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ARTICLE INFO ABSTRACT
Keywords: Objective: Non-invasive neuromodulation techniques, particularly transcranial direct current stimulation (tDCS),
Drug-resistant epilepsy are promising for drug-resistant epilepsy (DRE), though the mechanisms of their efficacy remain unclear. This

Multichannel tDCS
Magnetoencephalography
Source reconstruction
Functional connectivity
Power spectral density

study aims to (i) investigate tDCS neurophysiological mechanisms using a personalized multichannel protocol
with magnetoencephalography (MEG) and (ii) assess post-tDCS changes in brain connectivity, correlating them
with clinical outcomes.

Methods: Seventeen patients with focal DRE underwent three cycles of tDCS over five days, each consisting of 40-
minute stimulations targeting the epileptogenic zone (EZ) identified via stereo-EEG. MEG was performed before
and after sessions to assess functional connectivity (FC) and power spectral density (PSD),estimated at source
level (beamforming).

Results: Five of fourteen patients experienced a seizure frequency reduction > 50 %. Distinct PSD changes were
seen across frequency bands, with reduced FC in responders and increased connectivity in non-responders (p <
0.05). No significant differences were observed between EZ network and non-involved networks. Responders also
had higher baseline FC, suggesting it could predict clinical response to tDCS in DRE.

Conclusions: Personalized multichannel tDCS induces neurophysiological changes associated with seizure
reduction in DRE.

Significance: These results provide valuable insights into tDCS effects on epileptic brain networks, informing
future clinical applications in epilepsy treatment.

1. Introduction technique delivers a low electrical current to the cortex through scalp
electrodes. The electric field under the anodal electrode is typically

Transcranial direct current stimulation (tDCS) has emerged as a excitatory, while the field under the cathodal electrode is inhibitory
promising alternative in the treatment of focal drug-resistant epilepsies (Nitsche and Paulus, 2001, 2000), a property utilized in treating epi-
(DRE) (see (Hawas et al., 2024; San-juan et al., 2015; Simula et al., lepsy. Advanced methods, such as multichannel tDCS, which in-
2022) for exhaustive reviews). This non-invasive brain stimulation corporates smaller electrode pairs, have emerged to target epileptogenic

Abbreviations: tDCS, Transcranial Direct Current Stimulation; DRE, Drug-resistant epilepsy; MEG, Magnetoencephalography; EEG, Electroencephalography; SEEG,
Stereoelectroencephalography; FC, Functional Connectivity; PSD, Power Spectral Density; ICA, Independent component Analysis; R, Responders; NR, Non-re-
sponders; EZ, Epileptogenic Zone; VEP, Virtual Epileptic Patient; SF, Seizure Frequency; Icoh, Imaginary Coherence; ASM, Antiseizure Medication; C1, C2, C3, Cycle
1, Cycle 2, Cycle 3.
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brain regions with greater precision. These advances include enhanced
targeting accuracy through the integration of biophysical modeling,
offering avenues for optimization (Hannah et al., 2019; Ruffini et al.,
2014).

To date, several clinical studies on tDCS have reported a decrease in
the occurrence of seizures (Auvichayapat et al., 2013; Daoud et al.,
2022; Fregni et al., 2006; Kaye et al., 2021; San-Juan et al., 2017;
Tekturk et al., 2016). However, despite the therapeutic action of tDCS in
epilepsy patients and the refinement of protocols, the underlying
mechanisms driving clinical improvements remain poorly understood
and are a topic of ongoing debate. Predominantly, studies using tDCS as
an antiepileptic treatment have focused on changes in the count of
interictal epileptiform discharges (IEDs) through electrophysiological
recordings (Auvichayapat et al., 2013; Fregni et al., 2006). However, the
reliability of this approach is debatable due to the inconsistent visibility
of IEDs on scalp electroencephalographic (EEG) recordings and their
weak correlation with seizure risk (review in (Simula et al., 2022)).
Consequently, exploring alternative electrophysiological methods to
quantify the effects of low electrical stimulation on the brain is war-
ranted. Accumulating evidence from previous investigations un-
derscores the need to characterize epilepsy as a large-scale brain
network disorder (Bartolomei et al., 2017; Pittau and Vulliemoz, 2015).
In particular, interictal alterations in functional connectivity within the
epileptogenic network have been shown (Lagarde et al., 2018). Our
group conducted a preliminary study involving a personalized multi-
channel tDCS protocol in ten patients suffering from DRE (Daoud et al.,
2022). Clinical improvement in responsive patients was notably asso-
ciated with a significant decrease in global functional connectivity (FC),
as measured by standard scalp EEG. However, given that these findings
were derived from sensor space analysis, potential uncertainties in
interpreting brain interaction estimates arise, as a single region can give
rise to widespread fields across multiple sensors.

The main objective of this study was to evaluate the changes in local
(power spectral density measures) and network (functional connectiv-
ity) brain activity induced by tDCS, as measured by magnetoencepha-
lography (MEG), and to establish correlations with clinical outcomes.
We also explored whether alterations were confined to the inhibited
areas or extended more broadly across the brain. Finally, we analyzed
data before transcranial stimulation with the objective of identifying
predictive biomarkers of the clinical response to tDCS.

2. Materials and methods
2.1. Study design

17 patients with drug-resistant epilepsy (DRE) were prospectively
enrolled in this study. The protocol was approved by the national ethics
committee (N°ID RCB 2020-A02861-38; NCT04782869). The inclusion
criteria comprised: (1) age > 12 years; (2) diagnosed with focal drug-
resistant epilepsy that is either inoperable or has experienced failure
of prior epilepsy surgery, (3) with at least four seizures per month at
baseline; (4) previous SEEG conducted before inclusion, providing an
adequate definition of unifocal epileptogenic zone. Clinical and de-
mographic data are summarized in Table 1.

2.2. Multichannel tDCS sessions

After a baseline period of two months for each patient, the patients
received daily stimulation with an individualized multichannel tDCS
protocol (see below) for five consecutive days, referred here as a tDCS
‘cycle’. The efficacy of tDCS and the duration of its beneficial effects
depend on the stimulation duration, the number of repetitions, and the
interval between sessions. Specifically, the break between tDCS sessions
is crucial for optimizing cumulative effects and extending the inhibitory
neuroplastic effects of cathodal stimulation in epilepsy (Monte-Silva
et al., 2010). A recent study by Yang et al. found a significantly greater
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reduction in seizure frequency in patients with refractory focal epilepsy
using a protocol of 2x20 minute stimulations per day with a 20-minute
interval, compared to a protocol with a single 40-minute stimulation
(Yang et al., 2020). Based on these findings, we used a 20-minute in-
terval between two repeated sessions of 20 min to achieve prolonged
beneficial effects of neuromodulation in patients. Thus, the daily treat-
ment consisted of 40 min (2x20 minutes) of cathodal stimulation. Each
cycle started and ended with a 1-hour MEG exam. This tDCS cycle,
including MEG and daily tDCS, was repeated every two months, totaling
three cycles within six months (Fig. 1.A).

The position of tDCS electrodes for each patient was personalized
using an optimization process based on individual factors, including the
location of the epileptogenic network and previous cortectomies or le-
sions (for details, see methodology in (Daoud et al., 2022)). In brief, the
personalized approach involved creating individual head models from
MRI scans and optimizing electrode placement using the Stimweaver
algorithm (Ruffini et al., 2014). This algorithm determines the optimal
electrode positions and currents to suppress the epileptogenic network,
represented as a weighted target En-field map on the cortical surface,
corresponding to the E-field perpendicular to the cortical surface.
Negative En (En directed out of the cortical surface) hyperpolarizes
pyramidal cell membranes, causing transient and potentially long-term
decreases in cortical excitability (Galan-Gadea et al., 2023). A full
explanation of this montage optimization algorithm is presented in
(Ruffini et al., 2014). By combining the accurate target definition with
the modeling of the effects of previous surgeries and implanted devices,
the pipeline ensures both safe and optimized stimulation parameters
(See supplemental Figure S1). The optimization minimizes the ERNI
function, a weighted difference between En induced by each candidate
solution and the target weight map. Currents were limited to a
maximum of 1.884 mA per stimulation channel and 2.0 mA total
injected current. Stimulation was administered using the Starstim8 tDCS
system, with NG PiStim electrodes positioned in a neoprene cap (Neu-
roelectrics Barcelona). The current intensity was delivered in two 20-
minute sessions separated by a 20-minute break to prolong inhibitory
effects (Monte-Silva et al., 2010; Yang et al., 2020).

2.3. MEG recordings

On the first day of each cycle (prior to the first stimulation of the
week), patients underwent a MEG recording to capture the electro-
physiological brain state before stimulation. At the end of each tDCS
cycle (on the 5th day), another MEG exam was performed for compar-
ison with the pre-tDCS treatment recording. The MEG recordings were
performed consistently at the same time of the day (in the morning) to
avoid circadian rhythm bias (Aeschbach et al., 1999).

The biomagnetic signals used in this study were acquired using a 4D
Neuroimaging™ 3600 whole head system equipped with 248 magne-
tometers operating at a sampling rate of 2034.51 Hz (4D Neuroimaging
Inc., San Diego CA) (Pizzo et al., 2019). Each recording session consisted
of five runs of 10 min during resting state (two runs with eyes closed). To
co-register MEG recordings with patient’s MRI images, three fiducial
positions (nasion, left pre-auricular, and right pre-auricular) and head
coil positions were determined.

2.4. Seizure frequency measures

The patients or/and their caregivers were asked to record daily the
number and the type of seizures in a seizure diary starting two months
before the study onset (baseline) and continuing until two months after
the final multichannel tDCS stimulation cycle (V4). Changes in seizure
frequency (SF) were expressed as a percentage of baseline frequency.
Patients experiencing at least 50 % seizure reduction at the end of the
study were categorized as 'responders’ (R), while others were labeled as
’non-responders’ (NR).
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Table 1
Demographic data and epilepsy characteristics of the patients.
Patient Gender Age Etiology Seizure type Number SOZ defined by Number of Previous failed tDCS target Injected Desired E Number of
of ASM SEEG SEEG surgery Current field in tDCS
electrodes (mA) Target (V/ electrodes
m)
1 F 43 Schizencephalia, FSIA 3 Ltemporal mesial, 19 Thermocoagulation, L MLa temporo- 1.998 -0.5 7
heterotopia, Perisylvain deep, VNS parietal
polymicrogyria superficial, parietal
lateral
2 F 31 FCD 2 FAS 1 TLE, L frontal mesial, 9 Cortectomy L premotor L pericentral 1.999 -0.5 8
central mesial and cortex
lateral
3 M 42 Cavernoma FSIA 4 L frontal mesial 9 No L MLa, temporo- 1.998 -0.25 7
temporal mesial orbitofrontal
4 M 48 Cryptogenic FSIA 4 L Temporal mesial, 13 Thermocoagulation, L MLa temporal 1.999 -0.034 6
left insula bilateral VNS (desactivated)
5 F 50 FCD 1 FSIA FBTCS 5 R temporal mesial, 13 Thermocoagulation, R pericentral/ 1.997 -0.5 8
parietal mesial, resective surgery parietal and
lateral bilateral posterior temporal
(R>L) (carrefour)
6 F 23 Hippocampal sclerosis FSIA 3 R mesio temporal 11 No R MLa temporal 1.999 -0.014 7
7 M 32 Gliosis EPC, focal 4 R paracentral lobule 4 Gamma-knife, VNS R pericental 1.998 -0.055 6
motor seizures extended
8 M 49 FCD 2 FSIA 5 Lmesio frontal, mesio 12 VNS L pericental 1.999 -0.055 4
central
9 M 31 Cryptogenic FSIA 2 L temporo mesial 16 No L MLa temporal 1.998 -0.25 7
FAS
FBTCS
10 F 15 Cryptogenic FAS 2 R lateral mesial 15 Cortectomy, residual R perisylvian and 1.999 -0.11 8
frontal, central lesionectomy post central
mesial lateral
11 F 16 FCD 1 FAS 3 R frontal mesial 13 Cortectomy R frontal Bilat pericentral 1.998 -0.25 8
lateral, central mesial (R>L)
lateral
12 F 23 Cryptogenic FSA (motorand 2 R fronto lateral 13 Thermocoagulation, R pericentral 1.999 -0.25 4
sensory centro mesial, VNS
symptoms) posterior
13 M 29 Cryptogenic FSIA 3 L temporal mesial 15 VNS L 1.999 -0.02 8
lateral MLa Temporal
FAS Plus dorso-lateral
FBTCS frontal
14 M 16 Infectious/trauma, FAS (sensitive 4 L frontal lateral 15 No L carrefour and 1.999 -0.08 7
MRI left hemispheric symptoms) centro lateral parietal dorso-lateral pre-
atrophy frontal
15 F 23 Heterotopia FAS (visual 3 L occipito temporal 10 Thermocoagulation L occipital plus 1.999 Lat -0.029 6
symptoms) mesial posterior baso- Mesial -0.031
temporal
16 F 12 Cryptogenic EPC, focal 3 Left fronto mesio 8 Thermocoagulation L pericentral 1.99 -0.216 7
motor seizures, lateral
FBTCS
17 F 30 FCD 2 FSIA 4 L paracentral lobule 9 No L pericentral 1.999 -0.25 8
FBTCS

Abbreviations: FCD: Focal Cortical Dysplasia; EPC: Epilepsia Partialis Continua; ASM: Antiseizure Medication; SOZ: Seizure Onset Zone; TLE: Temporal Lobe Epilepsy; SEEG: Stereoelectrocencephalography; VNS: Vagus
Nerve Stimulation; L: Left; R: Right; MLa: Mesio-lateral. SGTC: Secondary generalized tonic-clonic seizures. FAS: focal aware seizure; FSIA: focal seizure with impaired awareness, FBTCS: focal to bilateral tonic clonic

seizure.
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Fig. 1. Overview of study design and data analysis pipeline. A. Study timeline. Seizure diary information was collected monthly for each cycle (C1M1, C1M2,
C2M1, C2M2, C3M1, C3M2). Each tDCS cycle consisted of two 20-minute stimulation periods separated by a 20-minute off period (20 min tDCS - 20 min off — 20 min
tDCS), with a 1-hour MEG recording performed before the first day of stimulation and immediately after the last day of the cycle. Cycles were repeated every 2
months for three times. B. Pipeline for MEG data analysis. After cleaning the MEG recordings (I) and performing the co-registration with the patient’s MRI (II), a
linearly constrained minimum-variance beamformer (LCMV-BF) was used to estimate the MEG source times series at the VEP regions level (following [29]) (III).
Then, we identified the patient-specific regions of interest, including inhibited brain regions in blue and excited brain regions (in red). Finally, we performed local
(power spectral density) and network (functional connectivity estimated by imaginary coherence measures) source analyses before and after each tDCS cycle. We
summarized them separately for inhibitory and excitatory brain regions. Abbreviations: tDCS: Transcranial Direct Current Stimulation; MEG: Magnetoencephalography;
M-2, M—1: 1 and 2 months before the first stimulation cycle (baseline period); VO: Visit 0 Inclusion; CIM1: 1 month (M1) after the first cycle (C1); CIM2: 2 months (M2)
after the first cycle (C1); C2M1: 1 month (M1) after the second cycle (C2); C2M2: 2 months after the second cycle; C3M1: 1 month after the third cycle; C3M2: 2 months after
the third cycle; V4: Visit 4, final visit; MRI: Magnetic Resonance Imaging; VEP: Virtual Epileptic Patient.

2.5. MEG data pre-processing and source reconstruction

MEG data were analyzed using the AnyWave software (Colombet
et al., 2015) (https://meg.univ-amu.fr/wiki/AnyWave) and Matlab in-
house scripts (The Mathworks Inc., MA, USA). The MEG signals were
first bandpass filtered in the range [1-70 Hz] a notch-filtered at 50 Hz.
All MEG channels were thoroughly examined, and channels displaying
noise or flat signals were excluded from the analysis. We additionally
removed artifacts using independent component analysis (ICA) (Barbati
et al., 2004), including those related to cardiac activity, muscle
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interference, and eye movements. Subsequently, the MEG signals were
visually inspected, and any segments containing residual artifacts not
identified by the ICA analysis were excluded.

Regarding the MEG source localization and reconstruction, we used
the open-source FieldTrip toolbox (Oostenveld et al., 2011). The for-
ward model was computed using OpenMEEG (Gramfort et al., 2010;
Kybic et al., 2005). For the inverse solutions, we used the linearly con-
strained minimum-variance beamformer (LCMV-BF) (Van Veen et al.,
1997). This method uses a spatial filter, linking the magnetic field
measured by MEG sensors outside the brain to neural activities within
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the brain. It uses the covariance of recorded signals without requiring
assumptions about the number of active sources. The beamformer
calculation results in a time series for each target location within the
brain, representing the activity of that source. We thus estimated the
source activity at the centroids of the regions defined by the Virtual
Epileptic Patient atlas (VEP Atlas) (Wang et al., 2021). The analysis
schema is reported in Fig. 1B.

2.6. Local and network source analysis

Using the electrical field map generated from the tDCS montage of
each patient, we delineated the excited brain regions (linked to anodal
electrodes) and inhibited brain regions containing cortical areas
(including EZ) associated with cathodal electrodes. These patient-
specific regions of interest are represented respectively in red and blue
in Fig. 1.B.

First, to assess the potential local changes induced by tDCS in the
targeted brain regions, we computed the power spectral density (PSD)
(using Hanning windows of 2 s, overlap of 1 s) before and after each
tDCS cycle. To prepare the data for statistical analysis, we calculated the
mean power in specific frequency bands (theta 4-8 Hz, alpha 8-13 Hz,
beta 13-30 Hz, and gamma 30-45 Hz) for each FFT iteration, normal-
ized by the total power in the broadband range (1-45 Hz).

Second, to evaluate the impact on network activity, we investigated
functional connectivity (FC) changes at the source level following each
tDCS cycle. An inherent challenge in interpreting source FC analysis is
the emergence of spurious coherence due to the inevitable leakage of the
inverse algorithm (Schoffelen and Gross, 2009). To mitigate this issue,
we opted for the imaginary coherence measure (icoh, (Nolte et al.,
2004)). The imaginary part of coherence specifically detects synchro-
nizations between processes that are time-lagged to each other. This
approach quantifies the coupling of oscillatory phases in the activation
dynamics between two brain sources, with a focus on minimizing
crosstalk effects between the sources. To obtain a distribution of values
for statistical analysis, we computed the metric across 15 trials, each
comprising a 2-second window with a 50 % overlap. This process was
repeated throughout the entire recording, excluding artifact periods.
Subsequently, multiple connectivity matrices were generated for each
recording and frequency band (broadband, theta, alpha, beta, gamma).
To summarize connectivity information for each region and frequency
band, we calculated the normalized strength of the node. This was done
by summing up all the links connected to the node and then dividing this
sum by the number of connected nodes.

To investigate spectral changes between post and pre-stimulation,
we performed a Wilcoxon rank sum test for each region and frequency
band. This test was chosen due to the non-normal distribution of the
data. We used Matlab ranksum function to compare all PSD values (as
described above) of the two periods of interest (Day 5 — Day 1 for each
cycle). Similarly, to investigate FC changes between day 5 and day 1 of
each cycle (Day 5 — Day 1), per region and frequency band, we per-
formed a Wilcoxon rank sum test between all the values of node strength
of the two periods.

For each measure, we kept the values of the z-statistic (called Z-value
in the manuscript) to assess any differences between R and NR, between
tDCS cycles, and between brain regions.

2.7. Statistical analysis

For each frequency band, Student t-tests were used to assess the
changes of Z-values in local and network activity induced by tDCS across
R and NR patients, tDCS cycles, and inhibited/excited brain regions. In
addition, to attempt to predict favorable responses to tDCS treatment,
differences in node strength values between R and NR patients at day 1
of the first cycle were also evaluated with Wilcoxon test as values were
not normally distributed. All analyses were carried out using RStudio
(version 4.2.2). To address multiple comparisons, we applied Bonferroni
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correction to the p-values. Effect sizes were computed using Cohen’s d. A
p-value less than 0.05 (after adjustment) was considered statistically
significant.

3. Results

Seventeen patients with diverse forms of focal refractory epilepsy
were enrolled between July 2021 and April 2023 (ten females, seven
males; mean age 30.2; range 12-50). Three patients were excluded from
the analysis pipeline. As a result, we have included a total of 14 patients
in our study analysis.

3.1. Effect of tDCS on seizure frequency

At the two-month follow-up after the last tDCS cycle, nine of the
fourteen patients experienced a decrease in their seizure frequency (SF)
compared to the baseline (mean decrease —46 % + 28 %) (Fig. 2).
Among these patients, five were considered as responder (R) patients
with a SF decrease > 50 % (mean reduction: —66 % - 20 %). Patients 10
and 13 had to stop the tDCS stimulation after cycle 2 according to the
safety protocol rules (SF increase > 100 %). Overall, only mild adverse
events were reported, mostly characterized by mild itching (9/14) and
tingling (4/14) sensation beneath the stimulation electrodes during the
first 30 s of the stimulation period.

Importantly, to ensure that antiepileptic drugs did not influence the
comparison between responders and non-responders, we confirmed that
there was no significant difference in the number of antiseizure medi-
cations (ASMs) between these groups (Student’s t-test, T(12) = 0.692, p
= 0.502).

3.2. Spectral activity changes after multichannel tDCS

We first focused on PSD changes occurring between day 5 and day 1
of each cycle for R and NR patients in the whole brain (Fig. 3). The re-
sults were found to vary significantly across different frequency bands
(see details in supplementary table S1). In the theta band (4-8 Hz), R
patients exhibited a moderate and cumulative decrease in spectral
power across cycles. Conversely, NR patients displayed a substantial and
cumulative increase in PSD in the theta range across cycles, with the
maximum increase observed in cycle 3. When comparing spectral power
between R and NR groups, a significant and large decrease was observed
in R patients in cycles 2 and 3 (Fig. 3.A). Regarding changes in the alpha
band (8-13 Hz) across cycles for both R and NR, a significant increase in
power was observed between cycles 1 and 2. In NR patients, the
observed increase in spectral power between cycles was smaller. R pa-
tients exhibited a significant increase in alpha spectral power in all cy-
cles compared to NR patients (Fig. 3.B). In the beta band (13-30 Hz), we
noted a significant cumulative large decrease across stimulation cycles
in NR patients and, conversely, an increase in the last tDCS cycle in R
patients. Comparing the R and NR groups, the PSD changes varied at
each tDCS cycle. After C1 and C2, R had a significantly lower PSD in the
beta band than the NR group. After C3, R presented a significantly larger
PSD in beta band than in NR group (Fig. 3.C).

Regarding changes in PSD within the gamma band (30-45 Hz) across
cycles for R patients, a small but significant increase in power was
observed between the second and the last tDCS cycle. In NR patients, we
observed a cumulative decrease in spectral power in the gamma range
across cycles. When comparing R and NR groups across cycles, we ob-
tained similar results to those of the beta band. After the first cycle (C1),
R had a significantly lower PSD than the NR group. After the third cycle
(C3), R presented a significantly larger PSD in the gamma band than the
NR group (Fig. 3.D).

We then focused on PSD changes involving the specific targeted
brain regions. Supplementary figure S2 depicts the changes in PSD
focusing on targeted and non-targeted regions in all frequency bands
(theta, alpha, beta, gamma). We did not find significant differences in
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Fig. 2. Percentage change in seizure frequency compared to baseline after three tDCS cycles at the two-months follow-up (n = 14 patients). *Patients 10
and 13 had to stop the study after the cycle 2 according to the safety rules of our protocol (increase in SF > 100 %).

PSD changes between excited and inhibited brain regions.
3.3. Functional connectivity changes after multichannel tDCS

First, to gain a broader overview of potential functional changes, we
examined global variations in FC by comparing node strength values of
all regions between cycles and between R and NR groups (Fig. 4). The
statistical results are summarized in supplemental table S2. The overall
FC change pattern observed between groups and cycles appears similar
across the frequency bands studied. In the broadband range (Fig. 4.A), R
patients exhibited a global decrease in FC from the second cycle of
stimulation. In contrast, the NR group showed either no modification or
very slight changes in FC. The comparison of FC changes occurring after
cycles 2 and 3 confirmed a significant decrease in FC for R compared to
the NR group.

Sub-band analysis revealed that in the theta band (Fig. 4.B), we also
observed a cumulative, significant decrease in FC across all brain regions
in R patients between cycles. In contrast, NR patients showed a slight
increase in FC across cycles. When comparing FC changes between R and
NR groups, R patients presented a significant decrease in FC compared to
the NR group at the second and the last tDCS cycles. The findings for
other frequency bands are detailed in supplementary figure S3 and
supplementary table S2.

A significant reduction in FC in the broadband range within targeted
inhibited and excited brain regions was observed after cycle 2 for R
patients compared to NR patients (Inhibited regions in Cycle 2, R vs NR:
t(110) = -5.0422, p < 0.0001, Cohen’s d = -0.85 [-1.19 — —0.51];
Excited regions in Cycle 2, R vs NR: t(99) =-3.8912, p < 0.001, Cohen’s
d =-0.75 [-1.15 - —0.36]) (Fig. 4.C). A similar trend was noted for the
last tDCS cycle. We then analyzed whether FC changes were different in
inhibited (targeted) and excited regions, and no difference was
observed.

We also estimated these changes in frequency sub-bands. Fig. 4.D
displays as an example the findings related to theta band. We observed a
similar trend with a reduction in FC within both inhibited and excited
brain regions after C2 and C3 for R patients compared to NR patients
(Inhibited regions in Cycle 2, R vs NR: t(86) = -3.3525, p = 0.028,
Cohen’s d =-0.62 [-0.95 — —0.28]; Inhibited regions in Cycle 3, R vs NR:
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t(105) =-4.2953, p < 0.001, Cohen’sd =-0.79 [-1.19 — —0.39]; Excited
regions in Cycle 3, R vs NR: t(79) = -4.6473p < 0.001, Cohen’sd =-1.03
[-1.49 - —0.56]). Finally, no significant variations between inhibited
and excited regions were observed in other frequency bands
(supplementary figure S3).

3.4. Pre-stimulation brain network and relationship with therapeutic
outcome

We further investigated whether responders and non-responders had
different properties in their brain networks before starting tDCS,
potentially serving as predictors of the future response to tDCS. We used
the node strength calculated from the initial MEG recording of the
study— before the first stimulation in cycle 1. We found a higher global
FC in the broadband range in R patients compared to NR patients before
any tDCS stimulation (W = 600,165, p < 0.0001, Cohen’s d = 0.55 [0.45
- 0.64]) (Fig. 5).

5. Discussion

5.1. Multichannel tDCS induced changes in spectral power according to
the clinical response

Following previous studies (Daoud et al., 2022; Kaye et al., 2021), we
used a personalized multichannel tDCS protocol guided by an SEEG-
based definition of the target. This allowed us to optimize current
levels with the expectation that the induced electric fields would
maximize inhibitory stimulation at the target site (Ruffini et al., 2014).
Among the 14 patients, nine disclosed a seizure decrease after the three
tDCS cycles and five were classified as responders (R), with a substantial
mean SF decrease of —66 % + 20 %. MEG provided key advantages in
this study by enabling precise source reconstruction and accurate
localization of epileptiform disturbances with high temporal and spatial
resolution (Gavaret et al., 2016) Compared to EEG, MEG minimizes
volume conduction effects, enhancing source localization, particularly
in deep cortical regions (Barkley and Baumgartner, 2003). This capa-
bility was essential for assessing spectral power and functional con-
nectivity changes at the source level. Examining power spectral changes
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Fig. 3. Power spectral density (PSD) changes after each tDCS cycle in responder and non-responder patients. A. Violin plots represent the power spectral
density (PSD) induced changes after each tDCS cycle in all brain regions in responders (in green) and non-responders (in orange) in theta band (4-8 Hz). B. In alpha
band (8-13 Hz). C. In beta band (13-30 Hz). D. In gamma band (30-45 Hz). Grey asterisks represent differences between responder and non-responder groups. P-
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0.01, ** p < 0.001, *** p < 0.0001).

at the source level, we found distinct patterns for the R and NR groups
across different frequency bands following tDCS cycles.

Our findings indicate a cumulative decrease in spectral power in the
theta band for R patients while NR patients displayed an inverse trend,
with a significant increase, particularly after the third tDCS cycle. Pre-
vious studies identified an increased theta power in the interictal waking
state of patients with partial and generalized epilepsy, exhibiting a
consistent distribution across all derivations in EEG signals (Clemens,
2004; Douw et al., 2010). At the same time, the clinical efficacy of
antiepileptic interventions, including pharmacological treatments, has
been demonstrated to reduce and restore this abnormal increase in theta
activity (Biondi et al., 2022). Additionally, our results indicated
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enhanced alpha band activity in R compared to NR patients after tDCS
cycles. This observation aligns with a recent study (Ghin et al., 2021)
who reported amplified EEG PSD in the alpha band using high-frequency
transcranial random noise stimulation (hf-RNS) in healthy subjects. The
increase in alpha activity in R patients could play an inhibitory role,
consequently reducing the occurrence of seizures. The rise in signal
amplitude within the alpha band is commonly linked to cortical deac-
tivation, and inhibition, reducing cortical excitability (Klimesch et al.,
2007; Romei et al., 2008; Sauseng et al., 2009). In epilepsy patients,
several studies have shown a decrease in peak frequency and reduced
power in the alpha band in epileptic patients, reflecting inadequate
control over seizure occurrence (Abela et al., 2019; Diaz et al., 1998;
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Larsson and Kostov, 2005).
We also observed that the spectral modifications induced by tDCS in

the beta band differed between R and NR across stimulation cycles. R
patients tended to have an increase in beta band power with successive
cycles, whereas NR showed a power decrease. In line with the fluctua-
tions observed during stimulation cycles, epilepsy studies examining the
spectral features of the beta band have yielded contradictory outcomes.
Some studies emphasized the inhibitory role of beta activity (Pellegrino
et al., 2021), highlighting heightened oscillatory activity in response to
specific antiepileptic drugs (Cho et al., 2012; Marrosu et al., 2005).
Conversely, other research revealed an abnormal increase in beta band
power in epilepsy patients (Miyauchi et al., 1991; Pegg et al., 2020),

suggesting reduced beta activity following deep brain stimulation (DBS)
as a potential clinical efficacy biomarker (Tong et al., 2022).

Interestingly, no significant differences were observed when
comparing PSD changes between excited and inhibited brain regions
within the same patient group across all frequency bands. This suggests
that the spectral content was altered uniformly throughout the entire
brain and not specifically within the inhibited targeted regions, i.e., the
areas around the epileptogenic zone. Another investigation using a high-
definition protocol of responsive neurostimulation (hf-RNS) similarly
reported this widespread phenomenon (Ghin et al., 2021).
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5.2. Multichannel tDCS induces whole brain functional changes based on
clinical response

Previous research has shown that heightened connectivity is
observed in both the epileptogenic zone and the propagation zone when
compared to the non-involved zone (NIZ)(Bartolomei et al., 2017;
Lagarde et al., 2022). It is reasonable to hypothesize that effective
antiepileptic therapy could normalize functional connectivity, as it has
already been shown in VNS (Bodin et al., 2015; Sangare et al., 2020),
thalamic stimulation (Deutschova et al., 2021; Scherer et al., 2020), or
after SEEG radiofrequency ablation (Simula et al., 2023). To date,
several recent studies have suggested an association between a tDCS-
induced decrease in FC or in synchronization induced by tDCS and its
clinical effectiveness, measured by seizure frequency reduction (Daoud
etal., 2022; Lin et al., 2018; Luo et al., 2021). However, the connectivity
estimations in these studies were elementary, derived from simple scalp
EEG with only a few channels. Our study showed that R patients, after
the second and the third tDCS cycles, exhibited a decrease in overall
source level-functional connectivity compared to NR across all fre-
quency bands. Additionally, no significant differences were observed
when comparing functional changes in brain regions involved in the
epileptogenic zone (under cathodes) to non-involved regions (under
anodes). This is consistent with the PSD results and supports the
assumption that, despite being a focal method, tDCS exerts a widespread
and robust influence on the whole brain networks. Previous research
suggested the possibility of inducing effects affecting both local and
network-to-network connectivity dynamics when applying multi-
channel tDCS in healthy subjects (Mencarelli et al., 2020; Ruffini et al.,
2018).

5.3. Functional source connectivity as a predictive biomarker for clinical
response to tDCS?

We finally observed that individuals who later showed a positive
clinical response to tDCS had a baseline FC level significantly higher
than the FC level observed in NR patients, prior to the start of the first
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tDCS stimulation. The state of the brain networks before the start of the
therapeutic procedure could be predictive of the treatment response.
This has already been suggested with other types of neurostimulation.
Before treatment with VNS, it has been shown that the network topology
measured by MEG was different in R and NR patients (Babajani-Feremi
et al., 2018). A higher pre-intervention level of functional connectivity
has also been found in patients responding to pulvinar-DBS compared to
NR patients (Deutschova et al., 2021). In a trial aimed at predicting the
treatment outcome of cathodal tDCS in focal epilepsy, Hao and col-
leagues used graph theoretical analysis based on fMRI data (Hao et al.,
2021). By employing a support vector machine (SVM) prediction model,
they achieved a promising mean accuracy of 68.3 %, demonstrating the
potential for clinical prediction of tDCS treatment outcomes in epilepsy
patients.

5.4. Limitations

The first limitation is related to the small sample size, so further
studies should adopt a multicentric approach to enhance patient
enrollment. Secondly, the absence of a sham control group in our study
raises concerns about the robustness of the findings. However, earlier
tDCS investigations have shown a notable placebo response of approx-
imately 13-27 % change in seizure frequency [66]. When assessing
responder patients exhibiting a reduction in seizure frequency exceeding
50 %, our findings surpass this range significantly. Moreover, the lack of
a sham control group opens the possibility that non specific factors, such
as variations in attention or alertness, may have influenced the observed
outcomes. While comparisons between responders and non-responders
suggest these differences are unlikely to fully explain the differences,
further research with sham-controlled designs is essential to assess the
specific effects of tDCS definitively. Thirdly, although antiepileptic
drugs were consistent across all patients during treatment and follow-
up, and no differences were found in the total number of ASMs be-
tween responders and non-responders, there was variability in the types
of medications used. This variability might have influenced the efficacy
of tDCS and the observed changes in PSD and functional connectivity.

6. Conclusion

The acquisition of MEG data before and after multiple cycles of
multichannel tDCS, coupled with source reconstruction analysis,
enabled the identification of induced changes in power spectral density
and in functional connectivity in whole brain networks. Notably,
distinct patterns of brain changes were observed between responder and
non-responder patients. The findings pave the way for future in-
vestigations, offering potential clinical applications and enhancing our
understanding of tDCS effects on epileptic brain networks.
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