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Abstract: The role of excitatory interneurons (EINs) in the cortical has received increasing attention in
the discussion of absence seizures. Numerous physiological experiments have confirmed the correlation
between EIN and absence seizures. However, the dynamic mechanisms underlying this relationship are
not well understood, and there are some challenges in selecting appropriate stimulation strategies for
pyramidal clusters. In this study, we incorporated EIN into the previous Taylor model and developed an
improved thalamocortical coupled model consisting of ten neuronal populations. Initially, we investigated
the excitatory induction effect of EIN to pyramidal clusters and the external input of EIN. Then, four
different targeted treatment approaches (deep brain stimulation (DBS), current balanced biphasic pulse
(CBBP), 1:0 coordinated resetting stimulation (1:0 CRS), and 3:2 CRS) were applied to the pyramidal
clusters. Moreover, we established two quantitative indices to evaluate the stimulation effects. The
results showed that modifying the external input of EIN and the coupling strength projected onto the
pyramidal clusters can effectively transition the system from an absence seizure state to other normal
states. Additionally, inputs from the left compartment were found to reduce the generation of abnormal
discharge regions in the right compartment. Furthermore, considering the treatment effects and current
consumption, the 3:2 CRS stimulation strategy appeared to be the most suitable treatment approach for
the pyramidal clusters. This work introduces a novel coupled model containing EIN, which contributes
new theoretical foundations and insights for the future treatment of absence seizures.

Keywords: absence seizure; excitatory interneurons; coupled model; deep brain stimulation;
coordinated reset stimulation

1. Introduction

Epilepsy is a prevalent paroxysmal disorder of the central nervous system, characterized by abnormal
synchronous discharges of neurons in the brain. During disease episodes, patients with epilepsy
experience insufficient blood and oxygen supply to the brain, resulting in cerebral tissue damage and
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posing significant harm to the human body [1,2]. According to a report by the World Health Organization,
more than 70 million people worldwide are currently affected by epilepsy, and this number continues to
increase at a rate of 300,000-500,000 cases per year [3]. Absence seizures, a type of generalized seizure,
originate simultaneously in both hemispheres of the brain and are characterized by their paroxysmal,
recurrent, and brief nature [4,5]. Absence seizures are mainly observed in the pediatric population and
are typically accompanied by mild impairment of consciousness, resulting in transient memory gaps
and motor disturbances [6, 7]. Furthermore, a characteristic rhythmic 2—4 Hz bilateral synchronous
spike-and-wave discharges (SWDs) activity can be observed on the electroencephalogram (EEG) of
individuals with typical absence seizures. Recurrent absence seizures inflict severe damage on the
psychological and physical well-being of children. However, due to the complex nature of the nervous
system and the interplay of various stochastic factors, the underlying mechanisms of absence seizures
are not yet fully understood.

Computational models have emerged as crucial tools for investigating various neurological disorders
in current research [8], and the thalamocortical model is a typical neural field model that describes
the interactions between the cerebral cortex and the thalamus. The fundamental assumption of this
model is that a closed loop circuit is formed between the cortex and the thalamus [9]. In this circuit,
the cortex activates thalamic neurons by sending signals to the thalamus, while the thalamus regulates
cortical activity by providing feedback signals to the cortex. This interaction is believed to play a
crucial regulatory role in information processing, perception, and cognitive processes [10]. Taylor et al.
extended and refined the thalamocortical circuit based on the neural field model proposed by Amari et al.
and Wilson et al. [11-13]. The improved model encompasses four distinct neuronal populations, with the
average membrane potential within the cortex serving as the chosen state variable. Notably, the study’s
findings suggest the potential significance of heterogeneous cortical connections in cortical focal regions,
as they appear to play a pivotal role. Additionally, the revised model successfully replicated the distinct
brainwave patterns observed during absence seizures and tonic-clonic seizures, thereby demonstrating
its ability to capture the characteristic neurophysiological signatures of these epileptic events. In order to
comprehend the interactions between the cortical-thalamic regions in the generation of SWD at a spatial
scale, Goodfellow et al. and Taylor et al. developed spatially extended brain network models employing
coupling and neural field models, respectively [14, 15]. These models were constructed to elucidate
the interplay within the cortical-thalamic circuitry during the emergence of SWD. Liu et al. discussed
the pathological mechanisms induced by alterations in the parameters associated with the thalamic
reticular nucleus (TRN) [16]. The findings revealed that changes in the excitability of the TRN lead to
distinct abnormal discharge patterns in the cortex, suggesting that the TRN is the pacemaker of absence
seizures. Cao et al. discovered that by manipulating the inhibitory coupling strength between inhibitory
interneurons (IN) and excitatory pyramidal neuron populations (PY) as a critical bifurcation parameter,
the system transitions from the absence seizures to the tonic oscillations [17]. Yan et al. showed that
increasing self-inhibition and external input to TRN could drive the system from an epileptic state to a
normal state [18]. Wang et al. employed a mean-field model to investigate the combined regulatory
effects of cortico-thalamic feedforward inhibition and thalamic relay nucleus (SRN) and TRN feedback
inhibition on absence epilepsy [19]. The study demonstrated that the feedback microcircuitry plays a
more significant role in inhibiting absence seizures. Therefore, SWD discharge state can be changed
into other normal discharge state by adjusting the coupling strength and stimulation target.

An imbalance between excitatory and inhibitory functions is widely regarded as a significant con-
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tributing factor to the occurrence of absence seizures. However, most of the previous biocomputational
models primarily focused on inhibitory interneurons in the cortex. Recent studies have indicated that
excitatory interneurons composed of astrocytes in the neocortex also play a crucial role in epileptic
seizures [20]. The synchronized discharges of EIN have the potential to propagate epileptic activity
throughout the brain, and EIN are believed to have a crucial role in both the initiation and propagation
of SWD [21]. Tabatabaee et al. employed an extended neural mass model to investigate the coupling
interactions between EINs and other neurons [22]. By altering the coupling strengths of GABAergic and
glutamatergic receptors within EINSs, the system undergoes a transition from a normal background firing
state to an epileptic state. Yan et al. introduced EIN into thalamocortical model with self-inhibitory IN
connections to investigate dominant role played by EIN in SWDs [23,24]. Nevertheless, it is important
to acknowledge that the regulatory mechanisms of EIN during absence seizures are not well understood
within thalamocortical models, particularly in spatially extended models. Thus, further research is
warranted to investigate these mechanisms comprehensively.

Compared to traditional pharmacological treatments and surgical interventions, neuromodulation
intervenes, particularly DBS, have been proven to yield significant therapeutic effects with relatively low
risk [25-27], which greatly promotes the application of DBS. The optimization of DBS strategies has
recently received significant attention from researchers, particularly in terms of minimizing damage to
brain tissue and reducing battery energy consumption while ensuring the effectiveness of the stimulation
strategy. The goal is to strike a balance between achieving significant therapeutic effects and minimizing
potential harm to the brain tissue and energy consumption from the stimulation. Yu et al. investigated
the inhibitory effect of transcranial direct current stimulation on the propagation of epileptic activity in
a large-scale epilepsy network model [28]. This constant low-intensity direct current has been shown to
effectively reduce the seizure frequency in patients. Hou et al. applied the tri-phase delay stimulation on
three neurons connected to the globus pallidus internal. By adjusting the stimulation parameters, this
method exhibited a substitute effect similar to the regulation of the basal ganglia [29]. For refractory
patients, CRS [30] and CBBP [31] were proposed as approaches to reconcile the conflicting goals of
treatment efficacy and energy consumption. Both of these treatment approaches involve intermittent
stimulation of target neurons on a temporal scale, aiming to reduce energy requirements and side effects.
However, the selection of the optimal cortical stimulation strategy in coupled models remains unknown.

To overcome these limitations, we introduced EIN into the cortical region and designed a novel
thalamocortical coupled model with two compartments. There are two main contributions in this study.
On the one hand, by expanding the original thalamocortical model spatially, we were able to simulate
brain activity more realistically. We discovered that by adjusting the excitatory coupling strength
from EIN to PY and the external input of EIN, it was possible to internally suppress the generation
of pathological states without the need for external stimulation. On the other hand, we applied four
different electrical stimulation strategies in the cortical region to explore the optimal external stimulation
scheme to counteract absence seizures. We hope this study could provide new perspectives for the
clinical treatment of absence seizures in epilepsy.

The current article is organized as follows. In the second section, we advance the improvement of
the thalamocortical model by introducing EIN and present the employed electrical stimulation paradigm.
In the third section, we analyze the predominant role of EIN in inducing SWD and examine the diverse
effects of different stimulation strategies on suppressing SWD generation and energy consumption.
Finally, we apply DBS separately to the left and right compartment to elucidate the critical role of
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stimulation in the coupled model. In the fourth section, we summarize the obtained results and engage
in a discussion regarding the prospective avenues for future research.
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Figure 1. Schematic diagram of the coupled thalamocortical model. The model consists of
ten clusters of five types of neurons, which is composed of EIN, PY, and IN in the cortex, as
well as SRN and TRN in the thalamic. The excitatory synapses mediated by glutamate are
represented by lines with arrows, while inhibitory synapses mediated by gamma-aminobutyric
acid (GABA) are depicted by closed circles.

2. Models and stimulus description

2.1. Description of model

The thalamocortical circuit model consists of two interacting modules: the cortical module, which
primarily includes PY and IN, and the thalamic module, composed of TRN and SRN. In this study, we
have built upon the neural field model proposed by [15] and made modifications to investigate the impact
of spiny stellate cells on seizure activity. Specifically, we introduced excitatory EIN in the cortical module,
which are connected to PY by glutamate receptors. Also, the model was expanded to a 2-compartment
coupled model to simulate more realistic cortical discharge dynamics and transitions among different
oscillation states. Additionally, we incorporated self-inhibition in the IN as well. The schematic of
coupled model with EIN is formulated as shown in Figure 1. The proposed model maintains consistency
with the physiological connectivity framework of the thalamocortical circuit [9]. Excitatory synapses
mediated by glutamate are represented by lines with arrows, while inhibitory synapses mediated by
gamma-aminobutyric acid (GABA) are depicted by closed circles.

Generally, the coupled model equations, which govern the behavior of the system, can be described
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as follows:
dPY;
dr T1(hpy = PY1+Cpy_py fIPY 1]+ Crin-py FLEIN|] = Cin-py fIIN1]+ Csry-py fIS RN1 D) + ki (D)u(?),
dIN o
dt ! = TZ(hIN — IN] + CPY_[Nf[PYl] - C[N—]Nf[IN]])’ (2)
dEIN
i ! = T3(hE1N - EIN] + CPY—EINf[PYl])a (3)
dS RN
dt L = 74(hsgy — SRNy + Cpy_srn fIPY1] = Cray_srvgl TRN}]), 4)
dTRN;
dr Ts(hrry — TRN1 + Cpy_rrn f[PY1] + Csgy-1rNE[S RN1] — Crry-rrng[TRN1D),  (5)
dPY,
y? =Ti(hpy = PY> + Cpy-py f[PY2] + Cpin-py fFIEIN>] = Ciy-py fLIN2] + Cspy-py fIS RN> )
(6)
Cov_ Criv Civ-
+ P; PY PY, ] + —EPY el EING + 2P LN + ka(0)udD),

dIN. Cry- Cin-

dt2 = 75(hyy = IN; + Cpy_iy fIPY2] = Conoin fLIN,)) + —=2 p1Pyy ] = <22 1INy, (7)
dEIN Cry-

o = (e = EINy + Cpy_pinfIPYa)) + =255 fIPY)], )

dS RN Crrn—skw
7 2 = 74(hSRN - SRN2 + pr_SRNf[PYZ] - CTRN—SRNg[TRNZ]) - i SRNg[TRN]]’ (9)

dTRN,

g =75(hrry — TRN, + Cpy_rrn fIPY2] + Csry-1rN&[S RN>]
(10)

Cqpn— Cranv_
— Crrv-rrnglTRN,]) + Wg[smvl] — ZTRVTRY o [TRN, ],

where PY 5, IN|,, EIN,>, SRN,, and TRN |, represent five types of neuron populations in the
coupled model as mentioned above; 71, 7», T3, T4, and 75 are time scale parameters; hpy, h;n, hein, hsgrys
and hzgy denote the external inputs; Cpy_py, Cgin—py, ---» Crrv—TrRN TEPresent the coupling strengths
among different populations of neurons; and f[-] and g[-] are denoted to activation functions with the
following form:

1
flxl = = (11)
glyl = ay + B, (12)

where x = PY,,IN, 3, EIN; 3,y = SRN;,, TRN,,; w and « determine the steepness of two activation
functions; S is set to 0.5 as a constant; k; , represent the control variables; and u(¢) denotes the various
stimulation input.

The spatially expanded two-compartments coupled model is one of the fundamental thalamocortical
network models. It has a relatively simple structure but carries physiological significance. In this model,
cells in each layer are arranged in a one-dimensional manner. This one-dimensional network model,
consisting of five cell types, greatly simplifies the multi-layered structure of the thalamocortical system
without requiring additional complexity and has been widely applied [32,33]. Furthermore, the PY in
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the cortex possess axons of sufficient length, enabling them to exert significant propagative effects on
distant neuronal populations, whereas other neuronal clusters with shorter axons can only influence
neighboring regions [27]. Consequently, based on the distance between two compartments, there are
three different types of inter-compartment connections: short-range connection, long-range connection,
and distant excitatory connection. Since we are specifically considering the transmission projections
within the same subsystem and these two compartments can only respectively affect the adjacent regions
of the cerebral cortex and thalamus, short-range connection C;/3 is employed in our model.

The parameters in the model remain consistent with previous studies [11,23,27] and have been
fine-tuned within a reasonable range, and most of them are derived from clinical experiments, shown in
Table 1.

Table 1. Values of parameters in this work.

Parameters Interpretation Value Parameters Interpretation Value
pr_py PY—-PY 1.8 hpy Input PY -0.5
Cein-pry EIN-PY Scanned hiy Input IN -3.3
Civ-py IN->PY 1.5 hein Input EIN Scanned
CSRN—PY SRN—-PY 1 hSRN Input SRN 2.2
CPY—IN PY—-IN 4 hTRN Input TRN -5
Cin-InN IN—-IN 0.12 T PY timescale 26
CPY—EIN PY—EIN 0.1 T IN timescale 32.5
Cpy—_srn PY—>SRN 4.2 T3 EIN timescale 26
CTRN—SRN TRN—SRN 04 T4 SRN timescale 2.6
CPY—TRN PY—->TRN 2 Ts TRN timescale 2.6
CSRN—TRN SRN—-TRN 17 w constant 250,000
CTRN—TRN TRN—-TRN 0.1 (0% constant 2.8

2.2. Different stimulus strategies

Electrical stimulation has emerged as an effective method in neural surgery and is widely employed
in medicine, particularly for the treatment of epilepsy and movement disorders [34]. In our study, we
utilize four distinct stimulus patterns to regulate SWD and induce transitions between different states, as
shown in Figure 2.

PY,
Sl
(a) DBS (b) CBBP
LT ‘__ T ¢__ B ____+ Y 2T e
P, II il P, II [T ]
|III IIII M 1 I0E o Il
(c) 1:0 CRS (d) 3:2 CRS

Figure 2. Overview of four types of stimulus strategies.
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The first one is classical DBS, which has been successfully applied in the treatment of neurological
disorders such as epilepsy and Parkinson’s disease [35-37]. DBS involves the continuous and simulta-
neous delivery of electrical pulses to the PY; to achieve therapeutic effects. The operational principle
can be described as follows [38]:

upps () = a X H(sin(2ntf)) X (1 — H(sin(2n(t + 6)f))), (13)

where «a is the amplitude of the oscillation, f represents the frequency and 6 denotes pulse width,
indicating the duration of the electrical pulse, and H represents the Heaviside bi-value function, that is,
Hx)=1ifx>0,H(x)=0,ifx<O0.

The CBBP therapeutic plan has anodic pulse (AP), cathodic pulse (CP), and a rectangular waveform
with appropriate inter-phase gap (IPG, note that /PG™** = 1/f — 26), which can be described as
follows [31]:

ucgpp(t) =a X H(sin(2xtf)) x (1 — H(sin(2x(t + 6)£)))

—a X H(SinQ2n(t = IPG - 6)f)) X (1 = H(sin(2n(t — IPG)f))). (14

In the CRS therapeutic plan, the m:n ON-OFF CRS signal added to PY;, can be mathematically
represented as follows [39]:

ucgs (1) = ki(Du(t) + ko (u(r), (15)

where k;(¢) and k,(¢) represent the stimulation microelectrodes, which are index functions, and k() = 0
and 1 represent the opening and closing of the electrode, indicating the start and end of the stimulation
respectively.

2.3. Numerical simulation methods and data analysis

In this study, all simulation were compiled and accomplished in MATLAB 2021a (Math works, USA)
coding environment. In addition, we solved all the differential equations by standard fourth-order Runge-
Kutta iterative method. The time window is set to 30 s and the selection of integration step is 0.25 ms,
which was sufficiently small to ensure the accuracy of data acquisition. To ensure the system was in a
stable state, data analysis commenced from the 27th second. In order to plot the extrema graph, the
maximum and minimum values of the cortical discharge time series were calculated during the stable
state. Fast Fourier transform (FFT) was utilized to extract the dominant frequency, represented by the
peak frequency in the power spectral density, as the principal frequency.

3. Numerical results

3.1. Spontaneous epilepsy activities and transitions modulated by excitatory interneurons

Bidirectional connections between EIN and PY mediated by glutamatergic excitatory synapses are
not static in terms of synaptic coupling strength. Changes in the release of neurotransmitters from
both excitatory and inhibitory neurons in the brain can lead to short-term or long-term modifications
in coupling strength [40, 41]. Certain antiepileptic drugs can modulate the activity of glutamate
receptors, resulting in alterations in glutamatergic neurotransmission [42]. Additionally, in physiological
experiments, functional alterations in glutamate receptors in the cerebral cortex of rats have been
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observed to induce epileptic seizures [43]. However, the dynamics and mechanisms underlying the
transition to seizure states induced by EIN are currently not well understood. In this section, we
investigate the predominant role of EIN in generating absence seizures by changing external input and
the coupling strength to PY. We first conducted the extrema analysis of the excitatory coupling strength
from EIN to PY Cg;y_py and the external inputs &g;y. As we know, EEG data is collected by recording
the collective electrical activity of neuronal populations within a specific region of the brain. In our
model, the cortical module includes PY, IN, and EIN populations. Therefore, by calculating the average
field potential of the neuronal populations in the cortex, our computational model can better simulate
the cortical discharge activity. In this section, we primarily focus on the analysis of the left compartment
in the coupled model, (PY; + IN; + EIN;)/3.
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Figure 3. The extreme diagram showing the extrema mean of PY, IN, and EIN. When
the fixed value hg;y = -0.1, the system in (a) experiences three different states in the left
compartment with gradual increase of Cg;y_py, namely simple oscillation, SWD, and saturated
state. When Cgy_py = 0.6, three states appear in (b), which is similar to (a). The time series
of (PY| + IN| + EIN,)/3 are shown in (c—e), respectively.
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Figure 3(a),(b) display the results of extrema analysis, revealing three distinct dynamical states. The
corresponding time series can be observed in Figure 3(c)—(e). When the coupling strength Cg;y_py is
small, the activation level of PY is largely independent of the control exerted by EIN and the system is in
a simple oscillation state. The corresponding frequency is similar to absence seizures, but the amplitude
is much larger. When Cgjy_py increases, EIN gradually induces the activation of PY and the excitability
level of the cortex begins to increase. As shown in Figure 3(d), two peaks can be observed, indicating
the presence of typical SWD, characterized by the periodic occurrence of two maxima and minima. This
pattern signifies the onset of absence seizure activity. Finally, as coupling strength Cgy_py constantly
increases, the system exhibits a transient period of brief oscillatory activity again, but this time with
significantly smaller amplitudes. Subsequently, the system enters a saturated firing state.
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Figure 4. The changes of cortical firing rate with linearly increasing Cgy-_py.

In order to observe the changes in cortical discharge more clearly during the variation of the coupling
strength Cg;y_py, we linearly increase Cgy_py over the time range of 21-29 s to explore the dynamic
changes during absence seizures. Figure 4(b) shows that as the coupling strength Cg;y_py increases, the
cortical discharge pattern transitions from SWD (II) to simple oscillations (I). This indicates that normal
brain activity relies on maintaining the stability of the excitatory level in the EIN-PY pathway and any
disruption in the stability of the EIN-PY coupling strength may lead to the onset of absence seizures.

Because of the essential effect of EIN, we then fix the coupling strength from EIN to PY and set the
external input to EIN Ag;y as the crucial parameter to explore the transitions between different states.
As shown in Figure 3(b), we obtain four similar dynamic states to those in Figure 3(a), with the SWD
region exhibiting two pairs of maxima and minima.

To validate whether the obtained simulation results can be generalized within a certain parameter
range, we further conduct a two-dimensional state analysis in the (Cg;y-py, hgnv) plane. As shown in
Figure 5(a), the entire panel is divided into four regions corresponding to the three states analyzed above.
As expected, we find that the SWD state can only be produced within specific ranges of Cgyy_py and hgyy.
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By appropriately adjusting Cg;y_py and hg;y, the system can transition from the epileptic state to the
normal state. This result aligns with our previous conclusions, indicating the generality of the analysis.
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region I represents the simple oscillation state, region II represents the state of SWD denoting
absence seizures, and III represents the saturated state, corresponding the dark blue region in
(b) and (d).

The model constructed in this study can reproduce typical absence seizure scenarios using previously
validated pathological mechanisms. Figure 5(c),(d) illustrate the spatial distribution of the right compart-
ment states and the corresponding dominant frequency plot in the coupled model. It can be observed
that, in the absence of external stimulation, the area of SWDs generated by the right compartment is
significantly smaller than that of the left compartment. The occurrence of absence seizures requires a
relatively larger hg;y, indicating that the connections from the left compartment can suppress the genera-
tion of SWDs in the right compartment. This finding provides evidence for the positive regulatory role of
internal connections in the manifestation of absence seizures in the coupled model. Since we did not alter
the normal parameter values in other regions during the above discussion, our results also suggest that
abnormal changes in excitatory interneurons may contribute to the absence seizures.

3.2. Therapeutic effects of the four different stimulation strategies

Currently, the primary modality for treating epilepsy is medication. However, it is worth noting
that approximately one-third of epilepsy patients fail to achieve seizure control through medication
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alone, and the majority of individuals require ongoing medication or alternative treatments. Also,
surgical resection of epileptogenic foci poses certain risks [44]. Therefore, doctors have gradually
started adopting neurostimulation therapy as a replacement for the aforementioned approaches. As the
core neurons in the cortex, the appropriate stimulation of PY populations to achieve optimal therapeutic
effects remains unknown. In this section, we will apply four different stimulation protocols to PY
populations to evaluate the most suitable therapeutic approach.
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compartment respectively. Stimulation parameters are @ = 8mA, the positive input pulse
6 = 4ms, and frequency f = 130Hz. Two-dimensional dynamical evolution and corresponding
are displayed through adding (a) DBS, (b) CBBP, (c) 1:0 CRS, and (d) 3:2 CRS respectively.

The implementation details of the DBS, CBBP, 1:0 CRS, and 3:2 CRS strategies are depicted in
Figure 2. In order to facilitate the observation of SWD reduction through stimulations, we discretize
the parametric plane into a grid of evenly spaced points. This allows us to quantify the grid points that
correspond to the occurrence of SWD in the model. To quantitatively evaluate the effectiveness of the
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stimulus in mitigating SWD, we employ the SWD control percentage as a metric:

n=(1-S/P)x 100%, (16)

where S and P represent the number of SWDs in the absence after applying stimulation to the neurons
and in the original state respectively. Furthermore, to comprehensively evaluate different stimulation
patterns, we also considered the current consumption as follows:

T
o = fo D o, (17)

i=1,2

with the unit of V - 5. In our study, T=30 s is the stimulation duration.

The two-dimensional panel (Cgjy_py, hgpy) illustrates the changes in SWD regions and dominant
frequencies after incorporating the four stimulation strategies. In particular, in Figure 6, the dark red
and dark blue regions represent the states of simple oscillation and saturation state, respectively. The
green region means the SWD oscillation during absence seizure, as shown in the dominant frequency
plot, the pathological oscillations are within the range of 2—4 Hz. The corresponding frequency analysis
is also displayed in Figure 6.

Compared to the original 47.93% SWD region in the left compartment and 31.61% in the right
compartment shown in Figure 4, it can be observed that all four stimulation strategies result in varying
degrees of contraction in the green SWD region. After adding DBS, the contraction of the SWD region
is the most significant. In this case, the size of the SWD region in the right compartment is only 13.43%.
The therapeutic effects of applying 1:0 CRS and 3:2 CRS are almost similar, with the proportion of
SWD in the right compartment being 24.59 and 25.41%, respectively. The 1:0 CRS strategy is slightly
better than 3:2 CRS. Finally, the CBBP stimulation strategy results in SWD regions accounting for
35.95% in the left compartment and 26.45% in the right compartment.
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Figure 7. SWD reduction and current consumption after adding stimulations.

In order to gain a clearer understanding and compare the therapeutic effects of four stimulation
strategies, we measured the percentage reduction of SWDs and the average current consumption as
quantitative indicators. As shown in Figure 7, the blue and yellow bars represent the percentage
reduction of absence seizure regions after stimulation in the left compartment and right compartment,
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respectively, while the orange bar represents the average reduction ratio of both. The purple bar graph
represents the average current consumption. From the graph, it can be observed that DBS yields the
most optimal inhibitory effect on epileptic seizure states, with an average reduction rate of 60.5%. The
1:0 CRS and 3:2 CRS stimulation strategies exhibit comparable inhibitory effects on epilepsy, reducing
seizures by 46.2 and 45.9%, respectively. In contrast, there was only 21.6% reduction with the CBBP
stimulation strategy. Despite requiring the highest consumption of current, CBBP performed the least
effectively among the four approaches. Despite DBS achieving the best inhibitory effect, it consumes a
relatively larger amount of stimulation current. Clinical studies have confirmed that excessive current
usage and sustained stimulation targeting a single specific target can have adverse effects on the human
brain, leading to brain tissue damage and a range of neurological complications [45]. From the graph, it
can be observed that although the 3:2 CRS strategy is slightly inferior to the 1:0 CRS strategy, it ranks
highest in terms of current consumption among the four stimulation strategies while maintaining the
highest inhibitory efficiency. Therefore, considering safety and comprehensiveness, the 3:2 CRS strategy
is the most suitable for stimulating PY populations to achieve the purpose of inhibiting absence seizures.

3.3. Propagation effects of stimulation in coupled model

In the previous section, we applied stimulation to both the left and right compartments. DBS demon-
strated the most effective therapeutic outcome by significantly reducing the area of seizures. The 3:2 CRS
showed a balance between therapeutic effects and current consumption. However, it remains unknown
whether the reduction in the right compartment area is due to the propagation of stimulation from the
left compartment to the right, or if it is solely attributable to the corresponding stimulation applied to
the right compartment. Given that DBS yielded the most pronounced inhibitory effect, this section
will focus on exploring the specific reasons for the reduction in the right compartment area under the
influence of DBS.

Figure 8 illustrates the changes in the right compartment seizure area when DBS is applied exclusively
to the left compartment or the right. When DBS is applied exclusively to the left compartment, the
proportion of right compartment SWDs is 28.47%. Compared to the initial state of the right compartment
in Figure 5(c), its area decreases by 3.22%. On the other hand, when stimulation is applied exclusively
to the right compartment, the SWD area is 16.98%. Compared to the simultaneous stimulation of both
compartments, its area increases by 3.65%. These results suggest that in the unidirectional flow-coupling
model, the reduction in the right compartment seizure area after DBS is predominantly driven by DBS
itself. It indicates that the therapeutic effects generated by electrical stimulation are difficult to flow
from the left compartment to the right. The above results highlight the crucial role of DBS in reducing
the seizure area in the right compartment.

4. Conclusions

This study aimed at exploring the crucial role of excitatory interneurons in absence seizure activity.
Building upon the Taylor model, we developed a spatially extended thalamocortical coupled model
and four different electrical stimulation methods were applied to the model such as DBS, CBBP, 1:0
CRS, and 3:2 CRS. The major findings of this work are as follows: by adjusting the coupling strength
between external inputs and the excitatory pathway of EIN to PY, we are able to induce transition from
the normal physiological state of the cortical network to SWD, indicating that EIN are highly likely to
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Figure 8. Propagation effects of DBS in the coupled model. (a) represents the case where
DBS is applied only to the left compartment, resulting in a SWD area ratio of 27.27% in
the right compartment, slightly smaller than the non-stimulated state. (b) represents the case
where DBS is applied only to the right compartment, resulting in a SWD area of 16.53%,
slightly smaller than when stimulation is applied simultaneously.

be the epileptic focus responsible for absence seizures. Furthermore, under the influence of the coupling
model, projections from the left compartment can be found to significantly reduce the SWD region in
the right compartment, which provides a novel approach for the internal modulation of absence epilepsy
treatment. Subsequently, we evaluate the therapeutic effects of four stimulation methods applied on
PY and conducted a quantitative comparative analysis to explore the optimal protocol. The 3:2 CRS
achieves the best balance between therapeutic effects and current consumption in the coupled model,
thus suggesting it as the most suitable stimulation method for this model. Ultimately, we observed that
the therapeutic effects induced by stimulation face challenges in propagation through the connections
between coupled models. Therefore, it becomes imperative to simultaneously apply stimulation to both
the left and right compartments. We hope that our findings can provide insights for the treatment of
absence epilepsy.

It is important to acknowledge certain limitations in this study. First, while our simulations demon-
strated the involvement of EIN in the onset and offset of absence seizures, we provided only computa-
tional evidence. Further validation through physiological experiments would enhance the persuasiveness
of our findings. Second, this study solely focused on PY as the target for stimulation, although multiple
studies have shown the critical role of the TRN in regulating absence seizure activity. While PY are
more amenable to electrode implantation compared to TRN, continuous stimulation of a single target
may not be favorable. Future investigations could consider alternating stimulation between PY and
TRN to potentially achieve better therapeutic outcomes.
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