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Abstract Presently, we develop a simplified corticothalamic (SCT) model and pro-
pose a single-pulse alternately resetting stimulation (SARS) with sequentially applying
anodic (A, “+7) or cathodic (C, “—”) phase pulses to the thalamic reticular (RE) nuclei,
thalamus-cortex (TC) relay nuclei, and cortical excitatory (EX) neurons, respectively.
Abatement effects of ACC-SARS of RE, TC, and EX for the 2 Hz—4 Hz spike and wave
discharges (SWD) of absence seizures are then concerned. The m:n on-off ACC-SARS
protocol is shown to effectively reduce the SWD with the least current consumption. In
particular, when its frequency is out of the 2 Hz—4 Hz SWD dominant rhythm, the desired
seizure abatements can be obtained, which can be further improved by our proposed di-
rectional steering (DS) stimulation. The dynamical explanations for the SARS induced
seizure abatements are lastly given by calculating the averaged mean firing rate (AMFR)
of neurons and triggering averaged mean firing rates (TAMFRs) of 2 Hz—4 Hz SWD.
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1 Introduction

Absence seizures are characterized by about 2 Hz-4 Hz spike and wave discharges (SWD)!1-2
which are correlated with the pathologic oscillations within the corticothalamic (CT) circuit!®5!.
It is prevailing that most neurological disorders are associated with altered brain dynamics[%-8!.
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Intensive investigations with the control mechanism underlying the neuronal interactions by
deep brain stimulation (DBS) have been performed!® ', which revealed that the DBS could
restore the aberrant activity in brain. In particular, it is shown to suppress the epileptic seizures
by modulating the targeted structures> 16!, However, the dynamic mechanism underlying the
DBS modulation is still enigmatic. As such, how to identify the appropriate stimulation targets
is still a pending issue. Although the DBS has been empirically applied to thalamus!41]
and neocortex!'9 the combined effect of both cortex and thalamus stimulations on seizures
has rarely been reported. Also, the functions of autaptic connections of cortex or thalamus
on seizures are unknown even though seizures are believed to be caused by the reverberatory
activity of thalamus-cortex (TC) loop.

In addition, Chen et al.l'7"18] developed a basal ganglia-corticothalamic (BG-CT) mean
field model. The schematic of BG-CT circuit is shown in Fig. 1(a), where CT not only includes
cortical excitatory (EX) and inhibitory (IN) neurons, but also is comprised of the TC relay
nuclei and thalamic reticular (RE) neurons. It was computationally revealed that BG played
the modulating action for the CT circuit entraining absence seizures. In particular, as shown
in Fig. 1(a) (also see Fig.1 in Ref.[18]), after receiving 2 glutamatergic projections from CT,
basal ganglia (BG) sends 3 gamma-aminobutyric acidergic (GABAergic) projections back to it.
This suggests that the 3 GABAergic modulations from BG can be replaced by 3 adscititious
stimulations. We hence develop a simplified corticothalamic (SCT) mean field model, which
is obtained by replacing the input modulations from BG with anodic (A,“+”) or cathodic (C,
“—7) phase single-pulse stimulation applied on RE, TC, and EX, respectively.

Based on this SCT model, the aforementioned questions are addressed by proposing a tri-
target single-pulse alternately resetting stimulation (SARS) strategy. Then, we comprehensively
investigate the combined effects of autaptic connections of cortex and thalamus on SWD gene-
rations as well as the SWD abatement by using the SARS on them. Our work is also motivated
by a desire to optimize the spatiotemporal pattern of the SARS with the aim of improving its
control effect for the SWD, and finally to reveal the dynamic mechanisms underlying seizure
control.

2 Model and method

2.1 Mean field model

The mean field approach is used to model the absence seizures, because the generalized
seizure is the dynamic expression of hyper-consistent activity of a huge number of neurons.
As shown in Fig. 1(a), the SCT mean field model can describe the dynamics of thalamic and
cortical neural masses. The thalamus consists of both glutamatergic TC and GABAergic RE
masses. The cortex includes both EX and IN masses. In the current study, the brain activity
of generalized absence seizures is determined by spatially uniform activity over several selec-
tive cortical networks!'?). Therefore, the dynamical variables of neural masses are supposed
to depend only on time. In particular, these neural masses are simulated by the mean mem-
brane potential V' (¢) which further determines the mean firing rate (MFR) R(t) and the axonal
field ¢(t). Hence, the SCT system is governed by the following four second-order differential
equations with the time delay:

"

e (1) = =276 (t) =22 e(t) + 12T (Ve(D)),

1"

Ve (t) = aB(veede + vl (Vi) + veD(Vi) = Ve(t) + Se(t)) — (a + B)V, (1),

1"

(1)
V' (t) = aB(nede + AT (Va) + vEL(Vi(t — 7)) = Ve(t) + Pa + Se(1)) — (a + B)V; (1),

1"

V' (8) = aB(vrede + vl (Vi) = Vi(t) + 5:(t)) = (a + B)V; (¥).
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Fig. 1 Schematics of BG-CT circuits and SCT models: (a) arrows represent glutamatergic projection
actions. Lines with circles depict GABAergic projection actions, where solid and dashed ones
correspond to mediations of GABAA and GABAg, respectively. Synaptic strengths between
different populations are denoted by vee, Vir, etc. Se, Si, and S, represent the adscititious
neurostimulations. P, = 2 mV-s denotes the nonspecific subthalamic input to TC; (b) regular
ACC-SARS (ACC represents anodic (A, “+”, blue)-cathodic (C, “=7, red)-cathodic (C, “-",
black)); (c) 3:2 on-off ACC-SARS; (d) ACC-SPSS (SPSS represents the single-pulse parallelly
and simultaneously stimulation) with the electrodes being parallelly and simultaneously acti-
vated; (e) random ACC-SARS with the electrodes being randomly and alternately activated
(color online)

The MFR R, (t) of these neural masses is estimated by their V,,(¢) as

Rglax
m(Vy(t) — @z)> ’
V3o,

where x = e, i, t, and r, ©, and o, describe the MFR thresholds, and RJ'** represents the
maximum of firing rate of neural mass. In turn, V, is influenced by both the incoming pulse
from the related other neural masses and the electrical pulse inputs S;(¢). Thus, it can be
determined by

Ry (t) = T(Va(t) = (2)

1—|—exp(—

DagVa(t) = Z Vay®y(t) + Sa(t), (3)
y=e,i,t,r
where the operator
1 ,d? d
aﬁ—@(@Jr(Oﬂrﬁ)&Jraﬂ) (4)

reflects the filtering effect of incoming pulses through dendrite, o and g are the corresponding
response times, ¢, (t) is the incoming pulse rate generated by the neural mass y, and acted
on the other neural mass x, and v,, describes the synaptic strength of incoming pulses from
y acted on z. In addition, similar to the previous works2’ 22l the SCT model is reduced by
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assuming Vi = V., and R; = R, due to the proportional relationship between their involved
synapses, which allows us to neglect V;.
IN, TC, and RE have too short axons, thus,

¢:(t) = R.(t) = T'(V.(1)), ()
where z =i, t, and r. However, ¢, is governed by
1 /d? d 9
23 (g + Zregy +72)6e(0) = Re(t) = T(Ve(t) (6)

due to the non-ignorable propagation effect when R, propagates on the mean axonal length of
lo at the velocity of ve. Here, ve = vo/le. Therefore, we have four effective variables, i.e., V5, V4,
V;, and ¢. The incoming pulse rates from RE to TC are denoted by ¢,(t) and ¢,(t — 7), where
7 is due to the delayed mediation of GABAgp via the second messenger processes compared
with GABA,. However, both the numbers of projections are supposed to be the same, i.e.,
vl = VB, denoted as v,
2.2 SARS stimulation setup

As shown in Fig. 1, for instance, the SCT model is obtained by replacing the input modu-
lations from BG with ACC-SARS applied on RE, TC, and EX, respectively, i.e., r+, t—, and
e—. In particular, as seen from Fig. 1(b), the regular SARS pulses applied to RE, TC, and EX

of the SCT model are described by S;(t), Si(t), and Se(t), respectively. The SARS protocol is

modeled as
Ssars(t) = 3 & (S,(1). (7)

xr=r,t,e

Here, we term &, (t) as the indicator, where &,(t) = 1, if electrode (contact) z is active at time
t, or £,(t) = 0. In one period of SARS, 3 electrodes or 3 contacts in one electrode applied to
RE, TC, and EX, respectively, are alternately and sequentially activated, and only one pulse is
received by each nucleus. Then, we can build a periodic SARS stimulation pattern by repeating
this procedure. S;(t) is the rectangular pulse train23-24],

Sa(t) = So(H (sin(2mt/Tp)) x (1 — H(sin(27(t + do)/T0)))), (8)

where Ty and dg denote the pulse period and the duration, respectively. Sy > 0 or Sy < 0
represents the pulse strength of anodic or cathodic phases. H is a step function, where if
x>0, H(xz) = 1, otherwise H(x) = 0. Note that, in one period of regular SARS, the switching
duration of alternate activations of electrode among 3 neural masses is equal to the pulse period
of S;(t), i.e., Tp. Thus, the period of SARS is T} = 3T,. In particular, if we perform m cycles
of periodic regular SARS (with the stimulation on) followed by n cycles (with the stimulation
off), we can obtain the novel stimulation pattern termed as m:n on-off SARS (e.g., m:n=3:2
in Fig. 1(c)). Its period is calculated as (m + n) x T7. By contrast, if the electrodes applied to
RE, TC, and EX are randomly activated, the random SARS is modeled (see Fig.1(e)), where
each nucleus may receive one to three pulses continuously in the same one period of regular
SARS. In addition, if the 3 electrodes are parallelly and simultaneously activated, the SPSS
(see Fig. 1(d)) pattern is modeled, where in the same one period of regular SARS, each nucleus
can receive three pulses continuously. Unless otherwise specified, all SARS, m:n on-off SARS,
and SPSS refer to the regular stimulation patterns. Numerically, m:n on-off SARS can be
simulated by!2!

n—

Ssars(m,nt) = S;(Osgn( T (m+n) — k= y)). )

Here, x = It ((t — Int (¢/T1) - Th)/To) + 1, and y = Tt (¢ — Int (¢/ T2 ) - Tom 2 ) /T1) + 1, where
It is a round function, T}, . ,, is the period of m:n on-off SARS calculated by T; - (m +n), and
sgn satisfies sgn(N*1) =1 and sgn(R\ N*) = 0.
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2.3 SWD control and current consumption indexes

To facilitate observation for SWD abatement using stimulations, we mesh the parametric
plane into well-proportioned grid points. Thus, the grid points of the model displaying the SWD
can be counted. In particular, we use the following SWD control percentage to quantitatively
assess the SWD abatement effects of stimulus[?6!:

n=(1-W/U)x 100%, (10)

where U and W represent the grid points of the model displaying the SWD in the absence and
presence of stimulus, respectively. n > 0 means the success of SWD control while n < 0 suggests
that stimulus can promote seizures. In addition, to give a comprehensive control evaluation
for the proposed stimulation protocols, we also consider the current consumption computed as
follows:

on =" Is.mjar (1)
0

r=e,t,r

with the unit of V-s. In this paper, tonq = 25 s is the stimulation duration.
2.4 Simulation method

A simulation time duration of 25 s with the step of 0.05 ms is performed using the four-
stage Runge-Kutta iterative method. Model parameters are listed in Table 1. The 2 Hz—4 Hz
SWD solution is particularly concerned due to the resembling electroencephalogram (EEG)
activity of brain seizures. Since we wish to reveal the critical transitions between the 2 Hz—4 Hz
SWD and the other states, state bifurcation is calculated using the stable state beginning at
t = 5s with respect to the key parameters. In particular, the bifurcation diagram is charted by
searching for the local extrema of ¢.. We also investigate the dynamical features corresponding
to different states using AUTO in XPPAUT (a software packagel?”). Furthermore, we also
give the dominant frequency of neural masses, which is calculated by the fast Fourier transform
(FFT) of ¢o(t).

Table 1 Interpretations and standard values of parameters

Parameter Interpretation Standard value
R&x /Hz, © =e, i, t, r MFR 250
Oz, 0z/mV Threshold variables of MFR ©;=15, 0,=6
a,B/s71 Response times of incoming pulses a=50, =200
~Ye/Hz Cortical pulses’ attenuation rate 100
7/ms Time delay mediated by GABAR synapses 50
P, /(mV:s) Nonspecific subthalamic input onto TC 2
Vee/(mV'-s) EX — EX coupling strength 0.5-1
—vgr/(mV-s) RE — TC coupling strength 0.3-1.2
—Vei/(mV-s) IN — EX coupling strength 1.8
Vre/(mV-s) EX — RE coupling strength 0.05
vr /(mV-s) TC — RE coupling strength 0.5
Vte/(mV:s) EX — TC coupling strength 2.2
Vet /(mV-s) TC — EX coupling strength 1.8

Another wish is to employ stimulation to control the 2 Hz—4 Hz SWD onset. We can notice
that the different firing states correspond to their deterministic evolutions of typical MFRs,
i.e., axonal field ¢. The 2Hz—4 Hz dominant frequency is in fact the evolution frequency of
TC MFR of SWD over time. Here, we will calculate the averaged mean firing rate (AMFR)
corresponding to the 2Hz-4 Hz SWD for each neural mass from 5s to 25s. By appropriately
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intervening AMFRs, the rhythmic SWD may be calmed. In particular, the AMFR of neural
masses may be increased or decreased with the increasing bifurcation parameter. Hence, the low
and high triggering averaged mean firing rates (TAMFRs) of 2Hz—4Hz SWD for each neural
mass can be determined by the critical AMFRs occurring at the boundaries of the SWD state
bifurcation.

3 Results

3.1 Bifurcations related to SWD induced by both autaptic connections of thala-
mus and neocortical pyramidal neurons

We start by examining how the connectivity dynamics of CT circuit can induce the SWD
of absence seizures. Firstly, the GABA /g effect acted on TC from RE (autaptic connection
of thalamus), —u,, has been demonstrated to incur the brain activity of the typical 2 Hz—
4Hz SWD2829 due to the double but independent GABA z- and GABAg-mediated functions
with a significant delay, 7 = 50 ms. We therefore make the bifurcation analysis with respect
to —14y, as depicted in Figs. 2(a) and 2(b). When —u4, is too small, the RE inhibition cannot
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Fig. 2 (a) Bifurcation chart of ¢. with respect to the GABAergic projection strength of RE-TC, — 4,
with fixing vee = 0.6 mV-s. Insets show four dynamical states, i.e., (I) the saturation state,
(II) the SWD, (III) the simple oscillation, and (IV) the low firing state; (b) —vg €[0.3 mV-s,
1.2 mV-s] corresponding to these four dynamical states can take, e.g., (I) —vt = 0.3 mV's,
(II) —vr = 0.5 mV-s, (III) —v4r = 0.8 mV'-s, and (IV) —v = 1.2 mV-s. Unless otherwise
stated, other parameter values are listed in Table 1; (¢) dynamics bifurcation diagram of ¢e
involving a series of saddle node bifurcations (SNBs) and subcritical Hopf bifurcations (SHBs)
(color online)
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effectively suppress the TC firing. Thus, the recurrent excitations between TC and EX can
excite EX activity to the saturate level (see Region I). As —u4, grows, GABA first affects TC,
then the MFR of TC decreases a little. TC successively inhibits and decreases the MFR of EX|
which, however, recovers soon under both the autaptic function of EX, vee, and the recurrent
excitation between TC and EX. This ultimately induces the spike component of SWD complex
(see Region II). After 7 = 50 ms later, GABAg joins into the GABAergic actions on TC, and
their combined inhibitions can make the MFR of TC have a large and prolonged decrease. TC
can further shape the firing of EX. Then, the autaptic function of EX and recurrent excitation
between TC and EX can slowly restore the MFR of EX. Thus, the slow wave component of SWD
complex is induced. Additionally, for large —u4,, the strong inhibition can prolong the intra-
thalamus recurrent excitations recovery, which will induce the partial fusion of the GABAA
and GABAg signals. Then, the system is deteriorated to the simple oscillations (see Region
III). However, if —u, is too large, TC firing is largely inhibited. Then, the system is cooled
to the low activity level (see Region IV). The dynamical bifurcation analysis confirms that the
GABAergic projections from RE to TC change the intrinsic firing properties of the EX neural
mass through a series of SHBs and SNBs (see Fig. 2(c)).

In addition, autapses of neocortical pyramidal neurons, e.g., Vs, have been shown by recent
experimental findings/*® 3! to be an important functional circuit element that can enhance burst
firings. To check whether v can also contribute to the generation of the SWD, the bi-parameter
bifurcation on the plane of (—t4,, Vee) is performed (see Fig. 3(a)). The dominant frequency (see
Fig.3(b)) is also computed to differentiate the various states. It is seen from Fig.3(a) that the
above-identified four states correspond to the four regions of the panel of (—wty,Vee). It is
obvious that similar state transitions to Fig.2(a) can be obtained for each fixed ve.. However,
as Vee grows, the parametric region corresponding to the 2Hz—4 Hz SWD (see Region II) is
gradually enlarged. As analyzed above, this is because the increasing autaptic excitation of EX
can indirectly relieve the inhibitions of RE to TC, which separates the GABA - and GABAg-
mediated signals and induces the SWD. This demonstrates that autaptic excitation of EX of
cortex can shape the firing of EX neural mass.

3.2 SWD control effect of ACC-SARS on RE, TC, and EX
3.2.1 Rationality for ACC-SARS setup

We then turn to evaluate the DBS abatement on the SWD. During simulations, the (—vy, Vee)
panel is finely meshed into 10 x 11 parametric points. Moreover, the number of SWD can be
quantitatively counted as 40. To clearly observe the SWD abatement, as an example, we employ
a rectangle pulse train with the cathodic phase to TC (see the middle panel of Fig. 1(d)) on the
same (—Vir, Vee) panel. By comparing Fig. 3(c) with Fig. 3(a), it is seen that, under the condi-
tion of stimulation, the 2 Hz—4 Hz SWD region is greatly reduced (see Region II; in Fig. 3(c)),
and the number of SWD is decreased from 40 to 14. At the same time, pulse stimulation drives
the simple oscillation (IIT in Fig.3(a)) and 2Hz—4 Hz SWD (II in Fig. 3(a)) into the low firing
states (VI in Fig. 3(c)) and <2Hz SWD (II in Fig. 3(c)), respectively. Figure4(a) shows that,
as the pulse frequency of TC cathodic- phase stimulation (t—) increases, the SWD can be
gradually abated and completely controlled (n = 100%, counted by Eq.(10)) as f° >40Hz.
Similar scenarios can be observed for the case of EX cathodic-phase stimulation (e—). Un-
surprisingly, these two cases are consistent with the previous analysis for the BG modulation
which projects GABAergic functions to TC and EX neural masses, respectively. In addition,
even though BG also projects inhibitions to RE, Fig.4(a) shows that RE anodic-phase sti-
mulation (r+) is superior to cathodic-phase stimulation (r—) which can only partly control the
SWD. Therefore, based on this finding, we propose a tri-target SARS with anodic(A)-phase,
cathodic(C)-phase, and cathodic(C)-phase pulses applied to RE, TC, and EX, respectively,
termed as ACC-SARS (see Fig.1(b)). The combined effects of tri-target ACC-SARS stimula-
tion are particularly concerned. As Fig.4(a) shows that when f° >50Hz, all stimulations (r+,
t—, and e—) can almost completely control the SWD, in what follows, the switching frequency of
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SARS, i.e., Tp in Eq. (8) is always set as 1/f% = 20ms. By the way, the concurrent stimulations
of ACC-SPSS (see Fig.1(d)) with f°=50Hz can also completely control the SWD.
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\w \w
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(a) Firing states, without stimulation (b) Dominant frequency, without stimulation
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Fig. 3 (a) and (c) the state bifurcation and (b) and (d) frequency analysis of ¢. in the (—vir,
Vee) €[0.3mV-s, 1.2mV-s]x[0.5mV's, 1mV-s] panel, (a) and (b) without stimulation and
(c) and (d) with a cathodic-phase single sequence pulse stimulation applied only on TC, i.e.,
t—, which can be simulated by setting do = 1 ms, So = —150mV, and f° = 30Hz in Eq. (8).
(I) saturation state, (II;) 2Hz-4Hz SWD, corresponding to the white line shaped regions,
(IIz) <2Hz SWD, (III) simple oscillation, and (IV) low firing state, where the numbers of
SWD in Figs. 3(a) and 3(b) are 40, while the ones in Figs. 3(c) and 3(d) are 14 (color online)

3.2.2 SWD abatement effect of m:n on-off ACC-SARS

However, compared with ACC-SPSS, if ACC-SARS has a comparable effect in controlling the
SWD, it will cost much less current. Figure 4(b) gives the random ACC-SARS (see Fig. 1(e)),
which, unfortunately, is shown to have almost no effect on SWD abatement. Naturally, we then
turn to the regular (m:n on-off) ACC-SARS (see Figs. 1(b) and 1(c)). Whereas, before that we
first consider a general spatiotemporally patterned stimulation as shown in Fig. 5(a), which is
not exactly the same to SARS and generated by setting 77 = 36 ms in Eq. (9). It is surprisingly
shown that this stimulation can completely control the SWD, even though it consumes as
many currents as the random ACC-SARS. To further reduce the current consumption in the
premise of maintaining the perfect control effect on the SWD, more sparse stimulation patterns
by adjusting the ratio of m:n (m,n = 1,2,---,5) in Eq.(9) are considered (e.g., the case
of m:n=3:2 in Fig.5(a)). Figure 5(b) shows that almost half the m:n combinations can
effectively control the SWD and a fifth of that can completely abate the SWD. In particular,
from Fig.5(c), we can see that the current consumed by the case of m:n=2:2 is half that
of general case from the panel of Fig.5(a). However, we also observe from Fig.5(b) that in
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some cases of m:n combinations, the SWD number almost doubles (i.e., n =~ —100%). To
further improve the control effect, we enhance the pulse train parameters. Figures 5(d)-5(f)
give the results corresponding to 73 = 60ms in Eq.(9) which generates the standard (m:n
on-off) ACC-SARS (see Fig.5(d)). By contrast, Fig.5(e) shows that, in this case, more m:n
combinations (3/5) can completely abate the SWD. This leads to the more broader flexibility
of optimal parameter choice even though it may consume more currents as seen from Fig. 5(f).
Furthermore, Figs. 5(g) and 5(h) give the relationship between the period of m:n on-off ACC-
SARS (i.e., (m+mn) x T1) and the dominant rhythm of 2 Hz—4 Hz SWD in effectively controlling
SWD onsets, which consistently shows that the frequency of m:n on-off ACC-SARS out of the
2 Hz-4 Hz dominant rhythm interval is obviously the better choice.
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Fig. 4 (a) The control of SWD (calculated by Eq.(10)) under the condition of a single sequence
pulse stimulation applied on RE, TC, and EX with scanning f° in [10 Hz, 100 Hz] and fixing
do = 1ms, as well as taking So = 150mV (r+) and So = —150mV (r—, t—, e—), respectively;
(b) the SWD abatement of random ACC-SARS (see Fig. 1(e)) applied on RE, TC, and EX,
ie., 1+, t—, e— with § = 1ms, |So| = 150mV, and f° = 1/Tp = 50 Hz. The number of SWD
with no stimulus is 40 (control). 40 independent simulations are carried out to obtain the
convincing results, i.e., the scattered black dots. Error bar (inset) shows that the average is
45 (color online)

3.2.3 TImproved effects of directional steering (DS) SARS

Note that, the pulse intensity and width in each m:n on-off ACC-SARS are relatively
invariable. Figure 6(a) shows the SWD attractor on the phase space spanned by RE, TC, and
EX. The abatement of SWD is correlated with the change of its shape. Here, SWD oscillation
is of the typical spike and wave complex. Hence, to abate the SWD is in fact to make the
system transit into the background resting state or other rhythmic activities which all involve
in the change of the SWD shape. Thereby, the needed stimulus strengths pointed to RE, TC,
and EX| respectively, may be diverse. We thus intend to optimize these parameters to further
reduce current consumptions. Here, we employ the direction cosines of specific unit vector
M (see Fig.6(a)) to computationally adjust them. In particular, we assume that the pulse
intensity and width are proportional to direction cosines of RE, TC, and EX, and the direction
angles are 6, for RE, 6; for TC, and 0, for EX, satisfying cos? 6, + cos? 0y + cos? 6, = 1. Thus,
we set (Sf, S§,S5) = So(cos by, cos by, cosb.) and (64,5, 85) = do(] cosby|, | cos by, | cosBe|). To
exemplify the effectiveness of this method, 3:2 on-off ACC-SARS is taken as an example which
corresponds to Figs.5(d)-5(f). Hence, 6, € (0°,90°), 6, € (90°,180°), and 6. € (90°,180°).
During simulation, we randomly select some points, X, Y, Z, on the surface of unit sphere (i.e.,
X2 4+Y2+7%2=1, where X = cosf, >0,Y = cosf; <0, and Z = cosb, < 0, see Fig.6(b)) to
represent the ends of stimulation vector M with the origin at (0, 0, 0). Interestingly, Fig. 6(c)
shows that in some specific directions (e.g., ©1, ©2, and O3), SWD can also be thoroughly
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abated

and, above all, the currents consumed are only one-third of that with no DS. As it is

reported that single DBS electrode with multiple contacts®? 33! can perform the DS stimulations
by activating several specific contacts, the above stimulation protocol can be approximately
compared with DS stimulations, i.e., 3:2 on-off ACC-DS-SARS. In clinic, it can be performed
by 3 contacts of an electrode, due to the fact that RE, TC, and EX are 3 adjacent nuclei in CT
network.
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(a) (3:2 on-off) ACC-quasi-SARS paradigm simulated by setting f° = 50 Hz, o = 1ms, |So| =
150mV, and T = 36 ms in Egs. (8) and (9); (d) (3:2 on-off) ACC-SARS paradigm simulated
by setting f° = 50Hz, do = 3.5ms, |So| = 200mV, and Ty = 60ms in Egs. (8) and (9); (b)
and (e) the SWD control 1, and (c) and (f) the corresponding average current consumption
Q, with respect to the panel of Fig.3(a), induced by the m:n on-off ACC-quasi-SARS and
ACC-SARS paradigms, respectively. Q is calculated by the total charge divided by parameter
gird points, where colored “[0” and “()” indicate the current consumptions corresponding to
SPSS and SARS, respectively; (g) and (h) the other forms of visualizations corresponding
to (b) and (e), respectively, where yellow and blue show that the stimulus can completely
abate SWD onsets or reduce the SWD by half, red and purple indicate that stimulus can
doubly promote or increase SWD by half, gray means that stimulus just slightly affects SWD,
and green lines distinguish the different frequency regions of m:n on-off stimulations, i.e.,
fmin = (1/Tmin) <2Hz, 2Hz-4 Hz, and >4 Hz (color online)

3.3 Dynamical interpretations for SWD control by SARS

Finally, we dynamically interpret the stimulus-induced SWD abatement. To this end, we
calculate the AMFRs and TAMFRs for the neural masses of CT. TAMFRs are determined by
AMFRs occurring at the boundary of typical state region. In Fig.7(a), corresponding to the
state transition of Fig.3(a), by fixing ve = 0.75mV-s, we plot the AMFRs of different state
activities for RE, TC, and EX as a function of —u4, to observe the activity levels of CT network.
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Fig. 6 (a) SWD attractor in the phase portrait spanned by RE, TC, and EX, where the purple arrow
M denotes the DS stimulation vector in the coordinate system, OXY Z, originated at (0,0,0),
and 6, 0;,0. are direction angles; (b) randomly selected points satisfying 6. € (90°,180°),
0y € (90°,180°), and 6 € (0°,90°) in the unit sphere; (c¢) SWD abatement and current
consumptions induced by 3:2 on-off ACC-DS-SARS. It is obtained by fine-tuning the pulse
intensity S5 and duration 65 of anodic and cathodic pulses of 3:2 on-off ACC-SARS in the
lower panel of Fig.5(d) (color online)

We find that these AMFRs decrease monotonically as —ut, grows. Thus, low-/high-TAMFRs
(dashed lines) corresponding to 2Hz—4Hz SWD generation/termination exist. Therefore,
whether 2Hz-4Hz SWD can be abated is dependent on the size relationship between the
AMFRs of system and the TAMFRs of 2Hz-4Hz SWD. In Figs. 7(b)-7(d), we plot the low
and high TAMFRs (the dashed lines fitted by red and blue squares) for RE, TC, and EX,
respectively, by scanning ve. €[0.5mV-s, 1mV-s]. This particularly outlines the AMFRs re-
gions corresponding to the stable 2 Hz—4 Hz SWD. When the AMFRs of neurons fall into the
region bounded by low-/high-TAMFRs, the system displays the stable 2 Hz—4 Hz SWD. Con-
sistent with Fig. 3(a), the yellow solid circles (as a control, fixing v, = —0.6 mV-s) fall into the
2 Hz-4 Hz regions, then, the system shows the SWD.

Furthermore, the SWD can also be abated by bidirectionally driving, e.g., increasing or
decreasing the AMFRs of RE, TC, and EX that make the system escape from the regions of
2Hz-4Hz SWD. Figures 7(b)-7(d) also plot the AMFRs of RE, TC, and EX under various
aforementioned stimulus paradigms including ACC-SPSS, ACC-SARS, 3:2 on-off ACC-(DS-)
SARS. The stimulation parameters are the same as Figs. 5 and 6. It is clearly seen that, under
the comprehensive functions of the interactions within TC circuit and these specific stimulus
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protocols, the AMFRs of EX can be successfully decreased and kicked out of the 2 Hz—4 Hz SWD
regions. Thus, the SWD is abated. Reversely, we try to apply the CAA-SARS (black stars) to
the system, which is surprisingly shown to largely enhance the AMFR of the system and make
it rise far above the 2 Hz—4 Hz SWD region. The system eventually shows the saturated states,
resulting in the terminations of the SWD.

250 — -l — - 250k —k—Ah—k—k—k—k—Hh Kk k%
i i $+ CAA-SARS
4 ! 2 Hz—4 Hz! mo O Control
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Fig. 7 (a) AMFRs of EX (colored “007), TC (colored “>”), and RE (colored “x”) as a function of
—vty With vee = 0.75mV:s, where two dashed lines “high” and “low” represent the occurring
positions of 2Hz-4 Hz SWD; (b), (c), and (d) the AMFRs of EX (b), TC (c), and RE (d) as
a function of vee with vy, = —0.6 mV'-s, where two gray dashed curves fitted by the blue and
red squares denote the two low and high TAMFRs, colored “o”, “x”, “<”, “>” represent the
AMFRs in the absence or presence of various stimulation patterns with ACC pulses of RE,
TC, and EX, and black “4” indicates the SARS with CAA pulses applied on RE, TC, and
EX (color online)

4 Conclusions

In sum, we have computationally proposed a kind of tri-target m:n on-off ACC-SARS
stimulation paradigms in terms of suppressing absence seizures. Results suggest that regularized
rather than randomly patterned ACC-SARS is more effective to abate the SWD. With respect to
saving stimulation current, the m:n on-off ACC-SARS is also superior to ACC-SPSS, which can
be further improved by considering the DS stimulation therapy. In addition, the period of m:n
on-off ACC-SARS outside the 2 Hz-4 Hz dominant rhythm is suggested to be the better choice in
controlling the SWD. At last, AMFRs and TAMFRs demonstrate the effect of these stimulation
protocols. Detailed investigations reveal that the SWD can be suppressed by employing SARS
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to drive the AMFR of neurons to be out of the regions bounded by the TAMFR of the 2 Hz—4 Hz
SWD.

In fact, the stimulation effects vary when stimulus is applied on different targets within
CT circuit. In addition, clinical or experimental evidences have demonstrated that both the
low[3435] and high!'*36] frequency stimulations can be effective in suppressing the seizures. In
particular, it is reported that the seizures can be decreased by the stimulations of cortex with
low-frequency pulsesl®®). Given energy saving and less tissue damage, here our primary concern
is on the effects of low frequency stimulations for the seizure abatement. Results show that the
effective stimulation frequency can be further reduced by using the newly proposed m:n on-off
SARS protocol, which is particularly close to the 2 Hz—4 Hz dominant frequency wave rhythm
of the SWD.

Note that, the proposed SARS protocol is actually the special case of the classic coordinated
reset (CR) stimulation>™ %/, In our future work, we will particularly focus on the effect of the
demand-based CR stimulation[**! that involves in the specific stimulation timing and length. In
addition, the CR stimulation usually considers charge-balanced pulses!*>47). More generally,
in future we will also concern the effect of the specific forms of pulse stimulation!*®! on absence
seizures.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons licence, and indicate if changes were made. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.
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