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Abstract

Neural oscillations in the alpha band (8—12 Hz) have been proposed as a key mecha-
nism for the temporal resolution of visual perception. Higher alpha frequencies have
been related to improved segregation of visual events over time, whereas lower alpha
frequencies have been related to improved temporal integration. Similarly, also the
phase of ongoing alpha has been shown to correlate with temporal integration/segrega-
tion. To test a causal relationship between alpha oscillations and perception, we here
employed multi-channel transcranial alternating current stimulation (mc-tACS) over
the right parietal cortex, whereas participants performed a visual temporal integration/
segregation task that used identical stimuli with different instructions. Before and after
mc-tACS we recorded the resting-state electroencephalogram (EEG) to extract the in-
dividual alpha frequency (IAF) and delivered electrical stimulation at slightly slower
and faster frequencies (IAF+2 Hz). We hypothesized that this would not only drive
endogenous alpha rhythms, but also affect temporal integration and segregation in an
opposite way. However, the mc-tACS protocol used here did not consistently increase
or decrease the IAF after the stimulation and did not affect temporal integration/seg-
regation accuracy as expected. Although we found some preliminary evidence for an
influence of tACS phase on temporal integration accuracy, the ongoing phase of mc-
tACS oscillations did not reliably modulate temporal integration/segregation accuracy
in a sinusoidal way as would have been predicted by an effective entrainment of brain
oscillations. These findings may guide future studies using different stimulation mon-

tages for investigating the role of cortical alpha oscillations for human vision.
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1 | INTRODUCTION

The continuous flow of information impacting our senses is
not elaborated by the brain in a strictly analog fashion, even
though we seem to experience perception as smooth and con-
tinuous. There is growing evidence that our brain discretizes
sensory information based on specific sampling rhythms,
both within and across the different sensory modalities
(Buzsaki & Draguhn, 2004; Keil & Senkowski, 2018; Lakatos
et al., 2007). In particular, perceptual processing of sensory
inputs requires a balance between temporal integration and
segregation (Poppel, 2009; VanRullen, 2016). Temporal inte-
gration represents the capacity to combine information over
time in a way that is advantageous for accurate and precise
representation of objects that tend to remain stable over time
(Wutz & Melcher, 2014). In contrast, temporal segregation
describes the sensitivity to rapid changes in incoming sen-
sory input due to a dynamic environment or our own actions
in order to ensure a high temporal resolution and guidance of
action (Ronconi & Melcher, 2017).

The brain may reach this balance between temporal seg-
regation and integration through a rhythmic process. Early
neurophysiological investigations proposed that perception
depends on the rhythmic sampling of sensory information
(Bishop, 1932; Harter, 1967; Lansing, 1957). The existence
of a rhythmic process is supported by studies in nonhuman
primates showing that spikes in sensory areas are more likely
to occur at a specific phase of the local field potential oscil-
lations (Haegens et al., 2011). The relationship between these
sampling rhythms and perception has been corroborated using
magneto- and electro-encephalography (M/EEG) in humans,
in particular by observing a consistent relationship between
oscillations of the alpha rhythms (8—12 Hz) and sensitivity
to new visual input (Busch et al., 2009; Dugué et al., 2011;
Fiebelkorn et al., 2013; Mathewson et al., 2009) and, more-
over, a relationship between theta rhythms and attentional
sampling (Busch & VanRullen, 2010; Dugué et al., 2015;
Landau et al., 2015; Senoussi et al., 2019).

Recent EEG/MEG studies have provided evidence
for a role of the ongoing oscillatory phase, especially
in the alpha (8-12 Hz) and theta (4-7 Hz) band (Varela
et al., 1981; Mathewson et al., 2012; Wutz et al., 2016;
Wutz et al., 2018; Wutz et al., 2014; Samaha & Postle, 2015;
Milton & Pleydell-Pearce, 2016; Ronconi & Melcher, 2017,
Ronconi et al., 2017; Ronconi et al., 2018; for reviews see
VanRullen, 2016; White, 2018), in the temporal resolution
of visual perception, as defined by the capacity to perceive
sequential stimuli as separate events rather than fusing them
into a single percept. Although the precise role of theta and
alpha in temporal processing needs to be further investigated,
one possibility is that the segregation/integration of stimuli
that alternate in close temporal proximity and in the same
spatial position would mainly depend on alpha band activity,
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whereas stimuli separated by larger temporal intervals that
also requires segregation/integration across space would
mainly depend on slower frequencies within the theta band
(Ronconi et al., 2017). The importance of ongoing neural os-
cillations for temporal segregation/integration has also been
reported in the somatosensory domain, suggesting that the
presence of discrete or quasi-discrete perceptual cycles is not
restricted to the visual modality. Baumgarten and colleagues,
for example, showed that the phase of ongoing alpha and low-
beta oscillations predicts whether two successive tactile stim-
uli are perceived as distinct events or merged into a single
event (Baumgarten et al., 2015, 2017).

According to the theoretical framework of rhythmic per-
ception, the frequency of ongoing neural oscillations deter-
mines the temporal resolution of visual perception because
higher frequencies imply shorter integration windows. As a
result, higher frequencies should be associated with better
segregation performance, but reduced integration perfor-
mance (Figure 1). In agreement with this idea, it has been
shown that individuals with higher prestimulus or rest-
ing-state alpha frequencies exhibit better temporal segre-
gation within (Samaha & Postle, 2015) and across sensory
modalities (Cecere et al., 2015; Keil & Senkowski, 2017).
Similarly, participants showed a higher peak alpha frequency
on trials requiring rapid temporal segregation compared to
other trials requiring temporal integration (Wutz et al., 2018).

While correlational evidence linking rhythmic brain ac-
tivity to perception is accumulating, an increasing number of
studies are trying to test a causal relationship between oscilla-
tions and perception. One strategy has been to apply sensory
(i.e., visual and/or auditory) stimulation at a specific fre-
quency in order to entrain ongoing neural oscillations, consid-
ering that this entrainment leads to resonance phenomena in
neural and perceptual activity (Thut, et al., 2011; Mathewson
et al., 2012; de Graaf et al., 2013; Spaak et al., 2014; for
a review see Herrmann et al., 2016). In a few more recent
studies, it has been observed that the alignment of the ongo-
ing oscillations to a particular entrained rhythm can impact
temporal perception (Chota & VanRullen, 2019; Ronconi
et al., 2018; Ronconi & Melcher, 2017). In particular, it was
found that temporal segregation of stimuli in a two-flash fu-
sion task can be influenced by sensory entrainment at fre-
quencies that includes the alpha band (8—12 Hz) (Ronconi &
Melcher, 2017). More recently, Ronconi et al. (2018) showed
that sensory entrainment at the individual alpha frequency
(IAF) + or —2 Hz was able to modulate both integration and
segregation of two stimuli in close temporal proximity using
a variant of the missing-dot task (Eriksen & Collins, 1967;
Hogben & Lollo, 1974) called the “SegInt” task (Ronconi
et al., 2018, 2020; Sharp et al., 2018, 2019; Wutz et al., 2016,
2018). In this task, also employed in this study (Figure 1b),
an identical sequence of two displays was used to measure
temporal integration or segregation according to the specific
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(a) Experimental design; (b) Task procedure: two target displays were presented on each trial and, in different blocks, participants

were instructed to find the position of the single-odd element (segregation trials) or to find the position of the single empty location (integration

trials); no time constraints were imposed to subjects; (c) tACS/EEG montage employed and the estimated electric field distribution on the cortical

surface; (d) Visual representation of the main hypothesis of the current study. According to the theoretical framework of rhythmic perception,

higher frequencies imply shorter integration windows and should be associated with better segregation performance, but reduced integration

performance. In contrast, lower frequency should facilitate integration, because stimuli are more likely to fall within the same oscillatory alpha

cycle/integration window

task instruction. Specifically, participants were instructed ei-
ther to find the position of the single “odd element,” which
required segregating the displays over time, or to find the po-
sition of the single empty location, which requires integrating
the displays over time.

Another approach to study a potential causal relationship
between rhythmic brain activity and perception, instead of
sensory entrainment, is the use of transcranial alternating
current stimulation (tACS). In principle, tACS seems a par-
ticularly suitable method to directly modulate oscillatory
signals, with some studies showing that tACS is able to
interact with the brain's natural cortical oscillations, lead-
ing to oscillatory entrainment (Baltus et al., 2018; Frohlich
& McCormick, 2010; Helfrich et al., 2014) and driving the
activity of cortical regions at (or towards) the frequency
imposed by tACS. However, there is still an open question
whether tACS effectively causes entrainment of endogenous
neural oscillations or whether instead tACS influences os-
cillatory power through changes in neural plasticity (Vossen
et al., 2015; Vosskuhl et al., 2018). Even though the precise
neurophysiological mechanisms behind tACS remain to be

clarified, tACS dependent behavioral effects on sensory and
cognitive processes have been reported (for a review see
Herrmann et al., 2016). Recently, tACS in the alpha band has
also been shown to increase the probability of experiencing
inattentional blindness to unexpected stimuli (Hutchinson
et al., 2020).

Regarding the theoretical framework of rhythmic per-
ception, at present only limited evidence exists for a causal
relationship between the alpha band rhythm and the tempo-
ral resolution of perception. Cecere et al. (2015) used tACS
to stimulate subjects over the occipital cortex at a frequency
corresponding to their IAF + or —2 Hz. They probed the tem-
poral resolution of multisensory perception using a sound-in-
duced two-flash illusion, showing that lower frequency tACS
enlarged the temporal window of illusion, whereas higher
frequency tACS (higher than IAF) had the opposite effect.

With this study, we aimed to test the possibility of mod-
ifying the temporal resolution of visual perception using
alpha tACS over right parietal cortex. Here, tACS was used
to induce changes in the frequency of endogenous oscilla-
tions; EEG was used to verify such changes by comparing
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peak frequencies between the pre- and post-stimulation rest-
ing-state EEG signal. We used the Seglnt task, which tests
temporal integration and segregation using identical stimuli
(see above; Eriksen & Collins, 1967; Hogben & Lollo, 1974;
Ronconi et al., 2018, 2020; Sharp et al., 2018, 2019; Wutz
et al., 2016), depending on a specific task instruction. tACS
was delivered at the upper and lower boundary frequencies
of the individually defined alpha band, by choosing for each
participant the two stimulation frequencies based on the IAF
peak obtained from the pre-stimulation resting-state EEG. We
did not only want to confirm a causal role of alpha in the tem-
poral aspects of perception, as this has been already suggested
by the recent studies using sensory entrainment described
above. We also wanted to provide a more precise identifica-
tion of cortical areas that would be relevant for alpha-related
timing processes. Even if an increasing number of M/EEG
studies found associations between alpha and timing in visual
perception, as extensively reviewed above, the definition of a
cortical “perceptual alpha network™ remains to be clarified.
Previous studies using a “standard” tACS montage (i.e., Oz-
Cz; Cecere et al., 2015; Minami & Amano, 2017) are an im-
portant starting point, but considering that in those cases the
stimulated regions spanned a large portion of the occipital
and parietal cortices, they are not optimal to define such a
network. On the contrary, the multi-channel tACS approach
we adopted in this study had the advantage of allowing a more
focal stimulation. We chose to stimulate the right parietal
cortex for several reasons: Theoretical models based on TMS
studies and investigations of patients with brain lesions pro-
posed the existence of a “when” pathway in the human visual
system involving primarily the right parietal lobe (Battelli
et al., 2007). One of the main sources of pre-stimulus alpha
activity has been identified with MEG source imaging in
the parietal cortex (van Dijk et al., 2008; Thut, et al., 2011).
Moreover, right parietal transcranial magnetic stimulation
(TMS) at alpha frequency (10 Hz) affects visual target visibil-
ity (Romei et al., 2010) and accuracy in a backward masking
task (Jaegle & Ro, 2014). In particular, Jaegle and Ro (2014)
demonstrated that repetitive TMS (rTMS) over the posterior
parietal cortex at an alpha frequency (10 Hz), but not occip-
ital or sham rTMS, entrained subsequent alpha oscillatory
activity and produced phase-dependent changes in backward
masking accuracy, suggesting a role for right parietal alpha
in shaping temporal processing in vision. This evidence is
particularly relevant in the current context because backward
masking is a well-known proxy for temporal processing in
the visual domain; in this family of tasks, the visibility of a
visual target object is markedly impaired by the subsequent
presentation of a non-target object in the same (or nearby)
spatial location (Enns & Di Lollo, 2000). Counterintuitively,
the strongest masking effect does not occur when the mask is
presented immediately after the target, but rather when a sig-
nificant temporal gap is placed between the two, indicating a
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phenomenon that reflects recurrent processing in the visual
system as also targeted by the Seglnt task used here (Lamme
& Roelfsema, 2000).

Provided that neurostimulation is effective in inducing a
shift of the endogenous alpha rhythm, our main prediction
was that a faster tACS rhythm (IAF + 2Hz) would improve
temporal segregation, whereas a slower tACS rhythm (IAF—
2Hz) would improve temporal integration, in agreement to
what we previously found with sensory entrainment (Ronconi
et al., 2018; Ronconi & Melcher, 2017).

Finally, given the evidence reviewed above of a significant
relationship between visual temporal integration/segregation
performance and the phase of endogenous EEG alpha oscil-
lations, and given tACS ability to align such endogenous os-
cillations to the external electrical force, we expected to find
a relationship between behavioral performance and tACS
phase. Specifically, given that tACS current was alternating
with a sinusoidal waveform, we expected a rhythmic, sinu-
soidal fluctuation of behavioral performance, phase-locked
to the tACS rhythm.

2 | METHOD

2.1 | Participants

Twenty-one participants (9 male, mean age = 24.5, age
range = 20-32) took part in this study. They were all students
from the University of Miinster. They provided informed
consent, had normal or corrected to normal vision and nor-
mal hearing. All of them met the criteria for the application of
Transcranial Alternating Current Stimulation (tACS) (Antal
et al., 2017). This experiment was approved by the ethics
committee of the Faculty for Psychology and Sport Sciences
at the University of Miinster (protocol n. 2017-20-NB).

2.2 | Apparatus and stimuli

All visual stimuli were displayed on a 22.5” VIEWPixx mon-
itor with a vertical refresh rate of 100 Hz on an intermediate
gray background. The stimulus for the main task was made
up of two displays which were shown sequentially, separated
by a blank interval (see Figure 1b). The two target displays
contained annuli placed within an invisible 4 X 4 quadratic
element grid (each square was 1 X 1°). These stimuli were
shown in two different and separated frames. Seven random
locations (14 over both frames out of 16 total) were filled
with a full black annulus on a uniform gray background (0.5°
size, 0.06° line width; 0.5° space between grid locations).
Each annulus was split by a central gap with a randomly cho-
sen orientation that could be 0°, 45°, 90°, or 135°. In addi-
tion, there was one “odd element” with a half annulus in each
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of the two displays, such that the two half annuli comple-
mented each other across displays. Finally, one location was
left empty in both displays. The stimuli used were similar to
those in previous studies measuring temporal integration and
segregation (Ronconi et al., 2018; Sharp et al., 2018, 2019;
Wautz et al., 2016, 2018). The experiment was programmed in
Matlab, using the Psychtoolbox (Brainard, 1997).

2.3 | Procedure

In different blocks, participants were instructed to localize
either the odd element or the empty location across the two
target displays. Finding the odd element requires segregating
the displays over time, as temporal integration results in the
fused percept of a full annulus, identical to the 14 other an-
nuli. In contrast, finding the unique missing element (i.e., the
only empty location) in both displays requires integrating the
displays over time, as temporal segregation results in the per-
ception of two separate displays with many empty locations.
Given that both the odd and missing elements were shown in
all trials, integration and segregation were tested in separate
blocks using identical stimuli, with only the task instructions
differing between block types. At the end of each trial, par-
ticipants were asked to report the location of the odd element
(half circle) in the segregation blocks, and the location of the
missing element in the integration blocks, by clicking on the
corresponding stimulus position in the grid. The response
was given with no time constraints.

Each target display (containing the 7 circles and one
half-circle) was shown for 1 refresh cycle (10 ms) separated
by a blank interval equal to five refresh cycles (50 ms). This
value was chosen based on our previous studies (Ronconi
et al., 2018; Sharp et al., 2018, 2019; Wutz et al., 2016, 2018)
showing that this time interval was optimal to reach an inter-
mediate accuracy level (across integration/segregation condi-
tions) around 60%—70% (chance level = 6.25%), which gave
us reasonable margins to test the eventual performance fluc-
tuations over time caused by tACS. Importantly, a 50 ms time
interval fits within the alpha duty cycle (if we consider 10 Hz
as the central alpha frequency) (Jensen et al., 2012), and thus
is particularly suitable to test variation in performance in re-
lation to variation in the ongoing alpha phase and frequency.

Subjects participated in two sessions, taking place in two
different days. In one session we delivered tACS stimula-
tion at a frequency corresponding to IAF + 2 Hz and in the
other session, we delivered tACS at IAF-2 Hz. The order of
the two sessions was counterbalanced across subjects, who
were unaware of the specific tACS protocol administered on
each session. Moreover, on each session, eyes-closed rest-
ing-state EEG was collected for 3 min before and 3 min after
tACS (see below for further details). The tACS itself in both
sessions lasted 40 min and during this period participants

concurrently performed the temporal integration/segrega-
tion task. The total amount of trials administered on average
for each participant over the two tACS sessions were 1,203
(SD =74), consisting of 601 (SD = 46) segregation trials, and
602 (SD = 51) integration trials.

2.4 | Stimulation setting and EEG recording
In this study, tACS was applied through a StarStim8 device, a
hybrid wireless neurostimulation system for concurrent EEG/
tACS controlled by the software Neuroelectrics Instrument
Controller (NIC 2.0; http://www.neuroelectrics.com/produ
cts/software/nic2/). We used 5 PISTIM Ag/AgCl electrodes
with 1 cm radius both for stimulation and EEG recording and
3 GELTRODE Ag/AgCl electrodes just for EEG recording,
all arranged according to the 10-10 system. The stimulation
electrode was placed at P4, whereas the four return electrodes
were placed at C4, Pz, O2, and P8 (i.e., surrounding P4; see
Figure Ic). Stimulation intensity was set at 1 mA (milliAm-
pere), with 0 mA offset (i.e., no additional direct current
stimulation) and a sinusoidal ramp-up phase of 20 s. This
montage was chosen after carefully evaluating the electric
field distribution with the software NIC 2.0. In particular, this
4 x 1 montage centered on P4 was optimal to stimulate the
right parietal cortex as focal as possible and in radial direc-
tion (Figure 1b,c) (Dmochowski et al., 2011; Wagner et al.,
2016; Khan et al., 2019). We created two protocols with dif-
ferent stimulation frequencies based on the IAF peak meas-
ured for each participant during an eyes-closed resting-state
period of 3 min (Figure 1a). Resting-state EEG at channel Pz
was measured for 3 min before and after each tACS session
(four times in total) with eyes closed, which was necessary
for obtaining a sufficiently robust alpha rhythm for reliable
estimation of the IAF peak.

Participants were asked to report whether they saw pho-
sphenes at any time during the stimulation. None of them
reported the presence of retinal phosphenes with either stim-
ulation frequency (IAF + 2 Hz or IAF-2 Hz tACS). None
of the participants reported disturbing skin sensations during
the experiment; some participants reported mild skin sensa-
tion after the initial ramp-up phase, but this sensation disap-
peared soon afterwards. The EEG signal was recorded at a
sampling frequency of 500 Hz with 24-bit digitization using
eight electrodes (C4, Pz, P4, P8, POS, PO7, Oz, O2) online
referenced to Cz. Impedances were kept below 10 kQ.

2.5 | Data analysis: Resting-state EEG data

Offline, eyes-closed resting EEG data were filtered with a
second-order Butterworth IIR filter with half-amplitude
(=6 dB) frequency cut-offs at 0.05 Hz and 40 Hz. Data were
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visually inspected to remove data segments contaminated
by muscular or ocular artifacts. An independent component
analysis (ICA) was used to correct for electrode artifacts
when needed. The cleaned continuous data were segmented
into 1-s epochs before extracting the FFT spectrum. Zero
padding was applied to increase the frequency resolution.
The IAF peak frequency was identified as the frequency with
the highest FFT amplitude within the frequency band of in-
terest (8—12 Hz). Differences in IAF peak values before and
after IAF + 2 Hz and IAF-2 Hz tACS were tested for each
channel with paired samples #-tests and Bonferroni correction
for multiple comparisons (i.e., number of channels). Data
analysis was performed using Matlab (MathWorks, Inc.) and
EEGLAB (Delorme & Makeig, 2004).

2.6 | Data analysis: temporal integration/
segregation accuracy as a function of tACS
frequency and phase

Two main analyses were performed for our study to test the
relationship between brain stimulation and perception. The
first analysis tested the relationship between tACS frequency
(IAf + 2 Hz vs. IAF-2 Hz) and performance accuracy for
segregation and integration trials. This analysis was per-
formed initially by considering all trials irrespective of the
position of target stimuli. However, tACS could in principle
affect the perceptual performance specifically in the visual
hemifield contralateral to the stimulus site. For this reason,
we also conducted the main analysis on performance accu-
racy separately for left and right hemifield targets.

The second analysis was performed in order to study
how the phase of the external stimulation influences tem-
poral segregation and integration. As done in other pre-
vious studies (Neuling et al., 2012; Stonkus et al., 2016),
we computed a Hilbert transform of the tACS stimulation
sinewave to obtain for each trial the instantaneous phase at
the onset of the first target display (the second target dis-
play was presented always at a constant delay after the first
target). We then created eight bins along the tACS alpha
cycle, evenly sized and non-overlapping, ranged as follows:
[—7:=3/4x], [-3/4x;=2/4x| . [-2/4m:— 1 /4x], [-1/47:0] . [0:1/4x] , [1/4x:2/4x] . [2/4n:3 /4x] . [3/4x:x]
(Figure 3a). Each bin contained on average 37 trials (SD = 2)
for each participant. We then analyzed performance across
these phase bins. Considering that tACS stimulation might
affect performance for different participants with a different
phase-lag, we analyzed both the original “raw” performance
data and phase-aligned data. To this end, each participant's
performance data were phase-shifted such that the bin with
the best performance was arbitrarily assigned to bin 4. As
this phase-alignment yields consistently the highest perfor-
mance at bin 4 by definition, this bin was then omitted from
the analysis of phase-aligned data (Asamoah et al., 2019).
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Differences in performance as a function of phase bin were
tested with a repeated-measures ANOVA across all 8 (for raw
data) or 7 (for phase-aligned data) phase bins, respectively.
Additionally, we compared the accuracy of the bin with the
best performance (omitting bin 4 for phase-aligned data) to
that of the bin with the worst performance with paired sam-
ples z-tests.

In the third and last analysis, we aimed at evaluating
whether the modulation of tACS on performance followed a
single cycle sinusoidal function as predicted. In a first step,
individual datapoints were smoothed by a moving average of
two successive datapoints (Stonkus et al., 2016). Then, data
were averaged across participants and the best fitting sinusoi-
dal function was calculated separately for the two experimen-
tal conditions (segregation and integration). The sinusoidal
function had a fixed frequency (i.e., one cycle across the dat-
apoints) but free amplitude and phase. The goodness of fit
(R?) of the resulting best fitting function was compared with a
null distribution obtained with 1,000 permutations of the real
data. Specifically, for each individual dataset, we calculated
1,000 permutations obtained from the real data by random-
izing the phase bin. Permuted data were smoothed with the
same procedure described for real data before calculating the
average across participants. The 1,000 measures of goodness
of fit obtained from these permuted data constituted the null
distribution against which we could compare the goodness of
fit obtained from the real data and extract the p-value.

3 | RESULTS

3.1 | The effect of IAF+2Hz tACS on IAF
peak as measured with EEG

We measured the peak IAF for the two different tACS fre-
quencies before and after the application of tACS. We did not
find the expected IAF peak increment following IAF + 2 Hz
tACS (one-tailed #-tests: all ps, .o > -24), suggesting that
focal right parietal tACS was not effective in inducing an
increment in the speed of the endogenous alpha rhythm as
assessed in the post-tACS resting-state EEG activity. In con-
trast, we observed the expected decrement of the IAF peak
following IAF-2 Hz tACS. This difference was significant
only for the more posterior (occipital and parieto/occipital)
channels (Oz: 119, = 4.26, p o, = 0.002; PO7: t4q, = 4.68,
Peorr < 0.001; POS: 119, = 2.94, p,, = 0.032; see Figure 2),
but was not significant for the other channels, in particular
not for the channel P4 where the stimulation was strongest
and most focal and where thereby the effect was supposed to
be strongest.

To check whether the decrement in IAF interacted with
tACS frequency, we ran a 2 X 2 repeated measures ANOVA
with tACS session (pre vs. post) and frequency (IAF + 2 vs.
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IAF-2 Hz) as within subject factors, and found a significant
main effect of tACS session (Pz: F; j5)=5.57, p = .030; Oz:
F.18) = 7.406, p = .014), but no significant main effect of
tACS frequency or interaction (all F's < 1). Thus, irrespective
of the tACS frequency delivered, the IAF peak tended to de-
crease over time when compared before and after the experi-
mental session, consistent with a recent report of decreasing
alpha peak frequency with time-on-task, combined with an
increase in alpha power (Benwell et al., 2019).

3.2 | The effect of tACS frequency on
temporal integration/segregation accuracy

In both segregation and integration trials, there was no
evidence that tACS frequency-impacted performance.
Specifically, accuracy in integration trials was not signifi-
cantly improved for the IAF-2 Hz stimulation (#,9) = —0.585,
p = .717) and accuracy in segregation trials was not signifi-
cantly improved for IAF + 2Hz stimulation (7,9, = —0.056,
p = .478) (Figure 2b).

Stimuli were presented in foveal and parafoveal regions
and thus the possibility of finding an effect specific for visual
hemifield was not very strong. Nonetheless, we checked for a
possible effect of stimulus hemifield with the hypothesis that
any effect of a right parietal stimulation would be evident
more (or exclusively) in the contralateral visual hemifield.

In integration trials, the results of a 2 X 2 repeated-mea-
sures ANOVA with tACS frequency (IAF + 2 vs. IAF-2 Hz)
and stimulus hemifield (left vs. right) as within-subjects fac-
tors revealed only a main effect of hemifield (F; ;9 = 6.17,
p =.022), with accuracy that was higher for the left hemifield

(d)
-o- |AF-2 Hz 1.07 -@- Integration
-=- |AF+2 Hz -3- Segregation
= 0.81
o
E
8
o 0.61
°
=3
& 0.4+
o
8
< 0.2
Post-tACS IAF-2 Hz IAF+2 Hz

tACS session

as compared to right hemifield stimuli (left hemifield mean:
0.81, SD = 0.15; right hemifield mean: 0.75, SD = 0.21), but
no significant main effect of tACS frequency and no signifi-
cant interaction. In segregation trials, whereas no significant
interaction emerged, there was a significant effect of stimulus
hemifield, with accuracy that was higher for right hemifield
target as compared to left hemifield target (right hemi-
field mean: 0.54, SD = 0.18; left hemifield accuracy: 0.49,
SD = 0.18). There was also a main effect of frequency, with
accuracy that was higher for IAF-2 Hz tACS (mean = 0.53,
SD = 0.18) as compared to IAF + 2 Hz tACS (mean = 0.50,
SD = 0.17). In the Supplementary Material, we have re-
ported also the results of an additional three-way ANOVA
where accuracy was evaluated as a function of the type of
trials (Integration vs. Segregation), Stimulus hemifield (Left
vs. Right), and tACS frequency (JAF + 2 vs. IAF-2 Hz).
Also these additional results did not support our original
hypothesis.

3.3 | The effect of tACS phase on temporal
integration/segregation accuracy

The repeated-measures ANOVA performed on raw accuracy
data (non-phase aligned) of integration trials did not reveal a
main effect of phase bin (F; 133, < 1, p = .48). Despite the ab-
sence of a significant main effect in the ANOVA, when com-
paring the peak and the trough of the accuracy as a function
of tACS phase bin (phase bin 4 vs. phase bin 6), we found
a significant Bonferroni-corrected difference (¢,9) = 3.024,
Peorr = 0.021) (Figure 3b). However, by comparing the grand
average maximum versus minimum effect in our data we
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FIGURE 3

(a) Relationship between tACS voltage and phase bins/values extracted with a Hilbert transform; (b) Temporal integration and (c)

segregation accuracy (raw values, centered on the individual mean) as a function of tACS phase bin (¥*=p<.05, Bonferroni-corrected). (d) Temporal

integration and (e) segregation accuracy (centered on the individual mean and smoothed with a moving average) as a function of tACS phase bin

with superimposition (dotted line) of the best one cycle sinusoidal function; p-values were obtained with permutation tests. See also FiguresS1-

S4for plots of individual data

might have biased the results toward our hypothesis, that is,
there is an effect of tACS phase on task accuracy (for a dis-
cussion of this potential issue, see Ruhnau et al., 2020). Thus,
we performed a permutation test which represents an unbi-
ased way to see whether the min versus max difference was
reliable. This test was performed with 1,000 permutation of
the real data to check if the t-value of the observed max-min
difference was significantly larger than the max-min differ-
ences obtained from the permuted data. This test, however,
did not yield a significant result (p = .12; see Figure S7). As
such, the claim that the effect was reliable cannot be made
with confidence.

The repeated-measures ANOVA on raw accuracy data
(non-phase aligned) of segregation trials, again, did not reveal
a main effect of phase bin (F; 133, < 1, p = .82). Moreover, in
contrast with segregation trials, the comparison between the
peak and the trough of the accuracy (phase bin 4 vs. phase bin
5) was not significant (7,9, = 1.589, p,,, = 0.45) (Figure 3c).

A similar ANOVA computed on the phase-aligned data
did not yield any significant effects of phase bin in integra-
tion (Fg 114y < 1, p = .57) or segregation trials (F 114y < 1,
p =.69).

An additional analysis that may add more information
about a possible modulatory effect of tACS on accuracy
was conducted by fitting a one-cycle sinusoidal function to
our data, and by comparing the results of this fitting with
those obtained from a distribution of 1,000 permutations (see
Method section for details). Results revealed for integration
trials that the best one-cycle sinusoidal fit led to an observed
R? = 0.456, which was not significant (permutation tests
p = .54) (Figure 3d). A similar result was found for segre-
gation trials, where the best one-cycle sinusoidal fit led to an
observed R* = 0.68, which was again not significant (permu-
tation tests p = .36) (Figure 3e).

Due to the high variability of tACS effects in the different
participants, and considering that averaging across subjects
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does not take into account that tACS phase can affect per-
formance with opposite trends (being the highest or lowest
at the same tACS phase), we performed the one-cycle sinu-
soidal fitting procedure also at the level of the single-subject
data, calculating the p-value with the same smoothing and
permutation tests procedure used for the average data. As can
be seen in Figures S3 and S4, in integration trials, only two
participants showed a significant sinusoidal modulation of
task accuracy as a function of tACS phase, whereas for seg-
regation trials none of the participants showed a significant
sinusoidal modulation.

4 | DISCUSSION

This study aimed to test the possibility of shifting the en-
dogenous alpha rhythm (IAF) with parietal tACS in order
to impact temporal aspects of perception. In particular, we
were interested in testing the causal nature of the relation-
ship between ongoing (prestimulus) oscillations in the alpha
band and temporal integration and segregation in visual
perception that has recently been the focus of several stud-
ies. We hypothesized that by delivering tACS to the parietal
cortex at individually tailored oscillations, which were faster
and slower relative to the endogenous alpha rhythm (i.e.,
IAF peak +2 Hz) as measured with EEG, we would influ-
ence temporal integration and segregation of visual percep-
tion in an opposite way. Our hypothesis was motivated by
increasing evidence showing a role for tACS as a method
to shape perceptually relevant brain oscillations (Battaglini
et al., 2020; Cecere et al., 2015; Helfrich et al., 2014; Neuling
et al., 2012; Stonkus et al., 2016; Wolinski et al., 2018). To
measure temporal segregation and integration we used an
identical sequence of two displays but with different task in-
structions. We expected that accuracy in this task would vary
as a function of tACS frequency, with higher tACS frequency
promoting segregation and lower tACS frequency promoting
integration. In addition, if alpha phase is relevant for tempo-
ral aspects of perception, we would expect also a significant
relationship between tACS phase and performance in our
task.

Contrary to our predictions, the present results showed no
evidence of a modulation of the endogenous alpha rhythm
after mc-tACS over the right parietal cortex. Indeed, we ob-
served only evidence of a slowing down of IAF after the end
of the stimulation and task session that was independent of
the frequency (IAF+2 Hz) used for stimulation. This obser-
vation seems to be in agreement with recent findings show-
ing an alpha peak reduction with time on task that appears to
be independent from the effect of the tACS itself (Benwell
et al.,, 2019). Given that we did not measure EEG during
tACS stimulation, our study could not show the instanta-
neous effects of tACS on ongoing brain activity. However,

we can conclude that no long-term effects were evident after
tACS stimulation has ended.

Similarly, we did not find any evidence that temporal in-
tegration and segregation accuracy varied as the function of
tACS frequency, neither when we considered performance
across the entire visual field nor when we considered the
accuracy split between targets presented in the two hemi-
fields. The fact that we observed a significant main effect
of hemifield in both integration and segregation trials, with
accuracy being higher for the left hemifield, is possibly con-
nected to the right hemisphere specialization for temporal
perception and attention (Battelli et al., 2007; Corbetta &
Shulman, 2011).

While a direct manipulation of temporal aspects of per-
ception has been recently demonstrated with sensory en-
trainment (Chota & VanRullen, 2019; Ronconi et al., 2018;
Ronconi & Melcher, 2017), to the best of our knowledge
there are only few studies to date showing evidence that tACS
can have a similar effect (Battaglini, et al., 2020; Cecere
et al., 2015; Minami & Amano, 2017). Cecere et al. (2015),
for example, directly addressed the possibility of using tACS
to alter the temporal resolution of perception in the multi-
sensory domain; they stimulated the occipital cortex at
IAF+2 Hz and showed congruent modulation (expansion/
contraction) of the temporal window for experiencing the
sound-induced two-flash illusion. A comparable effect was
not found in this study, which addressed a similar question in
the unisensory visual domain. Cecere and colleagues, how-
ever, employed a standard montage with larger stimulation
electrodes in occipito-parietal areas (Oz-Cz) that could lead
to changes in activity in different cortical areas at the same
time, possibly encompassing also parietal and frontal areas in
addition to visual areas, whereas in this study the stimulation
was focal on the right parietal cortex. Other findings that pro-
vide evidence regarding a possible influence of tACS on tem-
poral aspects of perception have been reported by Minami
and Amano (2017). The authors observed that illusory visual
vibrations in a motion-induced spatial conflict task were per-
ceived at the same frequency as the individual alpha rhythm.
Importantly, when tACS at IAF+1 Hz was used to stimulate
with an Oz-Pz montage and large electrodes (similar to that
employed by Cecere et al., 2015), there was a corresponding
change in the perceived jitter frequency.

Furthermore, we investigated whether a relationship be-
tween alpha tACS phase and temporal integration/segrega-
tion emerged. In integration trials, that is, where participants
had to report the position of the missing element that could
be individuated only when merging all filled positions across
the two displays, we found that the phase of the ongoing alpha
tACS had an impact on accuracy. This result was obtained by
testing the difference between the maximum and the mini-
mum of the distribution, which was defined as not a priori
but post hoc based on the observed average phase-sorted
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distribution. A more stringent permutation test, which rep-
resents an unbiased way to see whether such a difference is
reliable, did not confirm such result. Despite therefore being
of questionable reliability, we think the association between
tACS phase and temporal integration accuracy is worth of
a cautious consideration in light of the growing number of
studies highlighting a relationship between performance and
tACS phase at stimulus onset. For example, Polania and col-
leagues (Polania et al., 2012) showed a decrease in reaction
times during a working memory task when a specific phase
of 6Hz theta tACS was delivered over frontal and parietal
areas. Helfrich and colleagues (Helfrich et al., 2014) using a
visual oddball paradigm showed that the phase of the tACS
modulates target detection performance. Similarly, Neuling
et al. (2012) showed that the perception of auditory stimuli
embedded in noise was modulated by the phase of tACS
delivered within the alpha frequency. Here, we looked for a
potential sinusoidal relationship between tACS phase and per-
formance. Finding a specific sinusoidal relationship between
tACS phase and any measure of task performance is essential
to conclude that tACS is effective in leading to a significant
entrainment of brain oscillations. In our data, however, we
did not find evidence that the modulation of temporal inte-
gration (or segregation) accuracy as a function of tACS phase
followed such sinusoidal function. Collectively, the present
findings provide only preliminary evidence that the ascend-
ing phase of parietal tACS, close to the positive peak of the
voltage variation, might be associated with a performance in-
crement, but not necessarily as a result of neural entrainment.
Such facilitation could be possibly attributed to effects oc-
curring simultaneously or immediately after the modulations
of target neurons by the external electrical field. Although
they are only partially understood at the neurophysiological
level, and largely neglected so far in the field of cognitive
neuroscience, Liu and colleagues (Liu et al., 2018) recently
identified several possible mechanisms of these short-term
tACS effects. For stimulation intensity in the range used in
this study (<1 V/m) neural activity could be affected by: i)
stochastic resonance and ii) rhythmic resonance. The first
mechanism would take place when a small proportion of the
applied field is affecting neurons that are near the threshold
of spike generation, biasing their spike timing or probability
thanks to the coincidence of intrinsic and extrinsic polariza-
tion. The second would occur when an AC field is applied at
the same frequency of a regular endogenous rhythm, affect-
ing the native oscillation at a similar phase during each cycle
(Liu et al., 2018). It remains unclear why in our experimental
design these immediate tACS effects would have influenced
only temporal integration. One possibility is that the mecha-
nism is related to the role of alpha in providing pulsed inhi-
bition that reduces the processing capabilities of a given area
(Jensen & Mazaheri, 2010). Our alpha tACS protocol, irre-
spective of the frequency employed, might have strengthened
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the alpha gating causing a phase-dependent temporal smear
of the two target displays that benefited only temporal inte-
gration, but not segregation.

An important limitation of this study is the specific mon-
tage used for stimulating the parietal cortex. The 4 X 1 mon-
tage employed here creates a radial field current in the parietal
cortex, and the limited effect of tACS on perception that we
found could be due to a sub-optimal orientation and lower in-
tensity of our electrical current relative to the target area. So,
a future possibility might be to consider not only the location
to stimulate but also to use an intensity-optimizing (Khan
et al., 2019) instead of the used focality-optimizing approach
(Wagner et al., 2016) and a range of different orientations
that can increase tACS efficacy. Lastly, while multi-channel
tACS has the advantage of allowing focal action, in contrast
to TMS it entails a multipolar stimulation with opposite excit-
atory and inhibitory effects at the anodes(s) and cathode(s).
Thus, we might have stimulated the area under the anode (P4)
in one direction and the directly neighboring areas in oppo-
site directions, as also shown in the simulations by Wagner
et al. (2016), which could have led to an unpredicted outcome
given the nature of the alpha rhythm as reflecting wide cor-
tical network activity (Donner & Siegel, 2011). In terms of
possible alternatives, we cannot exclude the possibility that a
stimulation on the same area with an extracephalic reference
or with repetitive TMS could lead to a significant effect on
temporal integration windows. Finally, given that we applied
tACS at a frequency significantly below and above the par-
ticipants’ IAF, it might be that entrainment effects are simply
weaker and that a higher current intensity would have been
needed to create entrainment at off-peak frequencies.

5 | CONCLUSION

Frequency-specific brain stimulation is increasingly becom-
ing a popular technique to establish a causal relationship
between brain oscillations and cognition. In contrast to the
growing literature on such effects, we demonstrate that stim-
ulation near the individual endogenous alpha rhythm with
parietal tACS did not lead to entrainment of performance
in temporal integration/segregation task, even though the
parietal cortex has been repeatedly identified as one of the
cortical sources of the alpha rhythm. Nonetheless, we found
preliminary evidence for an influence of tACS phase on tem-
poral integration accuracy, although this post hoc and non-
predicted effect is of questionable reliability and therefore
has to be replicated; this last result provides preliminary evi-
dence linking parietal tACS, neural oscillations in the alpha
band and temporal windows in perception, which, however,
seem to reflect a neural mechanism that is potentially dif-
ferent from neural entrainment. These mixed findings are
likely to stimulate future investigations with different focal

85U8017 SUOLULLOD 8AITE1D) 8{edl|dde 8Ly Aq peusenob ae sejoliie YO ‘9SN J0 S8|nI o} A%1q1T 8UIUO 8|1 UO (SUOTHPUOD-PUR-SLLIBI WD A8 1M ALRIq 1 BU1IUO//:SANY) SUORIPUOD pue SWB | 8U1 89S *[£202/2T/90] Uo ARIq18uluO A8 |1 *BISUNIA YeLI01|qIgsspUe] pun SIS BAIUN AQ LTOST UB/TTTT OT/I0p/W0 A8 | Ake.q pul|uo//sdiy wouy pspeojumoq ‘ZT-TT ‘2202 ‘895609 T



RONCONTI ET AL.

3448
—I—WILEY EJN European Joumal of Neuroscience  FENS

stimulation montages. Testing their efficacy, also in direct
comparisons with standard montages that have been applied
in previous studies, could help to clarify the mechanism be-
hind tACS influence on alpha oscillations and characterize
the cortical alpha network subserving temporal aspects of
human vision.
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