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Transcranial direct current stimulation inhibits epileptic activity
propagation in a large-scale brain network model
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Transcranial direct current stimulation (tDCS) is a noninvasive technique that uses constant, low-intensity direct current to
regulate brain activities. Clinical studies have shown that cathode-tDCS (c-tDCS) is effective in reducing seizure frequency in
patients with epilepsy. Due to the heterogeneity and patient specificity of seizures, patient-specific epilepsy networks are
increasingly important in exploring the regulatory role of c-tDCS. In this study, we first set the left hippocampus, para-
hippocampus, and amygdala as the epileptogenic zone (EZ), and the left inferior temporal cortex and ventral temporal cortex as
the initial propagation zone (PZ) to establish a large-scale epilepsy network model. Then we set tDCS cathode locations
according to the maximum average energy of the simulated EEG signals and systematically study c-tDCS inhibitory effects on
the propagation of epileptic activity. The results show that c-tDCS is effective in suppressing the propagation of epileptic activity.
Further, to consider the patient specificity, we set specific EZ and PZ according to the clinical diagnosis of 6 patients and
establish patient-specific epileptic networks. We find that c-tDCS can suppress the propagation of abnormal activity in most
patient-specific epileptic networks. However, when the PZ is widely distributed in both hemispheres, the treatment effect of
c-tDCS is not satisfactory. Hence, we propose dual-cathode tDCS. For epilepsy models with a wide distribution of PZ, it can
inhibit the propagation of epileptiform activity in other nodes except EZ and PZ without increasing the tDCS current strength.
Our results provide theoretical support for the treatment of epilepsy with tDCS.
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1 Introduction

The International League Against Epilepsy defines temporal
lobe epilepsy (TLE) as a condition characterized by re-
current, unprovoked seizures originating from the medial or
lateral temporal lobe [1]. Surgical intervention and phar-
macological treatment are the common methods of seizure

control [2,3]. However, these treatments are not always ef-
fective due to the obvious patient specificity of the epi-
leptogenic zone (EZ) and the seizure propagation process
[4]. Furthermore, the EZ is usually located in multiple brain
regions and may involve eloquent areas that cannot be sur-
gically resected [5,6]. Therefore, there is an urgent necessity
to develop effective modulation methods to deal with patient
specificity in seizures and minimize the impact on normal
brain regions.
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Transcranial direct current stimulation (tDCS) is a non-
invasive neuromodulation technique consisting mainly of a
battery-powered current generator and two types of electro-
des (cathode and anode) on the scalp [7–9]. The tDCS gen-
erates weak currents, which can cause changes in the
membrane potential of cortical neurons. The modulation of
tDCS has been tested in various neurological diseases, such
as Parkinson’s disease, epilepsy, Alzheimer’s disease, de-
pression, and chronic pain disorders [10–14]. It is generally
believed that anodal stimulation enhances the excitability of
the targeted cortical network, while cathodal stimulation acts
mainly to inhibit cortical excitability. In particular, cathode-
tDCS (c-tDCS) has been used in various types of epilepsy to
reduce seizure area excitability [15,16]. In seizure control
applications, the tDCS cathode is usually placed at the lo-
cation of the channel with the most active EEG epileptogenic
activity, and the anode is located in the contralateral area or
in the shoulder [17–19]. Fregni et al. [18] conducted the first
controlled clinical trial of tDCS for epilepsy and found that
c-tDCS significantly reduced epileptiform discharges. In
subsequent studies, tDCS has been successfully used for the
treatment of several types of epilepsy [20–22]. Most of these
tDCS strategies are conventional, with one anode and one
cathode configuration, while the HD-tDCS (cathode-cen-
tered 4×1 or 5×1 configuration) has also been studied [23–
25]. Notably, c-tDCS has been shown to be safe and effective
in the control of epileptiform discharges in most trials
[10,15,16].
Although tDCS can reduce seizure frequency, there is

significant heterogeneity in stimulation parameters, elec-
trode position, and electrode size during stimulation. In ad-
dition, the mechanism of tDCS treatment remains unclear.
Dynamical modeling analysis and network science currently
provide a toolset for studying the electrophysiological ac-
tivity of the nervous system and the mechanisms and reg-
ulatory approaches of types of neurological disorders [26–
30]. Computational models have been used to study the
mechanisms triggered by tDCS [31,32], such as the common
“λE model”, where λ denotes the “effective” membrane
space constant [33]. Based on this model, Kunze et al. [34]
applied it to a large-scale brain network and explored the
effect of tDCS on resting-state functional connectivity. In
epilepsy modulation, a new computational model was re-
cently developed by Denoyer et al. [35] that combined sy-
naptic plasticity at the neuronal level to explain the acute and
long-lasting effects of tDCS on epileptic activity. Since tDCS
is placed on the surface of the scalp, it has effects on multiple
brain regions. Therefore, in this work, we explore the reg-
ulatory effects of tDCS based on the epilepsy network es-
tablished at large-scale brain networks. Similar to previous
studies, the brain is viewed as a network of oscillators con-
taining multiple interconnected nodes [36–38]. Each node
represents a brain region. Seizure is characterized by ab-

normally active oscillatory behaviors in the network at the
macroscopic level. The high-amplitude oscillatory activity
commonly denotes seizure dynamics, and low-amplitude
irregular dynamics are considered a non-seizure state
[4,39,40]. The brain region responsible for the origin or early
organization of epileptic activity is called the EZ, and the
area that is first recruited during the evolution of the episode
is considered the initial propagation zone (PZ) [39]. We set
up EZ and PZ nodes in the network to establish the epileptic
brain network model, based on which we explore the mod-
ulation effect of tDCS. Moreover, we set specific EZ and PZ
with the clinical diagnosis of six patients with TLE to con-
struct epileptic brain network models with patient specificity.
Then we apply the tDCS with different cathodal targets to
control the propagation of seizures. Finally, for epilepsy
models with a wide distribution of PZ, we also propose a
dual-cathode tDCS. It can suppress seizure propagation,
keeping the current strength consistent with the one-cathode
setting. We hope that this work provides some theoretical
guidance for subsequent tDCS treatment of epilepsy.

2 Methods

2.1 Large-scale brain network model

A total of 74 brain regions, with 37 cerebral areas in each
hemisphere, are considered [34]. This area parcellation is
based on the mixture of diffusion spectral imaging data and
the CoCoMac database [41]. It contains the common EZ and
propagation area of TLE and can be used to study the spa-
tiotemporal dynamics characteristics of TLE. The connec-
tion matrix wij contains four values, 0, 1, 2, and 3,
representing absent, weak, moderate, and strong connec-
tions. In addition, we also consider the transmission delay
between different regions based on the tract lengths matrix
and propagation velocity. The abbreviations of brain regions
can be found in Table S1.
Temporal dynamics of different regions are simulated

using the Jansen-Rit model and assuming that all 74 regions
(i.e., network nodes) have the same standard parameteriza-
tion. The Jansen-Rit model contains excitatory pyramidal
neuron populations, excitatory interneuron populations, and
inhibitory interneuron populations (Figure 1) [42]. Each
neural population is modeled by two blocks. The first is the
postsynaptic potential (PSP) block, which is represented by
an impulse response function:
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where hE and hI represent excitatory and inhibitory
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conditions, respectively. A and B are the maximum ampli-
tudes of excitatory PSP and inhibitory PSP. a and b denote
the inverse of the time constants in the excitatory and in-
hibitory feedback loops. The second block is to convert the
average membrane potential of the neuronal population into
the average pulse density, given by a sigmoid function of the
form:

S v e( ) = 2 / [1 + e ], (3)r v v
0

( )0

where e0, r, and v0 are the relevant parameters of the acti-
vation function. Different regions are interconnected to form
a network based on the brain connectivity structure. The
following set of differential equations describes the dynamic
behavior of each area:

( )

x x

x Aa S x x U ax a x

x x

x Aa I C S C x K w S x x

ax a x
x x
x Bb C S C x bx b x

= ,

= ( + ) 2 ,

= ,

= + ( ) +

      2 ,
= ,

= [ ( )] 2 ,

(4)

i i

i i i i i

i i

i i
j

N
ij

j j

i i

i i

i i i i

1 4

4 2 3 tDCS 4
2

1

2 5

5 2 1 1 =1 2 3

5
2

2

3 6

6 4 3 1 6
2

3

where x i
1 , x i

2, and x i
3 are the outputs of the PSP blocks.

x xi i
2 3 is used as the output of the ith area. A, B, a, and b are
consistent with eq. (1). N is the total number of network
nodes. The connectivity constants C C C, ,1 2 3, and C4 reflect
the average number of synapses between the neural popu-
lations. K is a global coupling scale factor that can be in-
terpreted as global axon density or effective chemicals acting
on the efficacy of synaptic connection [34], and wij is the
weighted connectivity. I is the excitatory current acting on
the pyramidal subpopulation. UtDCS is the equivalent voltage

offset of tDCS. Furthermore, we add uncorrelated Gaussian
noise to the pyramidal neural subpopulation [43]. The spe-
cific parameters of the model are shown in Table S2. In the
follow-up study, the first 2 s of the time series are discarded,
and the last 20 s are analyzed.

2.2 Simulated EEG data

We project the activity of 74 brain regions onto 62 EEG
channels. Specifically, the activity of each area obtained
from our calculations is propagated to a set of 62 EEG
sensors through a propagation matrix. This propagation
matrix is obtained by solving the boundary element method
of the EEG forward problem and is available in the TVB
dataset [44,45].

2.3 Combination of tDCS and large-scale brain net-
work model

To calculate the spatial distribution of the effects of tDCS on
each brain region, we simulate the electric field distribution
of transcranial electrical stimulation using the ROAST open
source software package [46]. We select the shape of the
electrode “pad” and default the size of the electrode as
[50 mm, 30 mm, 3 mm]. Homogeneous conductivity values
of electrodes, skin, bone, air cavities, gray matter, and white
are selected as default parameters in ROAST. For simplicity,
we select the median value of voxel voltage (Volmed=
V V( + )max min /2) in the model voxel space and then set the
voxel point with voltage below Volmed as the cathode con-
tribution (−1) and the voxel point above Volmed as the anode
contribution (+1). The area-specific distribution of the tDCS-
induced perturbation γ at each voxel is the electric field
magnitude multiplied by the cathode or anode contributions,

Figure 1 Whole-brain neural mass model and tDCS model. (a) Brain network model formed by 74 brain regions. The dynamic behavior of each region is
described by the Jansen-Rit model. The Jansen-Rit model consists mainly of a pyramidal neural population (PY), a population of excitatory interneurons
(EIN), and a population of inhibitory interneurons (IIN). (b) Heterogeneous connectivity matrix. (c) Tract lengths matrix. (d) Spatial voltage and electric field
distributions obtained based on the cathode-anode position of tDCS. The area-specific distribution of tDCS-induced perturbations is determined, and a
separate constant potential is added to each region during tDCS.
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which effectively ensures the inhibitory effect of the cathode
electrode on the brain area. γ can be expressed as

ef x y z Vol x y z Vol= ( , , ) sign( ( , , ) ), (5)med

where ef(x, y, z) is the magnitude of the electric field at voxel
coordinates x y z( , , ), Vol x y z( , , ) is the voltage at voxel co-
ordinates x y z( , , ). Thus, γ incorporates both tDCS-induced
electric field differences and cathodic and anodic contribu-
tions. To obtain the voltage offset induced by tDCS in the 74
brain regions, we determine the MNI coordinates corre-
sponding to the 74 brain regions. We calculate the affine
transformation matrix through the REST open source soft-
ware package [47]. The voxel coordinates (x, y, z) corre-
sponding to the MNI coordinates are obtained by inversion,
and then the tDCS electric field intensity at the corre-
sponding voxel coordinates is obtained. The specific voltage
offset received by each brain region is

U u= , (6)tDCS tDCS

where u tDCS is the global scale factor of tDCS intensity. So,
the voltage offset UtDCS applied to different brain regions is
proportional to the electric field calculated by ROAST.
Finally, based on the classical “λE” model, we simulate the
effect of tDCS-induced polarization by adding a perturbation
voltage to the mean membrane potential of pyramidal
cells.

3 Results

3.1 Simulation of brain area activity under epileptic
neural network

It is generally believed that seizures reflect abnormal syn-
chronous behavior of the neuronal activities, resulting in a
marked hyperexcitability activity at the regional level. In
large-scale brain networks, we hypothesize the existence of
epileptogenic and propagating regions associated with epi-
lepsy initiation and quantify the ability of different regions to
produce epileptic discharges using excitatory synaptic gains
in the model. Figure 2(a) shows a diagram of the state
transitions of an isolated node under different values of the
excitatory synaptic gain A and external inputs I . Here we
assume that each node transitions between two states, i.e., the
resting state represented by dark blue color and the epileptic
discharge states represented by the green and yellow colors.
As the value of A increases, the external input required for
the node to transition to the oscillation state decreases. Re-
ferring to the previous study [39], we set the excitatory sy-
naptic gain A for the node of EZ, initial PZ, and other nodes
to 3.6, 3.4, and 3.25, respectively. The generation of epileptic
activity at different nodes in the network is driven by ex-
ternal inputs through the connectivity between nodes. To
investigate the effects of connection weight on node activ-

ities, we fix I = 90 and present the state transitions of 74
regions under different connection weights (Figure 2(d)).
The node transitions from the resting state to the discharging
state as the global coupling factorK gradually increases with
A = 3.25. When A is increased to 3.6, the brain nodes in the
network are under epileptic activity even though the value of
K is small. In the subsequent study, the epilepsy network
model consists of the EZ, the initial PZ, and other nodes
(Figure 2(e)). We fix I = 90 and K = 0.75 to better represent
the characteristics of EZ and PZ nodes. The external input
I = 90 ensures that the isolated node at A = 3.6 is in the
oscillation state, while A = 3.25 and 3.4 are at resting states.
K = 0.75 ensures that the initial PZ at A = 3.4 is more
susceptible to epileptic activity in the network.
Brain areas such as the amygdala (AMYG), hippocampus

(HC), and parahippocampal cortex (PHC) are often clinically
resected, and models predict that these regions are the most
likely epileptogenic sites [4]. Therefore, we first set the left
limbic regions (left HC (lHC), left PHC (lPHC), and left
AMYG (lAMYG)) as EZ and set the left inferior temporal
cortex (lTCI) and left ventral temporal cortex (lTCV) as the
initial PZ to construct the epileptic network. Further, we will
also construct patient-specific epilepsy network models in
conjunction with SEEG reports from epileptic patients.
Figure 3(a) and (b) show the activity of each brain region
under the normal and epileptic networks, respectively. In the
normal network, each region shows a low-amplitude random
discharge pattern, and regions in the epileptic network show
distinct oscillatory behaviors. Here, regions 3, 10, 25, 32, and
35 represent the lAMYG, lHC, lPHC, lTCI, and lTCV, re-
spectively. The EZ and PZ nodes show obvious oscillatory
behavior first. The EZ nodes, such as lAMYG and lHC,
discharge more regularly, and the oscillation frequency is
about 3 Hz. Other secondary propagation areas gradually
develop epileptic activities under the influence of network
connections. With increasing time, most of the brain regions
in the left hemisphere are recruited during seizure evolution,
and a few regions of the right hemisphere, such as regions 41
and 60, are also influenced. Overall, this network model si-
mulates the propagation of epileptogenic activity in the
brain.

3.2 Simulation of c-tDCS effects on seizures

The selection of the tDCS cathode location is extremely
important in seizure suppression. In previous clinical studies,
the cathode is generally positioned over the area of strongest
epileptiform activity, i.e., the area with the highest discharge
amplitude or frequency, and the anode is located in the
contralateral position or in the shoulder. To identify the
cathode position, we first simulate the EEG signals of 62
channels reconstructed from the activity of 74 brain regions,
as shown in Figure 4(a). Obvious epileptic activities can be
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seen in the left EEG electrodes, such as F3, P3, P7, CP5, and
PO3. Further, we separately calculate the energy of different
EEG signals within 20 s and assume that the region with the
highest energy is the area with stronger epileptic activities.
The energy is defined as the integral of the power spectral

density analysis curve of the EEG signal in the range of
0–50 Hz. The spectral analysis is performed with the
Chronux neural signal analysis software package (www.
chronux.org). As shown in Figure 4(b), we identify the
cathode candidate position as CP5, corresponding to the

Figure 3 Time series plots of different brain regions under normal network and epileptic network models. (a) Different regions in a resting state under the
normal network model. (b) Obvious oscillatory behaviors emerging in the epileptic network model. Regions 3, 10, 25, 32, and 35 represent the left AMYG
(lAMYG), left HC (lHC), left PHC (lPHC), left inferior temporal cortex (lTCI), and left ventral temporal cortex (lTCV), respectively. The EZ is set to the
lHC, lPHC, and lAMYG. The PZ is set to the lTCI and lTCV. In the seizure state, significant oscillatory behaviors are observed in the left hemisphere regions
of the brain.

Figure 2 Dynamical transitions of isolated nodes and network nodes. (a) and (b) are the dynamic state analysis and frequency analysis of isolated nodes
(i.e., K = 0) changing with excitatory synaptic gain A and external input I , respectively. Different colors in (a) represent different dynamic state areas,
corresponding to the dynamic states given in (c). Dark blue indicates the resting state, and green and yellow indicate the oscillating state. As the applied
current and synaptic gain increase, the node transitions from a resting state to an oscillatory state. (d) State transitions of 74 regions under different coupling
scale factors with fixed A values. (e) Epilepsy network model consisting of the epileptogenic zone (EZ) (A = 3.6), the initial propagation zone (PZ)
(A = 3.4), and other nodes (A = 3.25).
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maximum average energy under ten simulation results.
Based on the above electrode configuration, we further in-
vestigate the effect of c-tDCS on epilepsy suppression with
the anode at Ex8 (additional electrode position of ROAST,
non-epileptogenic zone) and the cathode set at CP5.
Figure 5(a) and (b) show the spatial distribution of voltage

and electric field when 1 mA tDCS current intensity is ap-
plied (cathode: CP5; anode: Ex8). We obtain the electric field
corresponding to 74 brain regions based on the description in
Section 2, and for each brain region in the left hemisphere is
shown in Figure 5(c). The area-specific perturbations in the
left hemisphere are negative, thus ensuring that cathode sti-
mulation reduces cortical excitability. The scaling factor
u tDCS of the voltage offset reflects the strength of the c-tDCS
to the global regions. Since tDCS is generally considered to
be a weak stimulus, it does not cause neuronal firing. So, we
assume that u tDCS varies from 0 to 1.5. With u tDCS = 0.5, we
find that c-tDCS fails to suppress seizures due to low in-
tensity, but EZ and PZ take longer to affect other nodes
compared with Figure 3(b) (Figure 5(d)). When u tDCS in-
creases to 1.5, the c-tDCS effectively prevents the spread of
epileptic activity, but regions 3, 10, 25, and 35 as epileptic

EZ and initial PZ still present oscillatory activities (Figure 5
(e)). Therefore, the effect of c-tDCS in a certain range is
similar to blocking the transmission of abnormal signals and
isolating the epileptogenic regions. Figure 5(f) shows the
inhibition progress of epileptic activity in 74 brain regions as
u tDCS increases from 0 to 1.5. The yellow area represents
epileptiform activity, and the blue area represents the back-
ground activity. So, c-tDCS can suppress oscillatory activ-
ities in the right hemisphere regions with a rather small
intensity. However, larger c-tDCS intensities are required to
block the propagation of epileptic activity.
To investigate the effect of cathode position on the sti-

mulation effect, we select CP5, P5, F5, C3, O1, P6, and F6 as
the cathode locations and count the number of brain regions
that still exhibit abnormal oscillatory activity under c-tDCS.
As shown in Figure 5(g), tDCS with the cathode position at
CP5 and P5 show significant effects on epilepsy inhibition.
From EEG electrode locations, it can be found that the two
electrodes are close to each other, and both are located in the
left temporoparietal cluster. The F5, C5, and O1, which all
belong to the left hemisphere, also inhibit the propagation of
epilepsy to some extent. However, P6 and F6 as cathodic

Figure 4 Simulated EEG signals with the corresponding energy analysis. (a) Simulated EEG signals obtained by projecting regional brain discharges onto
62 scalp EEG electrodes. Significant seizure discharge activities are observed at left EEG electrodes such as F3, P3, P7, CP5, and PO3. (b) Energy values of
different channels derived and normalized based on the integration of the power spectral density analysis curves of the EEG signals in the range of 0–50 Hz.
We count ten simulation results, and the standard deviations of the energy value fluctuations are represented by error bars. It is found that the CP5 channel
corresponds to the maximum average energy. (c) Cathode and anode positions are shown in the EEG distribution map (cathode: CP5; anode: Ex8).
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positions are ineffective in blocking the propagation of epi-
leptic activities.

3.3 Simulation of c-tDCS effects on patient-specific
epileptic networks

It is well known that there is significant patient specificity in
epilepsy EZ and PZ. Due to this specificity, treatments such
as surgery and medications are not always effective. Hence,
we set specific EZ and PZ based on the clinical diagnosis of
patients with TLE to establish patient-specific epilepsy net-
works. The specific EZ and PZ information of six patients in
total is shown in Table 1. The EZ of these patients contains
the hippocampus or amygdala, or both. The EZ of patient 5
also contains the central temporal cortex (TCC). The PZ of
all patients involves the medial and lateral sides of the brain.
The PZ of patients 1, 3, 4, 5, and 6 are located in one brain
hemisphere, and the PZ of patient 2 involves both hemi-
spheres. We simulate the brain regions’ activities and cor-
responding EEG signals based on the epilepsy network

model with specific EZ and PZ. The relatively high-energy
channels in the simulated EEG signal are shown in Table 1,
which are set as the cathode selection locations for the
subsequent c-tDCS. For the epilepsy network model of pa-
tient 2, its PZ involves the right and left hippocampus,
amygdala, TCC, and temporal pole (TOPOL). Therefore,
there are high-energy EEG channels in both the left and right
hemispheres. The EEG signal energy distribution for the
different epilepsy networks is shown in Figure S1. The
spatial distribution of c-tDCS voltage and electric field for
different cathodes is shown in Figure S2.
Figure 6 shows the progression of c-tDCS inhibition of

epileptic activity in 74 brain regions as u tDCS increases. Si-
milar to Figure 5(f), the yellow area represents the presence
of epileptiform activity, and the blue area represents the
background activity. We find that the distribution of EZ and
initial PZ significantly impact the inhibition effect of
c-tDCS. For the epilepsy network established by patients 1,
3, 4, 5, and 6, EZ and PZ only involve one hemisphere, and
c-tDCS greatly reduces the spread of epileptic activities. The

Figure 5 Effectiveness of c-tDCS in the control of epilepsy propagation. (a) and (b) are the spatial distributions of brain voltage and electric field at 1 mA
tDCS current strength (cathode: CP5; anode: Ex8), respectively. (c) Area-specific distribution of the c-tDCS-induced perturbation in the left hemisphere
regions. (d) and (e) are the effects of stimulation on the discharge behavior of different brain regions in the left hemisphere when u tDCS

= 0.5 and 1.5,
respectively. (f) Inhibition progress of epileptic activity in 74 brain regions as u tDCS

increases from 0 to 1.5. The yellow area indicates the existence of
oscillation behaviors, and the dark blue area indicates the restoration of the resting state. As u tDCS

increases, oscillatory behaviors are present only in regions
3, 10, 25, and 35, and tDCS effectively suppresses the propagation of epilepsy in other nodes. (g) Numbers of channels with oscillatory behavior under
different c-tDCS. The inhibitory effect of c-tDCS on epilepsy is more significant when the cathode position is in the left EEG channels, but c-tDCS with the
cathode position in the right EEG channel is not effective in suppressing seizures.
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red lines in Figure 6(a)–(e) represent the minimum intensity
required for c-tDCS to inhibit oscillations in all brain regions
except EZ and PZ nodes. The c-tDCS intensity required by
different patients has obvious specificity, but the overall in-
hibition progress is similar. As the stimulation intensity in-
creases, c-tDCS first suppresses epileptiform activities in
brain regions contralateral to the epileptogenic zone. Larger
intensities are required to suppress the oscillatory behavior
of other nodes within the ipsilateral brain region. For patient
2, the c-tDCS effect is unsatisfactory. The PZ of patient 2
involves the hippocampus, amygdala, TCC, and TOPOL on
the left and right sides of the brain. The PZ is too widely
distributed compared with other patients. The c-tDCS failed
to inhibit the propagation of epileptic activity in either
cathode position CP5 or PO4. Therefore, we find that the
stimulation intensity required by c-tDCS and the therapeutic
effect depends on the distribution of PZ and EZ in patients.
To improve the stimulation range of c-tDCS, we propose a

tDCS strategy with dual cathodal electrode pads. The two
cathodes are placed on the two channels with high energy in
the simulated EEG signals. As shown in Figure 7(a), we
simulate the patient 2-specific epilepsy network and calcu-
late the energy distribution of different EEG signals. The two
cathode pads are placed on the two highest energy channels,
CP5 and PO4, and the anode is placed on Ex8. The current
intensity of 0.5 mA is applied to CP5 and PO4, thus ensuring
the same total current strength as the single c-tDCS. Figure 7(b)
presents the progression of the inhibition of the dual-cathode
tDCS with the increase of u tDCS. Compared with Figure 6(f)
and (g), the dual-cathode tDCS effectively inhibits the pro-
pagation of oscillation activities. We compare the electric
field distribution generated by tDCS with CP5 as the cathode
and tDCS with CP5 and PO4 as the cathode. The dual
cathode increases the range of cathodic inhibition and ef-
fectively inhibits the propagation of the epileptic network
with a wide distribution of PZ.

Table 1 EZ, initial PZ, and cathode positions of six TLE patients

Patient EZ Initial PZ Cathode position

1 lAMYG, lHC lPHC, lCCR, lTCI, lTCS, lTCC CP5

2 rAMYG rHC, lHC, lAMYG, lTCC, rTCC, lTCPOL, rTCPOL PO4, CP5

3 rAMYG rHC, rPHC, rTCPOL, rTCC PO4

4 rHC rIA, rPCI, rCCP CP6

5 lTCC, lHC lAMYG, lTCI, lPHC CP5

6 rAMYG, rHC rCCP, rPCM, rPCI CP6

Figure 6 Effectiveness of c-tDCS in the control of different epileptic networks. (a)–(e) are the inhibition effects of c-tDCS on patients 1, 3, 4, 5, and 6
specific epileptic networks, respectively. The EZ and PZ in these patients involve only one hemisphere, and the spread of seizure activity gradually decreases
with increasing u tDCS

. The red line indicates the minimum intensity required for c-tDCS to suppress oscillation in all brain regions except the EZ and PZ
nodes. (f) and (g) correspond to the inhibition effect of the patient-2-specific epileptic network. The PZ distribution in patient 2 involved both cerebral
hemispheres, and c-tDCS treatment is not satisfactory.
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4 Discussion and conclusion

Constructing computational models of epilepsy networks
considering patient specificity is a hot issue of current stu-
dies. When using computational models to explore stimula-
tion strategies, it is important to consider the specific EZ and
PZ distributions. In this work, we view the brain as an os-
cillator with different nodes interconnected. Each node has
two states, i.e., the background state and the seizure state.
The oscillatory behavior, representing the seizure state, is
thought to reflect an abnormal level of synchronization be-
tween neuronal activities. The low-amplitude random os-
cillation state represents the background state. To determine
the cathode location for tDCS, we simulate the EEG signals
and select the channels with relatively high-energy levels as
the cathode candidate location. This is reasonable because
seizures are always accompanied by abnormal excitation of
neurons and a large increase in channel energy. Moreover, in
clinical studies, the cathode is generally placed in the area
with the strongest EEG epileptiform activity. We first set the
lHC, lPHC, and lAMYG as EZ and the lTCI and lTCVas the
initial PZ to construct the epileptic network. Next, the CP5 is
selected as the cathode by EEG signal analysis. With in-
creasing c-tDCS intensity, the propagation of epileptiform
activity is inhibited, and the oscillatory activities in other
regions except EZ and PZ are significantly reduced. To
further explore the suppressive effect of c-tDCS on patient-
specific epileptic networks, we select six TLE patients and
determine the EZ and PZ based on their clinical diagnosis
with SEEG reports. We find that the therapeutic effect of c-

tDCS may be related to the distribution of EZ and initial PZ.
When PZ is widely distributed in two hemispheres, the
therapeutic effect of c-tDCS is not satisfactory. To improve
the therapeutic range of c-tDCS, we propose dual-cathode
tDCS, which increases the range of cathodal inhibition and
effectively blocks the propagation of epileptic activity.
The following limitations still exist in this study. First, in

terms of patient specificity, we only considered the differ-
ences in EZ and PZ among patients. At the same time, some
studies use patient-specific structural connectome derived
from data such as diffusion tensor imaging or diffusion-
weighted MRI (dMRI) to establish models for the generation
of neuroimaging signals, which seems more reasonable.
Thus, a more reasonable individualized epilepsy network
model considering the structural specificity should be con-
structed subsequently. Second, the established model only
describes the transition between two states. It is well known
that there are complex waveform oscillations in seizures, and
we only considered the suppression of oscillatory behavior
by c-tDCS. We did not further consider the transmigration
between different waveforms. In addition, the current model
does not reflect the different periods of seizure, such as in-
terictal, preictal, and ictal. We only referred to the oscillatory
state as the seizure state. We will further optimize the model
in subsequent studies to explore the mechanism of the effect
of tDCS on different periods of seizure. Third, for the pa-
tient-specific epilepsy network, we only considered 6 pa-
tients with TLE. Although it reflects the heterogeneity of EZ
and PZ to some extent, the number of patients is relatively
small. Our results are based on the epileptic networks of

Figure 7 Effect of dual-cathode tDCS on the propagation of epilepsy. (a) Dual-cathode tDCS stimulation of the patient-2-specific epileptic network. Two
cathodes are placed on the two high-energy channels of the simulated EEG signals (CP5 and PO4). (b) Effects of dual-cathode tDCS on the oscillatory
behavior of 74 brain regions as u tDCS

increases. Compared with single-cathode stimulation, dual-cathode tDCS is effective in suppressing the propagation of
epileptic activity. (c) and (d) are tDCS region-specific effect distributions, and dual-cathode tDCS improves the range of cathode inhibition for brain regions.
Dual cathodes increase the range of cathodic inhibition.
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these six patients. In the future, the study should be expanded
to explore the modulatory effects of tDCS on more types of
epileptic networks. Finally, the results only focus on the
immediate effect of tDCS. Clinical studies have shown that
tDCS can lead to long-term changes in the network through
the effects of synaptic plasticity, and the mechanisms of
long-term tDCS effects still need to be explored in future
studies. In conclusion, by modeling the patient-specific
epilepsy network, we explore the effect of the c-tDCS
strategy for several common EZ and PZ distributions and
propose a dual-cathode tDCS for suppressing the propaga-
tion of seizures, which may provide some theoretical gui-
dance for future epilepsy treatment.
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