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Abstract Non-invasive brain stimulation, particu-
larly transcranial electrical stimulation (tES), has been
explored for its potential in controlling epileptic activ-
ity. Based on the whole-brain epilepsy model, this study
proposes a mechanism of stimulus effects on excita-
tory synaptic levels within nodes to explain the last-
ing effect of tES on the control of epileptic oscilla-
tory propagation. It is found that cathodal tES effec-
tively controls seizure propagation and maintains it
for a period of time by affecting excitatory synaptic
levels. Further, we propose a closed-loop tES strat-
egy based on amplitude control. The choice of feed-
back indicator determines the time of stimulus onset
and is particularly important for stimulus effectiveness.
An unsuitable feedback signal may shorten stimulus
duration, reduce long-term effectiveness, or fail to sup-
press already widespread oscillations. Additionally, the
duration after each stimulus trigger and synaptic decay
rate also influence the lasting effectiveness of closed-
loop tES. The construction of specific epilepsy network
models based on information from six patients sug-
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gests that the choice of stimulation parameters should
be based on patient-specific information. Although the
stimulation parameters required varied across mod-
els, the overall trend indicates improved lasting effects
with increased stimulation duration and synaptic decay
rates. Finally, the study introduces a dual-target closed-
loop tES approach for a patient with extensively dis-
tributed seizure zones, where single-target stimulation
proved ineffective. This study provides theoretical sup-
port for the application of closed-loop tES technology
for the treatment of epilepsy, highlighting the necessity
of personalized treatment protocols based on detailed
patient-specific information and the innovative poten-
tial of dual-target stimulation strategies in refractory
cases.

Keywords Whole-brain model - Closed-loop tran-
scranial electrical stimulation - Neural mass model -
Epilepsy

1 Introduction

Epilepsy is a neurological disorder characterized by
abnormal excitation or synchronization of brain neu-
rons [7]. The unpredictable nature of these seizures
often results in physical harm and impacts patients’
daily lives significantly [12]. Despite efforts to develop
new drug therapies, approximately 30% of patients
still suffer from drug-resistant epilepsy [23], in which
antiepileptic drugs fail to effectively control seizures,
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and patients with drug treatments also suffer from cer-
tain side effects [39]. Surgical resection is a common
treatment option, however, it presents challenges in
cases where the epileptogenic area coincides with func-
tional brain regions or when multiple epileptogenic
zones are present [13].

In recent years, several neuromodulation techniques
have been developed to control seizures, including deep
brain stimulation (DBS), optogenetic stimulation, and
vagus nerve stimulation [10,11,38]. By incorporating
modeling and theoretical analysis, numerous studies
have elucidated the modulation mechanisms under-
lying various stimulation strategies, providing a the-
oretical basis for the development of effective treat-
ment strategies [15,36,41,42]. During seizures, neu-
rons may be hyperactivated due to abnormalities in the
neural circuits, which constitute the core of the dynam-
ics changes [9]. Typically, this abnormal activity is
initiated within a specific epileptogenic zone, poten-
tially extending to adjacent brain areas or even broader
regions of the brain [30,46]. Therefore, the objective
of the external stimulation strategy is to inhibit these
overactive neural circuits and prevent the spread of
abnormal discharges, thereby effectively controlling
seizures.

Transcranial electrical stimulation (tES), a non-
invasive neuromodulation method, employs low-
intensity electrical currents, applied via anodic and
cathodic electrodes on the scalp, to generate a weak
electric field that modulates cortical excitability and
activity [3]. Transcranial direct current stimulation
(tDCS) and transcranial alternating current stimula-
tion (tACS) are the two most common types of tES,
utilize constant and sinusoidal current waveforms,
respectively. Typically, anodic stimulation enhances
the excitability of the target area, whereas cathodic
stimulation tends to exert an inhibitory effect [26,28].
Itis due to this polarity effect that cathodal tES has been
shown to be feasible, safe and effective in the treatment
of patients with epilepsy [1,45]. The adoption of com-
putational modeling techniques further facilitates the
exploration of more potent tES stimulation strategies.
Several investigations have performed tES modeling at
microscopic or macroscopic scales. At the microscopic
level, tES is often modeled as a current perturbation
to the neuron, where the effective membrane potential
deflection is determined by the direction of the elec-
tric field vector relative to the somato-dendritic axis
of the neuron [24]. At the macroscopic level, the cur-
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rent modeling analysis for tES can be performed as a
combination of two steps. The first step is to calcu-
late the spatial distribution of the induced electric field
generated by tES, which is implemented using a finite
element model of the current [16,32]. The second step
is to combine the electric field distribution generated
by tES with the brain node dynamics model to con-
struct the brain dynamics model under tES regulation
[22,25,47].

The above modeling focuses on the immediate
effects of tES. However, short-term stimulation has
been demonstrated to elicit cortical plastic changes,
sustaining the inhibitory effect on seizures for a
period post-stimulation [6,29]. Studies have shown that
the duration and strength of the stimulus aftereffect
depends on the intensity and duration of the stimulus
[27]. Additional mechanisms may play a role in this
process, including the dynamic regulation of synaptic
efficacy and the induction of neurotransmitter release
[17,37]. For example, using magnetic resonance spec-
troscopy, Stagg et al. found that excitatory (anodic)
tES resulted in a decrease in local GABA, whereas
inhibitory (cathodic) stimulation resulted in diminished
glutamatergic neuronal activity. They also interpreted
the decrease in glutamate after cathodic stimulation as
a result of a reduced rate of glutamine synthesis from
glutamine and a reduction in excitatory neuronal trans-
mission [37]. Therefore, it is reasonable to explore the
lasting effects of tES from a synaptic level perspective.

While various modulation techniques have provided
effective methods for the treatment of epilepsy, the
abnormal discharge patterns characteristic of epilepsy
are intermittent. Therefore, closed-loop neuromodula-
tion presents a more promising avenue for epilepsy
treatment, as it has the potential to reduce the time
spent on clinical stimulation parameter settings and
may result in robust and effective modulation effects
[8,48]. It involves continuous monitoring through
implanted electrodes located in the seizure or ictal
zone, and once an abnormal pattern is detected, a
stimulation signal is sent to terminate the seizure.
This on-demand stimulation results in fewer stimula-
tion instances, thereby extending battery life for some
invasive devices [14,33]. Meanwhile, the closed-loop
design of non-invasive modulation techniques has also
garnered attention. For example, Berényi et al. demon-
strated that epilepsy-triggered feedback transcranial
electrical stimulation significantly reduced seizures in
a rodent model of generalized epilepsy [2]. Further-
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more, Kozdk et al. mentioned that on-demand tES
significantly reduced seizure duration and individual
seizure duration, although they observed higher seizure
rates during the treatment period [20]. However, there
have also been some failures in electrical stimulation
attempts, possibly due to a lack of temporal selectiv-
ity or inappropriate selection of epileptic stimulation
targets [20]. Moreover, patient specificity is an impor-
tant factor that should not be ignored. Differences in
the epileptogenic zones of patients can lead to differ-
ent propagation of epileptic networks and further affect
the effectiveness of the stimulation.

The aim of this study is to establish a tempo-
ral lobe epilepsy brain model under tES, incorpo-
rating a phenomenological model of tES effects on
synaptic variables, to analyze the the immediate and
lasting inhibitory effects of this stimulus on epilep-
tic seizures. Furthermore, we propose an amplitude-
modulated closed-loop tES strategy, utilizing simulated
EEG signals as a feedback mechanism in the loop. Each
detected epileptiform discharge triggers a continuous
current stimulation lasting for a duration of t seconds.
We explore potential factors that influence the imme-
diate and lasting treatment effects of closed-loop tES.
This study demonstrate the potential efficacy of closed-
loop tES in controlling the propagation of seizures and
discuss the impact of the stimulus duration window,
feedback signal, and neurotransmitter decay rate on the
effectiveness of the stimulus. Additionally, the robust-
ness of closed-loop tES in relation to the specificity
of epileptogenic and propagating zones is examined,
incorporating specificity data from different patients.
These findings offer theoretical support for the applica-
tion of non-invasive stimulation techniques in the treat-
ment of neurological disorders.

2 Models and methods
2.1 The whole-brain epilepsy network model

A whole brain network model consisting of 74 brain
region nodes is constructed [35], and the numbers,
abbreviations, and full names of the different regions
are displayed in [47]. The model utilizes the Jansen-
Rit model to characterize the behavior of each node,
including the excitatory pyramidal population, excita-
tory interneuron population, and inhibitory interneuron
population [18]. Each neural population is modeled by

two blocks. The first block represents the postsynaptic
potential (PSP) dynamics. The second block converts
the average membrane potential of the neuron popula-
tion into average pulse density. The connections within
each node are shown in Fig. 1. The connection strength
w;; between nodes is categorized into four levels of
strength: 0, 1, 2, and 3, representing no connection,
weak connection, medium connection, and strong con-
nection, respectively. The connectivity matrix used in
the model is derived from the CoCoMac database and
corresponds to the large-scale connectivity of differ-
ent brain regions in the healthy primate brain [19,34]
(Fig. 1). Additionally, the model takes into account the
synaptic delay between nodes, which is determined by
the tract lengths matrix divided by the transmission
velocity [35]. Specifically, the dynamical behavior of
the node i is denoted as:

Xi1 = Xi4 (1)

Xi4 = Aa[S(xi2 — xi3 + Ugs)] — 2axi4 — a*xi1 (2)

Xi2 =Xi5 (3)
N

%5 = Aall + C2S(Cixin) + K Y wijS(xin — xi3)]
j=1

—2axis —a’*xia +¢ 4)
Xi3 = Xie )
Xi.6 = Bb[C4S(C3xi.1)] — 2bxi6 — b7x; 3. (6)

The difference x; » — x; 3 is often used as the output
of the node i to represent the net effect of excitatory
and inhibitory inputs on the pyramidal cells, providing
a balanced representation of neural activity [18,44]. It
is crucial for understanding various brain states, such as
oscillatory behavior and its alteration in different cog-
nitive or pathological conditions. Additionally, some
studies have shown that this representation can better
match macroscopic physiological, capture oscillations
and phase phenomena in brain activity, making it more
relevant to the actual output of neural populations [4,5].
K is the global coupling scale factor of the brain model,
and w;; is the connection weight of the jth node to
the ith node. Ugs is the scale factor of tES intensity,
which depends on the electrode position of the tES and
the region of the brain node.¢ is the noise term. Based
on the “AE” model, the effect of tES-induced polariza-
tion is simulated as the perturbation voltage added to
the mean membrane potential of pyramidal cells [22].
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Fig. 1 (Color online)Whole brain network model of epilepsy
and closed-loop tES procedure diagram. (a) Whole brain network
model of epileptic brain. The model consists of 74 nodes, each of
which is simulated using the Jansen-Rit model and includes pyra-
midal neuron population (PY), excitatory interneuron population
(EIN), and inhibitory interneuron population (IIN). Nodes are
connected based on the weights matrix and tract lengths matrix.
The epileptogenic zone (EZ) and initial propagation zone (PZ) in

N=T74 is the number of brain nodes. S(v) is the acti-
vation function that converts postsynaptic potentials to
the average density of action potentials:

S(v) = 2e0/[1 +exp(r(vo — v))]. (N

A, B,a,b,Cy, Cp, C3, Cyq and the specific parame-
ters of the activation function and their implications are
shown in Table 1 [18]. Furthermore, we add Gaussian
white noise to the excitatory loop and employ a fourth-
order stochastic Runge—Kutta method to numerically
solve the differential equations of the model [21].

The nodes are coupled by synapses to form a whole-
brain network model. Further, to study seizures and
their propagation, the model assumes the presence of
epileptogenic zones (EZ) and initial propagation zones
(PZ) associated with seizure initiation. To characterize
different regions, previous studies have set the excita-
tory synaptic gain A to different values. Specifically, A
is set to 3.6 in the EZ region, 3.4 in the PZ, and 3.25 in
other nodes [46,47]. By varying the EZ and PZ ranges
in subsequent studies, the model is able to simulate
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the brain are inscribed by adjusting the excitatory synaptic incre-
ment. (b) Distribution of tES voltage and electric field strength
simulated based on ROAST open-source software. Based on
the coordinates of different nodes, the corresponding stimulus
strength is determined. Simulated EEG signals are obtained by
calculating the brain node oscillations in the model and designing
a closed-loop tES stimulation strategy based on EEG amplitudes

different patient patterns of epileptic brain dynamics.
This allows for a detailed analysis of how different EZ
and PZ locations affect the performance of stimulation
techniques.

2.2 Simulation of EEG signals

In this work, both the selection of electrode positions
for cathode tES and the choice of closed-loop feedback
indicators are referenced to the simulated EEG signal.
As a non-invasive closed-loop stimulation method, the
EEG signal is considered the optimal choice for the
feedback indicators. Similar to our previous study, the
74 brain regions are projected onto 62 EEG electrodes
through the specific propagation matrix. The propaga-
tion matrix is obtained by solving the boundary element
method and is available in the TVB dataset [34,35].
The specific names of the 62 EEG channels are given
in [47].
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Table 1 Parameter

. . Parameters Descriptions Value
interpretation and values of
the Jansen-rit model A Excitatory synaptic gain 3.6 (EZ), 3.4 (PZ), 3.25 (other)
B Inhibitory synaptic gain 22
a The inverse of the time constant in the 100
feedback excitatory loop
b The inverse of the time constant in the 50
feedback inhibitory loop
C1,Co Average number of synapses of excitatory C=C,C,=08-C,C=135
feedback loops
C3,Cy Average number of synapses of inhibitory C3=025-C,C4=025-C
feedback loops
Vg, €, Parameters of the sigmoid function v =6,e9 =2.5,r =0.56
1 Excitatory input 90
K Global coupling scale factor 0.75
v Propagation velocity 50

2.3 Modeling the immediate effects of tES

ROAST open source software is used to calculate the
voltage and electric field distributions in the brain area
during tES stimulation [16]. The electrode shape is
selected as “pad” with a size of [SOmm 30 mm 3 mm].
The default parameters in ROAST are used for the rest
of the calculations. To determine the stimulus intensity
for each brain region, the MNI coordinates of the brain
regions are used to calculate the affine transformation
matrix using the REST software package [31]. This
matrix is then used to obtain the corresponding voxel
coordinates (x, y, z) for each brain region. According
to our previous definition [47], the voltage perturbation
y of the tES at the voxel coordinate (x, y, z) is defined
as:

y =E(x,y,2)-sign(V(x,y,2) = Vinea), ®)

where E is the magnitude of the electric field strength at
(x, v, z)and V is the voltage. Vined = (Vinax + Vinin) /2
is the median voltage in voxel space. ROAST can only
calculate the electric field intensity at each point but
cannot distinguish the contributions from the cathode
and anode. The function sign() is necessary to ensure
which nodes received contributions from the cathode,
which is essential for our model. We consider the voxel
point (x, y, z) with a voltage greater than Vjpeq as an
anodic contribution (+1), and a voltage smaller than
Vimed as contributing cathodic polarity (—1) [47]. This
approach effectively ensures the inhibitory effect of the

cathodic electrode on brain regions. Finally, the specific
voltage offset of each brain node is

Ugs = UEs - Vs )

where #igg is the stimulus intensity of tES. In a sub-
sequent study, we set the applied stimulus current to 1
mA and varied ugs to indirectly reflect the effects of
different stimulus intensities. Because the control for
epilepsy is cathodic stimulation, we focus on exploring
the inhibitory effect of different cathodic stimulation on
epileptic propagation. By default, when the cathodic
electrode is placed in the left hemisphere, the anodic
electrode is placed in Ex8 (additional electrode posi-
tion for ROAST, non-epileptic area). When the cathode
electrode is placed in the right hemisphere, the anode
electrode is placed in Ex7, and the exact position of
these two electrodes is shown in Fig. 3d. Moreover,
all simulations are performed using MATLAB and the
duration of each simulation is set to 50 s for subsequent
analysis.

2.4 Modeling the lasting effects of tES

In conjunction with previous studies of tES affecting
glutamatergic neurotransmitter levels [37], the study
explores the lasting effects of cathodal tES by mod-
ulating synaptic levels within excitatory loops in the
Jansen-Rit model. According to Nitsche et al., the mag-
nitude and duration of post-stimulation effects depend
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on the duration and intensity of the stimulation [27].
Specifically, the duration of effects increases with
longer stimulation times and higher current intensities.
Based on their experimental results, we propose a phe-
nomenological model for changes in the level of exci-
tatory synaptic channels:

d’z , dz
WZQ'WES(I, -)|—alw_bl “Z(1) (10)

2
ai :8+,3'</|utES|dt) ) (1)

where a = 10 represents the effect factor of tES on
synaptic decay rate Z. The term a; ‘2—% —b1-Z(t) canbe
interpreted as the internal regulatory mechanism of the
system, where a; serves as the damping coefficient. In
the absence of stimulation, a; is set at 8. As the duration
of the stimulus increases, a; also increases gradually,
thereby decelerating the rate of change in the system
state. Overall, a; is proportional to the square of the
duration. g is called the synaptic decay coefficient and
is analyzed in the subsequent focus. b1=10 acts as the
recovery factor of the system. Additionally, the effects
on C; and C, are defined as:

Cy=135-(1 +sig-Z) (12)
Cr =135 (0.8 + sig - Z). (13)

Given the primary focus on the inhibitory impact of
cathodal tES on epileptic seizures, anodic electrodes
were positioned at Ex8 and Ex7, locations that have
less effect on brain regions. Therefore, only the lasting
effects induced by cathodal tES are considered. When
the y of anode is less than 0, si g is -1, representing the
action of the cathode tES on the synapse. For remain-
ing nodes, sig=0. As shown in Fig. 2, the cathodal
tES mainly predominantly impacts the excitatory loop
between PY and EIN. This influence results in a reduc-
tion in the average number of synapses within the exci-
tatory feedback loop, thereby facilitating the realization
of the lasting effect. The time series of the stimulus sig-
nal and Z(¢) are given in Fig. 2c and d, respectively. It
can be seen that as the stimulus time increases, Z (¢) sat-
urates and the duration of the post-stimulus influence
extends ($=8). Similarly, an enhancement in stimulus
intensity correlates with an increase in both the duration
and intensity of the post-stimulus effect (Fig. 2e and
f). Specifically, the magnitude of the post-stimulation
effect on the node varies with the changes in stimula-
tion intensity and stimulation duration, as shown in Fig.
S1. Therefore, the model can qualitatively replicate the
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Fig. 2 (Color online) The lasting effects of tES are modeled
by influencing the synaptic parameters of excitatory loops. (a)
and (b) show the schematic diagrams of the stimulus and the
node circuit. Red shading and blue shading represent anodic
and cathodic stimuli, respectively. (¢) and (d) show the trend
of synaptic decay rate Z(¢) for different stimulus durations. As
the duration of stimulation increases, the time required for Z(¢)
to decay to zero also grows. (e) and (f) show the trend of synaptic
decay rate Z(¢) under varying stimulation intensities. It can be
observed that both the duration of stimulation and the intensity
of stimulation are positively correlated with the duration of the
post-stimulation effect

experimental observation that the duration of stimu-
lation and intensity are positively correlated with the
duration of the post-stimulation effects. A key parame-
ter closely related to the post-stimulation effects is the
synaptic delay coefficient 8, which can be considered
an internal brain parameter and will be analyzed in sub-
sequent sections.

3 Results

3.1 Immediate and lasting effects of tES on the
suppression of seizure oscillation propagation

The amygdala (AMYG), hippocampus (HC), and
parahippocampal gyrus (PHC) are closely related to
epilepsy and are predicted to be the most likely sites of
seizure onset [40]. Therefore, we first construct a typi-
cal epileptic brain model by setting the left HC (IHC),
left PHC (IPHC), and left AMYG (IAMYG)) as the
EZs, and the left inferior temporal cortex (ITCI) and
temporal ventral cortex (ITCV) as the initial PZs [47].
With the passage of time, the abnormal discharges are
evident in most of the left hemisphere and extend fur-



Closed-loop transcranial electrical stimulation
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ther to the right hemisphere, recruiting most of nodes
to produce epileptic discharges (as shown in Fig. 3a).
In general, high-amplitude oscillations usually indicate
seizure dynamics, and low-amplitude irregular oscil-
lations are considered as non-seizure states. The dis-
charge patterns of different nodes are given in Fig.
3b which is a partially enlarged view of Fig. 3a. The
dynamics of individual nodes of the brain in the back-
ground state are consistent with Fig. 3b4. In epileptic
states, the nodal dynamics show limit cycles of different
frequencies (Fig. 3b1-b3). Based on the method men-
tioned in Sect. 2.2, we further calculate the simulated
EEG signals of the corresponding 62 electrode chan-
nels. The time-series of several representative channels
are shown in Fig. 3c. It can be seen that the left chan-
nels, such as F3, P3, and CP5, exhibit obvious high-
amplitude oscillatory behaviors.

Consistent with our previous work, the energy of
the different EEG signals is quantified using the inte-
gral of the power spectral density analysis curves of
the EEG signals in the range of 0-50 Hz over a period
of 50s [47]. The spectral analysis is performed with
the Chronux neural signal analysis software package.

We divide all data points by the maximum value such
that the maximum value is normalized to 1 and the
other data points are proportionally mapped to the range
between 0 and 1. The channel with the highest energy is
considered to be the region with the strongest epileptic
activity. Based on the current EZ and PZ settings, the
electrode channel with the strongest epileptic activity
is CP5 (as shown in Fig. 5a). Consequently, we position
the cathode of the tES at CP5 and the anode at Ex8. Fig-
ure 4c shows the spatial distribution of the electric field
strength in the brain model under the action of tES, as
well as the perturbation distribution of 74 brain region
nodes induced by tES. The parameter ugs influences
the effect of stimulation significantly. Based on previ-
ous work, we fix ugs= 1.5 [47]. The total duration of the
simulation is 50s. The tES is applied during the initial
25's, followed by an analysis period of the subsequent
25s to evaluate the lasting effects of tES. Figure 4a
presents the results of tES stimulation without consid-
ering synaptic influences. Under the suppressive effects
of cathodic stimulation, abnormal oscillatory behaviors
are confined to nodes 3, 10, 25, and 35, all of which
are designated as the initial settings for the EZ and PZ.
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Fig.4 (Color online) The inhibitory effect of tES stimulation on
the propagation of epileptic oscillations. (a) Time series graphs of
the left hemisphere nodes without considering the effect of stim-
ulation on synaptic variables. tES stimulation is applied during
the first 25s. EZ:nodes 3,10,25. PZ: nodes 32 and 35. (b) Time
series graphs of the left hemisphere nodes after incorporating the
effects of tES on synaptic variables. (¢) The spatial distribution

Upon the removal of tES, the areas exhibiting oscilla-
tory activity gradually expand and propagate through-
out the entire left hemisphere. Figure 4b shows the time
series of different brain regions in the left hemisphere
with tES stimulation considering synaptic influences.
The impact of tES on variables C1 and C» allows for the
suppression of oscillatory activity to be maintained for
a period following the cessation of stimulation. During
the application of stimulation, tES induces alterations
in synaptic variables. Figure 4d shows the changes of
Z(t) of the left hemisphere. Due to the variation in
stimulation intensity across different nodes, the trend
of Z(t) shows inconsistency. As shown in Fig. 4e, node
3 is subjected to higher intensity stimulation, resulting
in a longer duration of post-stimulation effects. How-
ever, since node 3 is an EZ node with an excitatory gain
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of electric field strength under tES (cathode: CP5, anode: Ex8),
and the distribution of voltage perturbation across 74 brain nodes.
(d) The distribution of Z(¢) in different nodes under cathodal tES
stimulation. The left black horizontal lines indicate the stimula-
tion intensity at different nodes. (e) The curves of Z(¢) changes
corresponding to nodes 3, 20, and 23

A =3.6, greater changes in C1 and C2 are needed to sup-
press oscillations. As shown in Fig. 4d, in contrast, the
Z(t) changes in node 10 are more pronounced, thus the
oscillations in node 10 are suppressed within the last
25s. In contrast, node 23 exhibits a shorter duration
of post-stimulus influence. Therefore, considering the
action of tES on synaptic variables could replicate its
lasting effect, thereby achieving an inhibitory influence
on the propagation of epileptic oscillation.

3.2 Amplitude-based closed-loop tES

Based on the above epilepsy brain dynamics model, the
control effect of closed-loop tES is further explored.
Figure 5a shows the normalized results of different
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Fig.5 (Coloronline) Closed-loop tES stimulation with different
feedback EEG signals. (a) Energy values for different channels
are derived and normalized based on power spectral density anal-
ysis curves of EEG signals. Ten simulations are conducted, and
the error bars indicate the standard deviation of energy value
fluctuations. (b) and (c) show the immediate and lasting effects
of closed-loop tES on oscillation propagation suppression under
different feedback signals, respectively. (d—g) are time series of

EEG signal energies in 50s. Ten simulations are per-
formed so as to eliminate the effect of noise. Consis-
tent with the study of open-loop tES [47], we select CP5
(the maximum energy channel) as the cathode electrode
location and the anode is placed on Ex8 with 1 mA tES
current strength applied. Since the tES is anon-invasive
stimulus, it is reasonable to select the EEG signal as the
feedback signal indicator. To investigate the impact of
feedback signal selection on the stimulation effect, we
chose 8 EEG channel signals with high energy as the
feedback signals. It is assumed that significant epileptic
oscillations are present when the EEG signal amplitude
exceeded 5. Subsequently, tES stimulation lasting 5 s is
automatically applied. In the background state, the sig-
nal amplitude of the EEG is usually around 2 (Fig. 3b).

Time (s)

Time (s) 50 0 0

left hemisphere nodes and feedback channels under closed-loop
tES stimulation with different feedback signals. The blue shaded
sections represent the phases of stimulation. EZ:nodes 3,10,25.
PZ: nodes 32 and 35. The red line in the time series of the
feedback signals represents the stimulation threshold, exceed-
ing which turns on the stimulation.The red dashed lineis t=25s
and the closed-loop control is only on for the first 25s

However, during the onset of a seizure, the amplitude
gradually increases and may reach values in the tens
range. Therefore, setting an amplitude threshold of 5 is
reasonable to effectively detect the initial propagation
of the oscillations.

Figure 5b and ¢ show the number of seizure nodes
during the first 25s and the second 25, respectively,
under closed-loop tES stimulation using different feed-
back signals. It can be seen that although the stimulation
electrodes are consistent, different feedback signals
result in variations in the stimulation effect. Notably,
when CP5 and PO3 are utilized as feedback signals,
closed-loop tES effectively suppresses abnormal oscil-
lations in nodes other than EZ and PZ, and this sup-
pression effect is sustained for the subsequent 25 s. Fig-

@ Springer



Y. Yu et al.

ure 5d presents a time series of the left hemisphere node
when CP5 is used as a feedback signal. The discharge
of CP5 is also given in the figure, with the red line rep-
resenting the stimulation threshold. The stimulation is
initiated when the amplitude exceeds 5. The dark blue
color in the figure indicates the stimulation phase, with
a stimulation ratio of approximately 40.13%. In con-
trast, when P1, P3, and AF3 are employed as feedback
signals, closed-loop tES demonstrates satisfactory sup-
pression during the first 25 s, however, the lasting sup-
pression is not achieved. Figure 5e shows a time series
of the left hemisphere node when AF3 is used as a feed-
back signal. The stimulus onset time is delayed, with
only one stimulus occurring within the initial 25 s. This
leads to minor changes in synaptic variables, which are
insufficient to affect the subsequent stimulation effect.
In addition, when using F3 as a feedback signal, the
stimulus time is further delayed, resulting in the prop-
agation of oscillations that are already present prior to
the application of the stimulus (Fig. 5f). When Ol is
utilized as a feedback signal, the substantial delay in
stimulus timing allows oscillations to spread through-
out the left hemisphere node long before the addition of
a stimulus, making it ineffective in suppressing oscilla-
tions (Fig. 5g). Feedback signals primarily control the
timing of stimulation initiation and duration. From the
perspective of initiation timing, different stimulation
effects are mainly due to the state of the nodes. If stim-
ulation is introduced early in the phase, when the nodes
have not yet entered or have just begun to enter the
oscillatory cycle, external stimulation can effectively
disrupt the system’s transition to an oscillatory state.
Conversely, if stimulation is added late in the oscilla-
tory cycle, the system may have already established a
stable oscillatory pattern, with the system’s energy and
state approaching a periodic equilibrium. At this point,
external stimulation is often ineffective at altering the
system’s state, unable to suppress an established oscil-
latory condition. Hence, it can be seen that the feed-
back signal determines the on-time of the stimulus and
is crucial for the effect of stimulus inhibition.

Using CP5 as the feedback signal, we investigate the
trend of synaptic variables at each node after applying
the stimulus. As shown in Fig. 6a, epileptic oscilla-
tions in the EZ nodes (node 3 and node 10) are sup-
pressed to different degrees after stimulation. In con-
trast, the oscillations at other nodes (e.g., node 17)
are completely suppressed. The variation in synaptic
variables at different nodes is attributable to the vary-
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ing electric field strengths of the tES applied to each
node. Figure 6b shows that Z(¢) exhibits a significant
increase and takes longer to recover to 0 after two stim-
uli when the node receives a higher-intensity stimulus.
Conversely, nodes receiving lower-intensity stimula-
tion alter synaptic variables for a relatively short period
of time. It is evident that changes in synaptic variables
at critical nodes (e.g., EZ and PZ) have a much greater
impact on long-term stimulation results. To compare
the effects of open-loop and closed-loop stimulations,
we conduct an analysis involving ten closed-loop stim-
ulation events, followed by administering open-loop
tES with identical duration and intensity to ensure
that the energy requirements for both approaches are
matched. Figure 6¢ illustrates the immediate and lasting
suppression effects under open-loop and closed-loop
tES conditions. The immediate effects of seizure sup-
pression are similar between the two stimulation, con-
fining seizure oscillations within the EZ and PZ. How-
ever, there are marked differences in the lasting effects
of stimulation. Closed-loop tES maintains a more sus-
tained effect on suppression. Analyzing the Z () synap-
tic change curves for both stimulation types reveals
that, compared to a period of continuous stimulation, a
subsequent stimulation in the closed-loop causes slight
variations in the Z(t) curve, thereby producing differ-
ent sustained impacts.

To explore the optimal stimulation target, we com-
pare three selected stimulation targets in the left region
of the brain. When CP?5 is used as the stimulus target
(Fig. 6d), the nodes in the EZ and PZ regions receive the
highest stimulus intensity. Therefore, different stim-
ulation targets lead to varying biases in the stimula-
tion voltages received by the brain nodes. As illus-
trated in Fig. 6f, although all intensities of stimulation
had immediate beneficial effects, the different strengths
influenced the rate of synaptic delay changes. We also
present the curves depicting changes in Z(¢) under dif-
ferent stimulation targets. The subsequent divergent
outcomes primarily arise from the internal dynamics
of the nodes. Specifically, for the EZ and PZ, the dif-
ferences in node states are mainly due to the excitatory
loops within the Jansen-rit model. For other nodes, such
as node 7, the effects are driven by the network, as Z (¢)
rapidly approaches zero under different stimulation tar-
gets. Under the influence of network connectivity, other
nodes are driven by epileptogenic nodes, resulting in
oscillatory behavior.
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Fig. 6 (Color online) (a) Time series graphs of nodes 3, 10, and
17 under closed-loop tES with CP5 as the feedback signal. (b)
The change curves of synaptic decay rate Z(¢) under tES stim-
ulation across different nodes. (¢) The immediate and lasting
suppression effects under open-loop and closed-loop tES condi-
tions.The asterisk (*) represents the p-value of the statistical test.
** represents the p-value is less than 0.01. **** represents the

In addition, we examine the impacts of the stimulus
duration of each stimulus turn-on () and the synaptic
decay rate (8) on the efficacy of stimulation. Figure 7a
shows the immediate effects of closed-loop stimulation
with different parameters, and it can be seen that the
immediate effects are not affected by the stimulation
parameters. In contrast, the lasting effect of closed-
loop stimulation is significantly influenced by 7 and
B. As T and B increase, there is a gradual reduction in
the number of nodes exhibiting oscillations in the sub-
sequent 25 s, indicating an enhancement in the lasting
efficacy of the stimulus. It is worth noting that as the
stimulus duration t increases, the corresponding stim-
ulus duty cycle also increases gradually. But even with
T =5, the stimulus duty cycle does not exceed 45%.

p-value is less than 0.0001. (d) CP5, PO3 and P1 are selected as
stimulation targets to compare the stimulation intensity received
by nodes within the EZ and PZ. CP5 is found to have the highest
stimulus intensity as a target. (¢) The number of oscillating nodes
in the initial 25s and the subsequent 25s under varying stimu-
lation targets. (f) The curves depicting changes in Z(f) under
different stimulation targets

Three parameter combinations are selected to illustrate
the corresponding stimulus times and Z (¢) changes. As
shown in Figs. 7d—f, when 7 is set to 0.5s, the stim-
ulus is activated frequently. However, due to the short
duration of each stimulus, the change of Z(¢) is not
obvious, which is the main reason for the insignificant
lasting effect. As t and § increase, the stimulus dura-
tion gradually increases and the rate of Z(¢) recovery
gradually slows, thus enhancing the lasting effect of the
stimulus. It is evident that while t and 8 do not influ-
ence the short-term effects of closed-loop tES, they
significantly impact its lasting outcomes. Given that 3,
as a synaptic variable, may be challenging to access in
experiments, appropriately increasing the time t is a
means of improving lasting effects.
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Fig.7 (Color online) Effects of stimulus duration t and synap-
tic delay coefficient S on stimulus effects. (a) and (b) are the
number of nodes with abnormal oscillations during the first 25 s
and the last 25s under the dual parameter influence of t and
B, respectively. (¢) Stimulus duty cycle for different closed-loop

To systematically analyze the mechanism of seizure
termination under the action of tES, we simulate the
discharge of the system over a period of 80s (Fig. 8a),
where S1 (0-10s), S2 (10-355), S3 (35-605s), and S4
(60-80s) are the seizure state, the closed-loop stimula-
tion state, the post-stimulation effective state, and the
post-stimulation seizure state, respectively. It is gener-
ally accepted that seizures are described as a transition
from a background state (fixed point) to a seizure state
(limit cycle). And after adding the closed-loop tES, the
system transitions to a new stable state (S2). At this
time, most of the subsystems are in the stable fixed point
state (as shown in Fig. 8b), and some EZ or PZ nodes
remain in the limit cycle state. Therefore, within S2, the
system undergoes a state transition from a seizure state
to another stable state in response to an applied stimu-
lus, a process similar to switching between attractors.
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tES parameters. (d—f) Trends in stimulus activation time and Z (¢)
changes for different parameter settings. Increasing the duration
of stimulus activation slows the rate of decay of z(¢), thereby
enhancing the lasting effectiveness of the stimulation

In contrast, when the closed-loop stimulus is
switched off, the system returns to an oscillatory state
after a period of time. From this perspective, we con-
sider this transient change in state as atemporary behav-
ior of the system under external perturbation or altered
conditions. Over time, the system will eventually return
to the seizure state (Fig. 8c). Therefore, S3 does not
achieve a stable equilibrium state. The primary reason
for this phenomenon may be due to the effect of tES
on the excitatory loop of the system, which is induced
by the transient dynamics of Z. Over time, the decrease
in Z leads to a diminishing influence on the excitatory
circuits, causing the system to revert to the oscillatory
state. Consequently, the long-term effect of tES can be
interpreted, to some extent, as a prolonged transient
process.
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Fig. 8 (Color online) (a) Time series of different states of
the system, S1 (0-10s): the seizure state, S2 (10-35s): the
closed-loop stimulation state, S3 (35-605s): the post-stimulation
effective state, and S4 (60-805s) represents the post-stimulation
seizure state. (b) Phase plane of node 22 under the S1 + S2 win-
dow (black) and under the S2 window (orange). (c) Phase plane
of node 22 in 35-65s

3.3 Simulation of closed-loop tES effects on
patient-specific epileptic networks

In the previous analysis, fixed EZs and PZs are set up.
However, it is important to consider the individual vari-
ability in seizures for focal epilepsies such as tempo-
ral lobe epilepsy, as different patients may have differ-
ent EZs and PZs. Therefore, it is essential to explore
the effect of different EZs and PZs on the effective-
ness of the stimulus. In this section, we concentrate
on six patients with temporal lobe epilepsy, employing
their stereo electroencephalography (SEEG) reports
and clinical diagnoses to ascertain their specific EZs
and PZs. Patient-specific information can be found in
Table 2. We initially focus on patients 1-5, whose EZ
and PZ are localized to one cerebral hemisphere. In
patients 1 and 4, where the EZ and PZ are identified in
the left hemisphere, CP5 is designated as the stimula-
tion target, and the EEG signal from CPS5 is utilized as
the feedback signal. In contrast, for patients 2, 3, and 5,
with the EZ and PZ positioned in the right hemisphere,
CP6 is selected as the stimulation target, and the cor-
responding EEG signal is employed as the feedback
indicator. In the supplementary material, we show the
immediate and lasting effects of stimulation under dif-

ferent combinations of cathodic stimulation and feed-
back signals (Fig. S2 and Fig. S3). While the pattern
of their immediate effects is traceable, their impact on
lasting effects is not obvious. The selection of CP5 and
CP6 as stimulation targets is primarily based on the fact
that in these patients with temporal lobe epilepsy, most
of the EZs and PZs are distributed in the HC, PHC, and
AMYG regions. For all patients, CP5 and CP6 are not
only higher-energy channels, but also act as stimulation
targets with higher stimulation intensities for the EZ
and PZ regions (Fig. 6d). The effects of different tES
stimulations on seizure propagation inhibition are pre-
sented in Fig. 9. Here we focus on exploring the effects
of stimulus duration and synaptic decay coefficient on
the immediate and lasting effects of the stimulus. It is
important to note that we consider tES suppression to be
effective only if the remaining oscillatory nodes under
stimulation are less than 10 (the dark area in Fig. 9).

Figure 9a—e the immediate impacts of closed-loop
tES stimulation on the epileptic brain networks spe-
cific to patients 1-5, respectively. Similar to the results
in the previous section, T and § have little effect on the
immediate inhibitory effect of tES, and predominantly
determine the lasting inhibitory effect of epileptic prop-
agation (Fig. 9f—j). A notable variation in the dura-
tion of closed-loop tES stimulation necessary for the
patient-specific epilepsy network model is observed.
For patients 3 and 5, a smaller time window (e.g., T =
5) is sufficient to effectively inhibit epileptic propaga-
tion. Conversely, for Patients 1, 2, and 4, an extended
T yielded an enhanced stimulation outcome. These
results show that the selection of the time window for
each trigger opening of closed-loop tES is also very
important, and the selection of the appropriate stimula-
tion window can facilitate improved stimulation results
for distinct patients. On the other hand, the effect of tES
remained consistent in various epilepsy network mod-
els. When both t and 8 satisfy specific conditions, tES
effectively inhibits the propagation of abnormal oscil-
lations in the epileptic network and sustains the sup-
pression of such oscillations for a duration following
the cessation of the stimulus.

Finally, we consider patient 6, whose PZ distribu-
tion is notably widespread, encompassing both hemi-
spheres. Previous studies have shown that patient 6 has
highest energy in both the CP5 and CP6 channels of the
EEG, but neither the tES of CP5 nor CP6 suppresses the
propagation of epileptic oscillations well. Figure 10a
and b correspond to closed-loop tES with stimulation
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Table 2 Clinical characteristics and epileptogenic information in six patients with temporal lobe epilepsy

Patient ~ Gender  Affected hemisphere  Pathology EZ Initial PZ

1 F L HS IAMYG, IHC  IPHC, ICCR, ITCI, ITCS, ITCC

2 M R HS+FCDIb rAMYG rHC, rPHC, rTCPOL, rTCC

3 M R HS+FCDIa rHC rIA, rPCI, rCCP

4 F L HS+FCDIb  ITCC,IHC IAMYG, ITCL, IPHC

5 F R HS+FCDIb  rAMYG, rHC  rCCP, rPCM, rPCI

6 F R+L HS rAMYG rHC, IHC, IAMYG, ITCC, rTCC, ITCPOL, rTCPOL

F, Female; M, Male; L, Left; R, Right; HS, Hippocampal Sclerosis; FCD: focal cortical dysplasia
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Fig. 9 (Color online) Effect of stimulation parameters t and S
in closed-loop tES on the suppression of abnormal oscillations in
different patient-specific epileptic network models. (a—e). Imme-
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from Patient 1 to Patient 5, respectively. (f—g). Lasting effects of
tES on specific epileptic brain networks from Patient 1 to Patient
5, respectively
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Fig. 10 (Color online) (a) and (b) show the effects of single-
target stimulation with stimulation targets CP6 and CP5, respec-
tively.Here, =8, f=15. The closed-loop tES with a single target
does not suppress the abnormal oscillations within the whole
network well. (¢) and (d) are the immediate and lasting effects
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of dual-target closed-loop tES with stimulus targets of CP5 and
CP6 and feedback signal of CP6. Satisfactory lasting effects can
be achieved with appropriate T and S. (e) and (f) are the electric
field strength distributions of the brain under single-cathode tES
and dual-cathode tES, respectively
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and feedback signals targeting CP6 and CP5, respec-
tively. Here, we choose t=8, f=15. Upon incorpo-
rating the impact of tES on synapses, it is observed
that closed-loop tES still failed to effectively suppress
the propagation of epileptic oscillations. In the pre-
vious study, we considered dual-target tES stimula-
tion, which effectively suppressed seizure propagation
while ensuring constant current intensity [47]. Simi-
larly, here, we design a closed-loop tES with dual cath-
odes to probe its inhibitory effect on abnormal oscil-
lations of patient 6-specific epileptic brain networks.
Due to the strong stimulation intensity produced by
CP5 and CP6 on the EZ and PZ regions, we posi-
tion dual cathodes at CP5 and CP6 and placed the
anode at Ex8, ensuring the stimulation current inten-
sity remained unchanged. This adjustment implies a
shift from a single electrode delivering 1 mA of stim-
ulation to two electrodes, each delivering 0.5 mA of
stimulation (Fig. 10e and f). Figure 10c and d show
the immediate and lasting effects of closed-loop dual-
cathode tES with CP6 as the feedback signal, indicat-
ing that the inhibitory effect is significantly enhanced
with increasing stimulation parameters. It can be seen
that dual-cathode tES stimulation not only broadened
the range of action of the stimulation, but also achieved
satisfactory lasting results without changing the current
intensity. This approach may offer a potential regula-
tory method for patients with multiple epileptic foci in
future studies.

4 Discussion and conclusion

The recurrent seizures and patient-specificity of
epilepsy pose challenges to the study of neuromodu-
lation techniques. In this paper, we initially construct a
model to simulate the dynamics of epileptic brain net-
works under tES, incorporating the mechanism of stim-
ulus effects on excitatory synaptic levels to examine
both the immediate and lasting effects of tES on con-
trolling epileptic oscillatory propagation. Specifically,
following the principle that increased stimulus inten-
sity and duration prolong the lasting effect of the stim-
ulation, we find that the addition of tES to the synap-
tic level of the excitatory loop effectively revealed an
experimentally lasting effect of tES on seizure propa-
gation. Hence, synaptic alterations may constitute one
of the potential mechanisms underpinning the delayed
effects of tES.

Further, we develop an amplitude-based closed-loop
tES, emphasizing the importance of selecting appropri-
ate feedback indicators and the positioning of the cath-
ode. The typical epilepsy model presented in Sect. 3.2
highlights the importance of choosing appropriate feed-
back indicators. As shown in Fig. 5, when CPS5 is
used as the feedback signal, initiating two stimulations
within the first 25s resulted in better immediate and
long-term effects. One obvious reason for this is that
the two stimulations caused significant changesin Z (),
leading to more sustained inhibitory effects. It is worth
noting, however, that the stimulus effect depends not
only on the number of stimulation, but also on the ini-
tial timing of the stimulus. Incorrect selection of feed-
back signals can result in stimulation that is activated
too late, resulting in its ineffectiveness in suppressing
seizures. The decreased stimulus effect with delayed
onset may be attributable to the situation in which only a
single stimulus activation occurs within the initial 25s.
Additionally, a short duration of stimulation impacts
the lasitng effectiveness of tES. It may also appear that
when the anomalous oscillations propagate throughout
the network, the weaker tES is no longer valid. These
findings highlight the critical role of the feedback signal
in the stimulation process. Only an appropriate feed-
back signal can ensure that the stimulation initiation
time and duration are suitable. Therefore, in the future
application of closed-loop tES, incorporating seizure
detection alerts to anticipate seizures and deliver tES
after seizure onset may enhance the effectiveness of
seizure control. As shown in Fig. 5b and ¢, CP5, PO3,
and P1, which are EEG channels close to the EZ and
PZ regions, are suitable as feedback signal indicators.
Beside, the determination of cathode placement primar-
ily relies on the level of stimulation intensity received
by the EZ and PZ nodes.

Our comprehensive examination extends to the
effects of closed-loop tES across six individualized
epileptic brain network models, with each model mani-
festing unique variations in the EZ and PZ distributions
that significantly influence the dynamics of seizure
propagation. Our detailed analysis foucses on the roles
of t and B in modulating stimulation efficacy. When
the distribution of the PZ and EZ involves only one
brain hemisphere, unilateral closed-loop tES can select
appropriate values of t and B to obtain satisfactory
immediate and long-term inhibitory effects. However,
if the EZ and PZ involved two brain hemispheres, as in
Patient 6, unilateral closed-loop tES could not achieve
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a satisfactory inhibitory effect. Further, we find that
these two parameters have little effect on the immedi-
ate effect of closed-loop stimulation, but play a critical
role in the lasting success of inhibiting seizure propa-
gation. Specifically, it emerges that the duration of each
stimulation session is important and insufficient dura-
tion results in inadequate suppression of seizure prop-
agation across the network. The need for customized
stimulation parameters became apparent as the brain
networks responded differently in each case, but a con-
sistent pattern was observed in most patients except
Patient 6. As t and § values increase, the lasting sup-
pression effects of closed-loop stimulation improve.
However, due to the difficulty in accurately measuring
B as an internal brain parameter, extending the dura-
tion of stimulation could potentially enhance the effec-
tiveness of closed-loop tES. Additionally, for Patient 6,
the extensive bihemispherical spread of the PZ compli-
cates the application of unilateral closed-loop electri-
cal stimulation, highlighting its inherent limitations in
effectively managing the spread of epileptic seizures.
Drawing on the success of dual-target electrical stimu-
lation methods, we explore the adoption of a dual-target
closed-loop electrical stimulation system. In patients
with extensive PZ distribution, such as Patient 6, this
approach has proven effective in managing complex
seizure propagation while maintaining a constant total
stimulation current. This strategy ensures that despite
the broad and diverse impacts of different brain net-
work characteristics on stimulation outcomes, effective
seizure management can be achieved by adjusting the
stimulation protocol to accommodate the specific dis-
tribution patterns of the EZ and PZ, thereby enhancing
overall treatment efficacy.

Finally, there are some limitations of the model.
Firstly, the model only includes 74 brain regions,
and some epilepsy patients may have PZs and EZs
in other regions. Constructing a more comprehensive
epilepsy network model could improve patient speci-
ficity. Moreover, the phenomenological model pro-
posed for synaptic delay changes merely replicates
the basic experimental observation of the interac-
tion between stimulation duration, intensity, and sus-
tained effects. Notably, the lasting effects of the model
have not yet been directly validated in patient data.
A more comprehensive and rational model of synap-
tic changes that considers additional factors, such as
patient-specific information, could be considered in
the future. Secondly, the Jansen-Rit model is widely
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used in large-scale modeling studies, the propaga-
tion of epileptic seizures, and tES modulation anal-
ysis [22,25,46,47]. Its advantages include a simple
and comprehensible structure, flexible parameteriza-
tion, biological relevance, widespread application, and
high computational efficiency. However, the model also
has some drawbacks, such as insufficient physiolog-
ical details, lack of individual variability handling,
difficulty in fully capturing the diversity of epilep-
tic seizures, and challenges in fitting actual data. In
this study, the model distinguishes between healthy
and seizure states based only on resting and oscilla-
tory states, without considering the temporal evolution
of seizures. Thus, while the Jansen-Rit model offers
unique advantages in understanding fundamental neu-
ral dynamics and providing a basis for pathological
studies, its simplicity also limits its precision and broad
applicability. Future improvements to the model should
consider different phases of epileptic seizures, partic-
ularly if exploring seizure prediction. Additionally, for
tES, which has various modes of action, the Jansen-
Rit model may not fully capture all characteristics and
effects of different types of stimulation, which should
be addressed in subsequent research. In addition, our
study focuses only on the sustained effect within 25
after tES stimulation. The study suggests that tES stim-
ulation may be sustained for a longer period of time
after tES stimulation, and the dynamical mechanism
behind it deserves our consideration. In addition, previ-
ous study has demonstrated that heterogeneity in nodal
excitability significantly impacts the seizure propaga-
tion within the network [43]. Seizure activity prop-
agates from focal nodes to other nodes with vary-
ing delays. Only three types of node excitability, EZ,
PZ and other nodes, are considered in our model. It
is important to consider the effect of complex node
excitability heterogeneity on stimulation effects in sub-
sequent studies. In conclusion, it is crucial to develop
personalized stimulation strategies using non-invasive
closed-loop modulation techniques for targeted seizure
control interventions. This study provides a theoretical
basis for the application of tES in epilepsy diagnosis
and treatment.
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