
tion condition and Stimulus location compared
contrast thresholds. To test extinction-like effects
in the 10Hz tACS condition in incorrect bilateral
trials, we performed a RM-ANOVA with Stimula-
tion condition and Indicated location of the stim-
ulus (left or right) as factors and number of trials
as dependent variable.

For the Exogenous attention task, medi-
an RTs based on only correct trials were comput-
ed per Hemifield, Type of cue and Stimulation
condition. Then, the visuospatial attention bias
was calculated by subtracting the RTs to right-
hemifield stimuli from RTs to left-hemifield stim-
uli. Resulting attention bias scores were com-
pared in RM-ANOVA with factors Type of cue
and Stimulation condition. The same main analy-
sis was done for the Endogenous attention task,

followed by two post-hoc analyses. We collapsed
the median RTs across the three levels of cue and
ran a Repeated Measures ANOVA with Hemifield
and Stimulation condition as factors. With a t-
test, we also tested whether there is the difference
between RTs in the left and right hemifield in the
10Hz stimulation condition relative to sham.

Results

Average accuracy over both hemifields
was 93% (range: 69%-100%) for the Endogenous
attention task. Two participants were not
included in this analysis because of an insufficient
number of correct trials without eye artefacts.
For the Exogenous attention task, average
accuracy over both hemifields was 93% (range:
67%-100%). Because of an insufficient nhumber of
correct trials without eye artefacts, one
participant was excluded from the analysis. All
participants were included in the analysis of the
visual detection task.

Cueing effects in the Endogenous and Exogenous
attention task

First, we analyzed the data of the
Endogenous attention task as acquired in the
sham  session and tested whether the
manipulation of attention with the endogenous
cues was successful. We ran a Repeated Measures
ANOVA with median RT averaged over both
hemifields as dependent variable and Type of Cue
as factor. Establishing the cueing effect (figure 2A)
we found a main effect of Type of Cue
(F(2,66)=35.33, p<0.001), with significantly
slower RTs in invalid trials (M=534.15,
SEM=10.02) as compared to neutral (M=513.32,
SEM=9.25) (t(33)=4.23, p<.001) and valid trials
(M=493.35, SEM=7.95) (t(33)=7.04, p<.001)
and significantly faster RTs in valid as compared
to neutral trials (t(33)=-5.58, p<.001) (figure 2A).

The same analysis was done for the
Exogenous attention task. Also here, there was a
main effect of Type of cue (F(2,68)=29.58,
p<.001) with faster RTs in valid (M=482.75,
SEM=9.30) as compared to neutral (M=504.98,
SEM=10.16) trials (t(34)=-5.97, p<.001), faster
RTs in valid as compared to invalid (M=515.70,
SEM=9.42) trials (t(34)=-6.88, p<.001) and a
significant difference between neutral and invalid
trials (t(34)=-2.37, p=.024) (figure 2B).

Visuospatial attention bias in the Endogenous
attention task
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Fig 2. Cueing effect in the Endogenous and Exogenous attention task. A RTs
averaged over both hemifields per type of cue for the Endogenous attention task for
the sham condition. Participants’ reaction times were faster for valid cue trials as
compared to neutral or invalid cue trials, and faster in neutral cue as compared to
invalid cue trials, which indicates a successful cueing effect. B RTs averaged over
both hemifields per type of cue for the Exogenous attention task for the sham
condition. Validating the cueing effect, we found faster reaction times for valid cue
trials as compared to neutral or invalid cue trials as well as faster reaction times in
neutral cue as compared to invalid cue trials. One asterisk visualizes a significant
difference with a p-value < 0.05 and a double asterisk indicates a significant

difference with a p-value < 0.001.

We analyzed whether left parietal alpha tACS
shifts attention to the left, by evaluating the
effects of Stimulation Condition (tACS, sham)
and Type of Cue (invalid, neutral, valid) on
visuospatial attention bias (RTieit nemifield - RTright
nemifieid) 1IN @ Repeated Measures ANOVA. There
was a main effect of Stimulation condition
(F(1,33)=12.33, p=.001) with a greater leftward
bias (M=9.29, SEM=6.30) in the 10Hz as
compared to the sham condition (M=21.44,
SEM=6.61) (figure 3A). The main effect of Type
of cue (F(2,66)=.24, p=.790) and the interaction

effect were not significant (F(2,66)=2.21, p=.118).

The main effect of Stimulation condition confirms
our hypothesis that left parietal tACS at alpha
frequency induces a leftward bias in visuospatial
attention relative to sham. Another way to
present the same results is to subtract the sham
(baseline) session data from the 10Hz tACS
session data and subsequently compare the RTs

between the two hemifields (figure 3B;
statistically, this is identical to the main effect of
stimulation condition). Here it can be seen that
participants are faster for stimuli in the left (M=-
12.58, SEM=10.94) as compared to the right
hemifield (M=-.43, SEM=11.32).

To test which hemifield drives the
attentional bias effect, we analyzed the RTs
averaged over all cues per Hemifield and
Stimulation condition in a Repeated Measures
ANOVA. There was no main effect of Stimulation
condition (F(1,33)=.35, p=.558), a main effect of
Hemifield (F(1,33)=8.64, p=.006) and an
interaction effect (F(1,33)=12.34, p=.001). In
follow-up t-tests we found slower RTs for the left
(M=524.41, SEM=9.37) as compared to the right
hemifield (M=502.88, SEM=8.88) for the sham
stimulation condition  (t(33)=3.81, p=.002,
Bonferroni-corrected). In contrast, the left
hemifield (M=511.82, SEM=12.50) did not differ

6
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from the right hemifield (M=502.56, SEM=12.17)
for the 10Hz stimulation condition (t(33)=1.72,
p=.376, Bonferroni-corrected). The left hemifield
of the 10Hz stimulation condition did not
significantly differ from the left hemifield in the
sham stimulation condition (t(33)=-1.15, p=1.0,

Endogenous attention task
A

Bonferroni-corrected).  Likewise, the right
hemifield of the 10Hz stimulation condition did
not differ from the right hemifield of the sham
stimulation  condition  (t(33)=-.04, p=1.0,
Bonferroni-corrected) (figure 3C).
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Fig 3. Results from the Endogenous attention task. A Visuospatial attention bias in the
Endogenous attention task during 10Hz and sham tACS for valid, neutral and invalid trials.
A positive value of visuospatial attention bias (RTift nemifiels — RTright hemifieid) iNdicates a
rightward bias whereas negative values indicate a leftward bias of visuospatial attention.
There is a significantly greater leftward bias during 10Hz tACS as compared to sham. B
Reaction time per hemifield for the 10Hz stimulation condition relative to sham. For 10Hz
tACS relative to sham there is a difference in RTs for stimuli in the left (RT eft hemifield, 101z tacs -
RT ieft hemifietd, sham) aS compared to the right hemifield (RT right hemifield, 101z tacs = R Tright hemifield, sham)-
This means that we induced a leftward bias during 10Hz tACS relative to sham. Error bars
visualize the standard error of the mean (SEM) across participants. C RTs averaged over all
trials per stimulation condition and hemifield. For the sham stimulation condition,
participants reacted faster in response to stimuli in the right as compared to the left
hemifield. This effect is attenuated for the 10Hz stimulation condition. One asterisk
visualizes a significant difference with a p-value < 0.05 and a double asterisk indicates a

significant difference with a p-value < 0.001.

We thus found a greater leftward bias in
the 10Hz stimulation condition as compared to
sham in the Endogenous attention task,
confirming our hypothesis. Follow-up analyses
revealed that the RTs in neither the left nor right
hemifield differed between the stimulation
conditions. In the sham condition, there was a
significant difference between hemifields with
faster RTs to stimuli in the right as compared to
the left hemifield. In the 10Hz condition, the two
hemifields did not differ from each other.
However, when subtracting the data of the sham
from the 10Hz tACS condition, we found a
leftward bias with faster RTs for the left as
compared to the right hemifield.

Visuospatial attention bias in the Exogenous at-
tention task

To test whether tACS at 10Hz induced a
leftward bias in visuospatial attention relative to
sham we ran a Repeated Measures ANOVA with
visuospatial attention bias as dependent variable
and Stimulation condition (10Hz and sham) and
Type of cue (Valid, Neutral, and Invalid) as
factors. There was a main effect of Type of cue
(F(2,68)=6.61, p=.002) but neither a main effect
of Stimulation condition (F(1,34)=2.25, p=.143)
nor an interaction effect (F(2,68)=.50, p=.610)
(figure 4A). This means that tACS at 10Hz did
not induce a significant leftward bias relative to
sham.

Similar to the analysis of the Endogenous
attention task, we analyzed the RTs averaged
over all cues per Hemifield and Stimulation

condition in a Repeated Measures ANOVA.
There were no significant effects (Stimulation
condition: (F(1,34)=.03, p=.857), Hemifield:
(F(1,34)=3.34, p=.077), Stimulation Condition *
Hemifield: (F(1,34)=2.25, p=.143). Hence, 10Hz
tACS did not significantly affect visuospatial
attention performance in the Exogenous attention
task

Visuospatial attention bias in the Detection task

A repeated Measures ANOVA with
Stimulation condition (10Hz or sham) and
Hemifield (left, right or both hemifields) as
factors and contrast thresholds as dependent
variable did not reveal a main effect of
Stimulation condition (F(1,35)=.06, p=.813),
Hemifield (F(2,70)=.94, p=.397) or an interaction
effect (F(2,70)=.284, p=.754) (figure 4B). To test
whether tACS at 10Hz induced extinction-like
effects we analyzed the errors for the bilateral
trials, i.e. whether participants only perceived the
left or the right stimulus when actually a
bilateral stimulus was shown. Stimulation
Condition and Indicated location of the stimulus
(left or right) was added as factors in a Repeated
Measures ANOVA and number of correct trials
as dependent variable. There was no main effect
of Stimulation Condition (F(1,35)=.53, p=.471)
or Indicated location of the stimulus (F(1,35)=.16,
p=.695) and no interaction effect (F(1,35)=.64,
p=.429). This suggests that performance in the
detection task was not affected by tACS at 10Hz.
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Fig 4. Results from the Exogenous attention and Detection tasks. A Visuospatial attention bias in the
Exogenous attention task during 10Hz and sham tACS for valid (dark grey), neutral (grey) and invalid
(light gray) trials. There was no main effect of Stimulation Condition or interaction effect but only an
effect of Cue Type. B Contrast thresholds in the Detection task during 10Hz and sham tACS for left
(dark grey), bilateral (grey) and right (light grey) targets. There were no significant main or interaction
effects. Error bars visualize the standard error of the mean (SEM) across participants.

Discussion

Previous EEG studies have shown an
association between bias in endogenous attention
and lateralization of occipitoparietal alpha power,
showing greater power in the ipsilateral relative
to the contralateral side of attention [4-7]. Here,
we tested whether this association is robust
enough to permit manipulations of the spatial
distribution of attention by experimentally induc-
ing hemispheric increases in oscillatory alpha
power using NIBS. We therefore stimulated the
left parietal cortex with high-density tACS either
at 10Hz or sham while assessing the bias in
visuospatial attention with an Endogenous and
Exogenous attention task, as well as a
visuospatial detection task. The present report is
(among) the first to show that visuospatial
attention can be influenced by tACS at alpha
frequency. In the Endogenous attention task, a
robust leftward bias was induced during 10Hz

tACS as compared to sham. Interestingly, no
significant stimulation effects were found in the
detection task and Exogenous attention task,
indicating a task-specificity of the left parietal
tACS intervention.

Task specific tACS effects

A tACS-induced leftward bias was found
in the endogenous but not in the Exogenous at-
tention task or detection task. The absence of
stimulation effects for the exogenous cueing task
in our experiment might speak against an
association between exogenous attention and
parietal alpha oscillations. The commonly report-
ed lateralization of alpha power is observed after
the presentation of an endogenous cue but before
a target stimulus is shown [4-7]. This anticipa-
tory change in hemispheric alpha power prior to
target onset speaks in favour of an endogenous
rather than an exogenous attention process. Al-
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ternatively, it is possible that the exogenous
cueing effects simply outweighed the tACS effect.
It has previously been shown that voluntary
orienting can be interrupted by salient lateralized
cues [36-38]. Accordingly, the tACS induced
endogenous attention bias in our experiment may
have been overruled by the exogenous cues.
Analyzing the contrast thresholds of the
detection task, there was also no evidence for a
leftward bias during 10Hz tACS as compared to
sham. In contrast to the orienting tasks, which
involved an orientation discrimination task and

attentional manipulations with  cues, the
detection task simply measured low-level
perceptual  sensitivity  without attentional

manipulation. Our findings are in line with a
recent transcranial current stimulation (tDCS)
reporting no effect of parietal tCS on contrast
thresholds [3]. It could be argued that Ileft
parietal tACS did not affect lower-level visual
processing (e.g. target detection performance) but
rather higher-level attentional processes. However,
it has previously been shown that within and
between subject target detection performance is
associated with pre-stimulus occipitoparietal
alpha power, which stands in contrast to our
findings [39,40]. In those experiments, the
stimulus was presented in the center of the screen
and the change in alpha power was measured at
medial electrode sites. Here, we used lateralized
target stimuli and stimulated the left parietal
cortex, which might explain the absence of
stimulation effects in the detection task for our
experiment. Alternatively, it could be arqued that
our detection task was not sensitive enough to
measure the visuospatial attention bias induced
by tACS at alpha frequency.

Stimulation site and ring electrodes

Through left parietal tACS at 10Hz, we
successfully shifted visuospatial attention to the
left hemifield. In a similar attempt, Veniero and
colleagues [31] conducted two consecutive studies
in which they targeted the right parietal cortex
with tACS at alpha frequency in order to induce
a rightward bias. In experiment 1, they found the
expected rightward bias for 10Hz tACS as
compared to sham in a line bisection (landmark)
task, but this finding could not be replicated in a
second experiment. Likewise, Hopfinger, Parsons
and Froehlich [41]1 administered right parietal
tACS at alpha frequency but report no
visuospatial attention bias as compared to sham
in an Endogenous and Exoaenous attention task.

These results are surprisina considerina
the rather established association of parietal
alpha power lateralization with visuospatial

attention. What distinquishes our experiment
from the above mentioned studies is that we used
ring instead of disc electrodes. Compared to
standard, rectangular, electrode configurations,
ring electrodes enable a hiaher spatial focality
[341. makina it possible to limit stimulation to the
left parietal cortex. Another difference to the
above mentioned studies lies in the stimulation
site. We stimulated the left instead of the riaht
parietal cortex. A recent fMRI experiment
including an Endoaenous as well as an Exoaenous
attention task showed that task-related activity is
areater in the left as compared to the right
frontoparietal attention network [42]. Here. the
left hemisphere seemed to be especiallv involved
in reorientina, showina areater activation for
invalid as compared to valid trials. Moreover, the
chanage in functional connectivity during an
endooenous attention task as compared to rest
has shown to be more pronounced in the left as
compared to the right hemisphere [43]. At rest,
functional connectivity in the frontoparietal
network was tonically hiagher in the right as
compared to the left hemisphere. However, the
left hemisphere was more specificallv recruited
durina  high attentional demands thereby
balancina out the right hemispheric asvmmetry.
This miaht explain why left parietal tACS in our
experiment induced a leftward bias in
visuospatial attention whereas right parietal
tACS has previously led to inconsistent results.

Clinical
research

relevance and suggestions for future

The possibility of modulating alpha oscilla-
tions through tACS at alpha frequency is not
only relevant in the framework of fundamental
research but might also have implications for the
treatment of hemineglect patients. Common re-
habilitation treatments for neglect patients focus
on the contralesional enhancement of attention
[44] through e.g. prism adaptation [45] or vestibu-
lar stimulation [46,47]. Recently, transcranial
magnetic stimulation approaches have been in-
troduced for non-invasively disrupting the unaf-
fected hemisphere and thereby alleviating neglect
symptoms [48,49]. In the present report, we
showed that it is possible to induce a visuospatial
attention bias in healthy participants through
unilateral parietal tACS at alpha frequency. In
order to verify that the reported stimulation ef-
fects are frequency specific and limited to the
alpha range, future research should also include a
control stimulation frequency condition. Another
focus should lie on the individualization of stimu-
lation protocols using individual stimulation fre-
quencies. According to general theories of en-
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trainment and network models, this should boost
the effects [50,51] and might become especially
important when applying tACS in a heterogene-
ous group of patients. It remains to be seen if
tACS at alpha frequency can also be used to
treat patients with attentional deficits.

Hemineglect patient commonly suffer from a
pathological rightward bias [8,9]. This rightward
bias could be counteracted with left parietal
tACS at alpha frequency, as demonstrated here
with healthy participants. TACS has been pro-
posed to induce neuroplastic chanaes under the
stimulation site [52-54]. This might make it a
potential easy-to-apply, portable and affordable
treatment for hemineglect patients with long-
term benefits [52].

Acknowledgements

We would like to thank Jeannette Boschma for
helping with the data collection. This work was
supported by the Netherlands Organization for
Scientific Research (NWO, Veni to T.G. 451-13-
024; Vici to A.S. 453-15-008).

Conflicts of interests
None.

Corresponding author

Teresa Schuhmann

Department of Cognitive Neuroscience

Maastricht University

Oxfordlaan 55, 6229 EV Maastricht, The Nether-
lands

M: t.schuhmann@maastrichtuniversity.nl

P: +31 433882467

11


mailto:t.schuhmann@maastrichtuniversity.nl
https://doi.org/10.1101/644237

bioRxiv preprint doi: https://doi.org/10.1101/644237; this version posted May 24, 2019. The copyright holder for this preprint (which was

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

1.

10.

Posner MI. Orienting of attention. Q J
Exp Psychol. 1980;32: 3-25.
doi:10.1080/00335558008248231

Kim H, Levine SC. Sources of between-

subjects  variability in  perceptual
asymmetries: A meta-analytic review.
Neuropsychologia.  1991;29:  877-888.

doi:10.1016/0028-3932(91)90053-B
Duecker F, Schuhmann T, Bien N, Jacobs
C, Sack AT. Moving Beyond Attentional
Biases: Shifting the Interhemispheric
Balance between Left and Right Posterior
Parietal Cortex Modulates Attentional
Control Processes. J Cogn Neurosci.
2017;29: 1267-1278.
doi:10.1162/jocn_a 01119

Gould IC, Rushworth MF, Nobre AC.
Indexing the graded allocation of
visuospatial attention using anticipatory
alpha oscillations. J  Neurophysiol.
2011;105: 1318-1326.
doi:10.1152/jn.00653.2010

Handel BF, Haarmeier T, Jensen O.
Alpha Oscillations Correlate with the
Successful  Inhibition of Unattended
Stimuli. J Cogn Neurosci. 2011;23: 2494—
2502. doi:10.1162/jocn.2010.21557
Sauseng P, Klimesch W, Stadler W,
Schabus M, Doppelmayr M, Hanslmayr S,
et al. A shift of visual spatial attention is
selectively associated with human EEG
alpha activity. Eur J Neurosci. 2005;22:
2917-2926. doi:10.1111/j.1460-
9568.2005.04482.x

Thut G. -Band Electroencephalographic
Activity over Occipital Cortex Indexes
Visuospatial Attention Bias and Predicts
Visual Target Detection. J Neurosci.
2006;26: 9494-9502.
doi:10.1523/INEUROSCI.0875-06.2006
Buxbaum LJ, Ferraro MK, Veramonti T,
Farne A, Whyte J, Ladavas E, et al.

Hemispatial neglect: Subtypes,
neuroanatomy, and disability. Neurology.
2004;62: 749-756.

doi:10.1212/01.WNL.0000113730.73031.F4
Ringman JM, Saver JL, Woolson RF,
Clarke WR, Adams HP. Frequency, risk
factors, anatomy, and course of unilateral
neglect in an acute stroke cohort.
Neurology. 2004,63: 468-474.
doi:10.1212/01.WNL.0000133011.10689.C
E

Smania N. The spatial distribution of
visual attention in hemineglect and
extinction patients. Brain. 1998;121:

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

1759-1770. doi:10.1093/brain/121.9.1759
Marzi CA, Natale E, Anderson B.
Mapping spatial attention with reaction
time in neglect patients. The Cognitive
and Neural Bases of Spatial Neglect.
Oxford University Press; 2002. pp. 274—
288.
doi:10.1093/acprof:050/9780198508335.003
.0020

Bartolomeo P, Sieroff E, Decaix C,
Chokron S. Modulating the attentional
bias in unilateral neglect: the effects of the
strategic set. Exp Brain Res. 2001;137:
432-444. doi:10.1007/s002210000642
Morrow LA, Ratcliff G. The
disengagement of covert attention and the
neglect syndrome. Psychobiology. 1988;16:
261-269. doi:10.3758/BF03327316

Posner MlI, Cohen Y. Components of
visual orienting. J Cogn Neurosci. 1984;32:
531-556. doi:10.1162/jocn.1991.3.4.335
Ros T, Michela A, Bellman A, Vuadens P,
Saj A, Vuilleumier P. Increased Alpha-
Rhythm Dynamic Range Promotes
Recovery from Visuospatial Neglect: A
Neurofeedback  Study. Neural Plast.
2017;2017: 1-9. doi:10.1155/2017/7407241
Finnigan S, van Putten MJAM. EEG in
ischaemic stroke: Quantitative EEG can
uniquely inform (sub-)acute prognoses and
clinical management. Clin Neurophysiol.
2013;124: 10-19.
doi:10.1016/j.clinph.2012.07.003

Sainio K, Stenberg D, Keskiméaki |,
Muuronen A, Kaste M. Visual and
spectral EEG analysis in the evaluation of
the outcome in patients with ischemic
brain infarction. Electroencephalogr Clin
Neurophysiol. 1983;56: 117-124.
doi:10.1016/0013-4694(83)90066-4
Giaquinto S, Cobianchi A, Macera F,
Nolfe G. EEG recordings in the course of
recovery from stroke. Stroke. 1994;25:
2204-2209. doi:10.1161/01.STR.25.11.2204
de Weerd AW, Veldhuizen RJ, Veering
MM, Poortvliet DCJ, Jonkman EJ.
Recovery from cerebral ischaemia. EEG,
cerebral  blood flow and clinical
symptomatology in the first three years
after a stroke. Electroencephalogr Clin
Neurophysiol. 1988;70: 197-204.
doi:10.1016/0013-4694(88)90080-6

Szelies B, Mielke R, Kessler J, Heiss W-D.
Prognostic relevance of quantitative
topographical EEG in patients with
poststroke aphasia. Brain Lang. 2002;82:
87-94. do0i:10.1016/S0093-934X(02)00004-
4

12


https://doi.org/10.1101/644237

bioRxiv preprint doi: https://doi.org/10.1101/644237; this version posted May 24, 2019. The copyright holder for this preprint (which was

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Antal A, Paulus W. Transcranial
Alternating Current Stimulation. Front
Hum Neurosci. 2013;7: 317.
doi:10.3389/fnhum.2013.00317

Neuling T, Rach S, Herrmann CS.
Orchestrating neuronal networks:
sustained after-effects of transcranial
alternating current stimulation depend
upon brain states. Front Hum Neurosci.

2013;7: 161.
d0i:10.3389/fnhum.2013.00161
Zaehle T, Rach S, Herrmann CS.

Transcranial Alternating Current
Stimulation Enhances Individual Alpha
Activity in Human EEG. Aleman A,
editor. PLoS One. 2010;5: el3766.
doi:10.1371/journal.pone.0013766

Kasten FH, Dowsett J, Herrmann CS.
Sustained Aftereffect of o-tACS Lasts Up
to 70 min after Stimulation. Front Hum
Neurosci. 2016;10: 245.
doi:10.3389/fnhum.2016.00245

Witkowski M, Garcia-Cossio E, Chander
BS, Braun C, Birbaumer N, Robinson SE,
et al. Mapping entrained brain oscillations
during transcranial alternating current

stimulation (tACS). Neuroimage. 2016;140:

89-98.
doi:10.1016/j.neurcimage.2015.10.024
Feurra M, Paulus W, Walsh V, Kanai R.
Frequency Specific Modulation of Human
Somatosensory Cortex. Front Psychol.
2011;2: 13. doi:10.3389/fpsyg.2011.00013
Kanai R, Chaieb L, Antal A, Walsh V,
Paulus W. Frequency-Dependent
Electrical Stimulation of the Visual
Cortex. Curr Biol. 2008;18: 1839-1843.
doi:10.1016/j.cub.2008.10.027

Schwiedrzik C. Retina or visual cortex?
The site of phosphene induction by
transcranial alternating current

stimulation. Front Integr Neurosci. 2009;3.

doi:10.3389/neuro.07.006.2009

Wach C, Krause V, Moliadze V, Paulus
W, Schnitzler A, Pollok B. Effects of 10Hz
and 20Hz transcranial alternating current
stimulation (tACS) on motor functions
and motor cortical excitability. Behav
Brain Res. 2013;241: 1-6.
doi:10.1016/j.bbr.2012.11.038

Woéstmann M, Vosskuhl J, Obleser J,
Herrmann CS. Opposite effects of
lateralised transcranial alpha  versus
gamma stimulation on auditory spatial
attention. Brain Stimul. 2018;11: 752-758.
doi:10.1016/j.brs.2018.04.006

Veniero D, Benwell CSY, Ahrens MM,
Thut G. Inconsistent Effects of Parietal o-

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

tACS on Pseudoneglect across Two
Experiments: A Failed Internal
Replication. Front Psychol. 2017;8: 952.
doi:10.3389/fpsyg.2017.00952

Antal A, Alekseichuk 1, Bikson M,
Brockmdller J, Brunoni AR, Chen R, et al.
Low intensity  transcranial electric
stimulation:  Safety, ethical, legal
regulatory and application guidelines. Clin
Neurophysiol. 2017;128: 1774-1809.
doi:10.1016/j.clinph.2017.06.001

Liu X, Zhang J. Analysis of ordinal
repeated measures data using generalized
estimating equation. Sichuan Da Xue Xue
Bao Yi Xue Ban. 2006;37: 798-800.
Available:
http://www.ncbi.nlm.nih.gov/pubmed/17
037756

Datta A, Elwassif M, Battaglia F, Bikson
M. Transcranial current stimulation
focality using disc and ring electrode
configurations: FEM analysis. J Neural
Eng. 2008;5: 163-174. doi:10.1088/1741-
2560/5/2/007

Watson AB, Pelli DG. Quest: A Bayesian
adaptive psychometric method. Percept
Psychophys. 1983;33: 113-120.
doi:10.3758/BF03202828

Miller HJ, Rabbitt PMA. Reflexive and
voluntary orienting of visual attention:;
Time course of activation and resistance
to interruption. J Exp Psychol Hum

Percept  Perform. 1989;15. 315-330.
doi:10.1037/0096-1523.15.2.315
van der Lubbe RHJ, Postma A.

Interruption from irrelevant auditory and
visual onsets even when attention is in a
focused state. Exp Brain Res. 2005;164:
464-471. doi:10.1007/500221-005-2267-0
Yantis S, Jonides J. Abrupt Visual Onsets
and Selective Attention: Voluntary Versus
Automatic Allocation. J Exp Psychol
Hum Percept Perform. 1990;16: 121-134.
doi:10.1037/0096-1523.10.5.601

Ergenoglu T, Demiralp T, Bayraktaroglu
Z, Ergen M, Beydagi H, Uresin Y. Alpha
rhythm of the EEG modulates visual
detection performance in humans. Brain
Res Cogn Brain Res. 2004;20: 376-383.
doi:10.1016/j.cogbrainres.2004.03.009
Hanslmayr S, Aslan A, Staudigl T,
Klimesch W, Herrmann CS, Bauml K-H.
Prestimulus oscillations predict visual
perception performance between and
within subjects. Neuroimage. 2007;37:
1465-1473.
doi:10.1016/j.neuroimage.2007.07.011
Hopfinger JB, Parsons J, Frohlich F.

13


https://doi.org/10.1101/644237

bioRxiv preprint doi: https://doi.org/10.1101/644237; this version posted May 24, 2019. The copyright holder for this preprint (which was

42,

43.

44,

45,

46.

47.

48.

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Differential effects of 10-Hz and 40-Hz
transcranial alternating current
stimulation (tACS) on endogenous versus
exogenous attention. Cogn  Neurosci.
2017;8: 102-111.
doi:10.1080/17588928.2016.1194261

Meyer KN, Du F, Parks E, Hopfinger JB.
Exogenous vs. endogenous attention:
Shifting the balance of fronto-parietal
activity. Neuropsychologia. 2018;111: 307—
316.
doi:10.1016/j.neuropsychologia.2018.02.00
6

Meehan TP, Bressler SL, Tang W,
Astafiev S V., Sylvester CM, Shulman GL,
et al. Top-down cortical interactions in
visuospatial attention. Brain Struct Funct.
2017;222: 3127-3145. doi:10.1007/s00429-
017-1390-6

Kerkhoff G, Schenk T. Rehabilitation of
neglect: An update. Neuropsychologia.
2012;50: 1072-1079.
doi:10.1016/j.neuropsychologia.2012.01.02
4

Rossetti Y, Rode G, Pisella L, Farné A,
Li L, Boisson D, et al. Prism adaptation

to a rightward optical deviation
rehabilitates left hemispatial neglect.
Nature. 1998;395: 166-169.

doi:10.1038/25988

Cappa S, Sterzi R, Vallar G, Bisiach E.
Remission of hemineglect and anosognosia
during vestibular stimulation.
Neuropsychologia. 1987;25.  775-782.
doi:10.1016/0028-3932(87)90115-1

Rubens AB. Caloric stimulation and

unilateral visual neglect.  Neurology.
1985;35: 1019-10109.
doi:10.1212/WNL.35.7.1019

Fierro B, Brighina F, Bisiach E.

Improving Neglect by TMS. Behav Neurol.

49.

51.

52.

53.

54.

2006;17: 169-176.
doi:10.1155/2006/465323

Oliveri M, Bisiach E, Brighina F, Piazza
A, La Bua V, Buffa D, et al. rTMS of the
unaffected hemisphere transiently reduces
contralesional visuospatial hemineglect.
Neurology. 2001;57: 1338-1340.
doi:10.1212/WNL.57.7.1338

Pikovsky A, Rosenblum M, Kurths J,
Hilborn RC. Synchronization: A Universal
Concept in Nonlinear Science. Am J Phys.
2002;70: 655-655. d0i:10.1119/1.1475332
Frohlich F, McCormick DA. Endogenous
Electric Fields May Guide Neocortical
Network Activity. Neuron. 2010;67: 129-
143. doi:10.1016/j.neuron.2010.06.005
Antal A, Paulus W. Investigating
Neuroplastic Changes in the Human Brain
Induced by Transcranial Direct (tDCS)
and Alternating Current (tACS)
Stimulation Methods. Clin EEG Neurosci.
2012;43: 175-175.
doi:10.1177/1550059412448030

Herrmann CS, Rach S, Neuling T, Striber
D. Transcranial alternating current
stimulation: a review of the underlying
mechanisms and modulation of cognitive
processes. Front Hum Neurosci. 2013;7:
279. doi:10.3389/fnhum.2013.00279
Vossen A, Gross J, Thut G. Alpha Power
Increase After Transcranial Alternating
Current Stimulation at Alpha Frequency
(o-tACS) Reflects Plastic Changes Rather
Than Entrainment. Brain Stimul. 2015;8:
499-508. doi:10.1016/j.brs.2014.12.004

14


https://doi.org/10.1101/644237

