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Abstract: Applying transcranial alternating current stimulation (tACS) at the gamma range to the
frontal and parietal regions can improve cognitive dysfunctions. This study aimed to explore the neural
changes following tACS. Electroencephalography (EEG) recordings were obtained from a cohort of
34 participants with various cognitive impairments before and after 11 sessions of 40 Hz tACS
treatment. Alternating currents at 2.0 mA were administered to the electrode positions F3 and P3 for
25 min of each session, following the 10-20 EEG convention. Using eLORETA, scalp-recorded
signals were reconstructed into cortical current source density (CSD). We then assessed the differences
in power and connectivity strength across multiple spectra. We observed a consistent trend of decreased
CSD at the stimulating sites across different spectra, most prominent at beta and gamma bands (P <
0.01). On the contrary, the right hemisphere showed a trend of increased CSD, which was likely
mediated by inter-hemispheric rivalry. In addition, the connectivity strength between the left frontal
and parietal regions increased significantly (P = 0.017). Application of tACS would desynchronize
regional oscillation and enhance inter-regional crosstalk. The pattern of neural changes was concordant
with our previous tACS reports (5 Hz), suggesting common neural mechanisms driving the
neurophysiological effects of tACS.

Keywords: clectroencephalography (EEG); exact Low-resolution electromagnetic tomography
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1. Introduction

Neural oscillations across diverse frequency bands are intrinsic to brain dynamics and critically
support various domains of cognition [1-3]. In terms of working memory, executive functions have
been associated with theta phase coupling between frontal and posterior brain regions [4]. In addition,
frontal midline theta EEG activity may control activity in the parietal cortex associated with memory
maintenance [5]. Alpha band is linked to semantic memory and attentional processes [2], while beta
oscillations are implicated in sensorimotor functions, top-down processing, and preservation of the
current brain state [6]. Gamma-frequency activity is thought to support the coordination of distributed
brain networks and has been implicated in cognitive domains such as attention, memory maintenance,
and perceptual binding [7-9]. Moreover, aberrant gamma activity has been associated with cognitive
dysfunction across a range of neurocognitive disorders [10—14]. The emergence of transcranial
alternating current stimulation (tACS) now allows researchers to artificially modulate neural rhythms
and assess their causal role in cognition by entraining brain activity at specific frequencies [15-17].

Although transcranial electrical stimulation (tES) has been widely applied as a tool for basic
research [18], studies have supportedtACS as a treatment option for neuropsychiatric conditions [ 19-21].
Gamma tACS has been shown to improve the performance of working memory, event memory,
visuomotor learning, and fluid intelligence [22-26]. Previous reports suggested that tACS at 40 Hz
was promising in the prevention and treatment of Alzheimer’s disease [27,28] and various psychiatric
conditions [21,29,30]. Our recent clinical study delivered 40 Hz tACS to cognitively impaired
populations and supported its efficacy and potential in clinical practice [31]. Together, applying gamma
tACS to the frontoparietal network may benefit heterogeneous populations across a wide age range,
including healthy individuals as well as those with attention-deficit/hyperactivity disorder, learning
disabilities, Alzheimer’s disease, and various other neuropsychiatric conditions [23-25,27,28,31].

The broad utility of tACS over frontoparietal regions appears to enhance cognition irrespective
of specific diagnoses. The observed benefits are more likely attributable to compensatory adaptations
driven by enhanced frontoparietal network functioning, rather than the direct remediation of
underlying pathologies. However, the neural mechanisms supporting these effects remain unclear. It is
observed that tACS may change the firing rate and spike timing of neuronal activities in a spectra-
specific manner [32-35]. It was thus inferred that applying a particular frequency of tACS can
synchronize the neural oscillations to match the frequency of the electrical stimulation, framed as
entrainment theory [36,37]. The evidence of tACS-induced entrainment in the human brain dynamics,
however, has been controversial [20,38—41]. Our previous EEG research of 5 Hz tACS over the right
hemisphere has provided novel insight into this pivotal issue [42,43]. By comparing the EEG collected
before and after 25 min tACS at 5-Hz (in theta range), we observed spectrum-specific and unspecific
alterations, summarized below. First, tACS at 5 Hz desynchronized regional theta power and enhanced
contralateral theta power. The latter was likely mediated by the neural mechanism of inter-hemispheric
rivalry [44—46]. The areas undergoing modulation were widespread, as opposed to the more focal
transcranial magnetic stimulation. Second, tACS imposed cross-spectral influence on power, well
beyond the “entrained” frequency—spectral-unspecific. Last, inter-regional connectivity (phase
synchronization) increased in a spectrum-specific way, which only occurred at the theta range.

Continuing from our previous work, this research explored the neural consequences of 40 Hz
gamma tACS applied over the left frontoparietal network across 12 treatment sessions, aiming to
enhance cognitive capability. Both regional power and inter-regional connectivity profiles were
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examined. In line with the brain-based approach in our previous report (in contrast to scalp-based
analog), we utilized exact low-resolution brain electromagnetic tomography (eLORETA) to map EEG
data from the scalp onto the gray matter voxels of a standardized brain template, i.e., current source
density (CSD) [47,48]. The power changes of CSD following treatment were examined statistically.
The connections between the frontal and parietal areas, characterized by different frequency spectra,
were assessed using lagged coherence, which is a linear measure, and phase synchronization, a
nonlinear indicator of functional connectivity [49]. Following our previous EEG research exploring
the neural influence of theta-range tACS, we hypothesized that gamma tACS would analogously
produce the following effects: (1) the left and right frontoparietal networks would show opposite trends
of power changes, with tACS exerting an unfavorable influence on the underlying neural
synchronization; (2) the power modulation would not be limited to the gamma range but would extend
to lower frequency ranges (i.e., cross-spectral effects); and (3) functional connectivity strength would
increase between left frontal and parietal regions.

2. Materials and methods
2.1. Participants and neuropsychological assessment
2.1.1.  Participant characteristics

This study focused on patients exhibiting cognitive deficits who underwent 40 Hz tACS
treatment applied to the left frontal and parietal regions. To be included in this study, patients needed
to have a diagnosis characterized by cognitive deficits [e.g., mild cognitive impairment (MCI),
learning disability, or attention-deficit hyperactivity disorder (ADHD)] or a chief complaint of
cognitive decline. To provide complementary behavioral context to the electrophysiological findings,
selected tasks from the D-KEFS were included [50]. The behavioral battery included Trails A and B,
Letter Fluency, and Design Fluency tests. In Trails A, participants were asked to sequentially connect
numbered circles as quickly and accurately as possible, while Trails B required alternation between
numbers and letters, assessing both processing speed and cognitive flexibility, with results reported
in seconds. In the Letter Fluency task, participants were asked to generate as many words as possible
beginning with a specified letter within a fixed time, evaluating verbal fluency. The Design Fluency
task required participants to produce unique non-verbal designs under time constraints, assessing
non-verbal executive function. For both fluency tasks, results were reported as the number of
correctly produced items. Detailed procedures for these tasks are provided in the original battery.
Individuals with epilepsy, skull defects, intracranial electrodes, brain lesions, vascular clips or shunts
in the brain, cardiac pacemakers, or other implanted biomedical devices, as well as those who were
pregnant or lactating, were deemed ineligible for tES in accordance with safety guidelines [51,52].
Participants were instructed to maintain their current treatments, including medications, without any
dosage adjustments during the tES treatment. The primary focus of this research was the changes in
EEG following tES. We identified 34 cognitively impaired patients who received full tACS treatment
and underwent pre- and post-treatment EEG.
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2.1.2.  Ethics approval of research

We reviewed data collected from our clinics between 2018 and 2022, following prior approval of
the research protocol by the private review board Pearl IRB, with approval ID 2023-0133. Written
informed consent was obtained from all clinical patients. For participants under 18 years of age, the
consent was provided by their parents, legal guardians, or next of kin, in accordance with ethical
guidelines requiring appropriate consent for minors.

2.2. Administration of tACS

We employed an Investigation Exempt Device (IDE), the Starstim-8 neuromodulation device,
developed by Neuroelectrics, Inc. (Barcelona, Spain), to attenuate cognitive deficits arising from
different causes. The device utilizes electrodes connected through wires to a rechargeable battery,
delivering electric currents directly to the scalp and brain. Prior to attaching the electrodes, the scalp
underwent a gentle cleansing with skin preparation gel. Subsequently, conductive gel was applied to
facilitate proper electrode-to-scalp contact. These steps were essential to maintain optimal electrode
contact and ensure that the impedance level remained below 5 kQ [53].

Stimulation was delivered using circular Pistim electrodes with a contact area of © cm? (3.14 cm?),
positioned in a neoprene cap. The montage of electrodes covered the leftlateral side of the head at F3 and
P3 positions in terms of the 10—20 EEG convention. The peak current intensity was 2.0 mA, with sinewave
currents oscillating at 40 Hz and alternating between electrodes F3 and P3 (see Figure 1). To familiarize
patients with tES, we implemented a gradual dose escalation strategy during the initial three sessions. This
strategy involved the following current levels: 1.0 mA for the first session, 1.5 mA for the second session,
and 2.0 mA for the third session. Each stimulation session had a duration of 25 min, commencing with a
I-min ramp-up phase and concluding with a 30-s ramp-down phase to minimize skin irritation. The 12
treatment sessions were completed in 3 weeks. The second EEG was recorded immediately before the final
treatment session to assess the cumulative effect of the entire protocol. This timing was chosen to minimize
potential short-term session effects associated with the last stimulation, such that the measured changes
primarily reflect the cumulative influence of the preceding 11 sessions. Importantly, it was not acquired
after the last session to avoid confounding session-specific effects with the longer-term effects of the full
protocol. The interval between the eleventh treatment and the second EEG recording was 1-3 days.

Channel locations

Figure 1. I1lustration of the F3 and P3 positions on the scalp.
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2.3. EEG recording and data preprocessing

Before the initial treatment and right before the last neuromodulation session, we employed the
Brainmaster device (Discovery 24, with bandwidth 0-80 Hz, 19 channels; https://brainmaster.com/) to
collect 10-min EEG data with eyes open at a samplingrate of 256 samples per second, utilizing a linked-
ear reference. EEG recording involved the following steps: Participants were seated comfortably, their
scalp was cleaned, and a customized electrode cap was aligned according to the 10-20 system. Conductive
gel was applied, and impedance was checkedto ensure it remained below 5 Q. Signal quality was assured
and continuously monitored throughout the recording to ensure clarity and participant compliance. We
utilized the EEGLAB software to edit the EEG traces [ 54]. Data preprocessing included band-pass filtering
(1-50 Hz), automatic artifact removal [55,56], and manual elimination of the remaining noisy portions,
including those linked to blinks, flutter, eye movements, line movement, and sweat artifacts, among others.
The above-mentioned processing was conducted by a single rater (TW Lee). After eliminating artifacts,
the cleaned EEG data were divided into 2-s epochs and then imported into eLORETA for further analysis.

2.4. eLORETA and power analyses

The eLORETA method was employed to transform scalp EEG signals into neural electrical
activities of 6239 gray matter voxels of an MNI template [47,48]. Unlike the conventional parametric
approach of source localization, eLORETA utilizes a linear imaging method with adaptive data-
dependent weights to account for measurement and biological noise. It accurately computes arbitrary
point-test sources with precise, error-free localization. eLORETA, based on linearity and superposition
principles, is well-suited for mapping distributed electric sources (CSD) in the brain cortex, albeit with
limited spatial resolution. The power spectra of delta (1-4 Hz), theta (4-8 Hz), alpha (8§—12 Hz), beta
(12-30 Hz), and gamma (30—50 Hz) for each voxel were derived [57].

We used paired t-tests and a nonparametric statistical method (SnPM) with 5000 randomizations
to compare cortical CSD powers before and after treatment [58,59]. The max-statistics and corrected
P-values for multiple testing can thus be derived. We employed the exceedance proportion test in
eLORETA software to assess the significance of activity based on its spatial extent, identifying clusters
of supra-threshold voxels. The null hypothesis was that there were no differences in CSD powers after
tES treatment, with a two-tailed significance level of P < 0.05. A more detailed explanation of the
principles behind eLORETA and the nonparametric exceedance proportion test can be obtained in our
recent report and source papers [43,47,59].

2.5. Connectivity analysis

We used lagged (general) coherence and phase synchronization to represent linear and nonlinear
functional connectivity strength, respectively [49]. Both were computed from the CSD time series of the
selected voxel. The equations for phase synchronization are similar to those for coherence, except for a
pre-normalization step that accounts for power influence, making it a measure of nonlinear connectivity
unaffected by amplitude relationships. Total coherence comprises both lagged and instantaneous
dependence. However, because the instantaneous part is influenced by non-physiological factors like
volume conduction and low spatial resolution, it was omitted in this report [49]. For the same reason, we
only focused on the lagged component of phase synchronization.
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The average connectivity strengths were calculated between two coordinates, which were the
center of Brodmann area (BA) 8/9 [frontal; (—30, 30, 40)] and BA 39/40 [parietal; (—45, =50, 40)], by
averaging the values of all functional connectivity indices across the five defined frequency bands, as
used in the power spectral analyses. Paired t-tests were used to examine the connectivity changes
before and after the tACS treatment course.

3. Results

The age of the 34 patients ranged from 10.9 to 84.0 years, with a mean + SD of 60.0 + 24.7 years.
Among them, there were 15 males and 19 females. All selected patients tolerated the maximum tES
current at 2.0 mA. Their diagnoses included MCI (n = 12), ADHD (10), mild to moderate intellectual
disability (4), learning disability (6), and traumatic brain injury (2). Only mild tACS-related side effects,
such as tingling or itchiness, were observed, as in our previous report [21,31]. Changes in test scores
were observed for Trail A, Trail B, and Letter Fluency, but not for Design Fluency (see Table 1).

Table 1. Comparative results of selected neuropsychological tests pre- and post-treatment
(post—pre differences).

Pre-Tx Post-Tx t-scores P-values
Trail A (sec) 40.8 (19.0) 33.5 (14.0) -2.85 0.0079
Trail B (sec) 116.9 (60.3) 97.3 (42.9) —3.48 0.0016
Letter Fluency 28.0 (10.7) 31.3 (10.9) 3.20 0.0033
Design Fluency 24.2 (8.6) 26.9 (9.2) 2.04 0.0510

Note: Tx: treatment; subject number = 30.

3.1. Power analysis and statistical comparisons

The neural responses to 40Hz tACS exhibited a consistent pattern across different spectra: (1) at
the left frontoparietal region, the same side of tES, there was a significant reduction in CSD powers at
gamma and beta frequencies. Both the peak t-values and the spatial extents surpassed the statistical
thresholds, with P-values at the level of 0.005. Notably, the trend propagated to lower frequency bands.
(2) At the right frontoparietal region, contralateral side of tES, there was a significant enhancement of
CSD powers. The peak t-values did not survive the statistical challenge, but the spatial extent remained
significant. Again, the observed trend extended to lower frequency bands. The results of power
analyses are summarized in Table 2 and illustrated in Figures 2 and 3.
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Figure 2. Changes in CSD powers (post-treatment minus pre-treatment) represented at
five defined spectra (delta, theta, alpha, beta, and gamma). Warm colors indicate an
increase, while cool colors indicate a decrease. The axial (left), sagittal (middle), and
coronal (right) sections are centered around the highest statistics. A color bar is included
at the end of each sub-graph, scaled to 50% of the maximum of't-scores to provide a clearer
illustration of the trend in CSD changes for each frequency band.

Left Right

Delta Theta Alpha Beta Gamma

Figure 3. Top views of the CSD differences following tACS treatment, highlighting a
consistent trend of power changes across different spectra. Due to the difficulty of
incorporating five different color bars with varying scales in this figure, the color bars are
referred to in Figure 2.
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Table 2. Summary of neural changes to neuromodulation treatment, with the points with
the highest t-values reported.

Delta Theta Alpha Beta Gamma
Regional —3.55 -3.08 —4.20 —5.00%* 3.65% —5.10% 2911
peak t value
Extreme P- 0.249 0.549 0.055 0.005 0.255 0.005 0.705
value (2-
tailed)
Coordinate -35,-10,35 —40,-10,35 -10,-25,55 —45,-5,25 40,—-40,65 —45,-5,25 65,-25,40
Brain region  precentral g.  precentral g.  mfrontal g. precentral g.  postcentral g. precentral g.  precentral g.
BA at peak 6 [§ 6 6 2 6 1
coordinate
Spatial extent 37 21 230 444 219 226 112
(voxels)
BA: spatial 6,13,24 6 3-6,24,31 4,6— 1-5,40 1-6,9,13,40— 1-4,40
extent 9,13,24,43— 44

45

Note: The coordinates are based on the Montreal Neurological Institute (MNI) template and follow the RAS convention (positive : right, anterior, and
superior). The extreme P-values are multi-comparison corrected, with the threshold t=4.42 and P = 0.05. The spatial extent derived from the exceedance
proportion testis thresholded att = 2.60 with P = 0.05. BA: Brodmann area; mfrontal: medial frontal; g.: gyrus. * Both peak and extent P-values <0.05,

T extent P-value <0.05.

3.2. Connectivity analysis and statistical comparisons

Our hypothesis that the connectivity strengths were increased after the 40 Hz tACS over the
frontoparietal network was supported. The enhancement was statistically significant for phase
synchronization, not coherence. The connectivity strengths and the statistics are summarized in Table
3, and the significant results are illustrated in Figure 4. Supplementary analyses showed that the
connectivity changes were only present in the gamma range, not in other spectra (spectrum-specific;
data not shown).

Given the positive findings in lagged phase synchronization, we examined the correlations
between the magnitude of connectivity changes and the score changes on the four selected tasks. The
correlation coefficients for Trail A, Trail B, Letter Fluency, and Design Fluency were 0.20, 0.10, 0.33,
and —0.07, with corresponding P-values of 0.258, 0.587, 0.0564, and 0.710, respectively.
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Figure 4. Lagged phase synchronization was increased in the frontoparietal network.
Centers of Brodmann areas serving as neural nodes for connectivity analyses are labeled.

Table 3. Lagged general coherence and phase synchronization were computed between the
central coordinates of BA 8/9 and BA 39/40 and were compared between post-treatment
and baseline conditions.

Mean (SD) t score P-value
Lagged general coherence

Post-tACS Baseline
BA8/9 and BA39/40 0.0027 (0.002) 0.0022 (0.002) 1.05 0.302
Lagged phase synchronization

Post-tACS Baseline
BAS8/9 and BA39/40 0.0024 (0.002) 0.0014 (0.001) 2.50 0.018%*

Note: * P-value < 0.05. BA: Brodmann area.

4. Discussion

Neural oscillation is a fundamental characteristic of living organisms [60], endorsing various
cognitive functions and underlying abnormalities in neurocognitive disorders [27,57]. In addition to
offering a research gateway to modulate brain rhythms and cognitive processes, tACS at the gamma
range to the frontoparietal network can improve clinical cognitive dysfunctions across diverse
diagnoses and age ranges [17,23-25,31,37]. By adopting a self-controlled design (within-subject
control), the authors utilized EEG to investigate neural alterations subsequent to 11 treatment sessions
of 2 mA tACS at 40 Hz over left frontal and parietal regions, which aimed to ameliorate cognitive
deficits resulting from diverse diagnoses. Through the comparisons of post-treatment minus baseline
neural indices, our three hypotheses regarding power and connectivity were supported, aligning closely
with the findings from our previous 5 Hz tACS and EEG studies that employed a similar experimental
design and analytic strategy [42,43]. As both tES and eLORETA are low-resolution tools, we discussed
the results on a lobar or hemispheric scale, instead of focusing on the peak coordinates, which was the
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typical approach in previous neuroimaging studies. The present design enables us to examine within-
subject EEG changes induced by gamma tACS. Whether the magnitude of these effects is influenced
by demographic variables (e.g., age or gender) or by different clinical diagnoses remains an important
question but is beyond the scope of this preliminary report.

4.1. Power spectra changes associated with tACS treatment

We noticed reduced CSD powers on the same side of alternating current application and
increased powers on the opposite side of the brain. This pattern was most pronounced in the gamma
and beta frequency ranges, and a similar trend was also observed in the lower frequency bands,
from delta to alpha. The findings offer two important insights. First, artificial injection of
alternating currents into the brain interfered with, rather than synchronized, underlying neural
oscillation across spectra. Although increased neural oscillation to tACS had been inferred from
animal studies and entrainment theory (mainly from real-time recordings) [32—-37], recent human
research has not consistently validated the prediction but has instead suggested alternative neural
mechanisms in the offline conditions, such as plasticity. For example, application of alpha tACS
targeting the dorsolateral prefrontal cortex decreased the alpha power [20]. Delivering tACS at 6
and 10 Hz over the occipito-parietal area impaired performance in the detection task, indicating
interference rather than facilitation of the underlying neural processing [40]. Lafton et al.
conducted intracranial recordings and found no evidence of sleep rhythm entrainment induced by
tACS [41]. Given that neural oscillations are built upon intricate molecular, cellular, and
intercellular infrastructures and conform to electrophysiological constraints [60-62], it is
reasonable to assume that injecting artificial alternating currents will force the neural dynamics
away from their balanced optimal state, being unfavorable for neural synchronization.

Interestingly, the contralateral side of the administered tACS presented with enhanced CSD
powers across spectra, again most prominent for beta and gamma, and the trend persisted to the lower
frequency range. The bi-hemispheric reverse pattern of power response to tACS is a frequently
observed phenomenon in the field of tES research. The most probable neural mechanism to mediate
this is through inter-hemispheric rivalry [44—46]. The induced transient reduction in neural activity in
one region will disrupt the dynamic equilibrium, and the ensuing decreased inhibitory output will
enhance the neural activity in the homologous area of the contralateral hemisphere. The inverse trend
of power changes also contributes to keeping the brain’s energy expenditure relatively stable [60], in
accordance with the concept of “net zero-sum” [63].

Notably, our 40 Hz tACS results were highly concordant with our recent work of 5 Hz analog [43].
We thus conclude that narrow-band tACS in fact interferes with underlying neural synchronization
across broad spectra (spectrum-unspecific), which in turn augments contralateral oscillatory powers.
The neural spectral impact of tACS diminishes as the separation from the default frequency (i.e., 40
Hz in this research) increases. Since entrainment theory is based on electrophysiological research via
invasive recording, how to reconcile the two seemingly contradictory observations? In fact, the
“entrainment” may not be reflected in the magnitude of power, but in the connectivity strength at the
delivered frequency band (spectrum-specific) (see below).
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4.2. Connectivity changes associated with tACS treatment

After 40 Hz tACS treatment, the lagged phase synchronization at the gamma range significantly
increased between the frontal and parietal regions. The increase in lagged coherence did not pass the
statistical challenge. The pattern replicated our recent work of 5 Hz tACS [42]. Compelling evidence
indicates that tACS can modulate the timing of neuronal spiking activity [32,33,35]. When tACS is
applied to two distinct brain regions, it is anticipated to enhance synchronization of neural firing in
these areas, with the timing guided by the applied alternating currents and the corresponding oscillatory
frequencies. Mathematically speaking, the formula for phase synchronization closely resembles that
of coherence, with the sole distinction being the inclusion of a normalization procedure aimed at
mitigating the impact of power. Interestingly, similar to our previous work [42], the index based on
lagged phase synchronization proved to be more robust than that derived from lagged coherence,
indicating that what was “entrained” was not power but phase relationship.

In addition, since the recorded EEGs spanned 11 sessions of tACS treatment, not real -time, the
significant inter-regional interactions suggest the activation of a plasticity mechanism. Similarly,
Vossen and colleagues investigated the after-effects of alpha tACS and claimed that tACS’s modulatory
influence was driven by plasticity as opposed to entrainment [64]. To conclude, at the large-scale
network level, the inter-regional effects of tACS were mediated by phase synchronization (crosstalk)
and subsequent involvement of neural plasticity, not by the concurrent entrainment of powers. Our
separate tACS studies altogether offer novel insights to clarify the debates surrounding the
applicability of entrainment theory. In the context of the observed power desynchronization, this
increase in connectivity may reflect a potential neural mechanism through which gamma-range tACS
supports improved neuropsychological functions. This interpretationis consistent with the established
role of gamma-band synchronization within the fronto-parietal network in supporting a wide range of
cognitive processes, including attention and working memory [8,65,66].

Previous studies investigating the effects of tACS on functional connectivity indices have shown
inconsistent patterns, such as the direction of connectivity change and spectral specificity. For example,
frontal theta tACS has been reported to enhance phase-locking values between frontal and posterior
regions across a broad spectrum [67], whereas delta tACS increased phase lag indices in the thetarange
rather than in delta [68]. Bilateral gammatACS was found to decrease inter-hemispheric connectivity,
modulated by different phase lags [69]. Other studies have shown spectral specificity in the modulation
of functional connectivity, indicating that different frequencies can selectively enhance connectivity
across various brain networks [70]. Comparative research has raised concerns about the validity of using
scalp signals to study cortical connectivity, as cortical sources typically do not project radially to the
scalp, which can lead to inaccurate or incompleterepresentations of brain network interactions [71,72].
The striking consistency observed in our separate tACS studies underscores the advantages of a brain-
based tomography approach compared to scalp-based, topographical methods.

The correlation analyses revealed that changes in functional connectivity within the frontoparietal
network were nearly significantly associated with improvementsin Letter Fluency (r=0.33, p=0.056).
This finding is consistent with previous evidence linking linguistic material processing to the
functioning of the left-lateralized frontoparietal network [73]. In contrast, Design Fluency and Trail B
primarily tap spatial processing, which is right-hemisphere dominant, explaining their lack of
significant correlations with connectivity changes [74]. Improvements in Trail A, which primarily
reflects sensorimotor speed, were also unrelated to connectivity changes, as expected. The observed
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gains in Design Fluency, Trail A, and Trail B may largely reflect practice effects rather than network -
specific modulation.

We acknowledge several limitations in this preliminary report, including the potential influence
of practice effects on neuropsychological test performance and the absence of a sham control group to
separate genuine treatment effects from placebo responses. However, implementing a valid sham
control in tACS research remains challenging because sham and active stimulation often produce
distinguishable skin sensations, making blinding difficult to maintain, particularly in repeated -session
paradigms. In addition, practice effects are unlikely to selectively alter contra-hemispheric oscillatory
power or functional connectivity within narrow spectral bands, which reduces the likelihood that the
observed spectrum-specific changes can be fully explained by repeated testing alone. Importantly,
regarding functional connectivity, our previous 5 Hz tACS study showed changes confined to the
stimulated frequency band, and the current 40 Hz protocol similarly induced alterations restricted to
the gamma range. Taken together, these observations support a stimulation-specific mechanism rather
than a task learning effect. Although the 10-20 EEG system has a limited number of electrodes,
nonetheless, given that both EEG and tACS are low-resolution tools (the latter is evident from
simulation computation) [75,76], increasing the electrode count may not yield significant advantages.
Given the positive outcomes and the importance of clarifying the neural mechanisms underlying
frontoparietal tACS, sham- and healthy-controlled clinical trials are warranted to further validate the
conclusions of this preliminary EEG report.

5. Conclusions

This study investigated the neural effects of 40 HZ tACS at 2.0 mA over the left frontoparietal
network (F3 and P3) by comparing EEG recordings before and after a 11-session treatment. To realize
the tomography approach, the EEG registered from the scalp was converted to brain signals using
eLORETA. The resulting neural changes were consistent with our previous report of 5 Hz tACS over
the right hemisphere. In summary, the neural patterns subsequent to tACS included regional
desynchronization across broad spectra, accompanied by contralateral enhancement of power, and an
enhancement of inter-regional phase synchronization at the default frequency. We thus infer that the
“entrainment” by tACS may exert its influence on the functional connectivity, not oscillatory power.
Use of Al tools declaration

The authors declare they have not used Artificial Intelligence (Al) tools in the creation of this article.

Acknowledgments

This work was supported by NeuroCognitive Institute (NCI) and NCI Clinical Research
Foundation Inc.

Conflict of interest

The authors declare no conflict of interest.

AIMS Neuroscience Volume 13, Issue 2, 277-294.



289

Authors’ contributions

Conceptualization: TW Lee, Gerald Tramontano; Formal analysis: TW Lee; Writing — original

draft: TW Lee; Writing — review & editing: TW Lee, Gerald Tramontano. Both authors read and
approved the final version of the manuscript and agree to be accountable for all aspects of the work.

References

10.

11.

12.

13.

Klimesch W, Doppelmayr M, Russegger H, et al. (1996) Theta band power in the human scalp
EEG and the encoding of new information. Neuroreport 7: 1235-1240.
https://doi.org/10.1097/00001756-199605170-00002

Klimesch W (1999) EEG alpha and theta oscillations reflect cognitive and memory performance:
a review and analysis. Brain Res Brain Res Rev 29: 169—195. https://doi.org/10.1016/S0165-
0173(98)00056-3

Lachaux JP, Axmacher N, Mormann F, et al. (2012) High-frequency neural activity and human
cognition: past, present and possible future of intracranial EEG research. Prog Neurobiol 98: 279—
301. https://doi.org/10.1016/j.pneurobio.2012.06.008

Griesmayr B, Berger B, Stelzig-Schoeler R, et al. (2014) EEG theta phase coupling during executive
control of visual working memory investigated in individuals with schizophrenia and in healthy
controls. Cogn Affect Behav Neurosci 14: 1340—1355. https://doi.org/10.3758/s13415-014-0272-0
Berger B, Sauseng P (2022) Brain rhythms: How control gets into working memory. Curr Biol
32: R479-R481. https://doi.org/10.1016/j.cub.2022.04.036

Spitzer B, Haegens S (2017) Beyondthe status quo: a role for beta oscillations in endogenous content
(re) activation. eNeuro 4: ENEURO.0170-17.2017. https://doi.org/10.1523/ENEURO.0170-17.2017
Brookes MJ, Wood JR, Stevenson CM, et al. (2011) Changes in brain network activity during
working memory tasks: a magnetoencephalography study. Neuroimage 55: 1804-1815.
https://doi.org/10.1016/j.neuroimage.2010.10.074

Fell J, Klaver P, Elger CE, et al. (2002) Suppression of EEG gamma activity may cause the
attentional blink. Conscious Cogn 11: 114—122. https://doi.org/10.1006/ccog.2001.0536
Lundqvist M, Herman P, Warden MR, et al. (2018) Gamma and beta bursts during working
memory readout suggest roles in its volitional control. Nat Commun 9: 394.
https://doi.org/10.1038/s41467-017-02791-8

Goodman MS, Kumar S, Zomorrodi R, etal. (2018) Theta-gamma coupling and working memory
in Alzheimer’s dementia and mild cognitive impairment. Front Aging Neurosci 10: 101.
https://doi.org/10.3389/thagi.2018.00101

Belluscio MA, Mizuseki K, Schmidt R, et al. (2012) Cross-frequency phase-phase coupling
between theta and gamma oscillations in the hippocampus. J Neurosci 32: 423-435.
https://doi.org/10.1523/JNEUROSCI.4122-11.2012

Grigorovsky V, Jacobs D, Breton VL, et al. (2020) Delta-gamma phase-amplitude coupling as a
biomarker of postictal generalized EEG suppression. Brain Commun 2: fcaal82.
https://doi.org/10.1093/braincomms/fcaal 82

Gong R, Wegscheider M, Miihlberg C, et al. (2021) Spatiotemporal features of B-y phase-
amplitude coupling in Parkinson’s disease derived from scalp EEG. Brain 144: 487-503.
https://doi.org/10.1093/brain/awaa400

AIMS Neuroscience Volume 13, Issue 2, 277-294.


https://doi.org/10.1097/00001756-199605170-00002
https://doi.org/10.1016/S0165-0173(98)00056-3
https://doi.org/10.1016/S0165-0173(98)00056-3
https://doi.org/10.1016/j.pneurobio.2012.06.008
https://doi.org/10.3758/s13415-014-0272-0
https://doi.org/10.1016/j.cub.2022.04.036
https://doi.org/10.1523/ENEURO.0170-17.2017
https://doi.org/10.1016/j.neuroimage.2010.10.074
https://doi.org/10.1006/ccog.2001.0536
https://doi.org/10.1038/s41467-017-02791-8
https://doi.org/10.3389/fnagi.2018.00101
https://doi.org/10.1523/JNEUROSCI.4122-11.2012
https://doi.org/10.1093/braincomms/fcaa182
https://doi.org/10.1093/brain/awaa400

290

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Rossini PM, Del Percio C, Pasqualetti P, et al. (2006) Conversion from mild cognitive impairment
to Alzheimer’s disease is predicted by sources and coherence of brain electroencephalography
rhythms. Neuroscience 143: 793—-803. https://doi.org/10.1016/j.neuroscience.2006.08.049
Antal A, Boros K, Poreisz C, et al. (2008) Comparatively weak after-effects of transcranial
alternating current stimulation (tACS) on cortical excitability in humans. Brain Stimul 1: 97—-105.
https://doi.org/10.1016/7.brs.2007.10.001

Bland NS, Sale MV (2019) Current challenges: the ups and downs of tACS. Exp Brain Res 237:
3071-3088. https://doi.org/10.1007/s00221-019-05666-0

Ali MM, Sellers KK, Frohlich F (2013) Transcranial alternating current stimulation modulates
large-scale cortical network activity by network resonance. J Neurosci 33: 11262-11275.
https://doi.org/10.1523/JNEUROSCI.5867-12.2013

Guleyupoglu B, Schestatsky P, Edwards D, et al. (2013) Classification of methods in transcranial
electrical stimulation (tES) and evolving strategy from historical approaches to contemporary
innovations. J Neurosci Methods 219: 297-311. https://doi.org/10.1016/j.jneumeth.2013.07.016
Clancy KIJ, Baisley SK, Albizu A, et al. (2018) Transcranial alternating current stimulation
induces long-term augmentation of neural connectivity and sustained anxiety reduction. Soc Cogn
Affect Neurosci 13: 1305—1316. https://doi.org/10.1093/scan/nsy096

Alexander ML, Alagapan S, Lugo CE, et al. (2019) Double-blind, randomized pilot clinical trial
targeting alpha oscillations with transcranial alternating current stimulation (tACS) for the
treatment of major depressive disorder (MDD). Transl Psychiatry 9: 106.
https://doi.org/10.1038/s41398-019-0439-0

Lee TW, Li CS, Tramontano G (2024) Tripod transcranial alternating current stimulation at 5-Hz
over right hemisphere may relieve anxiety symptoms: a preliminary report. J Affect Disord 360:
156-162. https://doi.org/10.1016/j.jad.2024.05.166

Varastegan S, Kazemi R, Rostami R, et al. (2023) Remember NIBS? tACS improves memory
performance in elders with subjective memory complaints. Geroscience 45: 851-869.
https://doi.org/10.1007/s11357-022-00677-2

Hoy KE, Bailey N, Arnold S, et al. (2015) The effect of gamma-tACS on working memory
performance in healthy controls. Brain Cogn 101: 51-56.https://doi.org/10.1016/j.bandc.2015.11.002
Santarnecchi E, Muller T, Rossi S, etal. (2016) Individual differences and specificity of prefrontal
gamma frequency-tACS on fluid intelligence capabilities. Cortex 75: 33-43.
https://doi.org/10.1016/j.cortex.2015.11.003

Booth SJ, Taylor JR, Brown LIJE, et al. (2022) The effects of transcranial alternating current
stimulation on memory performance in healthy adults: A systematic review. Cortex 147: 112—-139.
https://doi.org/10.1016/j.cortex.2021.12.001

Diedrich L, Kolhoff HI, Chakalov 1, et al. (2024) Prefrontal theta-gamma transcranial alternating
current stimulation improves non-declarative visuomotor learning in older adults. Sci Rep 14:
4955. https://doi.org/10.1038/s41598-024-55125-2

McDermott B, Porter E, Hughes D, et al. (2018) Gamma band neural stimulation in humans and
the promise of anew modality to prevent and treat Alzheimer’s disease. J Alzheimers Dis 65: 363—
392. https://doi.org/10.3233/JAD-180391

Manippa V, Palmisano A, Nitsche MA, et al. (2024) Cognitive and Neuropathophysiological
Outcomes of Gamma-tACS in Dementia: A Systematic Review. Neuropsychol Rev 34: 338-361.
https://doi.org/10.1007/s11065-023-09589-0

AIMS Neuroscience Volume 13, Issue 2, 277-294.


https://doi.org/10.1016/j.neuroscience.2006.08.049
https://doi.org/10.1016/j.brs.2007.10.001
https://doi.org/10.1007/s00221-019-05666-0
https://doi.org/10.1523/JNEUROSCI.5867-12.2013
https://doi.org/10.1016/j.jneumeth.2013.07.016
https://doi.org/10.1093/scan/nsy096
https://doi.org/10.1038/s41398-019-0439-0
https://doi.org/10.1016/j.jad.2024.05.166
https://doi.org/10.1007/s11357-022-00677-2
https://doi.org/10.1016/j.bandc.2015.11.002
https://doi.org/10.1016/j.cortex.2015.11.003
https://doi.org/10.1016/j.cortex.2021.12.001
https://doi.org/10.1038/s41598-024-55125-2
https://doi.org/10.3233/JAD-180391
https://doi.org/10.1007/s11065-023-09589-0

291

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Haller N, Senner F, Brunoni AR, et al. (2020) Gamma transcranial alternating current stimulation
improves mood and cognition in patients with major depression. J Psychiatr Res 130: 31-34.
https://doi.org/10.1016/j.jpsychires.2020.07.009

Zhang R, Ren J, Zhang C (2023) Efficacy of transcranial alternating current stimulation for
schizophrenia treatment: A  systematic review. J Psychiatr Res 168: 52-63.
https://doi.org/10.1016/j.jpsychires.2023.10.021

Lee TW, Tramontano G (2024) Attention improvement to transcranial alternating current
stimulation at gamma frequency over the right frontoparietal network: a preliminary report. Acta
Neuropsychiatr 36: 495—499. https://doi.org/10.1017/neu.2024.35

Anastassiou CA, Montgomery SM, Barahona M, et al. (2010) The effect of spatially
inhomogeneous extracellular electric fields on neurons. J Neurosci 30: 1925-1936.
https://doi.org/10.1523/JNEUROSCI.3635-09.2010

Radman T, SuY, An JH, et al. (2007) Spike timing amplifies the effect of electric fields on neurons:
implications  for  endogenous  field effects. J  Newrosci  27:  3030-3036.
https://doi.org/10.1523/JNEUROSCI.0095-07.2007

Radman T, Ramos RL, Brumberg JC, et al. (2009) Role of cortical cell type and morphology in
subthreshold and suprathreshold uniform electric field stimulation in vitro. Brain Stimul 2: 215—
228,228 e211-213. https://doi.org/10.1016/j.brs.2009.03.007

Krause MR, Vieira PG, Csorba BA, et al. (2019) Transcranial alternating current stimulation
entrains single-neuron activity in the primate brain. Proc Natl Acad Sci U S A 116: 5747-5755.
https://doi.org/10.1073/pnas.1815958116

Zaehle T, Rach S, Herrmann CS (2010) Transcranial alternating current stimulation enhances
individual  alpha  activity in  human  EEG. PLoS One 5: e13766.
https://doi.org/10.1371/journal.pone.0013766

Antal A, Paulus W (2013) Transcranial alternating current stimulation (tACS). Front Hum
Neurosci 7: 317. https://doi.org/10.3389/fnhum.2013.00317

Helfrich RF, Schneider TR, Rach S, et al. (2014) Entrainment of brain oscillations by transcranial
alternating current stimulation. Curr Biol 24: 333-339. https://doi.org/10.1016/j.cub.2013.12.041
Voss U, Holzmann R, Hobson A, et al. (2014) Induction of self awareness in dreams through
frontal low current stimulation of gamma activity. Nat Neurosci 17: 810-812.
https://doi.org/10.1038/nn.3719

Brignani D, Ruzzoli M, Mauri P, et al. (2013) Is transcranial alternating current stimulation
effective  in  modulating  brain  oscillations?  PLoS One 8: e56589.
https://doi.org/10.1371/journal.pone.0056589

Lafon B, Henin S, Huang Y, et al. (2017) Low frequency transcranial electrical stimulation does
not entrain sleep rhythms measured by human intracranial recordings. Nat Commun 8: 1199.
https://doi.org/10.1038/s41467-017-01045-x

Lee TW, Tramontano G (2024) Connectivity changes following transcranial alternating current
stimulation at  5-Hz: an EEG study. AIMS  Neurosci  11: 439-448.
https://doi.org/10.3934/Neuroscience.2024026

Lee TW, Tramontano G (2024) Neural consequences of 5-Hz transcranial alternating current
stimulation over right hemisphere: an eLORETA EEG study. Neurosci Lett 835: 137849.
https://doi.org/10.1016/j.neulet.2024.137849

AIMS Neuroscience Volume 13, Issue 2, 277-294.


https://doi.org/10.1016/j.jpsychires.2020.07.009
https://doi.org/10.1016/j.jpsychires.2023.10.021
https://doi.org/10.1017/neu.2024.35
https://doi.org/10.1523/JNEUROSCI.3635-09.2010
https://doi.org/10.1523/JNEUROSCI.0095-07.2007
https://doi.org/10.1016/j.brs.2009.03.007
https://doi.org/10.1073/pnas.1815958116
https://doi.org/10.1371/journal.pone.0013766
https://doi.org/10.3389/fnhum.2013.00317
https://doi.org/10.1016/j.cub.2013.12.041
https://doi.org/10.1038/nn.3719
https://doi.org/10.1371/journal.pone.0056589
https://doi.org/10.1038/s41467-017-01045-x
https://doi.org/10.3934/Neuroscience.2024026
https://doi.org/10.1016/j.neulet.2024.137849

292

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kinsbourne M (1974) Direction of gaze and distribution of cerebral thought processes.
Neuropsychologia 12: 279-281. https://doi.org/10.1016/0028-3932(74)90013-X

Hilgetag CC, Theoret H, Pascual-Leone A (2001) Enhanced visual spatial attention ipsilateral to
rTMS-induced ‘virtual lesions’ of human parietal cortex. Nat Neurosci 4: 953-957.
https://doi.org/10.1038/nn0901-953

Naeser MA, Martin PI, Nicholas M, et al. (2005) Improved picture naming in chronic aphasia
after TMS to part of right Broca’s area: an open-protocol study. Brain Lang 93: 95-105.
https://doi.org/10.1016/.bandl.2004.08.004

Pascual-Marqui RD (2007) Discrete, 3D distributed, linear imaging methods of electric neuronal
activity. Part 1: exact, zero error localization. arXiv preprint arXiv: 07103341.

Jurcak V, Tsuzuki D, Dan I (2007) 10/20, 10/10, and 10/5 systems revisited: their validity as
relative  head-surface-based positioning  systems.  Neuroimage  34: 1600-1611.
https://doi.org/10.1016/j.neuroimage.2006.09.024

Pascual-Marqui RD (2007) Instantaneous and lagged measurements of linear and nonlinear
dependence between groups of multivariatetime series: frequency decomposition. arXiv preprint
arXiv: 07111455.

Delis DC, Kaplan E, Kramer JH (2001) Delis-Kaplan executive function system. Assessment.
https://doi.org/10.1037/t15082-000

Matsumoto H, Ugawa Y (2017) Adverse events of tDCS and tACS: A review. Clin Neurophysiol
Pract 2: 19-25. https://doi.org/10.1016/j.cnp.2016.12.003

Antal A, Alekseichuk I, Bikson M, et al. (2017) Low intensity transcranial electric stimulation:
Safety, ethical, legal regulatory and application guidelines. Clin Neurophysiol 128: 1774—18009.
https://doi.org/10.1016/j.clinph.2017.06.001

DaSilva AF, Volz MS, Bikson M, et al. (2011) Electrode positioning and montage in transcranial
direct current stimulation. J Vis Exp 23: 2744. https://doi.org/10.3791/2744-v

Delorme A, Makeig S (2004) EEGLAB: an open source toolbox for analysis of single-trial EEG
dynamics including independent component analysis. J Neurosci Methods 134: 9-21.
https://doi.org/10.1016/j.jneumeth.2003.10.009

Gomez-Herrero G, De Clercq W, Anwar H, et al. (2006) Automatic removal of ocular artifacts in
the EEG  without an EOG reference channel. [EEE  2006:  130-133.
https://doi.org/10.1109/NORSIG.2006.275210

Blum S, Jacobsen NSJ, Bleichner MG, et al. (2019) A Riemannian Modification of Artifact
Subspace Reconstruction for EEG Artifact Handling. Front Hum Neurosci 13: 141.
https://doi.org/10.3389/fnhum.2019.00141

Lee TW, Tramontano G (2023) Regional spectral ratios as potential neural markers to identify
mild cognitive impairment related to Alzheimer’s disease. Acta Neuropsychiatrica 35: 118—122.
https://doi.org/10.1017/neu.2022.18

Westfall PH, Young SS (1993) Resampling-based multiple testing: Examples and methods for p-
value adjustment, John Wiley & Sons.

Nichols TE, Holmes AP (2002) Nonparametric permutation tests for functional neuroimaging: a
primer with examples. Human Brain Mapping 15: 1-25. https://doi.org/10.1002/hbm.1058

Lee TW (2016) Network balance and its relevance to affective disorders: Dialectic
neuroscience, Pronoun.

AIMS Neuroscience Volume 13, Issue 2, 277-294.


https://doi.org/10.1016/0028-3932(74)90013-X
https://doi.org/10.1038/nn0901-953
https://doi.org/10.1016/j.bandl.2004.08.004
https://doi.org/10.1016/j.neuroimage.2006.09.024
https://doi.org/10.1037/t15082-000
https://doi.org/10.1016/j.cnp.2016.12.003
https://doi.org/10.1016/j.clinph.2017.06.001
https://doi.org/10.3791/2744-v
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1109/NORSIG.2006.275210
https://doi.org/10.3389/fnhum.2019.00141
https://doi.org/10.1017/neu.2022.18
https://doi.org/10.1002/hbm.1058

293

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Hodgkin AL, Huxley AF (1952) A quantitative description of membrane current and its
application to conduction and excitation in nerve. J Physiol 117: 500-544.
https://doi.org/10.1113/jphysiol.1952.sp004764

FitzHugh R (1961) Impulses and physiological states in theoretical models of nerve membrane.
Biophys J 1: 445. https://doi.org/10.1016/S0006-3495(61)86902-6

Brem AK, Fried PJ, Horvath JC, et al. (2014) Is neuroenhancement by noninvasive brain
stimulation a net zero-sum proposition? Neuroimage 85 Pt 3: 1058-1068.
https://doi.org/10.1016/j.neuroimage.2013.07.038

Vossen A, Gross J, Thut G (2015) Alpha power increase after transcranial alternating current
stimulation at alpha frequency (alpha-tACS) reflects plastic changes rather than entrainment.
Brain Stimul 8: 499-508. https://doi.org/10.1016/j.brs.2014.12.004

Sauseng P, Griesmayr B, Freunberger R, et al. (2010) Control mechanisms in working memory:
a possible function of EEG theta oscillations. Neurosci Biobehav Rev 34: 1015-1022.
https://doi.org/10.1016/j.neubiorev.2009.12.006

Herrmann CS, Frund I, Lenz D (2010) Human gamma-band activity: a review on cognitive and
behavioral correlates and network models. Neurosci Biobehav Rev 34: 981-992.
https://doi.org/10.1016/j.neubiorev.2009.09.001

Jones KT, Johnson EL, Gazzaley A, et al. (2022) Structural and functional network mechanisms
of  rescuing  cognitive control in aging. Neuroimage 262: 119547.
https://doi.org/10.1016/j.neuroimage.2022.119547

Davis MC, Fitzgerald PB, Bailey NW, et al. (2023) Effects of medial prefrontal transcranial
alternating current stimulation on neural activity and connectivity in people with Huntington’s
disease and neurotypical controls. Brain Res 1811: 148379.
https://doi.org/10.1016/j.brainres.2023.148379

Preisig BC, Riecke L, Sjerps MJ, et al. (2021) Selective modulation of interhemispheric
connectivity by transcranial alternating current stimulation influences binaural integration. Proc
Natl Acad Sci U S A 118: €2015488118. https://doi.org/10.1073/pnas.2015488118

Aktiirk T, de Graaf TA, Gilintekin B, et al. (2022) Enhancing memory capacity by experimentally
slowing theta frequency oscillations using combined EEG-tACS. Sci Rep 12: 14199.
https://doi.org/10.1038/s41598-022-18665-z

Lehmann D, Faber PL, Tei S, et al. (2012) Reduced functional connectivity between cortical
sources in five meditation traditions detected with lagged coherence using EEG tomography.
Neuroimage 60: 1574—1586. https://doi.org/10.1016/j.neuroimage.2012.01.042

Pascual-Marqui R, Biscay R, Bosch-Bayard J, et al. (2014) Isolated effective coherence (iCoh):
causal information flow excluding indirect paths. arXiv preprint arXiv: 14024887.

Corina DP, Vaid J, Bellugi U (1992) The linguistic basis of left hemisphere specialization. Science
255: 1258-1260. https://doi.org/10.1126/science.1546327

French CC, Painter J (1991) Spatial processing of images and hemisphere function. Cortex 27:
511-520. https://doi.org/10.1016/S0010-9452(13)80002-0

Saturnino GB, Madsen KH, Siebner HR, et al. (2017) How to target inter-regional phase
synchronization with dual-site Transcranial Alternating Current Stimulation. Neuroimage 163:
68—80. https://doi.org/10.1016/j.neuroimage.2017.09.024

AIMS Neuroscience Volume 13, Issue 2, 277-294.


https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1016/S0006-3495(61)86902-6
https://doi.org/10.1016/j.neuroimage.2013.07.038
https://doi.org/10.1016/j.brs.2014.12.004
https://doi.org/10.1016/j.neubiorev.2009.12.006
https://doi.org/10.1016/j.neubiorev.2009.09.001
https://doi.org/10.1016/j.neuroimage.2022.119547
https://doi.org/10.1016/j.brainres.2023.148379
https://doi.org/10.1073/pnas.2015488118
https://doi.org/10.1038/s41598-022-18665-z
https://doi.org/10.1016/j.neuroimage.2012.01.042
https://doi.org/10.1126/science.1546327
https://doi.org/10.1016/S0010-9452(13)80002-0
https://doi.org/10.1016/j.neuroimage.2017.09.024

294

76. Lee C, Jung YJ, Lee SJ, et al. (2017) COMETS2: An advanced MATLAB toolbox for the
numerical analysis of electric fields generated by transcranial direct current stimulation. J
Neurosci Methods 277: 56—62. https://doi.org/10.1016/j.jneumeth.2016.12.008

E © 2026 the Author(s), licensee AIMS Press. This is an open access
ATMS AJMS Press article distributed under the terms of the Creative Commons
Eg Attribution License (https://creativecommons.org/licenses/by/4.0)

AIMS Neuroscience Volume 13, Issue 2, 277-294.


https://doi.org/10.1016/j.jneumeth.2016.12.008

