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a b s t r a c t 

Transcranial alternating current stimulation (tACS) can be used to study causal contributions of oscillatory brain 

mechanisms to cognition and behavior. For instance, individual alpha frequency (IAF) tACS was reported to en- 

hance alpha power and impact visuospatial attention performance. Unfortunately, such results have been incon- 

sistent and difficult to replicate. In tACS, stimulation generally involves one frequency, sometimes individually 

calibrated to a peak value observed in an M/EEG power spectrum. Yet, the ‘peak’ actually observed in such 

power spectra often contains a broader range of frequencies, raising the question whether a biologically cali- 

brated tACS protocol containing this fuller range of alpha-band frequencies might be more effective. Here, we 

introduce ‘Broadband-alpha-tACS’, a complex individually calibrated electrical stimulation protocol. We band- 

pass filtered left posterior resting-state EEG data around the IAF ( ± 2 Hz), and converted that time series into 

an electrical waveform for tACS stimulation of that same left posterior parietal cortex location. In other words, 

we stimulated a brain region with a ‘replay’ of its own alpha-band frequency content, based on spontaneous 

activity. Within-subjects ( N = 24), we compared to a sham tACS session the effects of broadband-alpha tACS, 

power-matched spectral inverse (‘alpha-removed’) control tACS, and individual alpha frequency (IAF) tACS, on 

EEG alpha power and performance in an endogenous attention task previously reported to be affected by alpha 

tACS. Broadband-alpha-tACS significantly modulated attention task performance (i.e., reduced the rightward vi- 

suospatial attention bias in trials without distractors, and reduced attention benefits). Alpha-removed tACS also 

reduced the rightward visuospatial attention bias. IAF-tACS did not significantly modulate attention task perfor- 

mance compared to sham tACS, but also did not statistically significantly differ from broadband-alpha-tACS. This 

new broadband-alpha-tACS approach seems promising, but should be further explored and validated in future 

studies. 
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. Introduction 

Non-invasive brain stimulation techniques such as transcranial al-

ernating current stimulation ( Antal and Paulus, 2013 ; Thut, Schyns,

nd Gross, 2011 ) have been used to enhance posterior alpha power

 Helfrich et al., 2014 ; Kasten et al., 2016 ; Kasten and Herrmann, 2017 ;

euling et al., 2013 ; Stecher et al., 2017 ; Vossen et al., 2015 ;

itkowski et al., 2016 ; Zaehle et al., 2010 ). Alpha tACS to left pos-

erior parietal cortex (PPC), a brain area typically associated with vi-

uospatial attention ( Duecker et al., 2017 ), affected reaction times in
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n endogenous attention task ( Kasten et al., 2020 ; Kemmerer et al.,

020 ; Schuhmann et al., 2019 ). Moreover, alpha activity seems to be

ausally involved in active distractor suppression, as evidenced by a re-

uced congruency effect in the Erikson flanker paradigm ( Wiesman and

ilson, 2019 ) and improved performance in a visual conjunction search

ask ( Müller et al., 2015 ) after alpha tACS. In line with this, inattentional

lindness induced by alpha tACS has been explained by enhanced inhibi-

ion of irrelevant stimuli ( Hutchinson et al., 2020 ). In sum, a number of

tudies successfully applied posterior alpha-frequency tACS to provide
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ausal evidence for the involvement of alpha oscillations in visuospatial

ttention. 

Nevertheless, not all results have been positive and consistent

 Veniero et al., 2015 ). For instance, 10 Hz tACS does not always affect

ttention task performance and does not always lead to significant af-

ereffects on EEG alpha power ( Battaglini et al., 2020b ; Coldea et al.,

021 ). Such null findings may in part be explained by variations in

ndividual alpha frequency (IAF) ( Haegens et al., 2014 ; Stecher and

errmann, 2018 ), which points to the importance of individualiz-

ng stimulation protocols ( Hamidi et al., 2009 ; Janssens et al., 2021 ;

emmerer et al., 2020 ; Lin et al., 2021 ). But even when tACS is deliv-

red at IAF instead of at a standard (e.g., 10 Hz) frequency, sometimes

here are no detectable effects on alpha power ( Fekete et al., 2018 ).

uch inconsistencies have not only been found at the neuronal level,

ut also at the behavioral level. For example, while alpha tACS to right

PC led to a visuospatial attention bias in a line bisection task in a first

xperiment, this finding could then not be replicated by the same ex-

erimenters in a second attempt ( Veniero et al., 2017 ). Another study

howed decreased detection performance, but not discrimination per-

ormance, after alpha tACS – but this effect was neither retinotopically-

or frequency-specific ( Brignani et al., 2013 ). Furthermore, while some

eports provided evidence for the involvement of alpha oscillations in

istractor processing ( Schneider et al., 2021 ; Wöstmann et al., 2019 ),

ther studies did not find evidence for such a link ( Noonan et al., 2016 )

r even directly contradicted the notion of a causal link ( Antonov et al.,

020 ). Clearly, the role of alpha oscillations in distractor processing is

ot fully understood yet. Moreover, it is not entirely clear whether or

nder which constraints alpha tACS affects endogenous visuospatial at-

ention. Even when effects are found, tACS effect sizes are generally

mall ( Antal et al., 2008 ; Schutter and Wischnewski, 2016 ). It is there-

ore important to investigate whether previously found tACS effects can

e enhanced by developing novel stimulation protocols. As tACS is in-

reasingly being explored as a treatment strategy for a range of brain-

ased neurological and psychiatric disorders ( Elyamany et al., 2020 ),

ny development in improving its efficacy is not only relevant for re-

earch, but also for clinical applications. 

The standard tACS protocol, even when calibrated to an individual

eak frequency, does not capture the complexity, or the idiosyncrasy, of

he neuronal oscillatory response or intrinsic activity. For instance, IAF

ACS stimulates at only one frequency, while the M/EEG power spec-

rum often shows enhanced power over a range of frequencies in the

lpha-band (a ‘broad peak’). Moreover, M/EEG power spectra show sub-

tantial variability between participants with sometimes multiple peaks

 Chiang et al., 2011 ; Haegens et al., 2014 ). Parts of those more broad-

and signals might be attributable to the nature of the measurement,

ut others could reflect meaningful neuronal processes. There could be

unctionally relevant oscillators in posterior brain regions that operate

t slightly slower or faster frequencies than the individual peak fre-

uency ( Benwell et al., 2019 ; Klimesch et al., 1997 , 1999 ). While the

recise mechanistic basis of tACS effects on behavior, as well as M/EEG

easured oscillations, remains unknown, it might include processes of

ntrainment ( Thut et al., 2011b ) and spike-timing dependent plastic-

ty ( Vossen et al., 2015 ). Spike-timing dependent plasticity mechanisms

ould be engaged by tACS in circuits operating with time-constraints

losely matching the tACS frequency ( Zaehle et al., 2010 ). If differ-

nt circuits (oscillators) in posterior brain regions respond optimally to

lightly different frequencies, tACS targeting a band of frequencies, as

pposed to just a single frequency, might impact a larger range of func-

ionally relevant circuits, and thereby yield a stronger effect on behavior

nd/or oscillatory activity as measured with M/EEG. 

Here, we therefore developed individually tailored ‘broadband-

lpha’ tACS protocols directly based on resting-state EEG data from pos-

erior parietal electrodes, essentially filtering out frequencies outside the

lpha band and ‘feeding back’ the native alpha-filtered time course con-

ent through electrical stimulation during attention task performance.

his approach also naturally allowed us to develop an ‘alpha-removed’
2 
ontrol protocol, which was the spectral inverse of the broadband-alpha-

ACS protocol. To create this protocol, we took the exact same individual

EG time series, but instead filtered out the alpha-band signals, keeping

he content of all other frequencies between 1 and 49 Hz. This alpha-

emoved tACS protocol was matched to the broadband-alpha protocol in

erms of overall power in the electrical waveform. We speculatively hy-

othesized that this alpha-removed protocol might effectively decrease,

s opposed to increase, alpha-band activity in the brain. Thus, while the

AF and ‘broadband-alpha’ tACS protocols may result in alpha synchro-

ization, the ‘alpha-removed’ tACS protocol could perhaps lead to alpha

esynchronization (albeit in an indirect way, by promoting other fre-

uencies). To our knowledge, this study is among the first to explicitly

arget enhancement of oscillatory power in a broader frequency band

long these lines with cognitive effects. Encouragingly, a recent proof-

f-principle study already showed that a replay of individual ‘neuro-

ynamics’ based on EEG measurements of motor cortex activity could

ore successfully enhance motor excitability than conventional tACS

rotocols ( Cottone et al., 2018 ). 

The aims of the current experiment were threefold. First of all, to de-

elop and test the methodology for broadband-alpha-tACS and power-

atched spectral control (‘alpha-removed’) stimulation protocols. Sec-

ndly, to assess whether broadband-alpha-tACS can enhance posterior

EG alpha power and/or modulate visuospatial attention, not (or in

pposite direction) shown for the alpha-removed protocol. Thirdly, to

ssess whether we could replicate previous IAF-tACS effects on alpha

ower and/or attention task performance, or whether broadband-alpha-

ACS might have more reliable effects in light of the inconsistency of

AF-tACS reports. 

We stimulated left PPC (10–20 electrode position P3) with a high-

ensity (‘ring electrode’) tACS montage, using four different tACS pro-

ocols (IAF tACS, broadband-alpha-tACS, alpha-removed tACS, sham

ACS) on separate days in 24 participants, in a counterbalanced fully

ithin-subjects paradigm. The left hemisphere was chosen to repli-

ate previous designs with positive results ( Kemmerer et al., 2020 ;

chuhmann et al., 2019 , though see Coldea et al., 2021 ), and because ef-

ects have typically been stronger for or even restricted to the left hemi-

phere ( Bagherzadeh et al., 2020 ; Kasten et al., 2020 ; Okazaki et al.,

014 ). In all four experimental sessions, participants performed a modi-

ed endogenous visuospatial attention task ( Posner, 1980 ; Posner et al.,

980 ). Half of the attention task trials were traditional Posner trials with

 central valid, neutral or invalid cue, followed by target gratings re-

uiring an orientation judgment. The other half of the trials included

ilateral, whole-field distractors during target presentation. Given the

nclear role of neuronal alpha oscillations in distractor processing (as

utlined above), alpha-tACS effects might differ between trials with and

ithout distractors (because of alpha power increases following rhyth-

ic stimulation, as hypothesized in de Graaf and Duecker, 2021 ). To

nvestigate the effects of tACS on neuronal alpha power, EEG data were

ecorded during eyes closed resting state and during task performance,

mmediately after each 5-min tACS/task block. 

. Materials and methods 

.1. Participants 

Twenty-four healthy individuals participated in this experiment

11 males, age range 19 – 34). Participants were right-handed, had

corrected-to-normal) vision, and did not have any transcranial alter-

ating current stimulation (tACS) contraindications ( Antal et al., 2017 ).

articipants were compensated with either research participation cred-

ts or vouchers. Ethical approval was obtained from the Ethical Review

ommittee Psychology and Neuroscience at Maastricht University, the

etherlands. 
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Fig. 1. Experimental design. A) Overview of procedures during a single experimental session. In the “pre-measurement ”, baseline EEG activity was measured during 

3-min eyes closed resting state and ∼5-min attention task performance. The “main-measurement ” consisted of six identical blocks during which EEG was continuously 

recorded. Each block started with 5 min of attention task performance during which tACS was delivered (striped segments). Note that the same tACS protocol was 

delivered in all six blocks of an experimental session (and four tACS protocols were tested in four different sessions on different days). In the “post-measurement ”, 

EEG data were recorded during 90 s of eyes closed resting state and 90 s of attention task performance without tACS, the order being counterbalanced across two 

participant groups. Note that only tACS-artifact-free EEG data could be included (circled segments). B) Endogenous attention task example trials. After a randomly 

jittered fixation interval, a symbolic cue was presented for 100 ms. This cue either pointed towards the upcoming target (valid), towards the opposite hemifield 

(invalid), or towards both hemifields (neutral). A target grating was presented in the left or right hemifield after a cue-target interval of 500 ms. Participants reported 

as quickly and as accurately as possible the orientation of the target (clockwise or counterclockwise). In half of the trials, distractors with random orientation, phase 

and spatial frequency were presented bilaterally from target onset until target offset. 
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.2. Procedures 

The experiment consisted of four sessions of 2.5 – 3 h each, taking

lace on separate days. Sessions were identical except for the brain stim-

lation protocol being administered. Session order was counterbalanced

cross participants, and brain stimulation was delivered single-blinded

the experimenter was aware of the conditions). Participants were in-

ormed about the (order of the) stimulation conditions only after study

ompletion. Sessions were separated by at least two days. When entering

he lab, participants were first screened for tACS contraindications and

rovided written informed consent. TACS and electroencephalography

EEG) electrodes were then prepared (for details see section 2.4). The

yetracker was set-up using a 5-dot calibration pattern and 1000 Hz sam-

ling frequency (EyeLink1000, SR Research, Ottawa, Ontario, Canada).

reparations took approximately 1 h altogether. 
3 
The experimental procedure consisted of three parts (see Fig. 1 a).

he “pre-measurement ” served to measure baseline EEG activity and task

erformance. It consisted of a 3-min eyes closed resting state EEG mea-

urement, followed by a ∼5-min EEG measurement during which partic-

pants performed an endogenous attention task (see section 2.3 for task

pecifics). The “main-measurement ” consisted of six identical blocks in

hich tACS was delivered and EEG was measured continuously. Note

hat all six blocks of one experimental session/day administered the

ame tACS protocol (and four different sessions/days were used to test

he four different tACS protocols). Each of the main blocks consisted

f three components: 1) a 5-min attention task with concurrent tACS,

) 90 s of attention task without tACS and thus a tACS-artifact-free EEG

ignal, and 3) a 90 ‑s eyes closed resting state EEG measurement without

ACS. The order of the last two components was counterbalanced across

wo participant groups to prevent order effects. Four breaks of 10 s were



S.E.W. Janssens, S.T. Oever, A.T. Sack et al. NeuroImage 253 (2022) 119109 

i  

e  

i  

a  

o  

a

2

 

s  

p  

U  

g  

o  

b  

a  

w  

t  

b  

e  

(  

a  

a  

i  

p  

s  

(  

s  

f  

i  

t  

r  

i  

r  

t  

t  

o  

a  

w  

a  

d  

w  

e  

t  

d

2

 

h  

(  

B  

E  

e  

c  

k

2

 

n  

c  

C  

o  

Fig. 2. EEG and tACS electrode montages and tACS current simulation results. A 

tACS ring electrode was centered position P3 of the international 10–20 system. 

EEG electrodes were positioned on P03, P04, Fz (ground) and both mastoids 

(references). tACS current simulations as created in SimNIBS show the norm of 

the electric field in V/m on an example brain, from three different viewpoints. 
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ncluded during the attention task. Every main block took 520 s and the

ntire main measurement lasted 52 min. The “post-measurement ” was

dentical to the pre-measurement and was included to assess potential

fter-effects of tACS on EEG signal and/or task performance. At the end

f the experiment, participants were debriefed about experiment aims

nd tACS conditions. 

.3. Stimuli and task 

Participants performed an endogenous Posner task in all four ses-

ions (see Fig. 1 b) ( Posner, 1980 ; Posner et al., 1980 ). Stimuli were

resented using MATLAB (The MathWorks, Inc., Natick, Massachusetts,

nited States) and Psychophysics Toolbox ( Brainard, 1997 ) on a

amma-corrected 24 inch monitor with a 60 Hz refresh rate and a res-

lution of 1920 × 1080 pixels. Participants continuously fixated on a

lack dot of 0.2 degrees visual angle (DVA) presented in the center of

 gray screen with a background luminance of 125 cd/m 

2 . Their heads

ere stabilized using a chin rest that was positioned 60 cm away from

he computer screen. Eyetracking was performed to assess fixation sta-

ility. After a randomly jittered fixation period (300 – 1300 ms), an

ndogenous cue was presented for 100 ms. The cue was either valid

arrows pointing in the direction of the upcoming target), neutral (one

rrow pointing to the left and the other to the right), or invalid (pointing

way from the upcoming target) at a ratio of 3:1:1. After a cue-to-target

nterval of 600 ms, a target stimulus with a diameter of 3.5 DVA was

resented at 7 DVA eccentricity on either the left or the right side of the

creen. Target stimuli were sinusoidal gratings of 0.8 Michelson contrast

MC), rotated either 45° clockwise or counter-clockwise, with random

patial frequency and phase. Participants performed a two-alternative

orced choice (2AFC) task for each target grating. More specifically, they

ndicated as quickly and as accurately as possible the orientation of the

arget, pressing with their right hand either the left arrow button or the

ight arrow button for counter-clockwise and clockwise oriented grat-

ngs, respectively. The target grating disappeared once the participant

esponded or when 1200 ms had passed without a response. In half of

he trials, only the target grating was presented. In the other half of the

rials, distractors were displayed bilaterally at target onset until target

ffset. Distractors were displayed around the target locations and had

 random orientation, phase and spatial frequency. Distractor contrast

as 0.8 MC and a drift speed of 4 Hz was used to make the distractors

ppear to move in space, thereby make them more salient. Average trial

uration was 2100 ms (with pseudo-randomized jitter 1900 – 2300 ms),

hich was fixed such that the end of tACS always coincided with the

nd of the task. The pre- and post-measurement each contained 120 at-

ention task trials, while the main measurement contained 960 trials

ivided equally over the six blocks. 

.4. Electroencephalography (EEG) 

EEG data were recorded with 5000 Hz sampling frequency and a

ardware band-pass filter of 0.1–1000 Hz using BrainVision Recorder

BrainVision LLC, Morrisville, North Carolina, United States) and a

rainAmp DC amplifier (BrainProducts, GmbH, Gilching, Germany).

lectrodes were placed over PO3, PO4, Fz (ground), A1 and A2 (ref-

rences, computed offline) (see Fig. 2 ). EEG electrodes were filled with

onductive gel (OneStep Cleargel) and impedances were kept below 5

 Ω (ground and reference electrodes) or 10 k Ω (electrodes of interest). 

.5. Transcranial alternating current stimulation (tACS) 

We used a tACS ring electrode montage ( Datta et al., 2008 ) (in-

er/outer diameter 2.1/11 cm) to stimulate the left posterior parietal

ortex (PPC) ( Kemmerer et al., 2020 ; Schuhmann et al., 2019 ) (Neuro-

onn, Ilmenau, Germany). The inner ring was placed over position P3

f the international 10–20 system and the outer ring was centered on
4 
he inner ring. TACS current flow was simulated in the software pro-

ram SimNIBS (see Fig. 2 ) ( Heise et al., 2019 ; Saturnino et al., 2019 ,

018 ). Conductive gel (Ten20, Weaver and Company, Aurora, CO, USA)

as applied below both ring electrodes and the impedance was kept

elow 10 k Ω . Stimulation was controlled externally by using DataS-

reamer software, a digital-to-analog converter (National Instruments

orp., Austin, Texas, United States), and a Remote DC-Stimulator Plus

NeuroConn GmbH, Ilmenau, Germany) (for an in-depth description of

he experimental set-up, see ten Oever et al., 2016 ). 

Four tACS protocols were created in MATLAB using FieldTrip Tool-

ox ( Oostenveld et al., 2011 ). For each participant, tACS protocols were

ndividualized based on the 3-min eyes closed resting state EEG data

ecorded at the beginning of their first session, from electrode PO3 (left

emisphere) (see Figs. 2 and 3 ). The “individual alpha frequency ” (IAF)

rotocol was created by cutting 5 s epochs, performing a fast Fourier

ransform with Hanning tapers, and creating a continuous sinusoid at

he frequency with the highest power between 7 and 13 Hz (using a fre-

uency resolution of 0.1 Hz). The “broadband-alpha ” protocol contained

 wider range of alpha frequencies, since it was created by band-pass

ltering the EEG data using second-order Butterworth filters, first at 1

49 Hz and then at IAF ± 2 Hz. The “alpha-removed ” protocol included

requencies outside of the alpha range and was created by first band-pass

ltering the data using a second-order Butterworth filter at 1 – 49 Hz

nd then band-stop filtering the data at IAF ± 2 Hz. 

The alpha-removed protocol was the spectral inverse of the

roadband-alpha protocol. As a consequence, the alpha-removed tACS

rotocol contained more frequencies than the broadband-alpha tACS

rotocol. If left unchanged, any differences in the effects of broadband-

lpha tACS and alpha-removed tACS might be explained by differences

n the overall power present in these two tACS protocols. To eliminate

his confound, we matched power between the broadband-alpha and

lpha-removed protocols as follows. First, we ensured that both proto-

ols had a maximum absolute value of 1 in the time domain (corre-

ponding to 1 mA) by convoluting the power spectra by 1/maximum

alue across both conditions. As convoluting in the frequency domain

s the same as multiplication in the time domain, this ensured that the
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Fig. 3. Creation of individualized tACS protocols. Data are shown for one representative participant. The leftmost panel shows the original power spectrum resulting 

from the 3-min eyes closed resting state measurement at the beginning of the first session. Different brain stimulation protocols (middle panels) were created by 

filtering the original power spectrum (left panel) and calculating the inverse Fourier transform to go back to a time-domain signal (rightmost panels). The individual 

alpha frequency (IAF) protocol was created by selecting the frequency between 7 and 13 Hz with maximum power. The broadband-alpha protocol was created 

by bandpass filtering the power spectrum at IAF ± 2 Hz. The alpha-removed protocol was created by band-stop filtering the power spectrum at IAF ± 2 Hz. An 

additional processing step (see section 2.5) ensured that the broadband-alpha and alpha-removed protocols were matched in power. Rightmost panels show 5 ‑s 

example segments of the resulting tACS protocols. 
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aximum value in the time domain value was 1. Then, we equalized

he sum of the powers across both protocols as follows: we took the

rotocol (power spectrum) with the minimum (i.e., smallest) summed

i.e., total) power, and scaled the other protocol to this one by dividing

ach power value by the relative summed power across both protocols.

hen we put back the original phase estimates and inverted the FFT to

et the normalized time courses. As recorded (pre-measurement resting

tate) EEG data were only 3 min long (see Fig. 1 a), we appended the

ata so that each protocol would cover the full intended stimulation

uration (5 min). Though the power matching between the broadband-

lpha and alpha-removed protocols was performed on the 3-min data,

his should only lead to negligible differences in the 5-min protocols. In

upplementary Table 1, we report the minimum amplitude, maximum

mplitude, and the standard deviation of the amplitude for the created

roadband-alpha and alpha-removed tACS protocols for each partici-

ant, to provide some insight in the parameters of tACS protocols in the

ime domain after these various processing steps. 

The “sham ” protocol included a 15 s ramp up and a 15 s ramp down

t IAF. All stimulation protocols included a 15 s ramp up at the start

f each stimulation block, but only the sham protocol included a ramp

own. All protocols had a (maximum) intensity of 2 mA peak-to-peak

as in Kasten et al., 2020 ). Note that for the broadband-alpha and alpha-

emoved protocols, the stimulation did not constantly reach this inten-

ity due to the nature of signals with multiple frequencies (see Fig. 3 ).

here were six stimulation blocks of 5 min each (see Fig. 1 a), leading to

 total stimulation duration of 30 min. 

Though we did not formally record tACS side-effects, participants

enerally perceived all tACS protocols as tolerable. Most of our partici-
 s  

5 
ants were tACS novices, and therefore did not know in advance what

real ” tACS feels like. Based on informal conversations, it seems that our

articipants did not know in which session they received sham (ineffec-

ive) tACS, and that IAF-tACS was typically perceived to be the most

ncomfortable/noticeable stimulation protocol. 

.6. Analyses 

Data were analyzed using MATLAB version 2019a, FieldTrip Toolbox

 Oostenveld et al., 2011 ), Python 3 and JASP version 0.12.2. 

.6.1. Behavioral analyses 

The dependent variable for the two-alternative forced-choice (2AFC)

ask was reaction time (RT) in ms. Trials in which participants responded

ncorrectly or too quickly ( < 200 ms) were excluded. Trials with blinks

nd/or saccades (defined as eye movements > 2 degrees visual angle

DVA)) during the cue-to-target interval were removed. On average 109

ut of 1200 trials were excluded per session (63 due to blinks/saccades,

5 due to incorrect responses, and 1 due to a fast response). Median RTs

ere calculated for all participants for each condition cell and values

ore than 3 standard deviations away from the mean across participants

ere removed. One participant was excluded due to technical problems

n the lab (i.e., tACS equipment failure). Two planned analyses were per-

ormed on the RT data from the main measurement. The first analysis

nvolved two separate three-way repeated-measures ANOVAs, one for

rials with distractors and one for trials without distractors, including

he factors “brain stimulation ” (IAF, broadband-alpha, alpha-removed,

ham), “hemifield ” (left versus right), and “cue validity ” (valid, neutral,
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nd invalid). In the second analysis, we first calculated RT benefits (by

ubtracting scores in valid cue trials from those in neutral cue trials) and

osts (by subtracting scores in neutral cue trials from those in invalid cue

rials) ( Duecker and Sack, 2015 ; Mangun and Buck, 1998 ). We then per-

ormed a three-way repeated-measures ANOVA on these attention bene-

ts and costs, including the factors “brain stimulation ”, “hemifield ”, and

distractors ” (present versus absent). As a post-hoc exploratory analysis,

e then also performed the same three-way repeated-measures ANOVA

or the dependent variable ‘cueing effect’ (which was calculated by sub-

racting RTs in invalid cue trials from RTs in valid cue trials). Significant

nteraction effects were followed by simple effects analyses. To assess

he consistency of tACS effects, single subject effects were visualized

sing ‘raincloud plots’ ( Allen et al., 2019 ). 

.6.2. EEG analyses 

EEG files were cut into 5 s epochs. Signal variance was calculated

or each epoch and the six tACS offsets were pinpointed by detect-

ng sudden drops in EEG variance between epochs. The insufficient

ynamic range of our EEG system and the limited number of elec-

rodes prevented the analysis of EEG data during tACS ( Kasten and Her-

mann, 2019 ). We therefore selected artifact-free EEG data (see Fig. 1 a),

fter which epochs were sorted into task and rest epochs. Epochs with

 high signal variance were excluded based on the inter-quartile range

 > Q3 + 1.5 x IQR criterion) (as in de Graaf et al., 2017 ). Power at fre-

uencies 1 – 49 Hz was determined by calculating FFTs using Hanning

apers, separately for each cognitive state (task versus rest) and hemi-

phere (left versus right). Epochs were zero-padded to 10 s to reach a

requency resolution of 0.1 Hz and power values were log-transformed

 Smulders et al., 2018 ). Alpha power was calculated by taking the sum

f the power values from the frequencies within the range IAF ± 2 Hz.

ext, we removed the 1/f trend from the power spectrum and fitted

 Gaussian curve to the power spectrum. Alpha peak width was deter-

ined as the standard deviation of the fitted Gaussian ( Dickinson et al.,

018 ; Haegens et al., 2014 ; van Albada and Robinson, 2013 ). Alpha

eak width was calculated to allow assessment of tACS effects on the

hape/width of the alpha-range power spectrum in EEG, given the dif-

erent ‘alpha-widths’ in the current experiment between the broadband-

lpha-tACS, IAF tACS, and alpha-removed tACS protocols. We previ-

usly reported that alpha peak width can be reliably estimated us-

ng this method ( Janssens et al., 2021 ). For each of the four sessions,

lpha power and alpha peak width values in the main-measurement

nd post-measurement were normalized to the pre-measurement. This

as done by calculating the average alpha power/width in the pre-

easurement, across cognitive states and hemispheres, and subtracting

hat value from the main- and post-measurement values. Our predefined

nalysis plan was to first investigate whether any brain stimulation ef-

ects were present in the main measurement (immediate tACS afteref-

ects). If this were to be the case, we would then proceed to analyze

he post-measurement to investigate whether the brain stimulation ef-

ects persisted after the tACS had stopped entirely (longer tACS after-

ffects). Two participants were excluded from the analyses due to tech-

ical problems in the lab (one due to a corrupted EEG file, the other due

o tACS equipment failure). Two more participants were excluded due

o the presence of multiple outlier values (defined as values > 3 SD away

rom the mean across participants). We then performed two repeated-

easures ANOVAs with the factors “brain stimulation ” (IAF, broadband-

lpha, alpha-removed, and sham), “cognitive state ” (task versus rest)

nd “hemisphere ” (left/electrode PO3 versus right/electrode PO4), one

or each dependent variable (alpha power and alpha peak width). In-

luding the factor “hemisphere ” allowed us to assess whether tACS af-

ected alpha power and/or alpha peak width specifically in the left (stim-

lated) hemisphere, or perhaps also influenced the contralateral hemi-

phere. 

We originally hypothesized that the alpha-removed tACS protocol

ould either have no effects on alpha power, or, if anything, might de-

rease alpha power (‘de-entrainment’) through a process of alpha desyn-
6 
hronization – for instance by the enhancement of neighboring frequen-

ies. From this perspective, in an explicitly exploratory analysis, we also

ssessed whether alpha-removed tACS increased theta (3 – 6 Hz), beta

15 – 25 Hz), or gamma (30 – 40 Hz) power compared to sham tACS.

ote that these frequency bands were non-overlapping with the indi-

idually created alpha bands (IAF ± 2 Hz), since the minimum IAF was

.2 Hz and the maximum IAF was 12.2 Hz in our participant sample.

e performed three repeated-measures ANOVAs with the factors “brain

timulation ” (alpha-removed versus sham), “cognitive state ” (task ver-

us rest ”), and “hemisphere ” (left/electrode PO3 versus right/electrode

O4), one for each dependent variable (theta, beta, and gamma power).

It is possible that tACS effects were limited to particular experimen-

al blocks in our cumulative tACS session, since early versus late tACS

ffects may be driven by different mechanisms (e.g., entrainment ver-

us neuroplasticity) ( Antal and Herrmann, 2016 ; Herrmann et al., 2013 ).

e performed post-hoc analyses to explore this idea. More specifically,

e repeated the abovementioned EEG analyses while including the fac-

or “experimental block ” (with three levels: blocks 1 & 2, blocks 3 & 4,

nd blocks 5 & 6). We furthermore performed the same EEG analyses

pecifically for block 1 and for block 6. 

. Results 

In a counterbalanced, fully within-subject design, we stimulated

eft posterior parietal cortex (PPC) in 24 participants using individu-

lly calibrated broadband-alpha-tACS, power-matched alpha-removed-

ACS, IAF-tACS, and sham-tACS. All tACS conditions were well-tolerated

y participants, including the new biologically inspired protocols. Be-

ow, we first evaluate the effects of tACS on attention task performance

ith and without distractors. We then assess whether tACS led to after-

ffects in EEG alpha activity. 

.1. Behavioral results 

.1.1. Analysis 1 

The first planned analysis included two repeated-measures ANOVAs

ith the factors “brain stimulation ” (IAF, broadband-alpha, alpha-

emoved, sham), “hemifield ” (left, right) and “cue validity ” (valid, neu-

ral, invalid) on median RTs in ms – one for trials with distractors, the

ther for trials without distractors. 

In trials with distractors, there was a significant main effect of “hemi-

eld ” ( F (1,22) = 24.05, p < 0.001). RTs were slower in the left hemi-

eld as compared to the right hemifield (respectively M = 522.49 and

 = 496.29 SE = 10.60). As expected, there was a significant main ef-

ect of “cue validity ” ( F (2,44) = 32.47, p < 0.001) ( Chica et al., 2014 ;

uecker and Sack, 2015 ; Mangun and Buck, 1998 ). There were signifi-

ant attention benefits, as evidenced by significantly lower RTs for valid

ue trials as compared to neutral cue trials ( t (23) = 1.78, p = 0.04 one-

ailed, uncorrected, mean difference = − 3.16, SE = 1.77). Attention costs

lso turned out significant, since RTs were slower in invalid cue trials

s compared to neutral cue trials ( t (23) = 5.91, p < 0.001, mean dif-

erence = 10.48, SE = 1.77). The fact that we replicated these well-

ocumented effects validates our modified Posner task with distractors,

ndicating that it can be used to study endogenous visuospatial atten-

ion. Interestingly, tACS did not seem to modulate attention task perfor-

ance in trials with distractors, since the factor “brain stimulation ” did

ot show any significant effects ( p ’s > 0.10). 

In trials without distractors, the main effects of “hemifield ” and

cue validity ” were significant as well (respectively F (1,22) = 29.18,

 < 0.001 and F (2,44) = 37.39, p < 0.001). Again, RTs were slower in

he left as compared to the right hemifield (mean difference = 15.77,

E = 2.92). Both attention benefits and costs turned out signifi-

ant (mean difference = 6.99 versus − 6.84, respectively, SE = 1.60,

 ’s < 0.001). There was a significant “brain stimulation ” x “hemifield ”

nteraction ( F (3,66) = 3.83, p = 0.014). Raw RT data in trials without
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Fig. 4. The effects of brain stimulation on at- 

tention bias. Left panel: average reaction time 

(RT) lateralization scores are shown for all 

tACS conditions (IAF = individual alpha fre- 

quency, BB = broadband-alpha, REM = alpha- 

removed). Error bars indicate standard error of 

the mean (SEM). Asterisks indicate statistically 

significant differences ( p < 0.05). Right panel: 

single subject RT lateralization effects for each 

of the three planned comparisons (x-axis). RT 

lateralization effect (y-axis) was calculated by 

subtracting RT lateralization scores for ‘active’ 

(IAF, BB, or REM) tACS from sham tACS (i.e., 

RT lateralization sham-tACS minus RT lateral- 

ization active-tACS). A larger effect thus indi- 

cates a larger reduction in RT lateralization after 

‘active’ tACS compared to sham-tACS. Dots indicate single subject effects, diamonds indicate mean effects, and data distributions are visualized using boxplots and 

probability distributions. Note that 17 out of 23 ( ∼74%) subjects showed an effect in the expected direction (i.e., a reduction in the rightward attention bias, compared 

to sham tACS, as shown by dots > 0) in the broadband-alpha condition, but only 13 out of 23 ( ∼57%) in the IAF condition. 
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istractors are shown in Supplementary Figure 1. The significant inter-

ction was difficult to interpret, since follow-up simple effects analyses

ielded no significant effect of “brain stimulation ” for either hemifield in

solation ( p ’s > 0.10), and the effect of “hemifield ” was significant for all

rain stimulation sessions (IAF: F (1,22) = 25.04, p < 0.001; broadband-

lpha: F (1,22) = 15.64, p < 0.001; alpha-removed: F (1,22) = 11.54,

 < 0.003; sham: F (1,22) = 44.12, p < 0.001). 

Therefore, to further explore the pattern of results underlying the

rain stimulation x hemifield interaction, and to replicate the analy-

es from two previous studies with positive results ( Kemmerer et al.,

020 ; Schuhmann et al., 2019 ), we calculated RT lateralization scores

RTs to left hemifield targets minus RTs to right hemifield targets). Pos-

tive values indicate a rightward bias and negative values indicate a

eftward bias. We conducted three planned follow-up paired t-tests, to

ompare the three ‘active’ tACS conditions with the sham condition

see Fig. 4 ). In contrast to previous reports ( Kemmerer et al., 2020 ;

chuhmann et al., 2019 ), we did not find a significant difference in RT

ateralization scores between IAF and sham stimulation ( t (23) = 0.97,

 = 1.00, Bonferroni-corrected). We did find a significant difference be-

ween broadband-alpha and sham stimulation in the expected direction

 t (23) = 2.23, p = 0.04 one-tailed, Bonferroni-corrected), with a smaller

ightward bias for the broadband-alpha condition ( M = 14.02 versus

 = 20.12, SE = 2.74). The direction of this effect is in line with the pos-

tive results from previous studies using 10 Hz tACS ( Schuhmann et al.,

019 ) and tACS at IAF ( Kemmerer et al., 2020 ). Though a direct com-

arison between the effects of broadband-alpha and IAF tACS was

ot statistically significant ( F (1,22) = 1.31, p = 0.26), in this exper-

ment, broadband-alpha-tACS was able to reveal a hypothesized re-

ult that single-frequency (IAF) tACS could not successfully replicate.

n the other hand, we also found a significant difference between

lpha-removed and sham stimulation ( t (23) = 3.15, p = 0.01 two-

ided, Bonferroni-corrected), in the same direction as for broadband-

lpha-tACS, which was contrary to our expectations ( M = 11.49 versus

 = 20.12, SE = 2.74). Note that the seemingly deviating observation

n Fig. 4 (broadband-alpha versus sham tACS, lowermost dot) was not

n outlier statistically, and conclusions did not change after excluding

hat observation/participant. 

.1.2. Analysis 2 

In the second planned analysis, we performed two repeated-

easures ANOVAs to investigate whether attention benefits (decrease

n RT after valid cues, from neutral cues) and costs (increase in RT af-

er invalid cues, from neutral cues) were influenced by our experimen-

al factors “brain stimulation ” (IAF, broadband-alpha, alpha-removed,

ham), “hemifield ” (left, right), and “distractors ” (present, absent). For

he analysis on attention costs, the only significant effect was a main

ffect of “distractors ” ( F (1,22) = 7.08, p = 0.014), where attention costs
7 
ere higher in trials with distractors compared to trials without distrac-

ors ( M = 10.48 versus M = 6.84, respectively, SE = 1.37). 

There was also a significant main effect of “distractors ” on atten-

ion benefits ( F (1,22) = 5.39, p = 0.03), with lower benefits in trials

ith distractors compared to trials without distractors ( M = 3.16 ver-

us M = 6.99, respectively, SE = 1.65). Importantly, there was also a

trongly significant main effect of “brain stimulation ” on attention ben-

fits ( F (3,66) = 4.77, p = 0.005). Three planned follow-up tests, com-

aring the three ‘active’ brain stimulation conditions with the sham con-

ition, showed that only the broadband-alpha condition differed signif-

cantly from the sham condition ( t (23) = 3.76, p = 0.003 two-tailed,

onferroni-corrected) (see Fig. 5 ). Attention benefits were smaller (in

act, nearly absent) in the broadband-alpha condition ( M = 0.82 versus

 = 7.24 in the sham condition, SE = 1.71), very consistently across

articipants (see Fig. 5 , right panel). As in Analysis 1, broadband-alpha-

ACS could reveal a significant effect (compared to sham tACS), while

AF-tACS could not, though the direct comparison between the effect

f broadband-alpha (versus sham) tACS compared to IAF (versus sham)

ACS was not significant ( F (1, 22) = 1.88, p = 0.18). Even though tACS

as left-lateralized, we did not find a significant “brain stimulation ” x

hemifield ” interaction ( F (3, 66) = 0.81, p = 0.49). Raw RT data are

hown in Supplementary Figure 1. 

In a post-hoc exploratory analysis, we did not find any statistically

ignificant main or interaction effects of “brain stimulation ”, “hemi-

eld ”, or “distractors ” on the attentional cueing effect (RT valid – RT

nvalid cue trials; all p ’s > 0.10). 

.2. Electroencephalography (EEG) results 

We performed a repeated-measures ANOVA with the factors ‘brain

timulation’ (IAF, broadband-alpha, alpha-removed, sham), ‘cognitive

tate’ (rest, task) and ‘hemisphere’ (left/electrode PO3, right/electrode

O4) on the dependent variable ‘alpha power’. There was a significant

ain effect of ‘cognitive state’ ( F (1,19) = 45.09, p < 0.001). In line

ith previous results, alpha power was higher during eyes closed resting

tate as compared to during task performance (mean difference = 31.05,

E = 4.63) ( Barry et al., 2007 ; Barry and De Blasio, 2017 ; Ba ş ar et al.,

999 ; Osaka, 1984 ; Yamagishi et al., 2008 ). Moreover, there was a sig-

ificant main effect of ‘hemisphere’ ( F (1,19) = 12.75, p = 0.002), with

lpha power being higher in the left hemisphere as compared to the

ight hemisphere (mean difference = 8.97, SE = 2.51). This finding is

he opposite of two previous reports ( Çiçek et al., 2003 ; Gallotto et al.,

020 ), but note that Gallotto et al., 2020 looked at alpha power at a

pecific, short time window during an attention task. There were no

ignificant main or interaction effects including the factor ‘brain stim-

lation’ ( p ’s > 0.10). When specifically comparing the IAF and sham

onditions, these conclusions did not change. 
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Fig. 5. The effects of brain stimulation on 

attention benefits. Left panel: average reac- 

tion time (RT) benefits are shown for all 

tACS conditions (IAF = individual alpha fre- 

quency, BB = broadband-alpha, REM = alpha- 

removed). Error bars indicate standard error 

of the mean (SEM). Asterisks indicate statisti- 

cally significant differences ( p < 0.05). Right 

panel: single subject effect for each of the three 

planned comparisons (x-axis). RT benefits ef- 

fect (y-axis) was calculated by subtracting RT 

benefits for ‘active’ (IAF, BB, or REM) tACS 

from sham tACS (i.e., RT benefits sham-tACS 

minus RT benefits active-tACS). A larger effect 

thus indicates a larger reduction in RT bene- 

fits after ‘active’ tACS compared to sham-tACS. 

Dots indicate single subject effects, diamonds indicate mean effects, and data distributions are visualized using boxplots and probability distributions. In the 

broadband-alpha condition, 19 out of 23 ( ∼83%) participants showed an effect in the expected direction (i.e., a reduction in attention benefits compared to sham 

tACS, as shown by dots > 0), but only 11 out of 23 ( ∼48%) in the IAF condition. 
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We then performed a repeated-measures ANOVA with the same fac-

ors on the dependent variable ‘alpha peak width’. There was a signifi-

ant main effect of ‘hemisphere’ ( F (1,18) = 9.31, p = 0.007), with alpha

eak width being larger in the left hemisphere as compared to the right

emisphere (mean difference 0.23, SE = 0.076). There were no signifi-

ant main or interaction effects including the factor ‘brain stimulation’

all p ’s > 0.10). 

Since the alpha-removed protocol essentially stimulated frequencies

utside the alpha range, we performed exploratory repeated-measures

NOVAs on power in the theta, beta, and gamma bands (see section

.6.2 ‘EEG analyses’) focusing on factors ‘brain stimulation’ (alpha-

emoved versus sham), ‘cognitive state’ (rest, task), and ‘hemisphere’

left/electrode PO3 versus right/electrode PO4). But there were no sta-

istically significant effects for any of these ANOVAs/frequency bands

all p ’s > 0.10), also not when including the two statistical ‘outlier par-

icipants’. Note that post-hoc analyses including the factor ‘experimental

lock’ (see section 2.6.2 ‘EEG analyses’) did not reveal any new results

all p ’s > 0.10). 

. Discussion 

We here introduced a new ‘broadband-alpha’ tACS protocol, as well

s its spectral inverse (‘alpha removed’) protocol, stimulating partici-

ants with electrical waveforms directly based on their own (filtered

nd scaled) EEG activity recorded from the same left posterior target

ite. We asked whether broadband alpha-frequency tACS, including fre-

uencies ± 2 Hz around individual alpha frequency (IAF), could amplify

lpha power and/or modulate attention, perhaps more consistently or

trongly than single-frequency IAF-tACS. After all, while IAF-tACS is tai-

ored to individual M/EEG power spectra, it only marginally represents

he complexity and distribution of alpha-band activity actually observed

n neuronal oscillations. More complex, biologically informed tACS pro-

ocols targeting multiple frequencies could be superior, for instance if

hey impact a larger range of functionally relevant circuits with slightly

ifferent preferred frequencies. 

A recent proof-of-principle study provided encouraging evidence

hat biologically inspired (EEG-based) electrical stimulation affords

ew, powerful neuromodulation approaches. Those authors extracted

and motor activity from primary motor cortex EEG based on functional

ource separation informed by coherence with EMG activity measured

n the relevant contralateral hand muscles ( Cottone et al., 2018 ). ‘Indi-

idual neurodynamics stimulation’, meaning electrical stimulation with

 waveform based on such EEG/EMG-based endogenous hand motor

ctivity, affected cortical excitability while conventional 20 Hz tACS

id not. The current study took a similar approach, ‘replaying’ individ-

al cortical activity measured with EEG, but with the different goal of

nhancing oscillatory power across a functionally relevant (alpha) fre-
8 
uency band, as opposed to general cortical excitability, to affect cor-

esponding cognitive function. Our aims were to 1) develop this ap-

roach, 2) assess the effects of broadband-alpha-tACS and a spectral

nverse (‘alpha-removed’) control tACS protocol on attention task per-

ormance and/or post-stimulation alpha power, 3) assess whether the

ffects of broadband-alpha-tACS are more consistent compared to con-

entional (single-frequency) tACS. 

We first investigated whether broadband-alpha-tACS had any effects

n EEG alpha activity and/or attention task performance. Broadband-

lpha-tACS did not cause any significant aftereffects on EEG alpha power

in fact, none of the tACS protocols did, see below). Broadband-alpha-

ACS reduced the rightward attention bias in attention task trials with-

ut distractors. This effect was statistically significant and observable

n the majority of participants. The direction of this effect is consistent

ith previous studies, since it has been shown that the rightward spa-

ial attention bias that is typically present in healthy volunteers (i.e.,

pseudoneglect ”) ( Jewell and McCourt, 2000 ) can be reduced by alpha

ACS to left PPC ( Kemmerer et al., 2020 ; Schuhmann et al., 2019 ). How-

ver, we found an unexpected similar result for alpha-removed tACS.

he purpose of this protocol was more explorative, serving as an inter-

sting control condition but without clear expectations based on prior

esearch. If anything, we a priori speculated that by enhancing fre-

uencies outside of the alpha band, we might get a (relative) reduc-

ion of alpha power (alpha desynchronization, by ‘de-entrainment’) and

onsequently opposite behavioral effects compared to the broadband-

lpha and IAF tACS protocols. One possibility to consider is whether

ur unexpected behavioral finding in the alpha-removed tACS condi-

ion was directly caused by increased beta power ( Battaglini et al.,

020a ; Samaha et al., 2017 ), theta power, or gamma power. Exploratory

nalyses did not reveal enhanced beta, theta, or gamma power in the

ost-tACS EEG. Unfortunately, we cannot determine what exactly alpha-

emoved stimulation did to oscillatory power online, since we could not

eliably analyze the EEG data recorded during tACS. These results thus

o not offer an explanation regarding the underlying neuronal effects

f tACS. It is difficult to explain why we found equivalent behavioral

esults for the broadband-alpha and alpha-removed tACS protocols in

his analysis. 

An effect that was specific to the broadband-alpha-tACS condition

as a reduction in attention benefits (neutral – valid trial RTs) after

roadband-alpha compared to sham tACS. There were no statistically

ignificant effects of tACS on attention costs (invalid – neutral trial RTs)

r on the ‘cueing effect’ (valid – invalid trial RTs). Attention allocation

nvolves alpha desynchronization ( Gould et al., 2011 ), and broadband-

lpha-tACS was hypothesized to synchronize alpha oscillators across the

ndividual alpha band (IAF ± 2 Hz). That synchronization might coun-

eract the desynchronization that is required for attention benefits (e.g.,

e Graaf and Duecker, 2021 ; de Graaf et al., 2013 ). Since we stimu-
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r  
ated the left hemisphere, we might have expected any effects of brain

timulation to differ between hemifields based on hemispheric later-

lization ( Duecker et al., 2013 ). However, in our data, the effect of

roadband-alpha stimulation on attention benefits did not significantly

nteract with the factor ‘hemifield’. We thus found a generic, hemifield-

ndependent improvement in cued attentional orienting. Is tACS per-

aps not focal enough, does it relate to interhemispheric interactions,

re there more complicated mechanisms at play, or does broadband-

lpha-tACS not work the way we hypothesized? At this time, we cannot

isentangle this further. The effects of broadband-alpha-tACS might not

e explicable by indirect tACS effects such as somatosensory stimula-

ion ( Asamoah et al., 2019 ; Matsumoto and Ugawa, 2017 ; Raco et al.,

014 ; Vieira et al., 2020 ), since the effects did not occur in the IAF

ACS condition which was typically perceived as involving stronger so-

atosensory stimulation. However, it is important to mention that this

s based on informal observations and should therefore be further inves-

igated. We cannot currently rule out the possibility that somatosensory

ide effects influenced our results, since we did not systematically record

ACS side effects. Taken together, these consistent effects of broadband-

lpha-tACS are promising, and exciting to pursue in future studies. At

he same time, for the reasons outlined above, not all results are imme-

iately clear or easily interpreted, and the full pattern of findings across

ur complex experimental design does warrant caution. 

After establishing that broadband-alpha-tACS modulated attention

ask performance, we could assess whether it might do so more consis-

ently than IAF tACS. As also recently reported by Coldea et al. (2021) ,

e could not replicate previous reports of IAF tACS effects on at-

ention task performance in similar paradigms ( Kasten et al., 2020 ;

emmerer et al., 2020 ; Schuhmann et al., 2019 ), although our paradigm

iffered in potentially crucial design aspects (e.g., the shorter ‘blocks’

f tACS). This underlines that IAF tACS effects can be unreliable, or

ensitive to precise conditions/parameters, and actually highlights the

mportance of developing more robust stimulation protocols. Perhaps,

ower amplitude (e.g., 1 or 1.5 mA peak-to-peak) IAF-tACS might have

ed to detectable changes in attention task performance because of a

ACS strength-focality tradeoff ( Tan et al., 2020 ), as in previous studies

hat used the same tACS electrode montage ( Kemmerer et al., 2020 ;

chuhmann et al., 2019 ). It should also be mentioned that it is not

ossible to model the exact electric field induced by a tACS ring elec-

rode montage, because the impedance can only be measured for the

ing electrode as a whole (rather than for different subsections of the

arge ring). Future studies could opt for a tACS montage with a small

enter electrode surrounded with four (or more) small electrodes. Af-

er broadband-alpha-tACS, the majority of participants showed behav-

oral effects in the expected direction. Though the direct comparison

etween broadband-alpha-tACS and IAF tACS was not statistically sig-

ificant, these first findings are promising. Future studies are needed to

stablish whether these broadband-alpha tACS effects are reliable, and

hether broadband-alpha is superior to IAF-tACS, for instance by also

omparing it to lower amplitude IAF-tACS in a double-blind design. 

None of our tACS protocols caused changes in posterior alpha power

ollowing tACS. Our intermittent tACS blocks (5-min blocks always sep-

rated by 3 min) might have been too short to cause measurable afteref-

ects ( Strüber et al., 2015 ). Previous studies reporting tACS aftereffects

ostly stimulated continuously for longer durations (20–35 min), but

ith a lower intensity ( Kasten et al., 2016 ; Kasten and Herrmann, 2017 ;

emmerer et al., 2020 ; Neuling et al., 2013 ; Schuhmann et al., 2019 ).

t the same time, tACS aftereffects have been found after only 10 min

f continuous stimulation ( Stecher et al., 2017 ; Zaehle et al., 2010 ) and

fter intermittent stimulation of 8 s for 11–15 min ( Vossen et al., 2015 ).

t this point, it is thus unclear under what circumstances tACS to PPC

an induce EEG aftereffects. In any case, online tACS effects might rely

n different mechanisms than tACS aftereffects. Our lack of tACS af-

ereffects on EEG signals is perhaps interesting in light of some previ-

us reports, but does not invalidate any potential online tACS effects

n behavior. In order to more directly investigate the effects of tACS,
9 
nalysis of M/EEG data during stimulation will be required, and ar-

ifact removal techniques will have to be improved ( Helfrich et al.,

014 ; Holzmann et al., 2021 ; Neuling et al., 2015 ; Vosskuhl et al., 2020 ;

itkowski et al., 2016 ). 

It is important to mention that our broadband-alpha tACS and alpha-

emoved tACS protocols were based on the individual EEG time series as

easured during eyes closed resting state. We recently established that

he IAF during cognitive (attention) task performance could be most ac-

urately estimated using resting-state EEG data (rather than task EEG

ata) ( Janssens et al., 2021 ). However, it is currently unknown to what

xtent the oscillatory power dynamics present within the broader EEG

lpha band are consistent across cognitive states. Future studies could

ompare the effects of ‘replaying’ the individual alpha-filtered time se-

ies as measured during rest (as done in our study) and as measured dur-

ng task. For our research questions, the actual time series was not as im-

ortant as the distribution of frequency content within the alpha-band.

ne consequence of our approach of ‘replaying’ the individual oscilla-

ory alpha dynamics is that we currently cannot distinguish whether the

replay’ of the individual time series, or the spectral distribution within

he alpha-band, were crucial for inducing the observed broadband-alpha

ACS effects. 

The broadband-alpha and alpha-removed tACS protocols that we in-

roduced here both include a (small) range of frequencies rather than a

ingle frequency (as in the traditional IAF-tACS protocol). This brings

o mind an existing form of transcranial electric stimulation (TES) that

lso includes multiple frequencies, namely, transcranial random noise

timulation (tRNS). Especially when it comes to the apparently similar

ffects of broadband-alpha and alpha-removed tACS on attention bias,

ne might wonder whether mechanisms underlying tRNS effects could

xplain some of our findings. Compared to our protocols, the frequency

ange in tRNS is much higher and broader (i.e., from ∼0.1 to ∼100 Hz

or ‘low-frequency’ tRNS and, more conventionally, ∼100 to ∼700 Hz

or ‘ high-frequency’ tRNS) ( Antal and Herrmann, 2016 ; Moret et al.,

019 ; Paulus, 2011 ). Our broadband-alpha protocol contained frequen-

ies between the range IAF + /- 2 Hz, and the alpha-removed proto-

ol contained frequencies between 1 and 49 Hz. Besides this, tRNS am-

litude/frequency varies randomly, while for our protocols the ampli-

ude/frequency was based on individual EEG data. High-frequency tRNS

an increase cortical excitability ( Terney et al., 2008 ), even after only

 min of stimulation ( Chaieb et al., 2011 ), but a broad range of high

requencies (i.e., much higher/broader than used here) seems to be nec-

ssary to achieve this ( Moret et al., 2019 ). Interestingly, tRNS to pari-

tal cortex has recently been shown to affect attention task performance

 Contò et al., 2021 ). This could possibly result from stochastic reso-

ance, where tRNS introduces noise that can modulate the neuronal

ignal-to-noise ratio in a beneficial way – if delivered at the appropri-

te intensity ( Pavan et al., 2019 ; van der Groen and Wenderoth, 2016 ).

hile we cannot control or account for tRNS-related mechanisms affect-

ng our current results, our protocols seem quite different from conven-

ional tRNS. And such an explanation could only be part of the story,

ince we found similar effects of broadband-alpha and alpha-removed

ACS on attention bias, but effects specific to broadband-alpha tACS

n attention benefits. Nevertheless, future studies should explore this

onnection further, for instance by directly comparing the effects of

roadband-alpha and alpha-removed tACS to the effects of established

RNS protocols. 

From a clinical perspective also, it could be worth pursuing these

roadband tACS protocols in the future. TACS is increasingly being

xplored as a potential treatment strategy for several brain-based dis-

rders ( Elyamany et al., 2020 ). For instance, alpha tACS has success-

ully been applied to patients with depression ( Alexander et al., 2019 ;

iddle et al., 2020 ) and substance use disorder ( Daughters et al., 2020 ).

or such clinical applications, a more robust or powerful tACS proto-

ol would be highly meaningful. Even if broadband-alpha tACS were

on-inferior (rather than superior) to IAF-tACS in terms of its neu-

al/behavioral effects, it could still be the preferred protocol if its so-
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atosensory side-effects are less uncomfortable. Based on informal con-

ersations, it seems that the IAF-tACS protocol was perceived to be the

ost ‘painful’ stimulation type, though this needs to be systematically

ddressed in the future. Furthermore, though speculative, any tACS pro-

ocol that could successfully reduce (desynchronize, ‘de-entrain’), rather

han enhance oscillations within a specific frequency band in a specific

rain region, would enable interesting new applications. For instance,

he strong rightward attention bias in hemineglect is associated with en-

anced alpha power in the damaged right hemisphere ( Lasaponara et al.,

019 ; Pirondini et al., 2020 ), and depression has been associated with

ncreased gamma activity in frontal and temporal areas ( Strelets et al.,

007 ). As a future outlook, tACS protocols that can reduce oscillatory

ower seem worthy of pursuit for the potential clinical applications

lone. Unfortunately we could here not produce convincing evidence

hat our alpha-removed tACS protocol had any suppressive effects on

ocal alpha oscillations. 

. Conclusions 

Our new, biologically informed broadband-alpha-tACS protocol was

ell-tolerated by participants, reduced the rightward attention bias in

rials without distractors, and reduced attention benefits. These effects

ere consistent across individuals. IAF-tACS, however, did not modu-

ate attention, further highlighting that its effects can be inconsistent,

nd that more robust tACS protocols are needed. Still, not all findings

ere as expected: alpha-removed tACS also reduced the rightward at-

ention bias, the reduction in attention benefits after broadband-alpha-

ACS was not specific to one hemifield, and attention task performance

id not significantly differ in a direct comparison between IAF-tACS and

roadband-alpha tACS. These novel developments and findings are thus

romising, but in need of further exploration and validation. 
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