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Abstract Motivated by the recent experimental find-
ings that thalamic reticular nucleus (TRN) may be a
pacemaker of absence seizures, we explore whether
changes in the level of TRN activation can induce
absence seizures by using a coupled thalamocortical
model. We first simulate different firing states by con-
sidering the interaction of pathway between cortical
excitatory pyramidal neuronal population (PY)–TRN
and specific relay nucleus (SRN)–TRN. By simulta-
neously increasing the coupling strength of each of
these pathways, we can reproduce the absence seizures,
which indicates that epileptic seizures may be caused
by activating the TRN. We further infer that the TRN
may be an epileptogenic focus. Following this, differ-
ent stimulation strategies, including deep brain stimu-
lation, 1:0 coordinated reset stimulation (CRS) and 3:2
CRS, are applied in TRN. By qualitatively analyzing
the efficacy of three different stimulation methods, we
find that 3:2 CRS is amore effective and safemethod to
control absence seizures in the first compartment, for
which we then further explore the impact of 3:2 CRS
in the second compartment. The results show that the
additional stimulation in the second compartment also
can lead to a considerable decrease in the spike-and-
wave discharges (SWD) oscillation region. Therefore,
we conclude that TRN-3:2 CRS is an optimal electri-
cal stimulation method for our modeling and simula-
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tion studies. Furthermore, we hope that these numerical
simulation results can provide some references for the
treatment of real epilepsy patients in the future.
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thalamocortical model · Dynamical transition

1 Introduction

Epilepsy is a chronic neurological disease that affects
over 65 million people around the world [1]. Absence
seizures are featured by synchronous 2–4 Hz SWD in
electroencephalography (EEG) recordings, accompa-
nying a brief impairment of consciousness in seizures
[2]. In particular, children with absence seizures often
experience some potential dangers such as cognitive
difficulties and reductions in memory and learning [3].
Polack et al. [4] found that SWD was initiated in the
cortex. Some human recordings showed the possible
involvement of the thalamus during absence seizures
[5]. Since the cerebral cortex and thalamus are involved
in the absence seizures, researchers constructed an
intact cortico-thalamic–thalamocortical (CT–TC) cir-
cuit to obtain dynamical transition phenomena and
corresponding biophysics mechanisms [6,7]. Once the
balance in CT–TC circuit is broken, it will result in a
series of nervous disorders such as Parkinson’s disease
and epilepsy. TheTRN is also located inCT–TCcircuit.
And in this circuit, the TRN receives excitatory gluta-
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matergic inputs from the thalamus and cerebral cortex
and sends inhibitory projections to the SRN. TRN is
regarded as a pacemaker of absence seizures. However,
due to the complex connection between the thalamus
and cerebral cortex, the potential mechanism on how
the TRN regulates the epileptic seizures is not clarified.

Inhibitory signals play fundamental roles in regu-
lating circuit mechanism and that originate from dif-
ferent GABAergic interneurons within the brain [8].
Parvalbumin (Pv) interneurons are expressed in some
GABAergic interneurons, and some are expressed in
TRN [9,10]. Indeed, Pv interneurons could effectively
control network excitability in previous experimental
models of absence seizures [11]. However, in recent
optogenetic studies, there are two conflicting view-
points on the role of Pv interneurons in the regulation
of absence seizures in TRN. The first viewpoint was
that the optogenetic activation of Pv interneurons sup-
pressed the epileptic seizures through a feed-forward
inhibition [12,13]. Nevertheless, the opposing view-
pointwas that the optogenetic activation of Pv interneu-
rons enhanced spontaneous ictal events in the epileptic
seizures [14,15]. Based on the contradiction, Sessolo
et al. [16] put forward a selective activation role of Pv
interneurons inmouse experiment with epilepsy.When
Pv interneuronswere distant from the focus of epileptic
seizures, the Pv interneurons could prevent ictal prop-
agation, whereas when Pv interneurons were near the
focus, the Pv interneurons were hard to block ictal gen-
eration. Therefore, these complementary perspectives
on Pv interneurons here open up a new angle of view
for us to understand how the local suppression circuit
can regulate and control the epileptic seizures.

It is estimated that one-third of epilepsy patients
is difficult to achieve good control with anti-epileptic
drugs [17]. Surgical resection may be a good treat-
ment choice just for a minority of patients [18]. The
remaining 30–40% adult patients keep refractory [19].
Thus, what is needed now is an alternative treatment for
refractory patients [20]. DBS is a therapeutic method
of minimally invasive neurosurgery, which sends elec-
trical pulses to specific brain region through implanted
electrodes. DBS treatment was widely applied in many
clinical trials, animal studies and computational mod-
els. For example, Lehtimäki et al. [21] reported that a
patient with refractory epilepsy was cured after apply-
ing DBS in the centromedian nucleus of the thalamus.
In a rat model of temporal lobe epilepsy, the electrical
stimulation of TRN effectively suppressed the propa-

gation of epilepsy [22]. Based on a biophysical mean
field model, Wang et al. demonstrated that absence
seizures can be eliminated by applying the DBS in
TRN [23]. Recently, a new and emerging approach,
CRS is designed to counteract abnormal neuronal syn-
chrony by desynchronization [24]. CRS sends short
pulse trains at different times to different neural popu-
lations involved in abnormal neuronal discharges [25].
Fan et al. utilized the CRS strategy to stimulate globus
pallidus externa (GPe), subthalamic nucleus (STN) and
globus pallidus interna (GPi), respectively.After apply-
ing the CRS, the whole Parkinson’s neural network
appeared desynchronization [26]. Similarly, CRS was
also used to inhibit absence seizures in a macroscopic
mean field model [27]. Compared to DBS, CRS can
stimulate alternately multiple subcutaneous structures,
reduce electrical damage of the brain and prevent some
possible complications. Electrical stimulation acted on
TRN inmany animal experiments was used to suppress
epileptic seizures [20,28,29]. Berdiev and Luijtelaar
[30] found that TRN stimulation in the WAG/Rij rat
model inhibited the cortical synchronous activity. Pan-
tojajiménez et al. reported that high-frequency stimula-
tion (HFS)–TRN could interrupt abnormal brain oscil-
lation and had an anti-epileptic effect in Male Wis-
tar rats [31,32]. However, it remains unknown how to
select the optimal strategies of stimulation to TRN.

In order to study more realistic situations, spatially
extended models were widely used to produce the
spike–wave oscillations in the cortex [33,34]. Taylor et
al. [35] extended a single neural field model to thalam-
ocortical network and found a reasonable stimulation
could induce epileptic spike–wave discharges. From
the whole connection process, the information flows
along the compartment in one direction. The simple
eight neuronal population model is a basic thalamo-
cortical network model. Although the network is sim-
ple, studies [36] were proved that the simple network
couldmake predictions for a larger network. Therefore,
in order to simplify the model, we expand the single-
compartment cortico-thalamic neural field model [37]
to the coupled cortico-thalamic model, which is com-
posed of two cortico-thalamic compartments with uni-
directional connection configurations. Firstly, absence
seizures can be induced through the combined effect of
two important pathways. Combining previous studies
[16] with our current exploration, we further infer the
focal area of epilepsy. And then, we apply three differ-
ent stimulation methods including DBS, 1:0 CRS and
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3:2 CRS in the epileptogenic focus and compare and
analyze qualitatively the efficacy among them. Finally,
we find the optimal electrical stimulationmethod in our
modeling and simulation studies.

2 Description of model and different stimulus
strategies

As we know, some macroscopic dynamical phenom-
ena including simple oscillation, low firing oscillation
and SWD oscillation all can be simulated in the neural
field model. Some studies indicated that abnormal neu-
ronal oscillations in the cortico-thalamic circuit could
induce the absence seizures [38,39]. Taylor et al. [37]
improved a neuronal population model, reproduced the
pathological SWD activity and investigated the effect
of single pulse stimulation in epileptic seizures [40].
The original Taylor model contains four types of neu-
ronal populations, which is shown in Fig. 1a. In subcor-
tical SRN–TRN circuit, there are two types of neuronal

Fig. 1 Schematic diagrams of the original and coupled thala-
mocortical model. a Original model consists of four types of
neuronal populations, which is composed of PY, IN in the cor-
tex, SRN and TRN in the subcortical SRN–TRN circuit. b Cou-
pled thalamocortical model. The arrowheads lines denote the
excitatory projections mediated by glutamate receptors, and the
round heads lines present the inhibitory projections mediated by
GABAA receptors. The short-range connection is considered in
inter-compartment connections between two different coupled
compartments

populations including TRN population and SRN pop-
ulation, respectively. TRN population is mainly com-
prised of inhibitory interneuronal population and SRN
population is mainly comprised of excitatory neuronal
population. The cerebral cortex includes the inhibitory
interneuronal (IN) population and cortical excitatory
pyramidal (PY) neuronal population [40,41], respec-
tively. The round heads lines represent the inhibitory
projections regulated by GABAA receptors, and the
arrowheads lines represent the excitatory projections
regulated by glutamate receptors.

Spatially extended models for macroscopic epilep-
tic seizures were studied in the cortex [33,34], where
they explored how the cortico-cortical connectivities
affected the whole model networks. However, thala-
mus as a part of the subcortical region was also verified
to participate in the pathogenesis of absence seizures
[39]. We do not consider the unidirectional connec-
tion from the cerebral cortex (I) to the thalamus (II) or
from the thalamus (I) to the cerebral cortex (II) between
compartment I and compartment II in our expanded
model because the cerebral cortex and thalamus are
two different structures. The original Taylor model is
extended into a 2-compartment coupled model, which
is shown in Fig. 1b. And the 2-compartment coupled
model is enough to reveal some qualitative behav-
iors of epilepsy. Our macroscopic model combines a
two-compartment coupled cortico-thalamic network to
simulate absence seizures and dynamical transitions
amongdifferent oscillation states. In general, the result-
ing coupled model equations can be defined as follows:

dPY1

dt
= (

εpy − PY1 + k1F [PY1]

− k2F [IN1] + k3F [SRN1]) τ1, (1)
dIN1

dt
= (εin − IN1 + k4F [PY1]) τ2, (2)

dSRN1

dt
= (εsrn − SRN1 + k5F [PY1] − k6G [T RN1]) τ3,

(3)
dTRN1

dt
= (εtrn − T RN1 + k7F [PY1] + k8G [SRN1]

− k9G [T RN1]) τ4 + β1 (t) u (t) , (4)
dPY2

dt
= (

εpy − PY2 + k1F [PY2] − k2F [IN2]

+ k3F [SRN2]) τ1 + k1
3
F [PY1] − k2

3
F [IN1] ,

(5)
dIN2

dt
= (εin − IN2 + k4F [PY2]) τ2 + k4

3
F [PY1] , (6)
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dSRN2

dt
= (εsrn − SRN2 + k5F [PY2]

− k6G [T RN2]) τ3 − k6
3
G [T RN1] , (7)

dTRN2

dt
= (εtrn − T RN2 + k7F [PY2] + k8G [SRN2]

− k9G [T RN2]) τ4 + k8
3
G [SRN1]

− k9
3
G [T RN1] + β2 (t) u (t) , (8)

where PYi (i = 1, 2) and INi (i = 1, 2) are located
in the cerebral cortex, which represents the pyrami-
dal neuronal population and the inhibitory interneu-
ronal population, respectively. And TRNi (i = 1, 2)
and SRNi (i = 1, 2) are located in the thalamus, which
represents the neuronal populations of the thalamic
reticular nucleus and the specific relay nucleus, respec-
tively. εpy, εin, εsrn, εtrn are input parameters [33].
k1, k2, . . ., k9 are the coupling strengths among differ-
ent neuronal populations. τ1, τ2, τ3, τ4 are time scale
parameters. F [.] andG [.] are activation functions [36],
which are defined as follows:

F [x] = (
1/

(
1 + ε−x)) , (9)

G [y] = ay + b, (10)

where x = PYi (i = 1, 2), INi (i = 1, 2), SRNi (i =
1, 2), and TRNi (i = 1, 2), and y = SRNi (i = 1, 2)
and TRNi (i = 1, 2). The parameters ε and a mean the
steepness of two different activation functions, respec-
tively. The parameter b is a constant. The axons of corti-
cal excitatory PY neuronal population are long enough
to affect the distant neuronal populations. Except for
the axons of PY neuronal population, other axons are
typically too short, and it is only possible to affect
their adjacent areas. Therefore, there are three different
inter-compartment connections including short-range
connection, long-range connection and distant excita-
tory connection based on the distance between cou-
pled two compartments. The corresponding connec-
tive strength ki/mk (i = 1, 2, 4, 6, 8, 9; k = 1, 2, 3)
for the three inter-compartment connections also can
be divided into ki/m1 (m1 = 3), ki/m2 (m2 = 6)
and ki/m3 (m3 = 9), respectively. We just con-
sider two coupled compartments, which just can affect
their adjacent areas in cerebral cortex and thalamus,
respectively. Therefore, the short-range connection is
applied in our model. And the parameter ki/3 will
be described as inter-compartment connection strength
between two different coupled compartments. The

connection scheme of these equations is shown in
Fig. 1b.

For simplicity, a sigmoid activation term F [x] =(
1/

(
1 + ε−x

))
in the thalamic subsystem is replaced

by the linear function G [x] = ax + b. This is a rea-
sonable approximation because the thalamus works
well in the linear range of F [x] for the SWD [37].
The qualitative agreement between the two different
activation terms including sigmoid and linear func-
tions has been displayed in the studies of Taylor et
al. [40]. In addition, to explore the effect of differ-
ent stimulation methods including TRN–DBS, TRN-
1:0 CRS and TRN-3:2 CRS on SWD, we add stimula-
tion control variables u(t) and ICRS (t). The detailed
schematic diagram is shown in Fig. 2. u(t) repre-
sents the DBS control strategy, and ICRS (t) repre-
sents the CRS control strategy. DBS stimulates both
TRN1 and TRN2 simultaneously. We use the 1:0 CRS
strategy to stimulate TRN1 and TRN2 alternately,
beginning with TRN1. However, we use the 3:2 CRS
strategy firstly to stimulate TRN1 and TRN2 alter-
nately for three cycles, also beginning with TRN1,
and then stop stimulating TRN1 and TRN2 for two
cycles.

A periodic step function can be used towell simulate
DBS as follows [42]:

u (t)=α×H

(
sin

(
2π

ρ

))(
1−H

(
sin

(
2π (t + δ)

ρ

)))
,

(11)

where parameter δ is a positive input pulse, which
determinates effective stimulus duration. Parameter α

denotes the amplitude, and ρ denotes the stimulation
period. H is Heaviside step function. The instantaneous
frequencies f can be described as 1/ρ, which can be
found in previous studies [43]. The amplitude α and
pulse width δ we used in our model were presented
in previous experimental data [44,45]. High-frequency
stimulation was also proved to be effective in control-
ling absence seizures. For example, HFS (130 Hz) of
the substantia nigra pars reticulata (SNr) in a genetic
model of rats suppressed absence seizures [45]. Bilat-
eral HFS of the subthalamic nuclei inhibited sponta-
neous absence seizures in rat models [46]. Based on
the above studies, we choose stimulation amplitude
α = 2mA, the positive input pulse δ = 1ms and fre-
quency f = 130Hz.
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Fig. 2 Framework of the
coupled thalamocortical
model including different
stimulation strategies. DBS
stimulates TRN1 and TRN2
simultaneously. 1:0 CRS
strategy stimulates TRN1
and TRN2 alternately.
However, an integrated 3:2
CRS strategy firstly
stimulates TRN1 and TRN2
alternately for three cycles
and then stops stimulating
TRN1 and TRN2 for two
cycles

In our model, we activate two electrodes including
TRN1 and TRN2, respectively. Them:n ON–OFFCRS
signal can be expressed as follows [47]:

ICRS (t) = β1 (t) u (t) + β2 (t) u (t) , (12)

where subscripts 1 and2 represent twokinds of stimula-
tion microelectrodes. β1 (t) and β2 (t) represent index
functionswith respect to the time t . And the index func-
tions at time point t are described as follows [47]:

βk (t) (k = 1, 2) =
{
0, the k th electrode is closed
1, the k th electrode is opened

(13)

Therefore, Eqs. (11)–(13) jointly determine different
stimulation methods for epileptogenic focus TRN1 and
TRN2.

In order to compare the efficacy of three different
stimulation strategies, we need to find a qualitative
index to measure them. After adding stimulation, the
firstmethod should be to estimate the percentage reduc-
tion in absence seizures area.And thenwe also consider
the energy saving and stimulation risk of machines
and patients, respectively. Here, we introduce the root
mean square (RMS) value of ICRS (t) and u (t) to cal-
culate the amount of electrical current stimuli, which
are defined as follows [42]:

IRMS = 1√
N

‖ ∗ ‖2, (∗ = ICRS (t) , u (t)) , (14)

where ICRS (t) and u(t) represent the CRS and DBS
currents, respectively. ‖ ∗ ‖2 denotes the two-norm of
ICRS (t) and u(t). N is total time steps.

Table 1 Parameter values used in the computational model

Parameters Value Parameters Value Parameters Value

εpy − 0.35 k3 1 a 2.8

εin − 3.4 k4 4 b 0.5

εsrn − 2 k5 3 α 2

εtrn − 5 k6 0.6 f 130

k1 1.8 k9 0.2 δ 0.001

k2 1.5 ε 250,000 τ1 26

τ2 32.5 τ3 2.6 τ4 2.6

Most parametersweused in ourmodel are fromorig-
inal experimental data, which are used in previous stud-
ies [33,34,36,40,41]. The choice of parameters also is
shown in Table 1. However, the connection parameters
between coupled inter-compartment are estimated in
numerical studies due to the lack of some correspond-
ing experimental data. In order to obtain rich dynam-
ical phenomena, some critical parameters including
coupling strength k7 and k8 will be changed within
a proper range. The MATLAB R2013a (MathWorks,
USA) simulation environment is very flexible and is
used to perform all of the numerical calculations in
our model. The fixed temporal resolution of numeri-
cal integration is 0.25 ms. All the simulations are per-
formed up to 18 seconds. The integration step is suffi-
ciently small to ensure the numerical accuracy in our
computational model. Using the standard fourth-order
Runge–Kuttamethod,we solve the dynamical differen-
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tial equations and analyze the corresponding dynamic
properties [35,48,49].

3 Results

3.1 TRN may be a focus of absence seizures

As we know, TRN is comprised of inhibitory interneu-
rons and plays the main role in adjusting and control-
ling physical motor [2]. Lewis et al found that TRN
could induce rapidmodulation of the local cortical state
by using optogenetics and whole cortex electrophysi-
ology [50]. Liu and Wang [2] used a computational
model to explore the transition dynamics of general-
ized multiple epileptic seizures associated with thala-
mic reticular nucleus excitability. The inhibitory TRN
was found to be a hub of the attentional system that
gated thalamocortical signaling [51]. Therefore, it is
generally believed that TRN is a pacemaker of absence
seizures. However, the underlying mechanisms on how
theTRNregulate the epilepsy activities are still unclear.
Therefore, we focus on whether changes in the level of
TRN activation can induce absence seizures. There are
two main pathways for controlling the excitability of
TRN; one is the excitatory synaptic coupling strength
k7 from PY to TRN, and the other is excitatory cou-
pling strength k8 in SRN–TRN pathway. We explore
one-dimensional bifurcation analysis concerning the
parameters k7 and k8 (see Fig. 3a, b), respectively. As
we know, EEG data are collected by superimposing the
firing activities of all neuronal populations in a local
brain region. And in our model, the cerebral cortex
includes the inhibitory interneuronal (IN) population
and cortical excitatory pyramidal (PY) neuronal popu-
lation. Therefore, by computing the mean field poten-
tial of excitatory and inhibitory neuronal populations
((PY+IN)/2), the firing activities of cortex can be better
simulated in our computational model. In this section,
we mainly consider and analyze the first compartment
in our coupled field model, i.e., (PY1 + IN1)/2. Three
different dynamical states can be obtained from bifur-
cation analysis, and corresponding time series are pre-
sented in Fig. 3(c1, c2, c3) and (d1, d2, d3). When the
coupling strength k7 is small, the activation level of
TRN1 will be relatively small. The firing of SRN1 is
hardly suppressed from the TRN1 inhibition. The exci-
tatory effect from SRN1 on the cerebral cortex pro-
motes cortical firing reaching the lowing firing state.

With the increase in k7, TRN1 neurons slowly start
inhibiting the activation of SRN1. The activation level
from SRN1 to the cerebral cortex decreases. The firing
activity becomes the simple oscillation state until k7
increases to near 1.4. Finally, as coupling strength k7
constantly increases, the TRN1 completely suppresses
the activation of SRN1. And then, the system appears
typical SWDs, which means the occurrence of absence
seizures. The bifurcation analysis with respect to k8
generates three different oscillation states including the
lowing firing state, simple oscillation state and SWD
oscillation state, and SWD oscillation region displays
two pairs of minimums and maximums.

In accordance with the above description, we know
that the pathways SRN1-TRN1 andPY1-TRN1 can reg-
ulate absence seizures, respectively.We further explore
the joint regulation mechanism of these two pathways
on the control of absence seizures. Firstly, the single-
compartment computational model is analyzed. The
two-dimensional state and dominant frequency analy-
sis are plotted in (k7, k8) plane. Three different regions
are shown in the whole plane in Fig. 4a, and different
colors represent different regions. They are consistent
with the states mentioned above. The green region III
indicates SWDoscillation pattern,which represents the
appearance of absence seizures. The regions II and I
indicate the simple oscillation and lowing firing state,
respectively. The SWD oscillation region in Fig. 4a
comes within the 2–4-Hz frequency domain in Fig. 4b.
The coupled two-compartment computational model is
analyzed in Fig. 4c, d, respectively. Similarly, three dif-
ferent regions in different colors also can be found in
thewhole two-dimensional space. In general, the TRN1

neuronal population receives excitatory signals from
the SRN1 neuronal population and the cortex. And then
TRN1 begins to regulate SRN1 through an inhibitory
pathwaymediated byGABAA receptors. In turn, thefir-
ing activity of SRN1 can influence the dynamical char-
acteristic of the cortical neuronal population and finally
result in the appearance of different oscillation states.
Comparing Fig. 4a, c, we find that Fig. 4c shows more
SWD oscillation region. When the original model is
extended to a simple eight neuronal population model,
more pathological regions appear.

For the coupled two compartments computational
model, when the coupling strength k7 and k8 are
increased simultaneously in a proper range, epilep-
tic seizures can be induced (see Fig. 4c). From
the schematic diagram of the computational model,
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Fig. 3 Absence seizures induced by the coupling strength of PY–
TRN and SRN–TRN pathways, respectively, in compartment I. a
The bifurcation analysis ofmean neuronal populations in the cor-
tical network as a function of k7(k8 = 10.5). b The bifurcation
analysis of (PY1+IN1)/2 as a function of k8(k7 = 1.5). Here the
coupling excitatory strength of PY–TRN pathway is represented
as k7, and the coupling excitatory strength of SRN–TRNpathway

is expressed as k8. Three different dynamical oscillation regions
including the low firing region (I), the simple oscillation region
(II), and the SWD oscillation region (III) are demonstrated. c, d
describe the time sequences of above three dynamical states. In
this model, the variables k7 = 1.3 (c1), k7 = 1.5 (c2), k7 = 2.5
(c3), and k8 = 10 (d1), k8 = 10.5 (d2), k8 = 13 (d3) are set,
respectively
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Fig. 4 In the
two-dimensional plane,
dynamical state (a) and
corresponding frequency
analysis (b) are displayed in
the single-compartment
model, respectively. The
green region III means SWD
oscillation pattern, which
represents the appearance of
absence seizures. The blue
region II and red region I
mean the simple oscillation
and lowing firing state,
respectively. In the coupled
compartment model, the
dynamical state (c) and
corresponding frequency
analysis (d) are displayed in
the compartment I,
respectively. The dynamical
state (e) and corresponding
frequency analysis (f) are
displayed by decreasing the
activation of TRN. (Color
figure online)

we know that when k7 and k8 are coinstantaneous
increased, the activation degree of TRN1 will be
increased. Generally speaking, parvalbumin (Pv) inter-
neurons are included in the inhibitory neurons ofTRN1.
Therefore, the activity of Pv interneurons in TRN1 will
also be enhanced. However, this activation leads to
epileptic seizures in our model. Sessolo et al. found
that Pv interneurons had a selective activation. When
Pv interneurons were distant from the focus of epilep-
tic seizures, the Pv interneurons could prevent ictal
propagation, whereas when Pv interneurons were near
the focus, the Pv interneurons were hard to block ictal
generation [16]. Therefore, TRN1 may be a focus of
absence seizures. On the other hand, we appropri-
ately adjust coupling strengths, input parameters and
time scale parameters in order to keep the inputs to

TRN at a high level and maintain unchanged. The
two-dimensional dynamical state (Fig. 4e) and corre-
sponding frequency analysis (Fig. 4f) are plotted in
(k7, k8) plane through artificially decreasing the activ-
ity of TRN. In contrast to the SWD region in Fig. 4c,
we find that Fig. 4e shows a smaller SWD region. In
other words, when we artificially decrease the activa-
tion of TRN and keep the inputs to TRN at a high
level, the region of absence seizures has an apparent
reduction. Combined with the results above, we can
conclude that TRN1 is very likely to be the focal area
of epilepsy. Similarly, TRN2 is also a possible epilep-
togenic focus. Therefore, three different stimulation
methods are applied in the TRN1 and TRN2, respec-
tively, and explore whether they can suppress absence
seizures effectively.
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3.2 The effects of three different stimulation
strategies acting on the TRN

Common epilepsy treatment, such as the medication,
is the primary modality now. However, epilepsy cannot
be cured completely, and most people need to continue
to take medicine or accept other treatments [52]. There
are some risks in surgical resection of epileptogenic
foci [53]. Therefore, doctors have been trying several
new treatments for epilepsy: DBS and CRS. However,
it remains unknown how to select the optimal strate-
gies of stimulation to TRN. In Sect. 3.1, we know that
TRN including TRN1 and TRN2 may be the focal area
of epilepsy. Based on the above conclusions, we use a
coupled neural field model by applying three different
stimulation strategies inTRN, respectively, and explore
corresponding effects on the epileptic cortical dynam-
ics. We mainly use the area of two parameters causing
SWD as a measure for the effect of stimulation. The
measurementmethodwaswidely used in previous stud-
ies. For example, Chen et al. [48] found that absence
seizures could be controlled by exploring the state anal-
ysis and dominant frequency analysis between different
coupling strengths. Fan andWang [54] used themethod
to explore the decrease in SWD number through sub-
thalamic nucleus deep brain stimulation (STN-DBS).
By stimulating the coupled neuron, the control mecha-
nism in real interactions of neurons was explored [55].
Therefore, the method used in this paper is a more reli-
able method. The framework of coupled field model
including different stimulation distributions is shown
in Fig. 2. The detailed strategies of DBS, 1:0 CRS and
3:2 CRS are also displayed in Fig. 2.

Based on the measurement method mentioned
above, we investigate the possible effect of DBS in
absence seizures. The two-dimensional dynamics state
is plotted in (k7, k8) plane. Three different regions
in different colors can be found in the whole two-
dimensional space, which is shown in Fig. 5a. The
green region III represents SWD oscillation state. As
displayed in Fig. 5b, the pathological oscillation state
in Fig. 5a comes within the 2–4 Hz frequency range.
In contrast to the SWD region in Fig. 4c, we find that
Fig. 5a shows a smaller SWD region. In other words,
when we apply the DBS in TRN, the region of absence
seizures has an obvious reduction. Next, we explore
the impact of 1:0 CRS on TRN. Similarly, three dif-
ferent regions in different colors also can be found in
thewhole two-dimensional space,which is displayed in

Fig. 5c. And one of them is the SWDoscillation region.
As shown in Fig. 5d, the pathological oscillation state
in Fig. 5c comes within the 2–4 Hz frequency range.
By comparison, we find the SWD region in Fig. 5c
is smaller than the SWD region in Fig. 4c. Thus, 1:0
CRS acted on TRN can effectively control absence
seizures.We finally investigate the effect of 3:2 CRS on
TRN.We also use two-dimensional dynamical analysis
to explore the changing processes of SWD oscillation
state. As displayed in Fig. 5f, the pathological region
in Fig. 5e falls into the 2–4-Hz frequency domain. By
contrasting the SWD region in Figs. 4c and 5e, Fig. 5e
has a smaller SWD region. The results show that 3:2
CRS also can effectively reduce the region of epilep-
tic seizures. When the different stimulation methods
are applied in TRN1, the stimulation may activate the
TRN1 or inhibit it. When we properly adjust the stim-
ulation strategies and parameters, the stimulation can
suppress the activation level of TRN1. The activation
level of SRN1 is slowly increased. The excitatory effect
from SRN1 on the cerebral cortex promotes cortical
firing reaching the lowing firing state or simple oscil-
lation state. Therefore, proper stimulation method is
beneficial to the control of absence seizures. However,
how to choose the optimal stimulation strategy is still
unknown.

For a clearer recognizing and comparing the effect
of the three stimulation methods, we measure several
qualitative indexes, which are displayed in Fig. 6. The
crimsonbars represent electric current expenditure, and
the dark blue bars mean the percentage reduction in
absence seizures area after adding stimulation. From
Fig. 6, we know DBS has the best effect on control
seizures. The 3:2 CSR acted on TRN also can effec-
tively reduce the disease areas, and the result is similar
to that of 1:0 CRS.Meanwhile, Fig. 6 illustrates that the
3:2 CRS uses the least amount of stimulation current;
however, the DBS uses the most amount of stimulation
current on the system consume. The excessive use of
current may lead to some bad influences on the human
brain. And the single stimulation target and continuous
strong stimuli both also might damage the surrounding
brain tissue. Although the effect of DBS on controlling
absence seizures is little stronger than that of 3:2 CRS,
DBS might cause damaging side effects or complica-
tions. Therefore, we are more likely to choose 3:2 CRS
and 1:0 CRS for security reasons. By contrasting the
result of 3:2 CRS and 1:0 CRS, we find that they have
a similar effect on reducing SWD oscillation region.
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Fig. 5 Comparison
diagrams among three
different stimulation
strategies in compartment I.
a, b Two-dimensional
dynamical evolution and
corresponding frequency
pcolor are displayed
through adding DBS,
respectively. c, d Dynamical
evolution and corresponding
frequency pcolor are plotted
through adding 1:0 CRS,
respectively. e, f Dynamical
evolution and corresponding
frequency pcolor are plotted
through adding 3:2 CRS,
respectively. Here we
choose the same stimulation
parameters, which include
amplitude α = 2mA, the
positive input pulse
δ = 0.001 s and frequency
f = 130Hz in these three
stimulation methods

Fig. 6 Effect of DBS, 1:0
CRS and 3:2 CRS on the
absence seizures in
compartment I. The crimson
bars represent electric
current expenditure, and the
dark blue bars mean the
percentage reduction in
absence seizures area after
adding the stimulation.
(Color figure online)
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Nevertheless, the 3:2 CRS uses the less amount of stim-
ulation current than 1:0 CRS. Therefore, 3:2 CRS is a
relatively effective and safe method on control absence
seizures.

3.3 The state changes from PY1 + IN1 to PY2 + IN2

In our model, we mainly consider 2 compartments of
thalamocortical network. Therefore, the exploration of
compartment II is also crucial andnecessary.Combined
with the results of Sect. 3.2, we will attempt to explore
the 3:2 CRS strategy that focuses on compartment II in
this section.

We first analyze the evolution of time courses of
mean neuronal populations in cortex from compart-
ment I to compartment II without stimulations. And
each single compartment displays the normal state as
k7 = 1.4 and k8 = 10, respectively. As shown in
Fig. 7a, b, the first compartment is low firing state
and the second compartment is simple oscillation state.
With the increase in coupling coefficients k7 and k8

simultaneously, the compartment II first appears SWD
oscillation state. As shown in Fig. 7c, d, the first com-
partment is simple oscillation activity and the second
compartment is SWDoscillation activity.Whenwe fur-
ther increase the coupling parameters k7 and k8, the
compartment I starts to appear SWD oscillation state,
and the compartment II still keeps pathological state
(see Fig. 7e, f). Therefore, when the coupling strengths
k7 and k8 are changed within a reasonable range, three
different discharge patterns all can be showed in com-
partments I and II. The emphasis is on the appearance
of absence seizures through enhancing the coupling
strength of two pathways. Under the same parameters,
we continue to explore the possible impact of 3:2 CRS.
As shown in Fig. 8a, b, each single compartment dis-
plays the simple state as k7 = 1.4 and k8 = 10, respec-
tively. With the coupling coefficients k7 and k8 being
increased continually, there are no changes in the oscil-
lation states in compartments I and II. They also display
the simple oscillation state, which is shown in Fig. 8c,
d. As further increasing the coupling parameters k7 and

Fig. 7 Evolution of time
courses of mean neuronal
populations in cortex from
compartment I to
compartment II without
stimulations. The blue line
represents the time series in
compartment I, and the red
line represents the time
series in compartment II.
We choose several special
parameters to observe the
phenomena. When k7 = 1.4
and k8 = 10, the low firing
state (a) in compartment I
spreads into simple
oscillation state (b) in
compartment II; when
k7 = 1.8 and k8 = 10.5, the
simple oscillation (c) in
compartment I spreads into
SWD oscillation state (d) in
compartment II; when
k7 = 2.4, k8 = 12.5, the
compartments I and II both
show the SWD oscillation
state (e, f). (Color figure
online)
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Fig. 8 Evolution of time
courses of mean neuronal
populations in cortex from
compartment I to
compartment II under the
3:2 CRS. The values of
parameters including k7 and
k8 are consistent with
Fig. 7. The pathological
SWD state all disappears in
compartment I and
compartment II. The normal
oscillation states include the
simple oscillation (a–d, f)
and the low firing state (e)

Fig. 9 Comparison
diagrams in compartment II.
a, b In the two-dimensional
plane, dynamical state and
corresponding frequency
analysis are displayed,
respectively. c, d
Two-dimensional dynamical
state and corresponding
frequency analysis are
plotted through adding 3:2
CRS, respectively. The
green region III means
SWD oscillation pattern.
The regions II and I
represent the simple
oscillation state and lowing
firing state, respectively.
(Color figure online)
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k8, the compartment I first becomes lowfiring state, and
the compartment II still keeps simple oscillation state
(Fig. 8e, f).

After the addition of stimulation, the epileptic dis-
charges of compartments I and II both disappear. In
particular, compartment II can always maintain normal
firing oscillation state. Therefore, it is demonstrated
that 3:2 CRS is effective in the treatment of absence
seizures.

In the next, we mainly explore the second compart-
ment.We first plot the two-dimensional bifurcation and
dominant frequency analysis in (k7, k8) plane without
stimulation. Three different regions can be found in
the whole two-dimensional space, which is shown in
Fig. 9a. The green region III represents SWD oscil-
lation state. As displayed in Fig. 9b, the SWD oscil-
lation state in Fig. 9a comes within the 2–4 Hz fre-
quency range. By contrast, the SWD oscillation region
in compartment II (Fig. 9a) is slightly larger than that in
compartment I (Fig. 4c). After adding the stimulation,
the two-dimensional dynamics state is still plotted in
(k7, k8) plane. As displayed in Fig. 9d, the SWD oscil-
lation state in Fig. 9c also comes within the 2–4 Hz
frequency range. By contrasting the SWD region in
Fig. 9a, c, we find Fig. 9c has a smaller SWD region. It
means that the epileptic seizures can be controlled by
stimulation in compartment II. Therefore, 3:2 CRS has
a significant inhibitory effect on the second compart-
ment.

4 Conclusion

In this paper, we explore whether changes in the level
of TRN activation can induce absence seizures. Two
principal pathways are proposed to control the TRN
activation level in our model: one is the excitatory cou-
pling strength k7 in pathway PY–TRN and the other is
the excitatory coupling strength k8 in pathway SRN–
TRN. Absence epilepsy activity appears when the cou-
pling strengths are increased simultaneously within a
certain scope,which indicates that in our computational
model, epileptic seizures are caused by activating the
TRN population. According to Sect. 3.1, we infer that
the TRN is very likely to be the focal zone of epilepsy.
Therefore, we apply three different stimulation meth-
ods including DBS, 1:0 CRS and 3:2 CRS in TRN to
find an optimal control strategy. The evolution of mean
neuronal populations in the first compartment of the

cortex is considered. Through qualitatively compar-
ing and analyzing the efficacy among the three stim-
ulation methods, we find that DBS displays its most
effective ability on controlling seizures. The applica-
tion of the 3:2 CSR in TRN potentially leads to critical
reductions in the disease areas, and the 1:0 CRS appli-
cation also produces similar results. Considering the
consumption, the 3:2 CSR utilizes the least stimulation
current. Yet DBS corresponds to the most stimulation
current and stimulates both TRN1 and TRN2, simulta-
neously; therefore, DBS might increase the risk of side
effects. Since the 3:2 CRS takes less stimulation cur-
rent than the 1:0 CRS, the 3:2 CRS is a more effective
and safer method on controlling absence seizures for
the first compartment. On the other hand, we explore
the state changes in the second compartment. Follow-
ing the addition of stimulation, epileptic discharges in
both compartments I and II disappear, and especially
in the compartment II, which maintains a normal fir-
ing oscillation. Furthermore, absence seizures region
in compartment II has a considerable reduction when
the 3:2 CSR is applied to the TRN. Accordingly, we
conclude that the TRN-3:2 CRS can provide a better
method for the control of absence seizures in ourmodel.
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