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Transcranial alternating current
stimulation over multiple brain
areas with non-zero phase delays
other than 180 degrees modulates
visuospatial working memory
performance

Jimin Park?, Sangjun Lee?, Seonghun Park?, Chany Lee?, Sungshin Kim3 &
Chang-Hwan Im%4>

While zero-phase lag synchronization between multiple brain regions has been widely observed,
relatively recent reports indicate that systematic phase delays between cortical regions reflect the
direction of communications between cortical regions. For example, it has been suggested that a
non-zero phase delay of electroencephalography (EEG) signals at the gamma frequency band between
the bilateral parietal areas may reflect the direction of communication between these areas. We
hypothesized that the direction of communication between distant brain areas might be modulated
by multi-site transcranial alternating current stimulation (tACS) with specific phase delays other

than 0° and 180°. In this study, a new noninvasive brain stimulation (NIBS) method called multi-site
multi-phase tACS (msmp-tACS) was proposed. The efficacy of the proposed method was tested in a
case study using a visuospatial working memory (VWM) paradigm in which the optimal stimulation
conditions including amplitudes and phases of multiple scalp electrodes were determined using

finite element analysis adopting phasor representation. msmp-tACS was applied over the bilateral
intraparietal sulci (IPS) and showed that 80 Hz tACS with the phase for the right IPS leading that

for the left IPS by 90° (=3.125 ms) partialized VWM performance toward the right visual hemifield.
The three stimulation conditions were synchronized, RL, and LR, which refers to stimulation
condition with no phase lag, stimulation phase of right IPS (rIPS) leading left IPS (lIPS) by 90° and

the stimulation of lIPS leading rIPS by 90°, respectively. The lateralization of VWM significantly
shifted towards right visual hemifield under the RL condition compared to the synchronized and

LR conditions. The shift in VWM was the result of the stimulation affecting both left and right visual
hemifield trials to certain degrees, rather than significantly increasing or decreasing VWM capacity of a
specific visual hemifield. Altered brain dynamics caused by msmp-tACS partialized VWM performance,
likely due to modulation of effective connectivity between the rIPS and IIPS. Our results suggest that
msmp-tACS is a promising NBS method that can effectively modulate cortical networks that cannot
be readily modulated with conventional multi-site stimulation methods.

Transcranial alternating current stimulation (tACS) is a noninvasive brain stimulation (NIBS) method that
allows for modulation of neuronal oscillations. It is believed that tACS entrains endogenous brain activities
to the input current waveforms by applying a weak alternating current through scalp electrodes’. It has been
demonstrated that the amplitude, frequency, and phase of the stimulation current are regarded as important
factors that determine the efficacy of tACS. Indeed, the frequency-specific effects of tACS have been reported in
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multiple studies®™, in which the stimulation frequencies were selected based on brain imaging methods including
electroencephalography (EEG) and functional magnetic resonance imaging (fMRI). Additionally, recent stud-
ies determined a simulation frequency using complex EEG characteristics, such as cross-frequency coupling®,
counteraction of EEG bands®, or P300 components’.

While most of the previous studies focused on the modulation of single brain region activities, evidence sug-
gests that synchronization between distant cortical regions may also provide a useful information for understand-
ing conscious perception and cognition® . These studies reported that the communication between cortical areas
is observed in the form of synchronous coupling at the gamma band (30-100 Hz), which is also referred to as the
communication through coherence (CTC) hypothesis'’. In compliance with the CTC hypothesis, multi-site tACS
has been introduced to modulate the synchronization between multiple brain regions. However, the reported
results were confounding; tACS-induced synchronization of two cortical regions enhanced shape perception®
and working memory (WM)'2, whereas auditory motor mapping'® and right ear advantage'* were unaffected.
Additionally, bistable motion perception was enhanced when the parietal-occipital cortex was desynchronized
by applying tACS®.

Traditionally, phase differences between cortical regions have not been seriously considered in previous
multi-site tACS studies. Recently, some tACS studies attempted to simultaneously stimulate two cortical areas
using alternating currents (ACs) with a 180° phase difference at the designated stimulation frequency in order to
maximize the modulatory effect'®-2°. However, no studies have attempted to stimulate multiple cortical regions
with ACs with non-zero phase delays other than 180°.

Indeed, Reinhart et al.'? reported the importance of synchronization of multiple cortical regions on WM
performance and further suggested that tACS with a non-zero phase delay may have the potential to provide
new insights to understand the roles of subcortical regions in WM performance. Furthermore, electrophysi-
ological evidence suggests that systematic non-zero phase delays other than 180° are present, especially in the
gamma band, between cortical regions and that a non-zero phase delay reflects the direction of communication
between those cortical regions'*?!-%. Moreover, the existence of this non-zero phase delay between involved
cortical regions might contribute to compose an “optimal” brain state to perform specific cognitive tasks'**.

Furthermore, recent findings have demonstrated that synaptic delays exist when the gamma band coupling
entails communication directions*"***, and thereby lagged phase synchronization, which suppresses zero-phase
lag synchronization, occurs®. Hence, it may be necessary to consider phase lag in applying multi-site tACS**?°.
However, there is currently no proposed method that allows for determination of optimal injection currents to
deliver desired phase delays other than in-phase (0°) and anti-phase (180°) over multiple cortical areas.

In this study, we developed multi-site multi-phase tACS (msmp-tACS), a modified version of tACS, based
on the injection current optimization with finite element method (FEM) and complex least squares (CLS). The
method can compute optimal electrode montages that induce an arbitrary phase delay over two selected cortical
regions. Then, the feasibility of the proposed method was experimentally tested through a case study of high-
gamma (80 Hz) msmp-tACS with optimized stimulation parameters to healthy human subjects performing
visuospatial WM (VWM) tasks to investigate whether the phase delay induced over the bilateral intraparietal
sulci (IPS) affected the laterality of VWM performance.

Methods

Computer simulations.  Finite element head model. A realistic human head model was constructed from
the magnetic resonance imaging (MRI) data of a healthy male participant (24 years old, nationality: Korean).
The T1-weighted MRI dataset was acquired using a 3 T MAGNETOM Trio Scanner (Siemens, Erlangen, Ger-
many; spatial resolution =0.8 mm x 0.8 mm x 0.8 mm). Subvolumes of the scalp, skull, gray matter, white matter,
and cerebrospinal fluid (CSF) were segmented using an open software package, SImNIBS*. The segmented head
model was then manually corrected using ITK-SNAP?. In addition, isolated meshes were eliminated to correct
segmentation errors, and self-intersecting edges were corrected to improve the mesh quality using an in-house
MATLAB 2019b (MathWorks, Natick, MA, USA) code. A detailed description of the segmentation error correc-
tion and mesh quality improvement can be found in a previous study®. The final head model consisted of ap-
proximately 1.6 million tetrahedral elements and 0.28 million nodes. A cross-sectional view of the human head
model is presented in Fig. 1a. Sixty-one circular electrodes were attached to the head model using an in-house
MATLAB 2018a code according to the international 10-10 EEG electrode system (see Fig. 1b for the electrode
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Figure 1. Finite element head model constructed using magnetic resonance imaging (MRI) data. (a) Cross-
sectional view of the realistic human head model. (b) Locations of the 61 electrodes overlayed on the scalp
surface.
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locations). The heights (2.5 cm) and radii (5 mm) of the electrodes were determined based on the electrodes used
for the human experiments.

Problem formulation. For the constructed finite element head model, the electrostatic Laplace equation
V - (6VV) = 0 (V: electric potential, o: conductivity) was solved using FEM. To solve the FEM, an FEM solver
embedded in COMETS2* toolbox, the feasibility of which was validated by comparing its solution with an
analytic solution®, was used. Dirichlet boundary conditions were initially applied as 1 V over the distal surface
of the active electrode, with the distal surface of the return electrode being set as ground (V=0). Then, using
the two equations E = — VV and J = o E, where J and E denote current density and electric field, respectively,
the boundary conditions were scaled for the current flowing in from the active electrode to be 1 mA. For the
numerical computation, all the tissues were assumed to be isotropic, and the conductivity values of each tissue
were set to 0.25 S/m (scalp), 0.015 S/m (skull), 1.79 S/m (cerebrospinal fluid; csf), 0.276 S/m (grey matter; gm),
0.126 S/m (white matter; wm), and 5.21 S/m (sponge electrode), as referenced in a previous study®. The active
electrode was assumed to be located at Fpz. The return electrode was selected as one of the other electrodes, and
the electric field was computed for every possible return electrode in turn. For each electrode pair, the electric
field components normal to the cortical surface were computed. These pre-calculated electric field distributions
were then used to compute cortical electric field distribution for an arbitrary injection current condition based
on superposition theory.

Optimization. Using the computed electric fields, CLS was employed to determine the optimal injection cur-
rents from the return electrodes. To perform CLS, first, the regions of interest (ROIs) were manually segmented.
For the preliminary simulation study, three ROI combinations were assumed as follows: 1) lateral intraparietal
area (LIP) and frontal eye field (FEF); 2) left auditory cortex (LAC) and right auditory cortex (RAC); and 3)
LIP, FEF, and dorsolateral prefrontal cortex (DLPFC). Then, the objective function that CLS minimized was
expressed with complex values to convey phase information. For example, to simulate a stimulation with a phase
difference of ¢ between two ROIs, the reference ROI would be assigned a uniform value of Acos(0°) + jAsin(0°),
whereas the other ROI would be assigned Acos(¢) + jAsin(¢), and zero (0) would be assigned elsewhere. Here, A
denotes the desired electric field amplitude (>0) and ¢ denotes the desired phase difference in degrees. A posi-
tive value of ¢ would indicate the reference ROI leading the other, and a negative ¢ would indicate the opposite,
where ¢ ranged from -180° to 180°. In our study, the desired amplitude (A) was assumed to be 0.3. Thus, the
desired electric field distribution f(A,$) over multiple ROIs was calculated as follows:

0.3£0° lfQ (S QROIl
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Note that the desired electric field property is expressed as phasor representation throughout the manuscript
for clearer comprehension, i.e.,

Acos(wt + ¢) + jAsin(wt + ¢) = AL (2)

The phase delays chosen and assigned to the ROIs were arbitrary. In addition, we considered both the target
frequency (w) and time from the stimulation onset () to be deterministic, hypothesizing a linear system; there-
fore, they could be neglected in the process of CLS. The ROIs and their respective desired electric field properties
for the first two ROI conditions (LIP-FEF and LAC-RAC) are shown in Fig. 2.

The injection current properties were then determined by solving for x in.

Ax =b, (3)

where A is a column-wise stacked complex matrix with its each column representing electric field over
discretized space of cortex, x is an injection current vector, and b is a vector that represents the desired phase
distribution (f(A,$) over ROIs and zero elsewhere). As noted above, the solution that minimizes the squared
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Figure 2. Two test region of interest (ROI) pairs and their respective objective function values. (a) Optimal
stimulation phase of the lateral intraparietal area (LIP) leading the frontal eye field (FEF) by 120°. (b) Optimal
stimulation phase of the left auditory cortex (LAC) leading the right auditory cortex (RAC) by 90°.
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error between the desired field and systematically realizable field, x,, was obtained using a widely used least
squares solution, where.

Xjs = argmin||b — Ax||, = (AHA)_IAHb. (4)
X

After obtaining the CLS solution, which determines the injection current properties of the return electrodes,
the injection current of the active electrode was calculated as the sum of the injection currents of the return
electrodes multiplied by -1. The feasibility of this computation involving the linearity of electric fields is well
described in a literature®'. Finally, the maximum current amplitude of a single return electrode and the amplitude
of the active electrode were limited to 2 mA and 4 mA, respectively, considering safety considerations.

The simulations for validation of the proposed methods are depicted in Figs. 3, 4, 5. Figure 3 shows the opti-
mal injection current conditions and cortical electric field property distribution with the optimal stimulation
phase difference of the LIP leading the FEF by 120°. Figure 3a depicts the optimal injection current conditions
with amplitude and phase properties illustrated in the left and right columns. Likewise, Fig. 3b depicts the electric
field properties over the cortex with the amplitude and phase distributions represented by the left and right col-
umns, respectively. Figure 3¢ represents the electrode conditions of electrodes with injection current amplitudes
greater than 0.1 mA. Similarly, the electric field properties of cortical regions with 0.05 V/m for an electric field
amplitude are shown in Fig. 3d. The left and right columns of Fig. 3c,d, respectively, show the amplitude and
phase distributions on the cortex, respectively. The cutoffs for the injection current amplitude and electric field
amplitude over the cortex (i.e., 0.1 mA and 0.05 V/m) were chosen arbitrarily just for visualization purposes.
The peak electric field induced over the LIP and FEF was 0.24 and 0.27 V/m, respectively.

Furthermore, to analyze the stimulation phase, we computed the stimulation phase, which was defined as
the median phase over the half-maximum area of the ROIs. The median phase over the half-maximum area was
2.92° at the LIP and 117.20° at the FEF, which can be interpreted to indicate that the stimulation phase of the
LIP led the FEF by 114.28°. The difference between the desired phase delay (120°) and the stimulation phase
delay (114.28°) was just 5.72°.

The optimal electrode condition and electric field properties over the cortex with the optimal stimulation
phase difference of the LAC leading the RAC by 90° is shown in Fig. 4. The maximum electric field over the LAC
and RAC were 0.41 and 0.21 V/m, respectively. Finally, the median phases over the half-maximum area in each
ROI were 0.03° at the LAC and 90.21° at the RAC, which yielded a difference of 90.18°, as illustrated in Fig. 4d.
It was just a 0.18° lag to the optimal stimulation phase difference of 90°.

Finally, we further tested the feasibility of our method assuming three ROIs: LIP (0°), FEF (-60°), and DLPFC
(135°). Angles in the parentheses denote the optimal stimulation phases for each region, as described in Fig. 5.
Using the optimal electrode montage, the three regions were successfully stimulated simultaneously (Fig. 5d,e),
with maximum electric fields of 0.24 V/m (LIP), 0.22 V/m (FEF), and 0.37 V/m (DLPFC) over each of the ROIs.
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Figure 3. Optimization results of 61-channel montage when the region of interests (ROIs) were the lateral
intraparietal area (LIP) and frontal eye field (FEF) with an optimal stimulation phase of the LIP leading the FEF
by 120°. (a) Optimal injection current amplitude (left) and phase (right) distributions for all 61 channels. (b)
Electric field amplitude (left) and phase (right) distributions under the optimal injection current condition. (c)
Optimal injection current amplitude (left) and phase (right) condition of electrodes exceeding 0.1 mA in the
injection current amplitude. (d) Electric field amplitude (left) and phase (right) distributions under the optimal
electrode condition over cortical regions where the electric field amplitude was greater than 0.05 V/m.
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Figure 4. Optimization results when the region of interests (ROIs) were the left auditory cortex (LAC)

and right auditory cortex (RAC) with an optimal stimulation phase of the LAC leading the RAC by 90°. (a)
Optimal injection current amplitude (left) and phase (right) distributions for all 61 channels. (b) Electric field
amplitude (left) and phase (right) distributions under the optimal injection current condition. (c) Optimal
injection current amplitude (left) and phase (right) condition of electrodes exceeding 0.1 mA in the injection
current amplitude. (d) Electric field amplitude (left) and phase (right) distributions under the optimal electrode
condition over cortical regions where the electric field amplitude was greater than 0.05 V/m.

Furthermore, the median phases over the half-maximum area of each ROI were -3.11°, -57.34°, and 135.00°
over the LIP, FEF, and DLPFC, respectively. Consequently, the median phase differences reference to the LIP
were -54.23° for the FEF and 138.11° for the DLPFC, with 5.77° and 3.11° lag to the optimal stimulation phases
of FEF and DLPFC, respectively.

Msmp-tACS. Participants. Eighteen healthy, right visual hemifield dominant volunteers (7 men and 11
women, age: 23.41 +2.90) participated in the msmp-tACS experiments. While there is no evidence that ocular
dominance affects the VWM capacity of visual hemifields, we selected participants who had right ocular domi-
nance for homogeneity. Individuals with any identifiable neurological disorder, head injury, or any personal or
family history of psychiatric illness were excluded. The study protocol was approved by the Institutional Review
Board of Hanyang University, South Korea (IRB No. HYU-2020-010). All methods were performed in accord-
ance with the Declaration of Helsinki. Two participants were excluded from the analyses because they could not
complete the protocol.

Behavioral task. A visual delayed match-to-sample task was employed??, in which each trial consisted of a fixa-
tion period (2000-3000 ms), indication arrow (200 ms), sample stimulus (100 ms), retention period (900 ms),
and response stimulus (2000 ms); the duration of each stage is shown in parentheses (see Fig. 6). Throughout
the task, a fixation cross was displayed at the center of the screen. After the initial fixation, an arrow pointing
either left or right appeared for 200 ms above the fixation cross. Once the indication arrow disappeared, two
sets of square arrays were displayed on the left and right sides of the fixation cross for 100 ms. All the squares
in each array had different colors, and the number of squares in the two arrays displayed on both sides of the
fixation cross were the same (4, 5, or 6). The squares were 0.65°x 0.65° in size, and the minimum distance from
the center of a square to another was 2°. Each array of squares was presented within a 9.8°x 7.3° region and did
not overlap with the fixation cross. To achieve this, participants were asked to fix their head on a chinrest located
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Figure 5. Optimization results for the simultaneous stimulation of the three cortical regions. (a) Region of
interests (ROIs) and their respective values representing desired electric field property (b) Optimal electrode
amplitude montage for all 61 channels (left) with a 0.1 mA cutoff (right). (c) Optimal electrode phase montage
for all 61 channels (left) with a 0.1 mA cutoft (right). (d) Electric field amplitude distribution under the optimal
electrode condition (left) and distribution of the electric field over 0.05 V/m (right). (e) Electric field phase
distribution under the optimal electrode condition (left) and distribution of the electric field over 0.05 V/m
(right).

60 cm away from the screen. Furthermore, the During this period, the participants were instructed to memorize
the colors of the square array on the side that had been indicated by the arrow. After the offset of the sample
stimulus presentation, a short retention period (900 ms) followed. Another square array, the response stimulus,
was subsequently displayed on both sides of the fixation cross for 2000 ms. During this period, the participants
were instructed to identify whether the colors on the array of squares located in the side that had been indicated
by the arrow were the same as those presented during the sample stimulus period by pressing a button on the
response pad.

The total number of trials in one experimental session was 120, and these were divided into six blocks of
20 trials. The six blocks were categorized into three sets of two blocks, with each set containing four, five, or
six squares in a square array. The number of squares in an array corresponded to the task load. To minimize
a potential learning effect, the six blocks were randomly selected from 18 different blocks (six blocks for each
task load) using e-Prime 3.0 (E-Prime Psychology Software Tools Inc., Pittsburgh, USA). Of the 20 trials in each
block, ten trials were left hemifield trials (indicated by the arrow pointing left), whereas the other ten trials were
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Figure 6. Match to delayed sample task for visuospatial working memory. A fixation period of 2000-3000 ms is
followed briefly by the indication arrow (200 ms), which informs participants of the hemifield that they should
memorize. After the indication arrow disappears, a sample stimulus, which is an array of squares, is presented
for 100 ms on both hemifields, which are separated by a fixation cross. A retention period lasting for 900 ms
follows, and a match stimulus is subsequently presented for 2000 ms. During the presentation of the match
stimulus, participants are asked to indicate whether the colors of the squares on the hemifield indicated by the
indication arrow matched the colors of sample stimulus.

right hemifield trials (indicated by the arrow pointing right); 10 trials for each visual hemifields consisted of five
match and five mismatch trials.

To quantify the VWM capacity, the K-value, defined as ‘load x (accuracy - miss rate), was computed. The
K-value considers the task load and better represents WM capacity than accuracy*. In addition, the weighted
average d’ values were computed. The d’ value is defined as ‘Zy; — Zy,, with FA indicating the false alarm rate>%.
The d’ values were computed for each load, multiplied by the corresponding load, and were then averaged.

Additionally, the lateralization index (LI) was calculated to analyze the laterality of the WM performance of
the visual hemifields using the following equation:

_ Mp—M

LIl=——,
Mr + ML

(5)

where My and M; denote the measurements (K-values or load weighted average of d’ values) computed from
right and left hemifield trials, respectively.

Finally, to analyze how the participants with different baseline performances responded to the stimulation,
the aforementioned analyses for K-values, weighted d; and LI computed using K-values and the weighted d’ were
conducted for two groups separated according to the baseline performance: a low LI group and a high LI group
under LORO stimulation, which was the baseline condition in our study. The threshold for determining the low
and high LI groups was the median LI under the LORO condition, with participants who performed to the exact
median LI being classified into the high LI group.

Msmp-tACS Protocol. Participants underwent three stimulation sessions, in which the desired phase delays
induced by msmp-tACS over the bilateral IPS were in-phase (denoted by ‘synchronized” condition), right IPS
lagged the left IPS by 90° (denoted by ‘LR’ condition), and vice versa (denoted by ‘RL condition). A 90° delay of
80 Hz is equivalent to 3.125 ms. Current stimulation was delivered by Starstim 8 (Neuroelectrics Inc., Barcelona,
Spain). Each stimulation session was at least 72 h apart. Before participating in the first of the three stimulation
sessions, participants went through a hole-in-the-card test** at a distance of 60 cm (equivalent to the distance to
the monitor displaying the behavioral tasks) to determine their dominant eye. Current stimulation was delivered
through eight electrodes attached over the parietal and occipital areas according to the international 10-10 EEG
system (P3, Pz, P4, PO3, PO4, PO7, Oz, and PO8). The injection current conditions for each stimulation condi-
tion were determined using FEM-based field simulation and the CLS algorithm, as described earlier. The ramp
up and down periods were 30 s, and the stimulation was aborted 1 min (including the ramp down period) after
the task was completed. Additionally, the safety system of Starstim-8 was applied in the protocol, which aborts
stimulation if impedance of 20 kOhm is reached at any electrode; however, there were no abortion due to the
safety protocol. The behavioral task was performed while the stimulation was being delivered, starting 5 min
after stimulation onset. One session of the behavioral task (six blocks) was completed for each stimulation condi-
tion. The order of the stimulations was randomized and double blinded. Of the 16 participants who completed
all three stimulation sessions, none reported adverse effects, such as burning, itching, and hurting sensations or
visual phosphenes.

Statistical analysis. To assess the effect of the stimulation on the K-values and d’ values of the left and right
visual hemifield trials, a two-way, repeated measures ANOVA (rmANOVA) was performed for the within fac-
tors ‘hemifield’ and ‘stimulation condition. One-way rmANOVA and post-hoc analysis of a paired-sample t-test
were also performed in order if required. Furthermore, the K-values and d’ values for each visual hemifield were
separately evaluated using a one-way rmANOVA. Finally, if post-hoc analysis was performed, the final p-values
were corrected using the method of false detection rate (FDR). For the LI, a one-way rmANOVA was performed
for the within factor ‘stimulation condition’ Post-hoc analysis with a paired-sample t-test was performed in
order if necessary. Finally, to test the difference in performance between the high LI and low LI groups, Fried-
man’s test, Wilcoxon’s rank sum and signed rank test, if necessary, was conducted for K-values and weighted d’
values of different hemifields under each stimulation condition, since the group size was small (n=38). All the
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reported final p-values were corrected using FDR. SPSS 22 was used for all the statistical analyses except for the
FDR correction, which was done using MATLAB 2019b.

Ethical approval. All the participants were provided with a detailed explanation of the experimental proto-
cols and signed a written informed consent form. The study protocol was approved by the Institutional Review
Board of Hanyang University, South Korea (IRB No. HYU-2020-010).

Results

Computer simulation.  The optimal injection current properties and electric field induced over the cortex
under the optimal conditions were computed using FEM and CLS. Figure 7 illustrates the optimal injection cur-
rent properties for the three stimulation conditions (synchronized, LR, and RL) and electric field distributions
on the cortex under the optimal conditions. For the optimal montages of LR and RL, the amplitudes of the injec-
tion currents were identical (Fig. 7b), whereas the phases of the injection currents were different (Fig. 7c). This
led to the same electric field amplitude distribution over the cortex (Fig. 7d), albeit different phase distributions
(Fig. 7e). In contrast, for the optimal montage of the synchronized condition, the optimal injection currents were
different from the other two cases (LR and RL). As shown in Table 1, the maximum electric field amplitude was
0.35 V/m under the synchronized condition, whereas it was 0.31 V/m under the other conditions. For the phase
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Figure 7. Region of interests (ROIs) and optimal injection current properties for each stimulation condition.
(a) Segmented ROI (bilateral intraparietal sulcus) and desired stimulation condition, (b) optimal injection
current amplitudes for each stimulation condition, (c) optimal injection current phase properties for each
stimulation condition, (d) electric field amplitude distribution over cortex under the optimal condition, (e)
electric field phase distribution over the cortex under the optimal condition.

conditions synchronized | LR RL

E o (V/m) 045 04 04
EPS(V/m) 0.34 031 | 031
EIPS(V/m) 0.30 029 | 029
) 0 89.66 | —1.21
@!IPS () 0 -131 | 86.34
Phase difference (°) 0 90.97 | 87.55
Error (%) 0 1.1 2.7

Table 1. Properties of the electric field delivered over the cortex by each stimulation condition.

Scientific Reports|  (2023) 13:12710 | https://doi.org/10.1038/s41598-023-39960-3 nature portfolio



www.nature.com/scientificreports/

distributions, the difference between the median phase over the half-maximum areas (areas with electric field
amplitudes higher than half of the maximum electric field amplitude over each ROI) of the left and right IPS was
0°,-90.97, and 87.55° for the synchronized, LR, and RL montages, respectively. The error between the median
phase differences and the desired phase delays was less than 2.7%, as shown in Table 1.

Msmp-tACS. The main indices used for the analysis were the K-value, weighted average of d-prime values
(d), and LI. The K-value is an index that accounts for both the load and accuracy of a WM task and represents
sensitivity, while the d’ value represents the sensitivity and normalized overall performance of the task. Both
values were computed for each visual hemifield. The LI is a normalized difference between an index (either
the K-value or &) of visual hemifields, indicating to what extent the WM performance of the right hemifield
is more dominant than that of the left hemifield (i.e., positive values implicate better performance for the right
hemifield).

The dominance of VWM capacity shifted toward the right visual hemifield, as evidenced by one-way
rmANOVA and a subsequent paired-sample t-test; a significant effect of a non-zero phase delay on the LI was
found (F, ,3=9.86; p<0.01, Fig. 8a). Specifically, a post-hoc paired-sample t-test further revealed that the effect
was significant only under the RL condition, (t,5=3.95, p=0.004) but not under the LR condition (t;5=1.09,
p=0.29) compared with the synchronized condition. Considering the two non-zero phase delay stimulations,
the RL condition showed a higher effect than the LR condition (t,;5=3.07, p=0.012). All p-values are corrected
using the FDR. These results suggest a shift in the VWM performance toward the right visual hemifield under
the RL condition. Notably, a statistically significant left- hemifield dominant lateralization of VWM capacity
was present under the synchronized stimulation condition, as evidenced by one-sample t-tests of the LI against
zero (t5=-3.08, p<0.01, mean + standard error: -0.122 +0.04). However, the stimulation effect on the LI was
only marginal under phase-modulated conditions (LR: t;s=-1.87, p=0.08, -0.084 £ 0.04; RL: t;5;=1.84, p=0.08,
0.054+0.03).

Furthermore, a two-way rmANOVA performed for the K-values with the within factors ‘hemifield’ and
‘stimulation condition’ showed significant effect of the stimulation condition x hemifield interaction (F, ,,=7.3,
p=0.02), but not for the within factor ‘stimulation condition’ (F, ,,=2.36; p=0.15) and ‘hemifield’ (F, ,,=2.53;
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Figure 8. Behavioral performance under each stimulation condition. (a) lateralization index (LI) computed
using K-values, (b) visual hemifield specific K-values under each stimulation condition, (c) lateralization index
(LI) computed using the weighted average of d’ values, (d) visual hemifield specific the weighted average of d’
values under each stimulation condition (* p <0.05; ** p<0.01).
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p=0.13). Subsequent one-way rmANOVA conducted for the K-values specific to the visual hemifield with the
within factor ‘stimulation condition’ showed significant effect only on the right hemifield trials (left hemifield
K-value: F, |3=1.3, p=0.27; right hemifield K-value: F, ;=5.66, p=0.03). The post hoc analysis indicated
significant increase in right hemifield K-value under RL condition only when compared to the LR condition
(t;5=-3.22, p<0.01). This implies that the increase in the LI under the RL condition was more likely due to an
increase in the right hemifield WM capacity rather than due to a decrease in the left hemifield WM capacity,
although a differential effect of lateralization occurred across participants. The K-values of the left and right
visual hemifields under each stimulation condition are depicted in Fig. 8b.

In addition to the K-values, we calculated the weighted average of the d’ values for each stimulation condition
to evaluate the reliability of task performance. The d’ values are computed by subtracting the Z scores of the false
alarm rate from the Z scores of the hit rate. The computed d’ values were weighted by the load of each trial and
then averaged. The LI was also computed using the weighted average of the d’ values.

The results using LI values computed using weighted d’ showed the same trend as the LI values computed
using K-values (Fig. 8c,d). One-way rmANOVA indicated a significant effect of the within factor ‘stimulation
condition’ (F,, 3=7.18, p=0.02). A consequent paired-sample t-test also showed the same trends with the LI
computed using the K-values (synchronized-RL: t;s=-3.28, p=0.02; LR-RL: t;5=-3.05, p =0.03; synchronized-
LR: t;5=0.71, p=0.28). Moreover, the one-sample t-tests against zero indicated that the normalized VWM
performance was significantly lateralized toward the left and right the under synchronized and RL conditions,
respectively; however, no significance was found under the LR condition (synchronized: t;;=-2.9, p=0.01; LR:
t;5=-1.78, p=0.1; RL: t;5=2.23, p=0.04). The mean and SE of the LI using the weighted average of d’ were
-0.19+0.07, -0.11 £0.06, and 0.11 £0.05 for the synchronized, LR, and RL conditions, respectively.

To further analyze the weighted d; a two-way rmANOVA was performed with the within factors ‘stimula-
tion condition’ and ‘hemifield’ for the measure weighted d. The test revealed the same trend with the analyses of
K-values, showing significant for the hemifield x stimulation condition interaction, and within factor ‘stimula-
tion condition’ (F, ,,=5.07, p=0.04 for hemifield x stimulation condition interaction; F, ,,=5.68, p=0.03 for
the within factor ‘stimulation condition’; and F, ;,=0.98, p=0.34 for the within factor ‘hemifield’). Subsequent
repeated measures one-way rmANOVA and paired t-test confirmed that the weighted average of d’ increased
significantly for the right visual hemifield trials during the RL stimulation condition compared with the other
two stimulation conditions (rmANOVA: F, ;=7.42, p=0.02; t-test: t;5 > 3.05, p <0.05). However, no significant
effect of the within factor ‘stimulation condition’ was found for the left visual hemifield trials (F,, ;;=2.9, p=0.11).

Additionally, the overall accuracy, overall reaction time (RT), load-specific accuracy, and correct rejection
rate (CRR) were analyzed with respect to visual hemifields. Repeated measures two-way rmANOVA performed
for RT, load-specific accuracy and CRR with the within factors ‘hemifield’ and ‘stimulation condition, while
repeated measures one-way rmANOVA was performed for the overall accuracy. For RT, a simple linear trans-
form used to normalize the data, by subtracting minimum and dividing by range of each RT dataset. For each
measure, no significant interaction between the factor ‘stimulation condition’ and ‘hemifield’ (RT: F, ,,=0.34;
p=0.72; CRR: F, ,=2.01, p=0.15) was observed. Also, no significance was observed for the overall accuracy
(F,, 13=2.38, p=0.11). Likewise, an analysis performed on accuracy of each load did not show any significant
interaction of stimulation condition x hemifield (load 4: F, ,=2.87; p=0.08; load 5: F, ,,=3.87; p=0.06; load
6:F, 1= 1.5; p=0.24).

Furthermore, Friedman’s test showed a significant difference only for the behavioral performance of low
LI groups. Specifically, significant difference was observed for LI computed using K-value (x*=9.75, p<0.01),
K-values of right visual hemifield trial (y*=6.25, p=0.044), LI computed using weighted d’ (x*=13, p<0.01), and
weighted d’ values of right visual hemifield trials (x?=7.75, p=0.02) for the low LI group. Subsequent Wilcoxon’s
signed rank test exhibited similar results to the total group of participants, as LI computed using K-value was
significantly larger under RL stimulation compared to synchronized stimulation (p=0.02) and LR stimulation
(p=0.035), but no significant difference was observed for the K-values of right visual hemifield trials. Addition-
ally, the LI computed using K-value was significantly smaller than zero only under synchronized stimulation
(p<0.01). Finally, both LIs computed using weighted d’ and weighted d’ value itself were significantly larger under
RL stimulation compared to synchronized stimulation (LI: p=0.01, weighted d’: p=0.035) and LR stimulation
(LL: p=0.01, weighted d’: p=0.035). Interestingly, LI computed using weighted d’ was significantly smaller than
zero under both synchronized (p <0.01) and LR stimulation (p=0.02), and significantly larger than zero under
RL stimulation (p=0.04). The behavioral performance of low LI group is depicted in Fig. 9.

Meanwhile, the high LI group did not show any statistical significance neither between stimulation conditions
(LI: XZ =1.75, p=0.42; weighted d*: Xz =0.75, p=0.68), nor against zero (lowest p value: 0.15, between 0 and LI
under RL condition; one-sample t-test) at any stimulation conditions. The behavioral performance of the high
LI group is illustrated in Fig. 10.

The main difference between high LI and low LI groups were performance of right visual hemifield trials
under synchronized condition, as rank sum test revealed that low LI group exhibited significantly lower K-values
and weighted d’ values (LI: p=0.02, weighted d’: p=0.01) under synchronized condition, which is the baseline
performance, as depicted in Fig. 11. No other performances were significantly different between the two sub-
groups (lowest p value: 0.13, between K-values of right hemifield trials under LR condition). All the reported p
values are FDR corrected if necessary.

Discussions

In this study, we attempted to induce a systematic phase delay of the gamma band (80 Hz) in the bilateral pari-
etal areas and to explore how such a phase delay modulates VWM performance. The stimulation frequency
(80 Hz) was selected over 40 Hz, a conventional gamma tACS frequency, because 80 Hz affected VWM capacity
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Figure 9. Behavioral performance of low LI group under each stimulation condition. (A) lateralization index
(LI) computed using K-values,B) visual hemifield specific K-values under each stimulation condition, (C)
lateralization index (LI) computed using the weighted average of d” values, (D) visual hemifield specific the
weighted average of d’ values under each stimulation condition (*p <0.05).
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(C) lateralization index (LI) computed using the weighted average of d’ values, (D) visual hemifield specific the
weighted average of d’ values under each stimulation condition.
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Figure 11. The baseline performance of the low and high LI groups. (*p <0.05).

significantly while 40 Hz did not®. To deliver focal msmp-tACS, we introduced a new method to simulate and
optimize tACS protocols using complex values. This enabled the simultaneous representation of the phase and
amplitude of the delivered electric fields. While “traveling wave tACS”® has been developed and validated
to enable tACS with phase lag, targeting specific cortical areas with desired phase delays requires additional
experiments not reported in the study (i.e., location of return electrodes or optimal stimulation phases can-
not be determined). Importantly, the traveling wave tACS reports electric fields distributed with spatial phase
gradient where stimulation electrodes are not attached, and intensities of such cortical regions along the path
of E-field is not usual targets for NIBS in human experiments. Nonetheless, traveling wave tACS is promising
and more proven, and thorough validations made through the traveling wave tACS study is not present in our
study. However, the facts that our method was an extended version of previous literatures and the validations
of multi-phase tACS made on the traveling wave tACS study at least provides indirect evidence for feasibility
of our method. To address the shortcoming, we performed a case study by implementing the proposed method
to healthy participants.

As a result of the case study, we successfully induced the desired phase delays in the target cortical regions.
Through 80 Hz msmp-tACS, we found that the lateralization of VWM performance was shifted toward the
right visual hemifield when the stimulation phase of the right IPS (rIPS) led that of the left IPS (IIPS) by 90° (RL
condition) compared with the synchronized or IIPS-leading-rIPS (LR) stimulation conditions. Additionally, by
analyzing the behavioral performance of subgroups of participants based on their baseline performance, we found
that the behavioral changes for different stimulation conditions were mainly due to relatively poor performance
in right visual hemifield trials under synchronized condition. Indeed, stimulations mostly affected the low LI
group, suggesting possible "ceiling effects". However, whether the observed LI is a true "ceiling" needs further
investigation, as phase differences other than 90° might effectively increase or decrease LI.

Previous literature has emphasized synchronization (in-phase condition) or desynchronization (anti-phase
condition) of cortical regions, stating that in-phase synchronization induced by tACS strengthens network
entrainment”. Nevertheless, a zero-phase delay between cortical regions may not necessarily lead to an optimal
network state or enhanced functional synchrony due to phase lags and neural transmission delays®*°. Likewise,
a 180° phase delay between cortical regions may not connote that the involved cortical network is defunct or
disturbed. Therefore, it is essential to explore changes in cognitive functions under such phase delays between
functionally related cortical regions.

Upon applying msmp-tACS, the RL condition increased the LI of the VWM capacity compared with the
other stimulation conditions. However, the LI did not differ between the LR and synchronized conditions. One
possible explanation could be that at the “natural” state, or a state in which no stimulation is applied, the phase
delay between the bilateral IPS would be somewhere between zero and the left IPS leading the right IPS by 90°.
This speculation is in accordance with the findings of a previous dual-site tACS study*’, which suggested that
there might be an optimal phase delay between 0° and 180° of the gamma band at the bilateral parietal cortices
is a naturally occurring feature during WM task performance. However, a sham group is necessary to observe
the “natural” state, and thus we enrolled 18 new participants to perform the same task without stimulation. The
sham group did not show the expected mean LI value in between the synchronized and LR condition (Figure S1,
in Supplementary Material). Nonetheless, independent samples t-test results showed interesting results as the
K-values of right hemifield trials were significantly higher compared to the sham group only under the RL
stimulation condition, while a trend of higher left hemifield K-value was observed under synchronized condition
compared to the sham group (Figure S2).

Our results indicate that the phase delay induced over the bilateral IPS caused a shift in lateralization of the
VWM performance toward the right visual hemifield. Although contralateral bias of the parietal sites does exist
when performing VWM tasks, both the bilateral parietal areas are considered responsible for the binding of
VWM*=#_ Especially, the bilateral parietal areas are reported to be activated when performing WM tasks with
higher cognitive loads*!. Overall, activation of the ipsilateral parietal sulcus is believed to be observed when
additional resources are required**, making communication between bilateral parietal areas more vital when
performing WM tasks with high cognitive loads. As abovementioned, such communication arises in the form of
synchronized gamma waves; since systematic delays in the gamma band entail the direction of communication
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between the cortical regions*' -2, we cautiously suggest that such a shift in the LI is a behavioral observation of

the change in the directionality of communication between the bilateral parietal areas.

We selected 80 Hz, a frequency within the high gamma range, as the stimulation frequency for the msmp-
tACS experiment based on previous studies®***. It could be argued that a 90° phase difference at 80 Hz (approxi-
mately 3 ms) is too short of a time delay to claim any significance of intercortical phase delay on VWM perfor-
mance. However, spurious synchronization within assemblies of neurons with a delay as small as 2 ms has been
observed during the retention period of visual memory*. The study reported that as visual features are coded
to a specific assembly of neurons, spurious synchronization with + 2 ms phase lags were observed in concurrent
assemblies. Furthermore, Besserve et al.* reported stimulus-modulated phase delays of the high gamma band in
the primate visual cortex during performance of visual tasks*. However, the role of such time-delayed, spurious
synchronization of neurons on cognitive function is unclear at best. The reason for such controversy is that it is
challenging to observe a designated phase delay during cognition due to individual variability and the nature
of EEG. Indeed, while our stimulation condition presumably induced a 90° phase delay; it is possible that an
"optimal” phase delay other than 90° exists between bilateral parietal areas during VWM performance. Thus, to
develop and test a method to explore phase delay other than 0°and 180°, it was only feasible to target the phase
delay that was not biased towards both 0° and 180° phase delay, which was 90°.

Furthermore, given the short delay of 3 ms between cortical regions, the behavioral results exhibited by
msmp-tACS is unlikely to be the result of msmp-tACS modulating a direct transmission of signals during work-
ing memory task. While the previous literature, the traveling wave tACS, aims to target entire cortical pathway in
between multiple cortical regions considered as a sender and a receiver, the proposed msmp-tACS targets more
specific regions. Although it is possible to target entire pathway using msmp-tACS, our montage and design of
the case study exclusively induces desired phase delay over bilateral IPS, but not the pathway that connects the
two regions. Therefore, the putative underlying mechanism is more likely the altered functional connectivity
between the bilateral IPS due to the intervention of msmp-tACS. Indeed, such short delay was reportedly related
to lateralization of auditory function during the dichotic listening task'®. In the future, msmp-tACS could be
combined with imaging methods to investigate whether the systematic delays of gamma oscillation truly entail
direction of communication between cortical regions.

In general, a weighted average of d’ values are not a common measure used to analyze VWM performance.
Nonetheless, we computed this index since we wished to analyze the normalized performance of the task accord-
ing to the difficulty of the task. Careful interpretation of the results indicates that the LI of both the weighted aver-
ages of the d’ and K-values were affected by the different stimulation conditions; however, the non-significance of
the interaction condition x hemifield on the K-values implies that pd-tACS altered the dominance of the visual
hemifield in VWM without significantly affecting the overall VWM capacity. This is reiterated by the statisti-
cal non-significance involving the accuracy of each load. Indeed, statistical significance was found for both the
K-values and weighted average of the d’ values among the right visual hemifield trials but not among the left
visual hemifield trials, but the significance was not consistent for the K-value. The weighted average of the d’
values stresses accuracy more than the K-values; therefore, the results again support the notion that phase delays
over the parietal areas may not reflect higher cognitive loads. Nevertheless, they are critical for processing and
storing visuospatial information and possibly prioritizing this information for processing.

The trend of the right visual hemifield trials being affected is feasible considering the flexible resource model.
In the model, the contralateral bias of the bilateral parietal areas has been shown to be greater in the representa-
tion of items in the left visual hemifield>%>!. Namely, since the stimulation was bilateral, the VWM performance
of the right visual hemifield could be more prominently affected by our stimulation conditions. Indeed, further
results on the hemifield-specific weighted average of d’ values support this idea: the weighted average of the d’
values of only the right visual hemifield significantly increased under the RL stimulation condition compared
with the other two conditions, while no significant change was observed for the left visual hemifield trials.

Given the reports stating that asymmetries of activation levels and timing in the frontoparietal network are
vital to VWM performance®>®, it could be argued that our results stem from the asymmetry of the electric field
amplitude delivered to the bilateral IPS. Nonetheless, the maximum electric field amplitude was greater over
the right IPS than over the left IPS under all three stimulation conditions. However, if the results were due to
amplitude asymmetry, the LI would have been altered only by the synchronized condition in which the ampli-
tude asymmetry was greatest. Hence, we believe that the shift in the LI is not related to the asymmetric electric
field amplitude delivered over the bilateral IPS. In addition, the effect of the RL condition may originate from
the difference in distributions of the electric field amplitude over the cortex under the RL and synchronized
conditions. However, this is less likely due to the following reasons: (1) the LIs were not significantly different
under the synchronized and LR conditions, and (2) the LI was higher under the RL condition than under the
LR condition that displayed an identical electric field amplitude distribution over the cortex. Moreover, the RL/
LR conditions delivered an electric field over the cortex that was sufficient to modulate oscillatory activity**®°.
Therefore, it is reasonable to conclude that the shift in the lateralization of VWM capacity was the product of
the phase lag between the bilateral IPS.

Given these results, the inter-regional phase delay between cortical areas could also play a significant role in
the lateralization of other behaviors, such as right ear advantage or handedness. Granted, msmp-tACS could be a
useful tool to explore the causality between phase asymmetries of cortical regions and behavioral lateralizations.
Clinically, the right ear advantage is known to be significantly decreased in patients with schizophrenia with
auditory-verbal hallucinations (AVHs)>*~*® because of changes in the gamma band. However, both in-phase and
anti-phase gamma tACS of the bilateral auditory cortices failed to modulate the right ear advantage'®; utilizing
msmp-tACS in the gamma range may enhance the right ear advantage, which in turn may potentially help to
alleviate AVH symptoms.
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In the stimulation experiment, the main reason the sham condition was absent was to eliminate the effect of
the frequency of stimulation when comparing sham to stimulation. Namely, even if behavioral performances
had been different under sham and other stimulation conditions, the observation would have been insufficient
to conclude that the changes were strictly caused by phase delays induced by msmp-tACS. Instead of a sham
condition, we implemented the synchronized stimulation condition, which actss as a “reference state” rather
than the default or control state generally assumed by the sham condition.

A limitation of the current research is that our stimulation protocols were based on computer simulations;
therefore, disparities could exist between the actual stimulation phase and the phase computed over the ROI with
simulation. To minimize such simulation errors, individual MRI can be employed; however, the results could still
be erroneous compared with the actual field induced over the cortex. Indeed, using a representative model for
the case study may cause differential effects of stimulation for each participant. However, the phase distribution
of the E-field is much less susceptible to individual variability in anatomy compared to the amplitude of E-field
delivered over cortex. For example, electric field amplitude delivered over a region of interest will be affected by
the distance of electrode from the cortex, geometrical feature of the RO, thickness of skull, etc. However, phase
is much less susceptible to these features, as amplitude of E-field does not necessarily correlate with induced
phase lags. That is, if a relative phase of 0° and 90° is observed between site A and B, the phase delay should be
consistent unless interfered by other current source, even if the E-field amplitudes are decreased over the sites.
To further address this issue, we conducted an additional simulation study by applying the identical electrode
condition used in our case study to a finite element head model constructed using an MNI Colin head model
(MNT; Montreal, Canada). The results showed that the induced phase delays for LR and RL conditions were
-97.82° and 86.91° (phase of rIPS subtracted from phase of IIPS), respectively, indicating that electrode condition
determined by using representative model was valid in other head model. Additionally, the E-field amplitude was
strong over rPIS and 1IPS when simulated in the Colin head model (LR: 0.29 V/m for IIPS and 0.33 V/m for rIPS;
RL: 0.29 V/m for IIPS and 0.38 V/m for rIPS). The result of the additional simulation is illustrated in Figure S3.

Finally, we omitted the anti-phase stimulation. It is possible that the anti-phase condition may drive lateraliza-
tion in the other direction compared with the synchronized condition. Furthermore, current evidence is lacking
regarding the actual or optimal phase delays necessary during synchrony of cortical regions. Therefore, the role
of specific phase delays over brain regions, such as the condition where one ROI leads another by 45° and the
anti-phase condition, on various cognitive functions could be investigated in future studies.

Conclusion

In this study, we proposed a novel method, the msmp-tACS, which allows for stimulation of multiple brain
regions with desired phase delays. In an effort to represent phase information in the simulation study, we
employed complex values. Also, the optimization method was modified from LS to CLS. The computer simula-
tions confirmed that focal electric fields with desired phase delays could be delivered to the ROIs with marginal
errors. While inter-regional synchronization with non-zero phase delay has been proposed as a key mechanism
in communication between or serial activation of cortical regions, especially during top down controls, no
methods have been proposed to determine the stimulation parameters for such stimulations. Furthermore, actual
application of the msmp-tACS over bilateral IPS significantly affected the performance, lateralizing the VWM
performance towards right visual hemifield trials. While VWM performance was not significantly altered by the
stimulation conditions, more right visual hemifield dominance was displayed when the relative performance
between right and left visual hemifield trials was assessed. We suggest that the observation is due to the shift
in phase relationship between the bilateral IPS affected which information to prioritize between the two hemi-
fields. In the future, bilateral auditory cortices could be stimulated with a phase delay to alleviate symptoms of
the schizophrenia patients with auditory hallucinations, and optimal phase delays not investigated in this study
could be investigated.

Data availability

The data and materials are conditionally available upon request to the corresponding author.

Received: 26 February 2023; Accepted: 2 August 2023
Published online: 05 August 2023

References

1. Neuling, T., Ruhnau, P., Weisz, N., Herrmann, C. S. & Demarchi, G. J. N. Faith and oscillations recovered: On analyzing EEG/
MEG signals during tACS. Neuroimage 147, 960-963 (2017).

2. van Driel, J,, Sligte, I. G., Linders, J., Elport, D. & Cohen, M. X. Frequency band-specific electrical brain stimulation modulates
cognitive control processes. PLoS One 10(9), e0138984 (2015).

3. Cabral-Calderin, Y., Schmidt-Samoa, C. & Wilke, M. Rhythmic gamma stimulation affects bistable perception. J. Cogn. Neurosci.
27(7), 1298-1307 (2015).

4. Battaglini, L., Ghiani, A., Casco, C. & Ronconi, L. Parietal tACS at beta frequency improves vision in a crowding regime. Neuroim-
age 208, 116451 (2020).

5. Wolinski, N., Cooper, N. R., Sauseng, P. & Romei, V. The speed of parietal theta frequency drives visuospatial working memory
capacity. Plos Biol 16(3), 2005348 (2018).

6. LofHler, B. S. et al. Counteracting the slowdown of reaction times in a vigilance experiment with 40-Hz transcranial alternating
current stimulation. IEEE Trans. Neural Syst. Rehabil. Eng. 26(10), 2053-2061 (2018).

7. Popp, E, Dallmer-Zerbe, I. M., Philipsen, A. & Herrmann, C. S. Challenges of P300 modulation using transcranial alternating
current stimulation (tACS). Front. Psychol. 10, 476 (2019).

8. Helfrich, R. F. et al. Selective modulation of interhemispheric functional connectivity by HD-tACS shapes perception. PLoS Biol.
12(12), 1002031 (2014).

Scientific Reports |

(2023) 13:12710 | https://doi.org/10.1038/s41598-023-39960-3 nature portfolio



www.nature.com/scientificreports/

9. Engel, A. K,, Fries, P. & Singer, W. Dynamic predictions: Oscillations and synchrony in top-down processing. Nat. Rev. Neurosci.
2(10), 704-716 (2001).

10. Siegel, M., Donner, T. H. & Engel, A. K. Spectral fingerprints of large-scale neuronal interactions. Nat. Rev. Neurosci. 13(2), 121-34
(2012).

11. Fries, P. A mechanism for cognitive dynamics: Neuronal communication through neuronal coherence. Trends Cogn. Sci. 9(10),
474-480 (2005).

12. Polania, R., Nitsche, M. A., Korman, C., Batsikadze, G. & Paulus, W. J. C. B. The importance of timing in segregated theta phase-
coupling for cognitive performance. Curr. Biol. 22(14), 1314-1318 (2012).

13. Preisig, B. C., Sjerps, M. J., Kdsem, A. & Riecke, L. Dual-site high-density 4Hz transcranial alternating current stimulation applied
over auditory and motor cortical speech areas does not influence auditory-motor mapping. Brain Stimulat. Basic, Transl. Clin. Res.
Neuromodul. 12(3), 775-777 (2019).

14. Meier, J. et al. Intrinsic 40Hz-phase asymmetries predict tACS effects during conscious auditory perception. PLoS One 14(4),
0213996 (2019).

15. Striiber, D, Rach, S., Trautmann-Lengsfeld, S. A., Engel, A. K. & Herrmann, C. S. Antiphasic 40 Hz oscillatory current stimulation
affects bistable motion perception. Brain Topogr. 27(1), 158-171 (2014).

16. Chander, B. S. et al. tACS phase locking of frontal midline theta oscillations disrupts working memory performance. Front. Cell.
Neurosci. 10, 120 (2016).

17. Polania, R., Moisa, M., Opitz, A., Grueschow, M. & Ruff, C. C. The precision of value-based choices depends causally on fronto-
parietal phase coupling. Nat. Commun. 6(1), 1-10 (2015).

18. Preisig, B. C. et al. Selective modulation of interhemispheric connectivity by transcranial alternating current stimulation influences
binaural integration. Proc. Natl. Acad. Sci. https://doi.org/10.1073/pnas.2015488118 (2021).

19. Reinhart, R. M. & Nguyen, J. A. Working memory revived in older adults by synchronizing rhythmic brain circuits. Nat. Neurosci.
22(5), 820-827 (2019).

20. Tseng, P, Iu, K.-C. & Juan, C.-H.J.S. The critical role of phase difference in theta oscillation between bilateral parietal cortices for
visuospatial working memory. Sci. Rep. 8(1), 1-9 (2018).

21. Grothe, I, Neitzel, S. D., Mandon, S. & Kreiter, A. K. Switching neuronal inputs by differential modulations of gamma-band phase-
coherence. J. Neurosci. 32(46), 16172-80 (2012).

22. Gregoriou, G. G., Gotts, S. J., Zhou, H. & Desimone, R. J. High-frequency, long-range coupling between prefrontal and visual
cortex during attention. Science 324(5931), 1207-10 (2009).

23. Bastos, A. M., Vezoli, J. & Fries, P. ]. C. Communication through coherence with inter-areal delays. Curr. Opin. Neurobiol. 31,
173-80 (2015).

24. Gregoriou, G. G., Gotts, S. J., Zhou, H. & Desimone, R. J. High-frequency, long-range coupling between prefrontal and visual
cortex during attention. Science 324(5931), 1207-10 (2009).

25. Pascual-Marqui RD. Instantaneous and lagged measurements of linear and nonlinear dependence between groups of multivariate
time series: frequency decomposition. arXiv preprint arXiv:07111455 2007.

26. Windhoff M, Opitz A, Thielscher AJH. Electric field calculations in brain stimulation based on finite elements: an optimized
processing pipeline for the generation and usage of accurate individual head models. 2013;34(4):923-35

27. Yushkevich, P. A. et al. User-guided 3D active contour segmentation of anatomical structures: Significantly improved efficiency
and reliability. NeuroImage 31(3), 1116-28 (2006).

28. Lee, C,, Jung, Y.-],, Lee, S. J. & Im, C.-H.J.J. COMETS2: An advanced MATLAB toolbox for the numerical analysis of electric fields
generated by transcranial direct current stimulation. J. Neurosci. Methods 277, 56-62 (2017).

29. Jung, Y.-J., Kim, J.-H., Kim, D. & Im, C.-H.J.P. An image-guided transcranial direct current stimulation system: A pilot phantom
study. Physiol. Measurement 34(8), 937 (2013).

30. Opitz, A., Paulus, W,, Will, S., Antunes, A. & Thielscher, A. ]. N. Determinants of the electric field during transcranial direct current
stimulation. Neuroimage 109, 140-150 (2015).

31. Saturnino, G. B., Madsen, K. H., Siebner, H. R. & Thielscher, A. ]. N. How to target inter-regional phase synchronization with
dual-site transcranial alternating current stimulation. Neuroimage 163, 68-80 (2017).

32. Fukuda, K. & Vogel, E. K. J. P. Individual differences in recovery time from attentional capture. Psychol. Sci. 22(3), 361-8 (2011).

33. Haatveit, B. C. et al. The validity of d prime as a working memory index: Results from the “Bergen n-back task” J. Clin. Exp. Neu-
ropsychol. 32(8), 871-80 (2010).

34. Wilhelmsen, G. B., Eide, M. G. & Felder, M. Assessment of eye movements and selected vision function tests in three pupils with
albinism: A case study in Tanzania. Br. J. Vis. Impair. 40(2), 360-368 (2022).

35. Park, ], Lee, C., Lee, S. & Im, C. H. 80 Hz but not 40 Hz, transcranial alternating current stimulation of 80 Hz over right intrapa-
rietal sulcus increases visuospatial working memory capacity. Sci. Rep. 12(1), 13762 (2022).

36. Alekseichuk, I. et al. Electric field dynamics in the brain during multi-electrode transcranial electric stimulation. Nat. Commun.
10(1), 2573 (2019).

37. Béchinger, M. et al. Concurrent tACS-fMRI reveals causal influence of power synchronized neural activity on resting state fMRI
connectivity. J. Neurosci. 37(18), 4766-77 (2017).

38. Bland, N. S. & Sale, M. V. Current challenges: The ups and downs of tACS. Exp. Brain Res. 237(12), 3071-3088 (2019).

39. Beliaeva, V., Savvateev, 1., Zerbi, V. & Polania, R. J. N. C. Toward integrative approaches to study the causal role of neural oscilla-
tions via transcranial electrical stimulation. Nat. Commun. 12(1), 1-12 (2021).

40. Tseng, P, Chang, Y.-T., Chang, C.-F, Liang, W.-K. & Juan, C.-H. The critical role of phase difference in gamma oscillation within
the temporoparietal network for binding visual working memory. Sci. Rep. 6(1), 1-15 (2016).

41. Feng, ], Pratt, J. & Spence, I. ]. Attention and visuospatial working memory share the same processing resources. Front. Psychol.
3,103 (2012).

42. Killebrew, K., Mruczek, R. & Berryhill, M. E. J. N. Intraparietal regions play a material general role in working memory: Evidence
supporting an internal attentional role. Neuropsychologia 73, 12-24 (2015).

43. McCollough, A. W,, Machizawa, M. G. & Vogel, E. K. J. C. Electrophysiological measures of maintaining representations in visual
working memory. Cortex 43(1), 77-94 (2007).

44. Klingberg, T., O’Sullivan, B. T. & Roland, P. E. J. Bilateral activation of fronto-parietal networks by incrementing demand in a
working memory task. Cerebral Cortex 7(5), 465-71 (1997).

45. Berger, B,, Omer, S., Minarik, T, Sterr, A. & Sauseng, P. J. B. Interacting memory systems—Does EEG alpha activity respond to
semantic long-term memory access in a working memory task?. Biology 4(1), 1-16 (2015).

46. Herrmann, C. S., Senkowski, D. & Rottger, S. J. Phase-locking and amplitude modulations of EEG alpha: Two measures reflect
different cognitive processes in a working memory task. Exp. Psychol. 51(4), 311-8 (2004).

47. Raffone, A. & Wolters, G. J. A cortical mechanism for binding in visual working memory. J. Cognit. Neurosci. 13(6), 766-85 (2001).

48. Besserve, M., Lowe, S. C., Logothetis, N. K., Scholkopf, B. & Panzeri, S. J. P. B. Shifts of gamma phase across primary visual cortical
sites reflect dynamic stimulus-modulated information transfer. PLoS Biol. 13(9), 1002257 (2015).

49. Abuleil D, Thompson B, Dalton KJNP. Aerobic exercise and human visual cortex neuroplasticity: A narrative review. Neural
Plasticity 2022 (2022).

Scientific Reports |  (2023) 13:12710 | https://doi.org/10.1038/s41598-023-39960-3 nature portfolio


https://doi.org/10.1073/pnas.2015488118

www.nature.com/scientificreports/

50. Alvarez, G. A. & Cavanagh, P. The capacity of visual short-term memory is set both by visual information load and by number of
objects. Psychol. Sci. 15(2), 106-11 (2004).

51. Bays, P. M. & Husain, M. J. S. Dynamic shifts of limited working memory resources in human vision. Psychol. Sci. 321(5890),
851-854 (2008).

52. Sheremata, S. & Shomstein, S. Hemifield asymmetries differentiate VSTM for single-and multiple-feature objects. Atten. Percept.
Psychophys. 76, 1609-1619 (2014).

53. Sheremata, S. L., Bettencourt, K. C. & Somers, D. C. Hemispheric asymmetry in visuotopic posterior parietal cortex emerges with
visual short-term memory load. J. Neurosci. 30(38), 12581-12588 (2010).

54. Reato, D., Rahman, A., Bikson, M. & Parra, L. C. Low-intensity electrical stimulation affects network dynamics by modulating
population rate and spike timing. J. Neurosci. 30(45), 15067-79 (2010).

55. Herrmann, C. S., Rach, S., Neuling, T. & Striiber, D. J. Transcranial alternating current stimulation: A review of the underlying
mechanisms and modulation of cognitive processes. Front. Human Neurosci. 7, 279 (2013).

56. Green, M. E, Hugdahl, K. & Mitchell, S. Dichotic listening during auditory hallucinations in patients with schizophrenia. Am. J.
Psychiatry 151(3), 357-362 (1994).

57. Hugdahl, K. et al. Left hemisphere lateralisation of auditory hallucinations in schizophrenia: A dichotic listening study. Cognit.
Neuropsychiatry 13(2), 166-79 (2008).

58. Steinmann, S., Leicht, G., Andreou, C., Polomac, N. & Mulert, C. Auditory verbal hallucinations related to altered long-range
synchrony of gamma-band oscillations. Sci. Rep. 7(1), 1-10 (2017).

Acknowledgements
This research was supported by the Brain Research Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Science, ICT & Future Planning (NRF-2019M3C7A1031278).

Author contributions

J.P. designed overall experiment including simulations, analyzed the behavioral data, and was a major contributor
in writing the manuscript. S.L. conducted computational simulations. S.P. developed behavioral paradigm and
stimulation protocols. C.L. constructed the pipeline for simulation study S.K. supervised on analysis of behav-
ioral data and manuscript writing. C-H.I. supervised overall procedure and was a major contributor in writing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-39960-3.

Correspondence and requests for materials should be addressed to C.-H.I.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:12710 | https://doi.org/10.1038/s41598-023-39960-3 nature portfolio


https://doi.org/10.1038/s41598-023-39960-3
https://doi.org/10.1038/s41598-023-39960-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Transcranial alternating current stimulation over multiple brain areas with non-zero phase delays other than 180 degrees modulates visuospatial working memory performance
	Methods
	Computer simulations. 
	Finite element head model. 
	Problem formulation. 
	Optimization. 

	Msmp-tACS. 
	Participants. 
	Behavioral task. 
	Msmp-tACS Protocol. 
	Statistical analysis. 

	Ethical approval. 

	Results
	Computer simulation. 
	Msmp-tACS. 

	Discussions
	Conclusion
	References
	Acknowledgements


