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Background: Dual-site transcranial alternating current stimulation (tACS) provides a promising tool for modu-
lating interregional brain connectivity by entraining neural oscillations. However, prior studies have reported
inconsistent effects on connectivity and behavioral outcomes. They often focused on individualized stimulation-

g;.i:lite frequency as a key entrainment factor, while typically not focusing on the role of endogenous phase lags. To
ACS address this gap, we explored the predictive value of endogenous phase lags in dual-site tACS to modulate

EEG interhemispheric connectivity during dichotic listening.

Methods: Thirty healthy participants (16 females) completed a dichotic listening task while undergoing simul-
taneous electroencephalography and tACS, including four bitemporal verum conditions with varying phase lags
(0°, 45°, 90°, and 180°), and a sham condition across five sessions. Each session involved 20 min of 40-Hz tACS
at a 0.5 mA peak-to-baseline amplitude applied to the temporal regions, with phase lags differing across sessions.
Endogenous phase lags between the auditory cortices were calculated to explain changes in the laterality index
(LI) across stimulation conditions by defining optimal and disruptive stimulation conditions for each participant.
Results: Consistent with our hypothesis, our personalized analysis based on the calculated endogenous phase lags
showed a significantly lower LI during the closest (optimal) stimulation condition compared to both the sham
and farthest (disruptive) conditions. Conversely, the farthest stimulation condition did not statistically increase
the LI compared to sham.

Conclusions: These findings highlight the importance of incorporating endogenous phase dynamics into dual-site
tACS protocols, paving the way for more consistent and individualized neuromodulatory interventions.

1. Introduction

Transcranial alternating current stimulation (tACS) is a non-invasive
brain stimulation (NIBS) technique that delivers sinusoidal alternating
electric currents through the skull to modulate activity in targeted brain
regions. This approach induces entrainment of endogenous brain oscil-
lations, aligning them with the oscillatory pattern of the external current
in a frequency- and phase-dependent manner [1-9]. As a sub-threshold
stimulation, tACS does not directly elicit action potentials; rather, it
alters the likelihood of neuronal firing within the stimulated regions
[10-12]. Simultaneous stimulation of different brain areas by bifocal or
dual-site tACS can facilitate the synchronization or desynchronization of

their electrical activity and thus enhance or reduce their functional
connectivity, respectively. [13,14]. Moreover, tACS has been utilized to
modulate EEG-based interhemispheric connectivity metrics such as
interhemispheric coherence within the gamma frequency range when
applied bilaterally [15,16]. The application of dual-site tACS in various
contexts has produced complex and heterogeneous outcomes, particu-
larly concerning the phase lags that can effectively couple or decouple
target brain regions. Some previous trials applied dual-site tACS pro-
ducing different electric field distributions between in-phase and
anti-phase conditions [16-21], making it difficult to attribute behavioral
outcomes solely to the phase lag without considering these field differ-
ences [22,23]. The other studies applying consistent electric fields have
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observed behavioral and connectivity changes with in-phase [13,14,
24-29], or with anti-phase tACS [14,28-30], while others did not report
any effects at all [31,32]. Therefore, focusing exclusively on stimulation
phase lags, while ignoring the endogenous brain state, may not be suf-
ficient to predict tACS outcomes, especially since its effects have been
shown to depend on the internal brain states, including individual
endogenous phase lags, cross-frequency coupling, inherent wave prop-
agation speeds, and the level of cognitive demands [17,18,26,30,32,33].
Consequently, it may be important to investigate the interaction be-
tween the endogenous interhemispheric phase lags and the externally
applied phase lags to predict the resulting behavioral changes under
tACS, rather than focusing solely on the external phase lags introduced
by the stimulation.

The dichotic listening (DL) task simultaneously presents two
different sounds one to each ear, where participants report the perceived
sound (illustrated in Fig. 1). Typically, individuals with left-hemispheric
dominance report more sounds from the right ear, a phenomenon known
as the "right ear advantage" (REA) [34-36], first described by Kimura in
1961 [37,38]. This occurs because contralateral processing of auditory
stimuli is the predominant pathway during dichotic listening, which
includes the inhibition of ipsilateral processing [39]. Accordingly,
sounds heard in the right ear directly access the left (dlominant) hemi-
sphere. In contrast, sounds from the left ear first reach the right hemi-
sphere and then have to pass the corpus callosum to be processed in the

Right Hemisphere'

Left Hemisphere

DA3 (BA

Left Ear Right Ear

Fig. 1. Schematic representation of dichotic listening and its corre-
sponding auditory pathways. This illustration depicts a dichotic listening trial
where the sound "BA" is delivered to the right ear and "DA" to the left ear. It also
illustrates how auditory information is processed, where the sound from the
right ear is directly routed to the left auditory cortex, which is the dominant
hemisphere. Conversely, the sound from the left ear first reaches the right
auditory cortex before crossing the corpus callosum to the left hemisphere. This
processing route explains why the majority of participants exhibit a right ear
advantage (REA). The dashed lines represent the reciprocal inhibition between
the auditory cortices during dichotic listening.
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left hemisphere requiring stronger interhemispheric connectivity be-
tween the auditory cortices [40,41]. The REA is also influenced by
reciprocal inhibition between the auditory cortices during DL [42]. This
concept, known as the “callosal relay model” [40], is demonstrated in
Fig. 1. Using electroencephalography (EEG), previous studies have
addressed the interhemispheric connectivity between auditory cortices
during DL [43-51]. The results indicate that left ear reports are corre-
lated with enhanced interhemispheric communication in the gamma
frequency range [48,51], supporting the callosal relay model (Hugdahl
and Westerhausen, 2016). Furthermore, the information flow was re-
ported to be stronger in the right-to-left direction during left-ear reports
[49]. These findings are corroborated by diffusion tensor imaging,
which reveals anatomically stronger interhemispheric communication
in association with enhanced interhemispheric communication [46].

Four previous publications have explored the use of simultaneous
bitemporal tACS to modulate interhemispheric connectivity during DL,
thereby influencing auditory perception at the behavioral level [29,32,
52,53]. Upon applying anti-phase (180°-phase lag) of gamma (40 Hz)
tACS, our research group did not observe differences in REA compared
with sham stimulation. However, the post-hoc analysis demonstrated
that the endogenous phase asymmetries could help predict the direc-
tionality of REA changes during the stimulation at the individual level
[32]. Another study stimulated bitemporal regions with two fre-
quencies: gamma (40 Hz) and delta (3.125 Hz), each was applied with
two-phase conditions: in-phase (0°-phase lag) and anti-phase
(180°-phase lag compared to sham stimulation, both in-phase gamma
and anti-phase delta tACS disrupted the interhemispheric integration of
dichotically presented auditory stimuli [29]. To investigate the inter-
hemispheric connectivity, the same research group applied gamma (40
Hz) tACS with the same two-phase conditions while measuring the
effective brain connectivity via functional magnetic resonance imaging
(fMRI). Contrary to the previous study, neither stimulation condition
showed behavioral differences, although anti-phase gamma tACS
reduced interhemispheric connectivity, which correlated with a reduc-
tion in binaural integration at the behavioral level [52]. Upon individ-
ually simulating the electric field strength, the tACS effects on
interhemispheric connectivity could be predicted by the right hemi-
spheric electric field strength. However, it could not predict the
behavioral interhemispheric integration [53]. This adds further
complexity to the role of interhemispheric communication during DL,
highlighting the need for more in-depth research into the underlying
endogenous phase lags and their interactions with tACS effects.

In the current study, we aimed to investigate how the endogenous
phase lags between the auditory cortices could predict the effects of
bilaterally applied tACS during DL. Building on our previous research,
we applied tACS with four different phase lag conditions between the
temporal stimulation sites and compared these effects to a sham con-
dition [32]. Based on our previous findings, we hypothesized that the
synchronization and desynchronization of the auditory cortices under
different tACS phase lags would depend on the interaction between
endogenous phase lags and the stimulation conditions, rather than on
the stimulation conditions per se.

2. Methods

Healthy participants were recruited for five sessions, each spaced one
week apart, after signing an informed consent according to the approval
of the ethical committee at the Faculty of Medicine (FB 11 Medizin),
Justus-Liebig University Giessen, registered with the project number
“AZ 34/19”. During each session, the participants performed a DL task
under simultaneous tACS and EEG recording (Fig. 2 Panel (C)). We
included right-handed individuals of any gender aged between 18 and
65.
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Fig. 2. Methodological setup of the main experiment. Panel (A) shows our EEG-tACS electrode configuration, where we used an extended version of the 10/20
system with 64 electrode positions. The reference and ground electrodes were placed at FCz and AFz, respectively, while electrooculography (EOG) was measured by
four electrodes: superior and inferior vertical electrodes (VEOGS and VEOGI) and right and left horizontal electrodes (HEOGR and HEOGL). The stimulation was
applied bilaterally and simultaneously at the temporal regions. Panel (B) shows the simulation of the injected current and the resulting electric field via the ROAST
toolbox. It demonstrates the electric filed distribution on the right temporal side upon applying external electric current with an amplitude of 278 pA and 222 pA at
FT10 and TP8 respectively, while the T8, as the central electrode, received a current of 0.5 mA peak-to-baseline (i.e., 1 mA peak-to-trough). As depicted, this
stimulation protocol perfectly targets Brodmann area 42 (the second auditory cortex), located on the superior temporal gyrus. The left side had the same config-
uration using the corresponding electrodes (central: T7, stimulating: FT10 and TP8). Panel (C) shows the study design for each stimulation session, which started and
ended with a resting EEG (REEG) for 5 min. Between both REEGs, the dichotic listening (DL) task was run during simultaneous tACS and EEG recording for 20 min.
Panel (D) shows one of the dichotic listening trials used during the experiment. The trials started with a fixation point for 1.5 s and then the sound was presented.
Afterwards, the participant had to select - with the left button of the mouse using the right hand - the best-heard syllable out of six different options (ba - da - ga - pa -
ta - ka). After confirmation of the selection with a right click, the next interval of 1.5 s was activated.

2.1. Participants further assess the inclusion/exclusion criteria. After each stimulation, a
questionnaire for the expected side events of tACS was completed with
The criteria for inclusion encompassed individuals of any gender the help of the experimenter. The last three mentioned questionnaires
within the age range of 18-65, who were right-handed and spoke were developed according to the previously recommended guidelines of
German as their native language. Exclusion criteria consisted of left- transcranial electric stimulation [57-59]. Since we applied the stimu-
handedness, hearing impairment, presence of any neurological or psy- lation in a single-blinded manner, the participants had to report after
chiatric conditions, tACS contraindications (biomedical implantations, each session if they received a sham or a verum stimulation, to assess for
epilepsy, heart disease, etc.), or the use of medications known to impact the blinding.

brain function.

2.3. Audiometry
2.2. Questionnaires
Q Before running the DL task in each session, audiometry was carried
out using the Home Audiometer Hearing Test [60]. The participants
were tested with three sound frequencies (500 Hz, 1000 Hz and 2000
Hz). The inclusion criterion was the hearing ability of sounds below 15
dB for each ear with an interaural difference below 9 dB.

Before the first session, the participants had to fill in a questionnaire
for sociodemographic data, the Schizotypal Personality Questionnaire
(SPQ) [54] and the Edinburgh Handedness Inventory (EHI) [55]. The
SPQ helped to exclude the participants with high schizotypal personality
traits, who might show abnormally reduced right ear advantage [56].

Before each stimulation session, two other questionnaires were used: 2.4. Dichotic listening

one to screen for the contraindications of tACS and another to collect

information about the various factors that could affect the tACS We used the Bergen CV paradigm and setup, described in our pre-
response, such as medication use, caffeine consumption, smoking, vious publication [51]. The participants were presented with voiced and
alcohol intake, and sleep patterns. The later questionnaire allowed to unvoiced pairs made of six syllables (ba-da-ga-pa-ta-ka), pronounced by
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a male native German speaker. The syllable durations had a mean of
0.3674 s and a standard deviation of 0.0256 s. To minimize any po-
tential bias from differences in syllable duration, we paired only ho-
mologous syllables (voiced-voiced and unvoiced-unvoiced) [61].
Specifically, we selected the following 12 pairs: voiced pairs (ba-ga,
ba-da, da-ba, da-ga, ga-da, and ga-ba) and unvoiced pairs (pa-ka, pa-ta,
ta-pa, ta-ka, ka-ta, and ka-pa). The paradigm consisted of two separate
blocks, each comprising 120 trials (240 trials in total). The trials were
run using Presentation® software [62] and began with the display of a
fixation point for 1.5 s, followed by the auditory presentation of the
syllables. Participants were then required to select the syllable they
perceived most clearly from six options (ba, da, ga, pa, ta, ka) via
clicking the left mouse button using the right hand. After confirming
their choice with a right click, the next trial began following a 1.5-s
interval (Fig. 2 Panel (D)). The left and right ear reports (LE or RE) for
each session/participant were analyzed to calculate a laterality index
(LD, as a measure of REA using the following formula:

LI=(RE-LE) / (RE+LE) x 100

2.5. tACS

We applied five different stimulation protocols in a single-blinded
fashion: one sham stimulation and four different verum stimulations.
Each verum stimulation included 20-min tACS at the frequency of 40 Hz
with a peak-to-baseline amplitude of 0.5 mA. The stimulation was
applied simultaneously bilaterally to the left and the right temporal
areas, notably targeting the secondary auditory cortices, Brodmann
Areas (BAs) 42. To achieve this, high-definition tACS was delivered
using the DC-Stimulator MC (NeuroConn) [63], which provides four
possible pairs of channels with opposing polarities. Additionally, the
stimulation parameters such as current intensity and phase at current
onset for each pair can be set independently. Both EEG and tACS elec-
trodes were positioned according to the extended 10-20 system. For
each hemisphere, the current was delivered via two scalp electrodes
connected to two channels of the stimulator, with the two opposing
channels connected to a single central electrode. Over the left hemi-
sphere, two electrodes of the same polarity were placed at FT9 and TP7
and the electrode with the opposing polarity at T7. Analogously, over
the right hemisphere two electrodes were positioned at FT10 and TP8
and the electrode with opposing polarity at T8. In total, all four pairs of
channels of the stimulator were used. The alternating current was
injected through the electrodes on the left side with the following am-
plitudes: 278 pA at FT9 and 222 pA at TP7, which sum up to 500 pA
peak-to-baseline (i.e., 1 mA peak-to-trough) at the central electrode T7.
By analogy, the same currents were injected on the right side at FT10
(278 pA) and TP8 (222 pA) summing up to 500 pA at the central elec-
trode T8 with opposing polarity.

To ensure stimulating the target regions (left and right BAs 42), the
electrode positioning and their current intensities were simulated using
the ROAST toolbox [64]. The electric field simulation showed the tar-
geting of the regions of interest, i.e., left and right BAs 42 located on the
superior temporal cortex (Fig. 2 Panel (B)) [65,66]. We used six Ag/AgCl
electrodes (12 mm diameter) [67], and their contact points were cleaned
with alcohol to remove skin secretions. An electro-conductive gel (Sig-
nagel® Electrode Gel) was applied to maintain skin-electrode resistance
below 5 kQ [68].

The sham stimulation consisted of two phases: a 10-s ramping-up to
the maximum current intensity followed by a 30-s ramping-down. For
the verum stimulation, the same durations of ramping-up and ramping-
down were set, but the stimulation lasted for 20 min in between. The
four stimulation conditions had exactly the same parameters except for
the phase difference between the left and right stimulation sites. Phase
lags of 0°, 45°, 90°, and 180° were applied, with the alternating current
on the right hemisphere leading the left to achieve these differences, by
modulating the onset phase of the right-sided current. Each participant
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received all five stimulation conditions (one per session) in a random-
ized sequence, while the order of the sessions was counterbalanced
across the participants.

2.6. EEG recording

EEG was recorded using a 64-channel EEG system, composed of two
(BrainAmp DC) amplifiers, each connected to 32 passive electrodes [69]
(Fig. 2 Panel (A)). To maintain the electrical resistance below 5 k<, an
electro-conductive gel connected the electrodes to the skin surface [70].
The recording was controlled by Brain Vision Recorder software version
1.21.0303 at a sampling rate of 5000 Hz [71]. Each session consisted of
the same sequence of EEG recordings: a 1st resting EEG recording, fol-
lowed by a simultaneous tACS-EEG recording (while performing the DL
paradigm), and finally a 2nd resting EEG recording (Fig. 2 Panel (C)).
The datasets form the resting EEGs were not considered within the scope
of this paper.

2.7. EEG pre-processing

Since there is no consensus in the literature for the correction of
tACS-induced EEG artefacts, we focused our EEG analysis on the EEG
recordings of the DL task during the artefact-free sham stimulation,
similar to our previous study [32]. Resting EEGs were not analyzed
within the scope of this current paper. For pre-processing, we used Brain
Vision Analyzer software version 2.2 [72]. We started by creating a
radial EOG channel to correct the micro-saccadic artefacts later using
ICA applying the following formula [73]:

REOG = {(VEOGS -+ VEOGI + HEOGR +HEOGL) / 4)}-Pz

Since these artefacts are confined to the gamma band, the newly
created channel was subjected to a filter from 30 to 100 Hz. Other
channels were filtered from 1 to 100 Hz to improve the results of in-
dependent component analysis (ICA) [74]. All Filters were linear (zer-
o-phase) non-causal finite impulse response (FIR) filters using the
default filtering tool of EEGLAB [75] as a recommendation from the
previous literature [76]. Also as recommended, the high-pass and the
low-pass filters were run separately to apply the corresponding default
filter orders. To correct the channel noise, the CleanLine EEGLAB plugin
was run at the frequency of 50 Hz with default parameters on all datasets
after filtering [77]. Afterwards, the datasets were down-sampled to 250
Hz. In a semiautomatic way, the resulting EEGs were inspected to
remove any epochs containing non-repeating artefacts or
non-correctable channels. Then, all channels were re-referenced to a
common average reference while retaining FCz as a separate channel.
The resulting EEG and EOG channels were subjected to an extended
infomax ICA with 512 iterations to decompose 60 components (since the
data rank was 60, while the number of channels was 61). The compo-
nents were then inspected according to their time series, topography,
frequency composition and stacked plots to remove the corresponding
artefacts (eye: vertical, horizontal and micro-saccadic movements;
heartbeats; muscle; and artificial: line noise, channel noise and
stimulator-related artefacts). Afterwards, the four EOG electrodes were
deleted, keeping 57 EEG channels. To investigate the endogenous
gamma activity at 40 Hz, the cleaned datasets were re-filtered from 39 to
41 Hz using the same filter settings, as we stimulated at 40 Hz. The
datasets were then segmented from — 200 ms to 824 ms around the
presented stimulus (the played sound pair) into two different conditions:
LE and RE. Finally, they were baseline-corrected to be forwarded to the
phase lag analysis.

2.8. Phase lag analysis
Similar to our previous analysis, we extracted the endogenous phase

lag between auditory cortices from the EEG recordings of the DL task
during the artefact-free sham condition via exact low-resolution brain
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electromagnetic tomography (eLORETA) [32,78-80]. eLORETA utilizes
a three-shell spherical head model and employs the MNI (Montreal
Neurological Institute) brain template for source localization, based on
the Talairach atlas. We used the remaining 57 electrodes with their
default manufacturer coordinates to build the transformation matrix
using the eLORETA algorithm. Within the resulting transformation
matrix, we defined our regions of interest (ROIs) as a centroid voxel with
a spatial resolution of 5x5x5 mm°® within Brodmann Areas (BAs) 42
[81]. These areas represent the secondary auditory cortex, a key inte-
gration region for auditory interhemispheric communication, based on
our previous results [32,46,48,49,51]. The pre-processed peri-stimulus
segments (i.e., from — 200 ms to 824 ms around the presented stimulus)
were inserted into the connectivity analysis of eLORETA to extract the
time series of XYZ components of the current density within the ROIs.
Since the sample size of the EEG segments could cause a bias in the
calculation of the phase lags, we matched the numbers of the segments
for each participant. The number of corresponding segments (LE vs RE)
was matched to the minimum number of both conditions for each
participant using Python [82]. On average, the matched number of
segments per participant was 70.7, with a standard deviation of 25.1,
ranging from 26 to 113 segments. Further analysis was accomplished
using MATLAB scripts [83]. To calculate the phase lags Ag for each time
point (t) between right and left ROIs, we computed the angle of the
multiplication =~ product  resulting  from  multiplying  the
Hilbert-transformed right-sided component by the complex conjugate
product of the Hilbert-transformed left-sided component, using the
following formula:

Ag(t) = angle| hilbert ( Xgq(t) ) x conjugate ( hilbert( Xis(t) )) |

In this computation, the Hilbert transform (hilbert () function) was
used to obtain the analytic signal, which provides a complex represen-
tation of the original signal, with the real part being the original signal
and the imaginary part being the Hilbert transform of the signal
[84-87]. The complex conjugate of the Hilbert-transformed second
signal was computed using the conj() function, which was necessary for
the subsequent computation of the phase difference. The multiplication
combines the phase information of the two signals, where the angle()
function was then used to extract the phase angle of the resulting
complex signal for each time point. This phase angle represented the
phase difference between the two original signals from both ROIs, where
the right side always preceded the left side (according to our phase lag
calculation formula), since we were interested in the right-to-left
connection. A positive angle indicates that the right side was preced-
ing the left by less than half a cycle, while a negative angle indicates it
was by more than half a cycle. Further analysis of the angular data was
assisted by the CircStat toolbox from MATLAB [88]. To obtain a single
representative phase lag value in the form of a time series, we averaged
the phase lags across trials and then across the dimensional components
for each participant at each time point using the circ_mean() function. At
this stage, we could get individual time series for the phase lags between
BAs 42 during two different conditions (LE vs RE). These time series
(—200 to 824 ms after the stimulus presentation with a sampling rate of
250 Hz) were subjected to further statistical analysis to extract a rele-
vant time window, where LE could show statistically different phase lags
in comparison with RE. This specific time window would represent the
determinant time interval, at which the phase lag between BAs 42 plays
a key role in interhemispheric signal communication during LE [32].

To extract this critical time window, we applied three restrictive
criteria to minimize the effects of random noise and multiple compari-
sons. First, the differences between LE and RE at the time points of this
time window should withstand a non-parametric paired-sample per-
mutation test suitable for circular data (see statistical analysis) i.e., show
statistically significant differences between LE and RE. Second, this time
window should comprise a meaningful cluster of consecutive time points
that are not arbitrarily significant. Since we were interested in the signal
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of 40 Hz with a sampling rate of 250 Hz, a meaningful cluster of time
points should cover at least the length of one 40-Hz wavelet, i.e., 25 ms
~ 6 time points. Third, the determinant time window should overlap
with reliable and reproducible time windows, extracted from a test-
retest reliability experiment for a similar DL task. Once extracted, we
could average the individual phase lags across this time window during
LE via the circ_mean() function. These individually averaged phase lags
could then be correlated circularly with the behavioral parameters
during each stimulation condition using the CircStat toolbox. This helps
discover any circular dependencies between the endogenous phase lags
and the LIs of the different stimulation conditions.

Afterwards, we adopted a personalized analytical approach to
explain the heterogeneity of behavioral DL changes across the four
different stimulation conditions. Based on the resulting individual
determinant phase lags during LE, we could define which of our four
stimulation conditions would be optimal or detrimental for the inter-
hemispheric communication within each participant. For example, a
participant with a phase lag of 50° would theoretically benefit most from
the stimulation condition with the 45°phase lag (closest stimulation
condition), while their interhemispheric synchronization would be most
disrupted during the stimulation condition with the 180° phase lag
(farthest stimulation condition). Therefore, we hypothesized that the
closest and the farthest stimulation conditions for each participant
would, in turn, increase and decrease the reports from the left ear, and
thus reduce and enhance the REA, respectively. Considering the natural
physiological requirement for a non-zero phase lag in interhemispheric
connectivity, we excluded the 0° phase lag condition from the analysis of
determining the closest stimulation condition [85,89]. This exclusion
allowed for a more accurate comparison of the closest and farthest
conditions, along with the sham condition, in terms of the LI. This
personalized approach provided a nuanced understanding of how each
stimulation condition impacted interhemispheric communication and
DL performance at the individual level.

2.9. Test-retest reliability

In order to test the reliability of the behavioral (LIs) and the neuro-
physiological (internal phase lags) parameters, we conducted a test-
retest version of (dichotic listening) DL. Therefore, we recruited
healthy male participants for two sessions (two week apart) to perform a
similar DL task with simultaneous Electroencephalography (EEG)
recording without transcranial alternating current stimulation (tACS).
The recruitment was restricted to males only to avoid any gamma band
changes induced by the different menstruation phases [90,91]. The
other inclusion/exclusion criteria were the same as those of the main
experiment. To obtain more reliable results, the participants performed
a DL task with three blocks instead of two. To optimize the EEG signal,
we utilized active EEG electrodes [92]. The other settings for recording
and analysis of EEG data were similar to those above-mentioned to
extract the determinant time window of interhemispheric connectivity
and the internal phase lags, except for the sampling rate, which was
higher (500 Hz) for this test-retest reliability to get better temporal
resolution. Therefore, the minimum of significant time points was set at
12 consecutive time points that should be reproducible in both sessions.

2.10. Statistical analysis

The continuous data was summarized with the mean + standard
deviation (SD), while the categorical data was expressed with numbers
and percentages. Figures illustrating comparisons presented means
along with 95 % confidence intervals, whereas the time series of phase
lags were depicted with thick lines representing the circular means
(using the circ_mean() function) and shaded areas indicating circular
standard deviations (via the circ_std() function). The time series of phase
lags were generated using MATLAB software [83]. For inferential sta-
tistics, we chose the suitable test according to the nature of the data.
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First, the LIs from the five stimulation conditions were compared using a
one-way repeated-measures analysis of variance (ANOVA) with
Greenhouse-Geisser correction since Mauchly’s sphericity test showed
significance. Second, a non-parametric paired-sample permutation test
suitable for circular data was used to detect the determinant time win-
dow, where LE showed statistically different phase lags compared with
RE [93,94]. The test corrects inherently for multiple comparisons after
10000 permutations independent from the data distribution. Third, to
examine the circular correlations between the endogenous phase lags at
the determinant time window and the behavioral parameters (LIs), we
utilized the circ_corrcl() function from the CircStat toolbox. Fourth, a
one-way repeated-measures ANOVA was applied to compare the LIs
between the closest, farthest, and sham stimulation conditions with
correction as Mauchly’s sphericity test was not significant. Then,
post-hoc three one-sided paired-sample t-tests were conducted for
pairwise comparisons, anticipating the LI to behave in a specific direc-
tion. Specifically, the closest stimulation condition was expected to
show a reduced LI compared to the other two conditions, while the
farthest stimulation condition was expected to increase the LI relative to
the sham condition. To account for multiple comparisons, the resulting
p-values were adjusted using the Benjamini-Hochberg (BH) method to
control the false discovery rate [95]. Both JASP [96] and SPSS [97]
software packages were employed for the analysis. Statistical signifi-
cance was defined as a p-value below 0.05. The complete statistical
analysis is detailed in Supplementary Material S1.

3. Results
3.1. The inclusion/exclusion criteria yielded thirty eligible participants

We recruited 32 participants (17 females), but two participants were
later excluded: one male for being left-handed and one female for
missing a stimulation session due to the development of a psychiatric
disorder. The remaining 30 participants (16 females), aged between 19
and 58 years (mean age: 27.4 + 9.15 years), were all right-handed ac-
cording to the EHI. They participated in all five stimulation sessions,
with an average intersession interval of 8.84 + 4.48 days. None of the
participants exhibited identifiable schizotypal personality traits based
on the SPQ. All participants had normal hearing, with the ability to
perceive sounds below 15 dB and an interaural difference of less than 9
dB.

3.2. The tACS conditions were tolerated and successfully applied in a
single-blinded manner

No serious adverse events were reported by the participants. How-
ever, some participants experienced minor local skin sensations,
including irritation, burning, and warmth. Regarding blinding, partici-
pants were asked to identify whether they received verum tACS (irre-
spective of the specific phase lag) or sham stimulation. They correctly
identified the stimulation condition in 84 out of 150 sessions, resulting
in a correct identification rate of 56 %.

3.3. The stimulation conditions did not significantly change laterality
index compared with sham

Responses for each session from all 30 participants were correct
(reporting the syllable presented to either the left or right ear) in more
than 75 % of the 240 trials (mean = 225.12 + 12.36), so all participants
were included in the behavioral analysis. During the sham stimulation
condition, 29 participants (97 %) exhibited a positive laterality index
(LD, indicating a REA, while only one participant showed a left-ear
advantage (LI = —0.44). The sham condition exhibited an LI of 37.3
+ 24.1, with a range from —0.44 to 78.8. In comparison, the stimulation
conditions yielded the following LIs: 0° = 36.3 + 23.7, 45° = 35.2 +
21.4,90° = 34.9 £+ 26.1, and 180° = 35.0 + 23.1.
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A one-way repeated-measures ANOVA on the LIs from all stimulation
conditions revealed no significant effect of tACS condition (df = 2.58, F
= 0.350, p = 0.759, n?p = 0.012). The Greenhouse-Geisser correction
was applied due to the significant result of Mauchly’s test of sphericity
(P < 0.001) (Fig. 3).

3.4. The endogenous phase lags could predict the changes in LIs

The time series of the endogenous phase lags are shown in Fig. 4
Panel (A), where the right side was the leading side, according to our
phase difference calculation formula. A non-parametric paired-sample
permutation test with 10,000 permutations revealed that the LE showed
significantly different phase lags compared to the RE in the time window
between time points 71 and 78, which corresponds to 84-112 ms after
stimulus presentation (p-values 0.0057, 0.0311, 0.005, 0.0326,
0.0467, 0.0133, 0.0211). This time window met our second criterion of
covering seven consecutive time points and also met the third criterion
as it overlapped with a reproducible significant time window from test-
retest reliability.

On average, left ear reports exhibited positive phase lags, indicating
a relatively small phase lag, compared to the negative phase lag during
right ear reports. This finding was replicated in both sessions of test-
retest reliability. Endogenous phase lags were averaged within these
time points during LE for each participant, resulting in the circular
distribution shown in Fig. 4 Panel (B) and Table 1. Circular correlations
between endogenous phase lags and the differences in LIs between each
stimulation condition and the sham condition showed a statistically
significant correlation only during the 180° phase lag stimulation con-
dition (r = 0.48713, P = 0.028453) (Fig. 4 Panel (C)). Results for other
correlations are detailed in the Supplementary Material S1.

The closest and farthest stimulation conditions exhibited LIs of 33.1
+ 22.5 and 38.1 + 22.4, respectively, compared to the sham condition,
which had an LI of 37.3 + 24.1. Using a one-way repeated-measures
ANOVA, the comparison of LIs between the closest, sham, and farthest
stimulation conditions showed statistical significance (df = 2, F = 3.724,
p = 0.030, 1%p = 0.114).

Applying one-sided paired-sample t-tests, the post-hoc pairwise
comparisons showed statistically lower LI (indicating lower REA) during
the closest stimulation condition compared with the sham condition (t
= —2.031, df = 29, p = 0.026, BH-corrected p = 0.039) and the farthest
stimulation condition (t = —2.449, df = 29, p = 0.010, BH-corrected p =
0.03) (Fig. 5). The comparison between the sham and farthest stimula-
tion conditions did not reach statistical significance (t = —0.440, df =
29, p = 0.332, BH-corrected p = 0.332).

3.5. Test-retest reliability showed the stability of the behavioral (LIs) and
the neurophysiological (internal phase lags) parameters

We recruited 30 healthy male participants, two of them were later
excluded since they showed non-right ear advantage according to the
EHI [55]. To investigate the test-retest reliability at the behavioral level,
we a applied a Pearson’s correlation between the laterality indices (LIs)
of both sessions, which showed a significant positive correlation (r =
0.761, p = 2.546 x 107°) (Fig. 6).

For the phase lag analysis, we applied the same calculations as these
for the main experiment. So, we created a time series of phase lags be-
tween the right and left auditory cortices for each session (Fig. 7 Panel
(A) & (B)). Afterwards, we applied the same a non-parametric paired-
sample permutation test to extract the determinant time window, which
shows significant difference in phase lags between the left and the right
ear reports (LE Vs RE). In session 1, we found a significant cluster of time
points between 150 and 163, which indicates the time window between
100 and 126 ms after the stimulus presentation. In the case of session 2,
an overlapping significant time window was obtained between the time
points between 151 and 163, i.e., the time window between 102 and
126 ms after the stimulus presentation, except for a near-significance
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The laterality index (L) of the stimulation conditions
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Fig. 3. The stimulation conditions did not significantly change LIs compared with sham. The figure shows the comparison of the five stimulation conditions in
terms of the laterality index (LI). The one-way repeated-measures ANOVA indicated no significant differences between the stimulation conditions (df = 2.58, F =
0.350, p = 0.759, n?p = 0.012). The dots represent the means while the error bars represent the confidence intervals.
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Fig. 4. Extraction of the relevant endogenous phase lags and their distribution. Panel (A) shows the time course of phase lags between the right and left
secondary auditory cortices Brodmann areas (BAs) 42, where the right side was the leading side (according to our calculation formula), since we were interested in
the interpretation of right-to-left connection. Compared with right ear reports (RE) (in red), the left ear reports (LE) (in blue) exhibited significantly different phase
lags in the time window between time points 71 and 78, translating to 84-112 ms after stimulus presentation (p-values = 0.0057, 0.0311, 0.005, 0.0326, 0.0467,
0.0133, 0.0211). Thick red and blue lines represent the means, while shaded areas indicate standard deviations. The grey-shaded area with the asterisk denotes the
significant time window. Panel (B) shows a circular histogram for the endogenous phase lags (average within significant time points during LE for each participant),
with the radius indicating frequencies in steps of 2:6. Panel (C) presents a significant circular correlation between endogenous phase lags and differences in laterality
indices (LIs) between the 180° stimulation and sham conditions (r = 0.48713, P = 0.028453). The circle with radius r = 0 indicates no difference in LI between the
two conditions, while line lengths reflect the direction of LI changes (red and green represent changes towards REA and left-ear advantages, respectively). A red line
exceeding the zero limit (positive LI difference) indicates a shift towards REA during 180° stimulation compared to sham. Given that many participants exhibited an
endogenous phase lag between —45° (315°) and 90° (Panel (B)), a substantial number may have experienced a shift towards REA during 180° tACS (indicating a
disruptive tACS effect).

time window 157-158 (p = 0.069). Similar to the main experiment, left Similar to the main experiment, we calculated the average phase lags
ear reports on average exhibited positive phase lags, indicating a rela- from the significant time windows during left ear reports (LE) as a
tively small phase lag, compared to the negative phase lag during right representative value for the endogenous phase lags. For this, we selected
ear reports. the overlapping time window between the time points 151 and 163

786



O. Elyamany et al.

Table 1
The endogenous phase lags and their corresponding closest and farthest stimu-
lation conditions.

Endogenous Phase ~ Endogenous Phase Closest Farthest
Lag in radians Lag in degrees stimulation Stimulation
condition condition

0.709105 40.628700 45 180

4.108455 292.693200 45 90
(-1.17473) (—67.306800)

0.106121 6.080273 45 180

1.611.704 92.343830 920 0

3.698485 211.908000 180 45
(—2.5847) (—148.092000)

5.213055 298.685800 45 90
(-1.07013) (—61.314200)

6.179825 354.078020 45 180
(—0.10336) (—5.921980)

1.004.318 57.543180 45 180

1.024.008 58.671330 45 180

5.226585 299.461400 45 90
(—1.0566) (—60.538600)

2.379.082 136.311300 180 0

5.150035 295.075400 45 90
(-1.13315) (—64.924600)

0.346217 19.836770 45 180

239.652 137.310500 180 0

1.049.998 60.160460 45 180

5.791065 331.803300 45 180
(—0.49212) (—28.196700)

0.828611 47.475900 45 180

5.207705 298.379700 45 90
(—1.07548) (—61.620300)

1.022.061 58.559800 45 180

4.379845 250.947000 180 90
(—-1.90334) (—109.053000)

6.086195 348.713100 45 180
(—0.19699) (—11.286900)

4.263395 244.275000 180 45
(-2.01979) (-115.725000)

2.161.488 123.844200 90 0

3.913835 224.246000 180 45
(—2.36935) (—135.754000)

6.036885 345.888100 45 180
(—0.2463) (—-14.111900)

1.147.296 65.735210 45 180

6.152235 352.496920 45 180
(—0.13095) (—7.503080)

1.232.396 70.611080 90 180

0.515718 29.548450 45 180

0.751053 43.032160 45 180

(102-126 ms after the stimulus presentation) as the determinant one,
which is longer than 12 consecutive time points (minimum criterion).
The endogenous phase lags for each session are presented in Fig. 7 Panel
(C) & (D). In order to test for the reliability and stability of these
endogenous phase lags, we applied a circular correlation between these
circular variables using the function circ_corrcc() provided by the Circ-
Stat toolbox. The test resulted in a significant circular correlation be-
tween both of them (r = 0.3917, p = 0.0224).

4. Discussion
4.1. Summary of results of the current study

In the current study, we applied in addition to sham stimulation four
different tACS stimulation conditions with four different phase lags (0°,
45°, 90° and 180°) between both stimulation sites (bilateral temporal
cortices) in 30 healthy participants, while they performed a DL task
during simultaneous EEG recording. We stimulated at the frequency of
40 Hz for 20 min with an amplitude of 0.5 mA peak-to-baseline (i.e., 1
mA peak-to-trough) at each stimulation site. We hypothesized that the
tACS effects at the behavioral level would depend on the interaction
between the endogenous and the external phase lags. Therefore, we
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personalized our analysis and defined for each participant the closest
and the farthest stimulation conditions based on the endogenous phase
lags. In line with our hypothesis, this novel personalized statistical
analysis (i.e., comparison of LIs between the closest and sham, and
farthest stimulation conditions) showed significantly lower LI (lower
REA) during the closest compared with the sham and farthest stimula-
tion conditions. Conversely, the farthest stimulation condition did not
lead to a statistically significant increase in the LI compared to the sham
condition. To validate our results, we ran a similar test-retest reliability
experiment, which revealed the reliability and stability of both behav-
ioral outcomes (LIs) and endogenous phase lags in terms of their
determinant time window and their individual values. On the other
hand, based on the stimulation conditions alone and similar to our
previous study, no significant differences were detected upon comparing
the LIs from all stimulation conditions with the sham condition.

4.2. Behavioral results of the stimulation conditions

Our sham condition results align with the previous DL outcomes,
where REA was consistently observed in right-handed populations [51,
61,98,99]. Our participants exhibited an average LI of 37.3 + 24.1,
which can be explained by the callosal relay model [40], complemented
by the attention-executive model [41]. Since information from the right
ear has direct access to the left dominant hemisphere, this provides a
built-in advantage for the right ear. In our study, we attempted to
manipulate interhemispheric connectivity and LIs by tACS with four
different phase lags between the temporal cortices. However, the stim-
ulation conditions did not significantly change the LIs, similar to pre-
vious dual-site tACS studies from our research group and others [32,52].
Conversely, an earlier study from the same researchers reported
disruptive effects of in-phase gamma and anti-phase delta tACS on
interhemispheric integration [29]. This variability suggests that the
external phase lag alone cannot fully account for behavioral changes,
where interhemispheric connectivity may not be modulated in a
one-size-fits-all manner. This complexity in the interaction between
stimulation parameters and endogenous connectivity has also been
observed in electric field modelling [53].

4.3. Phase lags as a predictive factor

In our current study, we aimed to disentangle this complexity by
computing the endogenous phase lags between the target regions and
explaining their interactions with the external phase lags. Unlike other
forms of NIBS, tACS can uniquely interact with EEG- and MEG-measured
brain oscillations in a frequency- and phase-dependent manner [1-3,6,
100]. Therefore, it is beneficial to approach this complexity through
EEG-based connectivity parameters, specifically focusing on frequency
and phase lags between the target regions. To achieve this, we calculated
the endogenous 40-Hz phase lags, which could be relevant for the DL
task [46,48,49,51]. Since the callosal relay model postulates enhanced
interhemispheric connectivity during LE, particularly in terms of
enhanced gamma-lagged phase synchrony [40,41,49], these endoge-
nous phase lags in the gamma range should be distinctive between LE
and RE, suggesting a possible causal link. Our novel findings revealed a
time window between 84 and 112 ms after stimulus presentation, during
which these endogenous 40-Hz phase lags differed significantly between
LE and RE (Finding 1). This time window should be reproducible over
time and imply stable, meaningful results for the gamma range (40 Hz in
our case). According to our test-retest reliability results, we successfully
demonstrated the reproducibility and stability of the calculated phase
lags (Finding 2). Interestingly, this time window encompasses at least
one wavelet of 40 Hz in both the main experiment and the test-retest
reliability experiment (Finding 3). Additionally, these time windows
exhibited on average positive phase lags during left ear reports, indi-
cating a relatively small phase lag, compared to the negative phase lag
during right ear reports (finding 4). A similar pattern was detected
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The laterality index (LI) of the closest, sham, and farthest stimulation conditions
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Fig. 5. The endogenous phase lags could explain the changes in LIs. The figure shows the comparison between the closest, sham, and farthest stimulation
conditions in terms of the laterality index (LI). The closest and farthest stimulation conditions were defined according to the individual endogenous phase lag for each
participant. Using a one-way repeated-measures ANOVA, the comparison of LIs between the closest, sham, and farthest stimulation conditions showed statistical
significance (df = 2, F = 3.724, p = 0.030, n%p = 0.114). For the post-hoc pairwise comparisons, one-sided paired-sample t-tests revealed statistically lower LI
(indicating lower REA) during the closest stimulation condition compared with the sham condition (t = —2.031, df = 29, p = 0.026, BH-corrected p = 0.039) and the
farthest stimulation condition (t = —2.449, df = 29, p = 0.010, BH-corrected p = 0.03). The comparison between the sham and farthest stimulation conditions did not
reach significance (t = —0.440, df = 29, p = 0.332, BH-corrected p = 0.332). The dots represent the means while the error bars represent the confidence intervals.

The asterisk indicates statistical significance (p < 0.05).

Laterality index (LI) - Session 2

Correlations between the laterality indices (LIs) of both sessions

20,00

Laterality index (LI) - Session 1

40,00

Fig. 6. Correlation between the laterality indices (LIs) of both sessions. The figure shows a scatter plot of the two sessions in terms of LI. Using a Pearson’s
correlation, the LIs of both sessions are significantly correlated with each other (r = 0.761, p = 2.546 x 10°9).

across both sessions of the test-retest reliability. This suggests that the
transfer of information from the right to the left side exhibited a
significantly smaller phase lag (shorter time difference) during left ear
reports compared to right ear reports. This is consistent with the need for
faster information transfer between hemispheres for left ear reports to
counteract the inherent right ear advantage. Conversely, right ear re-
ports do not necessarily require right-to-left information transfer. Based
on Findings 1, 2, 3, and 4, we can infer that these calculated endogenous
phase lags may help to predict and explain the heterogeneity of tACS
effects on behavioral parameters (LIs).

Having calculated the candidate endogenous phase lags, we corre-
lated them circularly with the LI changes. This analysis revealed a
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significant correlation only with the LIs from the anti-phasic stimulation
(180°) (Fig. 4 Panel (C)), which could be attributed to the circular dis-
tribution of our sample (Fig. 4 Panel (B)). Given that many participants
exhibited an endogenous phase lag between —45° (315°) and 90°, a
substantial number may have experienced a shift towards REA during
180° tACS (indicating a disruptive tACS effect). Additionally, we aimed
to personalize our analysis, we defined an optimal and a disruptive
stimulation condition for each participant, which could either enhance
or disrupt interhemispheric connectivity based on their endogenous
phase lags. Our results showed a significant reduction in LI (suggesting
enhanced interhemispheric connectivity) during the closest (optimal)
stimulation condition compared with both the sham and the farthest
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Fig. 7. The time course of phase lags between the right and left secondary auditory cortices Brodmann areas (BAs) 42 and the circular distributions of the
endogenous phase lags in both sessions. Panel (A) and (B) show the time course of phase lags for session 1 and session 2, respectively. Compared with RE (in red), LE
(in blue) had significantly different phase lags at the time window between 150 and 163 during session 1, which indicates the time window between 100 and 126 ms
after the stimulus presentation (p values are shown in S2.2). Session 2 showed an overlapping significant time window between the time points between 151 and 163,
i.e., the time window between 102 and 126 ms after the stimulus presentation, except for a near-significance time window 157-158 (p = 0.069, other p values are
shown in the Supplementary Material S1). The think red and blue lines represent the means, while the shaded areas show the standard deviations. The grey-shaded
area with the asterisk indicates the significant time window. The panels (C) and (D) demonstrate circular distributions of the individual endogenous phase lags
(average of phase lags within the significant time points during left ear reports (LE) for each participant) within session 1 and session 2, respectively. A significant
circular correlation between these phase lags was shown using the statistical test with the function circ_corrcc() provided by the CircStat toolbox (r = 0.3917, p

= 0.0224).

(disruptive) conditions at the individual level. Conversely, the farthest
stimulation condition did not statistically increase the LI compared to
the sham.

4.4. Phase lags in previous dual-site tACS studies

Dual-site tACS has been extensively applied in previous studies to
modulate interregional connectivity in the brain during various cogni-
tive tasks, utilizing different stimulation frequencies. However, there is
no consensus regarding the optimal stimulation phase lags. Some studies
detected behavioral effects with in-phase [13-15,17,18,23-29] or
anti-phase [14,16,19,21,28-30,101] stimulations, while others did not
report any effects at all [31]. Interestingly, some in-phase experiments
altered inter-regional connectivity as measured by EEG [13-15,18,24,
25,28], or fMRI [17], while anti-phase protocols using EEG [16,21,28,
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30,1011, or fMRI [52,53] have also shown connectivity effects. Notably,
some of these publications report effects on interhemispheric commu-
nication [13,15,16,52,53]. In other words, we report similar effects to
the non-uniformity observed in DL results [29,32,52]. This variability
suggests the absence of a one-size-fits-all protocol for coupling or
decoupling two brain regions, highlighting the need for further opti-
mization of stimulation parameters. In this context, four main optimi-
zation aspects should be considered based on these previous studies.
First, the connectivity between the two candidate regions may be
direct or indirect (i.e., the nature of communication). In the case of a
direct causal connection (i.e., one region drives the activity in the other),
a nonzero-phase lag might be optimal, as the naturalistic connection
would necessitate such a phase relationship [22,89]. Conversely, if a
tertiary hub modulates the functional connectivity between the two
brain regions, in-phase (zero-phase lag) stimulation could potentially
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enhance their coupling, as has been effectively simulated [13,22,28]. In
our case of DL, both BAs 42 are directly and causally connected to ensure
interhemispheric connectivity, particularly during LE [102], which
might explain the lack of response to in-phase stimulation (0°).

Second, the enhancing effects of bifocal-tACS may be easier to ach-
ieve than its disruptive effects. This might explain why some studies
have only demonstrated enhancement of EEG-based interregional con-
nectivity via tACS with a certain phase lag, without being able to disrupt
connectivity with an opposite phase lag [24]. In this context, it might be
harder for the opposite phase lag to generate the expected results due to
the timing dependency of both entrainment and synaptic changes. Our
results exhibited a similar pattern, where the farthest stimulation con-
dition based on EEG-extracted phase lags did not achieve the expected
behavioral outcome (enhanced REA). Conversely, previous work on
dichotic listening demonstrated disruptive effects of anti-phase stimu-
lation on interhemispheric connectivity, although these effects were
measured using fMRI [52].

Third, some tACS-induced changes may be either entrainment- or
plasticity-dependent, which would manifest as either online or offline
effects, respectively [18,21,24,25,27], and can be simulated with
network models [103]. In our case, the connectivity between BAs 42
during LE was likely entrainment-dependent, but future studies could
investigate the aftereffects of bifocal-tACS to uncover its neuroplastic
role.

Fourth, the baseline endogenous phase lag between target brain re-
gions could predict the effects of tACS at different phase lags, especially
since previous studies have suggested that tACS effects depend on in-
ternal brain states, including individual endogenous phase lags, cross-
frequency coupling, inherent wave propagation speeds, and the level
of cognitive demands [17,18,26,30,32]. In our DL study, the endoge-
nous phase lags were able to explain the behavioral changes during
tACS, with the closest stimulation condition enhancing the left ear re-
ports. These four optimization aspects warrant further investigation in
future research.

4.5. Limitations of the current study

Although we managed to suggest the predictive effects of the
endogenous phase lags during bi-temporal tACS, our study still has some
significant limitations. First, the limited spatial resolution of the LOR-
ETA software poses a major localization issue. However, we tried to
overcome this by focusing on centroid voxels within BAs 42. Addition-
ally, previous studies have somewhat validated eLORETA localization
using simultaneous EEG and fMRI [104,105]. Second, we applied pre-set
stimulation protocols with fixed parameters, notably the phase lags and
the frequency, without personalization. Future studies could aim to
apply a more personalized approach, considering the closest and farthest
phase lags and the individual peak frequencies. Third, although the
electrode placement was validated via the ROAST software, it could be
further individualized using structural imaging techniques [106].
Fourth, we recruited only males for the test-retest reliability, and both
females and males for the main experiment. Therefore, we cannot
completely exclude the effects of the different menstrual phases on the
gamma oscillations. Fifth, the current study did not take into consider-
ation the phase relationship between the tACS current and the presented
sound stimuli [29,52,107-110]. Future research could try to address this
issue with closed-loop tACS.

5. Conclusions

In this study, we investigated the effects of bitemporal 40-Hz tACS
with four different phase lags (0°, 45°, 90°, and 180°) during a dichotic
listening task (DL) behavioral perception, in comparison with a sham
condition. Our findings reveal, for the first time, that the interaction
between endogenous and external phase lags is a predictive factor for
bifocal-tACS effects at the individual level. Consistent with our
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hypothesis, endogenous phase lags allowed us to identify both optimal
and disruptive stimulation conditions for each participant. Specifically,
the stimulation condition closest to the endogenous phase lag (optimal)
led to a significant reduction in the LI, indicating enhanced interhemi-
spheric connectivity compared to both the sham and the farthest
(disruptive) conditions. Conversely, the farthest stimulation condition
did not statistically increase the LI relative to the sham condition. These
findings underscore the importance of considering endogenous phase
lags and their interaction with external tACS phase lags in dual-site tACS
studies. Future research should explore three additional factors: the
nature of communication between target regions (direct vs. indirect),
the differential effects of tACS (enhancing vs. disruptive), and the un-
derlying mechanisms of action (entrainment vs. neuroplasticity). In
summary, our finding of a significant interaction between endogenous
and external phase lags suggests a novel approach for achieving more
consistent and targeted bifocal-tACS effects on interregional
connectivity.
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Glossary

ANOVA Analysis of variance

BAs Brodmann areas

BH Benjamini-Hochberg

Ccv Consonant-vowel

dB Decibel

DL: Dichotic Listening

EEG Electroencephalography

EHI Edinburgh Handedness Inventory
eLORETA Exact low-resolution brain electromagnetic tomography
EOG Electrooculography

fMRI Functional magnetic resonance imaging
HEOGL: Left horizontal Electrooculography
HEOGR Right horizontal Electrooculography
Hz Hertz

LE Left ear reports

LI Laterality index

ms Millisecond

NIBS Non-invasive brain stimulation

RE Right ear reports

REA Right-ear advantage

REOG  Radial electrooculography

ROIs Regions of interest

SD Standard deviation

tACS Transcranial alternating current stimulation
VEOGI Inferior vertical electrode

VEOGS Superior vertical electrode
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