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Although the significant roles of magnetic induction and electromagnetic radiation in the neural system have been
widely studied, their influence on Parkinson’s disease (PD) has yet to be well explored. By virtue of the magnetic flux
variable, this paper studies the transition of firing patterns induced by magnetic induction and the regulation effect of
external magnetic radiation on the firing activities of the subthalamopallidal network in basal ganglia. We find: (i) The
network reproduces five typical waveforms corresponding to the severity of symptoms: weak cluster, episodic, continuous
cluster, episodic, and continuous wave. (ii) Magnetic induction is a double-edged sword for the treatment of PD. Although
the increase of magnetic coefficient may lead the physiological firing activity to transfer to pathological firing activity, it also
can regulate the pathological intensity firing activity with excessive β -band power transferring to the physiological firing
pattern with weak β -band power. (iii) External magnetic radiation could inhibit continuous tremulous firing and β -band
power of subthalamic nucleus (STN), which means the severity of symptoms weakened. Especially, the bi-parameter plane
of the regulation region shows that a short pulse period of magnetic radiation and a medium level of pulse percentage can
well regulate pathological oscillation. This work helps to understand the firing activity of the subthalamopallidal network
under electromagnetic effect. It may also provide insights into the mechanisms behind the electromagnetic therapy of
PD-related firing activity.

Keywords: subthalamopallidal network, magnetic induction and radiation, pattern transition, regulation of
pathological oscillation
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1. Introduction

Parkinson’s disease (PD) is one of the most common
neurodegenerative diseases, which mainly occurs in the el-
der, whereas the incidence in the young has grown in recent
years. The main clinical characteristics include motor symp-
toms (e.g., tremors and bradykinesia), behavioral symptoms
(e.g., mood and sleep disorder, anxiety, and depression), cog-
nitive symptoms, and autonomic symptoms (e.g., constipation
and orthostatic hypotension),[1] which would worsen with the
development of PD.[2] Different PD neuropathologies cause
different symptoms. Specifically, the loss of dopamine neu-
rons and their projections to the striatum are believed to pro-
duce core motor symptoms of PD and contribute to some of the
cognitive and behavioral features.[1] Besides, positron emis-
sion tomography (PET) studies in PD patients also show that
the loss of serotonergic and noradrenergic signaling is related
to some nonmotor symptoms (e.g., depression, sleep distur-
bances, and cognitive deficits) in PD.[1] Additionally, neuro-
degeneration in limbic and neocortical areas is common in PD
and correlates strongly with cognitive decline.

Although nonmotor symptoms have gained considerable
relevance and interest recently, motor symptoms define the

main core of PD and are essential for clinical diagnosis. The
dynamic features of pathological oscillation related to the
symptom severity in the basal ganglia (e.g., bursting of the
individual neuron, synchronization between neurons, and ex-
cessive oscillations in β -band (13 Hz–30 Hz) in PD) provide a
physiological basis for modeling studies.[2] There are several
kinds of current therapeutic methods for the relief of PD symp-
toms, such as medication, surgical procedures, deep brain
stimulation (DBS),[3] optogenetics stimulation,[4,5] and elec-
tromagnetic stimulation. Based on the stimulation techniques,
plenty of dynamic models are used to study the therapeutic ef-
fect of deep brain stimulation and optogenetics in PD-related
neural circuit.[2] For example, the classical deep brain stimu-
lation technology has been verified and optimized in the basal
ganglia-thalamic (BGTH) circuit[6,7] and the cortex-thalamus-
basal ganglia (CTBG) circuit[8,9] model, considering various
waveforms and targets. Zhang et al.[4] found that the patho-
logical firing patterns in a subthalamopallidal network can be
destroyed and even eliminated under appropriate conditions of
ultrafast optogenetic control. Whereas the underlying mecha-
nism of noninvasive electromagnetic stimulation in the treat-
ment of PD remains to be elucidated.

Despite the rare study of electromagnetic effect modeling
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in PD-related circuits, the electromagnetic effect in the neu-
ral system has been extensively studied in the past decades.
Considering neuronal morphologies, Radman et al.[10,11] mod-
eled the electromagnetic field as an additional depolarization
membrane voltage in the conductance-based neural model.
Jin et al.[12] found that the transcranial magnetic stimulation-
induced electric field leads to the competition between neural
ion currents with different kinetic behaviors in sub-threshold
potential, which induces different neural excitabilities. Based
on neuronal energy theory, Li et al.[13] modeled the mem-
brane current of neurons resulting from electromagnetic radia-
tion and found the mode transformation induced by radiation.
Fung et al.[14,15] and Wilson et al.[16,17] modeled neural plas-
ticity with transcranial magnetic stimulation in the spatially
uniform neural field model. Inspired by the memristor effect,
which could transfer electromagnetic field signal into a current
signal, Ma et al.[18,19] suggested that magnetic flux variable
and induction current can be used to describe the intrinsic ef-
fect of electromagnetic induction and radiation when ions are
pumped and propagated. A series of subsequent studies have
demonstrated that electromagnetic induction and radiation can
adjust the synchronization[20] and induce mode transition[21]

as well as nonlinear resonance[21] in the nervous system. As
for the electromagnetic effect on neural disease, Zhao et al.[22]

recently found that the double-edged sword role of magnetic
induction[22] which could expand and eliminate epileptiform
waves in epileptic seizures.

Mainly motivated by the significant role of magnetic in-
duction and radiation in neural system[19,20,23] and epileptic
seizures,[22] the electromagnetic induction and radiation effect
are introduced to a classical subthalamopallidal network[24] by
the magnetic flux variable to understand electromagnetic ther-
apy.

This paper is organized as follows: In Section 2, the
improved model of the subthalamopallidal network contain-
ing electromagnetic induction and radiation effect is proposed.
Section 3 investigates the firing activity and properties of the
network. And then, how the magnetic coefficient influences
the firing patterns of the network and how the external mag-
netic radiation regulates the pathological firing activities are
explored. Section 4 summarizes the results and discusses the
perspective of this work.

2. Model
2.1. The neuron model of STN and GPe

In the nervous system, neurons in the same population,
composed of similar structures and functions, could be mod-
eled as a similar neural model. So far, many conductance-
based neural models, such as Hodgkin–Huxley model,[25]

Hindmarsh–Rose model,[26] and Morris–Lecar model,[27] are
employed in revealing the underlying mechanisms of brain
function. In our work, we focus on the critical neural popula-
tions, i.e., STN and GPe, in the cortico-basal ganglia-thalamus

circuit, which can maintain self-sustained oscillatory activity
and induce the onset of abnormal oscillation in basal ganglia
(BG).[24] The membrane potential of STN and GPe neurons
are modeled as the Hodgkin–Huxley model.

Table 1. Parameter’s value.[24]

Parameter STN GPe

gL 2.25 nS/µm2 0.1 nS/µm2

gk 45.0 nS/µm2 30.0 nS/µm2

gNa 37.5 nS/µm2 120.0 nS/µm2

gT 0.5 nS/µm2 0.5 nS/µm2

gk 0.5 nS/µm2 –
gCa 0.5 nS/µm2 0.15 nS/µm2

gAHP 9.0 nS/µm2 30.0 nS/µm2

vL −60.0 mV −55.0 mV
vk −80.0 mV −80.0 mV
vNa 55.0 mV 55.0 mV
vCa 140.0 mV 120.0 mV
τ1

h 500.0 ms 0.27 ms
τ1

n 100.0 ms 0.27 ms
τ1

r 17.5 ms –
τ0

h 1.0 ms 0.05 ms
τ0

n 1.0 ms 0.05 ms
τ0

r 40.0 ms –
τr – 30.0 ms
φh 0.75 0.05
φn 0.75 0.05
φr 0.2 1.0
k1 15.0 30.0
kCa 22.5 20.0
ε 3.75×10−5 ms 1×10−4 ms

θm −30 −37.0
θh −39.0 −58.0
θn −32.0 −50.0
θr −67.0 −70.0
θa −63.0 −57.0
θb 0.4 –
θs −39.0 −35.0
θ τ

h −57.0 −40.0
θ τ

n −80.0 −40.0
θ τ

r 68.0 –
θ H

g −39.0 −57.0
θg 30 20.0
α 5.0 ms−1 2.0 ms−1

VG→S −85.0 mV –
VG→G – −100.0 mV
VS→G – 0 mV

σm 15 10.0
σh −3.1 −12.0
σn 8.0 14.0
σr −2.0 −2.0
σa 7.8 2.0
σb −0.1 –
σs 8.0 2.0
σ τ

h −3.0 −12.0
σ τ

n −26.0 −12.0
σ τ

r −2.2 –
σH

g 8.0 2.0
β 1.0 ms−1 0.08 ms−1

Iapp 0 pA/µm2 −1 pA/µm2
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The ion current of STN and GPe consist of the leak cur-
rent IL, the sodium current INa, potassium current IK, low-
threshold T-type calcium current IT, high-threshold calcium
current ICa, and the “afterhyperpolarizing” current IAHP. So
that the electrical activity of a single neuron in the STN–GPe
circuit is modeled as

Cmv̇ =−IL− INa− IK− IT− ICa− IAHP + Iapp,

Ẋ = φX
X∞(v)−X

τX (v)
, X = n,h,r,

˙[Ca] = ε(−IT− ICa− kCa[Ca]),

IL = gL(v− vL),

INa = gNam3
∞h(v− vNa),

IK = gKn4
∞(v− vK),

IT = gTa3
∞b2

∞(r)(v− vCa),

ICa = gCas2
∞(v)(v− vCa),

IAHP = gAHP(v− vK)
[Ca]

[Ca]+ k1
,

X∞(v) =
1

1+ exp
(
− v−θX

σX

) , X = n,m,h,a,r,

τX (v) = τ
0
X +

τ1
X

1+ exp
(
− v−θ τ

X
σ τ

X

) , (1)

where n, h, r are the ion variables, and [Ca] is the calcium con-
centration. The input from the striatum to GPe is described
as a constant current Iapp. Details and parameter values of the
network are consistent with Ref. [24], which are listed in Ta-
ble 1.

2.2. The model of magnetic effect

Electromagnetic induction and radiation could affect the
electrical activity of neurons. According to Ma et al.,[18] the
electromagnetic effect could cause changes in intercellular and
extracellular ion concentrations and further induce the change
of membrane voltage. Due to Faraday’s law, magnetic induc-
tion results in fluctuations in membrane potential. Electro-
magnetic induction can be introduced into the computational
model to adjust the membrane potential with an additional in-
duction current Imf. We introduce Ma’s model[18–20] to de-
scribe the influence of electromagnetic effects in this study as

Imf = kφ ρ(φ)v,

φ̇ = k1v− k2φ +φext,

ρ(φ) = αφ +3βφ φ
2, (2)

magnetic flux variable φ is introduced to denote magnetic in-
duction effects. Imf is the current induced by the magnetic
induction. The magnetic coefficient kφ is set to the same value
for STN and GPe neurons. k1 = 0.0001, and k2 = 0.01 are
the parameters that denote the feedback gain of the magnetic
induction model. Function ρ(φ) represents the memory con-

ductance value related to the magnetic flux. αφ = 0.1 and
βφ = 0.03 are constants in the magnetic induction model. φext

is the external magnetic induction, which is composed of the
magnetic induction coupling flow and the environment mag-
netic induction. The magnetic coupling within each nucleus
is not considered here. Thus, φext only includes the magnetic
induction of the environment if it exists, which is usually re-
garded as 0 if there is no external electromagnetic field. Con-
sidering the response of neurons in STN and GPe under mag-
netic induction, the neural membrane is improved as follows:

Cmv̇ =−IL− INa− IK− IT− ICa− IAHP + Iapp− Imf. (3)

2.3. The model of subthalamopallidal network

Oscillatory neuronal activity in the basal ganglia has an
essential role in the pathophysiological mechanisms underly-
ing Parkinson’s disease.[28] The STN–GPe circuit plays an im-
portant role in basal ganglia as a potential pacemaker. It was
demonstrated in a coculture model that the interaction between
GPe and STN neurons produces spontaneously occurring slow
synchronized oscillatory bursts of neuronal spikes. Besides,
as reported in the brain slice recordings in rats and model-
ing studies of the STN–GPe interaction, striatal inputs could
modulate the coherence within the STN–GPe network. There-
fore, our work focus on this specific STN–GPe circuit of the
indirect pathway within the basal ganglia area. Although the
STN–GPe model is limited, it is based on the known anatomi-
cal and physiological data and incorporates rhythmicity mech-
anisms resulting from the recurrent excitation and inhibition
in STN–GPe circuit.[4]

Computational modeling of the subthalamopallidal
network[24] is adopted to study the electromagnetic effect
and further investigate the mechanisms of magnetic treatment
in PD. As shown in Fig. 1, the subthalamopallidal network,
which has a sparse connection structure, consists of 10 STN
neurons (blue circles) and 10 GPe neurons (red circles). Each
STN neuron receives inhibitory Gamma-aminobutyric acid
(GABA)-mediated GABAergic synaptic projections (red ar-
rows) from two GPe neurons. Besides, there is no internal pro-
jection in STN. In contrast, each GPe neuron receives excita-
tory α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) -mediated glutamatergic synaptic projection (blue ar-
rows) from one STN neuron and two inhibitory GABA synap-
tic projections (red arrows) from GPe. The black arrow project
represents the const input current Iapp from the striatum to
GPe. Consequently, the subthalamopallidal network compu-
tational model is as follows:

Cmv̇STN = −IL− INa− IK− IT− ICa− IAHP

−Imf− IG→S + Iapp,

Cmv̇GPe = −IL− INa− IK− IT− ICa− IAHP

−Imf− IG→G− IS→G + Iapp, (4)

118701-3
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and the synaptic currents are as follows:

IG→S = gG→S(vSTN− vG→S)∑
j

s j,

IS→G = gS→G(vGPe− vS→G)∑
j

s j,

IG→G = gG→G(vGPe− vG→G)∑
j

s j,

ṡ j = αsynH∞(vpre−θg)(1− s j)−βsyns j,

H∞(v) =
1

1+ exp [−(v−θ H)/δ H]
, (5)

the synaptic currents IG→S, IS→G, and IG→G describe the pro-

jections from GPe to STN, STN to GPe, and GPe to GPe, re-

spectively. s j are the synaptic variable of presynaptic neurons.

STN1

GPe1

STN2

GPe2

STN3

GPe3

STN4

GPe4

STN5

GPe5

STN6

GPe6

STN7

GPe7

STN8

GPe8

STN9

GPe9

STN10

GPe10

GABA AMPA

Iapp from striatum

Fig. 1. The sparse structure of subthalamopallidal network. Blue circles represent STN neurons, while red circles represent neurons in GPe.
Red arrows represent inhibitory GABA synaptic connection from GPe, while blue arrows represent excitatory AMPA-mediated glutamatergic
synaptic projection from STN. Each GPe neuron receives appendix current from the striatum. Neurons in the network are modeled as the
conductance-based model.

3. Results
In this section, the system parameters are fixed as Sec-

tion 2, whereas other parameters, such as synaptic conduc-
tances gG→S and gS→G, magnetic coefficient kφ , pulse period
T , and pulse percent, are varied. As the initial state affects
the dynamic properties of the network, the initial values of
[Ca] are listed in Table 2. Other initial variable values are
randomly chosen. Numerical simulations are implemented
using the adaptive stepsize Runge–Kutta algorithm with XP-
PAUT software. Furthermore, the statistical results are ana-
lyzed with Matlab. In particular, the chronux analysis package
(http://chronux.org/) in Matlab is used for the power spectral
analysis.

Table 2. Initial value of [Ca].

Neurons STN1 STN2 STN3 STN4 STN5

[Ca]0 in Figs. 2–5 0.12 0.12 0.06 0.06 0.12
[Ca]0 in Figs. 6–9 0.12 0.12 0.12 0.12 0.12

Neurons STN6 STN7 STN8 STN9 STN10

[Ca]0 in Figs. 2–5 0.12 0.06 0.06 0.12 0.12
[Ca]0 in Figs. 6–9 0.06 0.06 0.06 0.06 0.06

Neurons GPe1 GPe2 GPe3 GPe4 GPe5

[Ca]0 in Figs. 2–5 0.035 0.035 0.06 0.06 0.035
[Ca]0 in Figs. 6–9 0.035 0.035 0.035 0.035 0.035

Neurons GPe6 GPe7 GPe8 GPe9 GPe10

[Ca]0 in Figs. 2–5 0.035 0.06 0.06 0.035 0.035
[Ca]0 in Figs. 6–9 0.06 0.06 0.06 0.06 0.06

3.1. The influence of the synaptic connection

After being intensely inhibited by GPe, STN neurons may
produce rebound bursts during periods of firing, which is re-
lated to a characteristic motor deficit. Notably, the stronger the

synaptic connection is, the more intense the rebound burst of
STN exhibits, which makes the pathological oscillation more
serious. Considering various synaptic connection parameters
between STN and GPe in the model (Eqs. (4) and (5)), we re-
produce five typical firing patterns out of synchronization in
Fig. 2 as mentioned in Ref. [4]. In Fig. 2, we set the stria-
tum input current Iapp = −1 pA/µm2 for GPe, the synaptic
conductance gG→S = 0.06 nS/µm2, and kφ = 0 to represent
no electromagnetic effect. The simulation lasts t = 104 ms
with a time step of dt = 0.2 ms. As shown in Fig. 2(a), when
gS→G = 0.2 nS/µm2, gG→S = 2.2 nS/µm2, STN exhibits a
regular physiological sparse firing with one spike in one period
with the weak synaptic connection between GPe and STN,
which is defined as pattern 1: weak cluster. By tinyly increas-
ing the synaptic projection from STN to GPe, when gS→G =

0.6 nS/µm2, gG→S = 2.2 nS/µm2 (see Fig. 2(b)), the stronger
synaptic currents lead to the increasing inhibition from GPe to
STN, so that slight random pathological rebound bursts ap-
pear in STN, which is defined as pattern 2: episodic clus-
ter. By further increasing gS→G, when gS→G = 0.9 nS/µm2,
gG→S = 2.2 nS/µm2 (see Fig. 2(c)), the firing pattern of STN
transfers into continuous cluster, where the number of spikes
in a period is mostly two or three. By gradually increasing
the synaptic projection from STN to GPe, STN also exhibits
more bursting within periods. In Figs. 2(c)–2(e), we fix the
synaptic conductance from GPe to STN gS→G = 0.9 nS/µm2.
In Fig. 2(d), with a larger gG→S = 2.8 nS/µm2, the number of
spikes in a period is between four to eight within STN, which
is defined as pattern 4: episodic. With gG→S = 4.0 nS/µm2,
the number of spikes in a period is greater than eight with a
much more extended period, which is defined as pattern 5:
continuous wave. The first three firing patterns with sparse
firing, i.e., the weak cluster (pattern 1), episodic cluster (pat-
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tern 2), and continuous cluster (pattern 3), represent a healthy
state. In contrast, episodic (pattern 4) and continuous wave
(pattern 5), which have the feature of intensive tremor-like ac-

tivity, represent pathological oscillation in the PD state. In the
subsequent figures, the pattern for the network is defined as
the most occurred pattern among the ten STN neurons.

(a) Weak cluster (b) Episodic cluster

(d) Episodic (e) Continue wave

(c) Continue cluster
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Fig. 2. Five typical firing patterns with various synapse connection strengths from STN to GPe. (a) Pattern 1: weak cluster, gS→G = 0.2 nS/µm2,
gG→S = 2.2 nS/µm2. (b) Pattern 2: episodic cluster, gS→G = 0.6 nS/µm2, gG→S = 2.2 nS/µm2. (c) Pattern 3: continuous cluster , gS→G =
0.9 nS/µm2, gG→S = 2.2 nS/µm2. (d) Pattern 4: episodic, gS→G = 0.9 nS/µm2, gG→S = 2.8 nS/µm2. (e) Pattern 5: continuous wave, gS→G =
0.9 nS/µm2, gG→S = 4.0 nS/µm2.
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Fig. 3. The bi-parameter plane of synaptic connection parameters gS→G and gG→S. gS→G varies from 0 nS/µm2 to 2 nS/µm2 with a step of
0.04 nS/µm2 and gG→S varies from 2 nS/µm2 to 4.5 nS/µm2 with a step of 0.05 nS/µm2. (a) The firing pattern of STN. The numbers in the color
bar represent five kind of firing. The colors of red, orange, yellow, blue and purple represents pattern 1 (weak cluster), pattern 2 (episodic cluster),
pattern 3 (continuous cluster), pattern 4 (episodic), and pattern 5 (continuous wave), respectively. (b) The CV of STN to measure the regularity of
spiking. (c) The dominant frequency of STN. (d) The average frequency of STN.
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For the overall firing pattern transition induced by the
synaptic connection between two nuclei, we depict the fir-
ing pattern transitions (see Fig. 3(a)) in the bi-parameter plane
in which gS→G varies from 0 nS/µm2 to 2 nS/µm2 with a
step of 0.04 nS/µm2 and gG→S varies from 2 nS/µm2 to
4.5 nS/µm2 with a step of 0.5 nS/µm2. Other parameters
agree with Fig. 2. As expected, the transition of five typical
firing patterns: pattern 1 (weak cluster), pattern 2 (episodic
cluster), pattern 3 (continuous cluster), pattern 4 (episodic),
pattern 5 (continuous wave) are shown in the plane. In
Fig. 3(a), when 2 nS/µm2 ≤ gG→S < 2.5 nS/µm2, with the
increment of gS→G, the firing pattern transforms from physio-
logical sparse weak cluster (red area), i.e., pattern 1, to pat-
tern 2 in a narrow orange parameter area. And then STN
represents firing pattern 3 and finally reaches the patholog-
ical pattern 4 (sky blue area) with larger gS→G, which re-
veals that under a weaker synaptic connection from GPe to
STN, the severity of pathological oscillation gradually rises
accompany with stronger synaptic connection from STN to
GPe. When 2.5 nS/µm2 ≤ gG→S < 3.5 nS/µm2, the firing
pattern transforms from physiological pattern 1 to patholog-
ical pattern 4 directly with the growth of gS→G. Similarly,
when 3.5 nS/µm2 ≤ gG→S ≤ 4.5 nS/µm2, the firing pattern
transforms from physiological pattern 1 to pathological pat-

tern 5 directly. As detailed shown in the bifurcation of ISI in
Fig. 4(a) for gG→S = 2.5 nS/µm2, all STN neurons are in the
pattern 1 when gS→G < 0.16 nS/µm2 where the ISI around
400 ms. When 0.16 nS/µm2 ≤ gS→G < 0.68 nS/µm2, some
neurons are in the pattern 4 with the appearance of smaller
ISI (around 50 ms). While all STN neurons exhibit pattern
4 with gS→G ≥ 0.68 nS/µm2, corresponding ISI has a clearer
layered phenomenon. In Fig. 4(b), when synaptic conductance
gG→S = 2.75 nS/µm2, the two bifurcation points are gS→G =

0.12 nS/µm2 and gS→G = 0.48 nS/µm2 (see the red dotted
lines). With a larger gG→S = 3.45 nS/µm2, the bifurcation
points are gS→G = 0.04 nS/µm2 and gS→G = 0.28 nS/µm2

(see the red dotted line in Fig. 4(c)), as listed in Table 3. It
indicates that the bifurcation point is smaller with a larger pro-
jection from GPe to STN, and the pathological oscillation is
much easier to appear.

Table 3. Bifurcation points of ISI in Fig. 4.

gG→S First bifurcation point Second bifurcation point
(nS/µm2) g1,G→S (nS/µm2) g2,G→S (nS/µm2)

2.5 0.16 0.68
2.75 0.12 0.48
3.45 0.04 0.28

(a) gG→S=2.5 nS/mm2 (b) gG→S=2.75 nS/mm2 (c) gG→S=3.45 nS/mm2
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Fig. 4. The bifurcation of ISI for STN neurons. The synaptic conductance is gS→G = 2.5, 2.95, 3.45 nS/µm2 in panels (a)–(c). ISI in the left region
of panels (a)–(c) is around 400 ms, while in the right region, the ISI shows a clear layered phenomenon. The bifurcation points (as listed in Table 3)
tend to be smaller with a stronger projection from GPe to STN.

To measure the irregularly level of spiking, we adopt the
coefficient of variation (CV )[29] of the inter-spike interval (ISI)
series for each neural population as follows:

CV =
1
N

N

∑
i=1

cvi, cvi =

√〈
T 2

ISI

〉
−〈TISI〉2

〈TISI〉
, i = 1, . . . ,10, (6)

where TISI is the inter-spike interval of neuronal spike activ-
ities. 〈TISI〉 and

〈
T 2

ISI
〉

are the statistical average and mean-
square value of inter-spike interval series, respectively. So
smaller CV indicates more regularly firing. According to
Fig. 3(b), the CV for each firing pattern is also perfectly
matched. Specifically, pattern 1 corresponds to the smallest
CV < 0.5 (dark blue area in Fig. 3(b)) in which ISI series are
homogeneous for STN neurons. While patterns 2,3,4,5 cor-
respond to larger CV successively with a more complicated

firing. The CV of firing pattern 2 and 3 is around 1, while
the CV of pattern 4 is 1–2, and the CV of pattern 5 is around
2. It manifests that CV captures the emergence of abnormal
oscillation (patterns 4 and 5) in the network, which is a more
irregularly firing.

Figures 3(c) and 3(d) display the dominant frequency and
average frequency of STN, respectively. It is evident that the
dominant frequency of firing pattern 1, pattern 2 and pattern
3 is similar around 2.5 Hz–3.5 Hz except for the blue area in
Fig. 3(c). Additionally, pattern 4 has an intermediate domi-
nant frequency between 2 Hz–2.5 Hz, while pattern 5 has a
lower dominant frequency close to 2 Hz, which is consistent
with the more extended period observed in Fig. 2(e). As re-
flected in Fig. 2(d), the average frequency varies following the
increment of gS→G and gG→S, which shows that the stronger
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connection between STN and GPe activates more neural activ-
ities.

In conclusion, STN could exhibit five typical firing pat-
terns in which episodic (pattern 4) and continuous wave (pat-
tern 5) are related to pathological tremulous oscillations in PD.
Besides, the stronger connection between STN and GPe will
lead to the firing pattern transferring from a sparse firing pat-
tern into an intensely tremulous firing pattern, which may be
related to higher severity of symptoms. Moreover, these could
be captured by the bi-parameter plane of CV .

3.2. The double-edged sword role of magnetic induction

Previous studies suggest that the magnetic coefficient
could regulate the firing activities of the neural system.[18–22]

For example, Lu et al.[30] found that magnetic coefficient
could induce the chaotic electrical mode in the improved the
Hindmarsh–Rose neuron model. Subsequently, Ma et al.[20]

investigated the transition of synchronization in coupled neu-
ron circuits composed of memristors. Zhan and Liu[31] also
studied the transition mode induced by magnetic induction.
Recently, Zhao and Wang[22] suggested that electromagnetic
induction could regulate the epileptiform activities in Taylor’s

model. To investigate the effect of magnetic induction, we
further explore how the magnetic coefficient kφ modulates the
firing activities of STN.

To explore the magnetic induction effect on the bi-
parameter plane of gS→G and gG→S corresponding to Fig. 3(a),
the firing activities of STN under four different magnetic co-
efficient kφ are displayed in Fig. 5. Figures 5(a)–5(d) are the
two parameter plane of firing pattern when kφ = 0.01, 0.1, 0.2,
and 0.5, respectively, while figures 5(e)–5(h) are the corre-
sponding average frequency. As shown in Figs. 5(a) and 5(e),
with a weak kφ = 0.01, the firing activity of STN is barely af-
fected and keeps a similar trend as that without considering
magnetic induction. When kφ increases to 0.1 (see Figs. 5(b)
and 5(f)), the parameter area of pathological pattern 4 and pat-
tern 5 expands largely, and the weak cluster area (pattern 1)
almost disappears. Besides, the sparse physiological firing in
the red, orange and yellow area in Fig. 5(a) are encroached by
the blue area in Fig. 5(b), which point out that kφ could induce
the transition from physiological firing activity to pathological
firing activity. Figure 5(f) shows the corresponding average
frequency with kφ = 0.1, which verifies the aggravation of fir-
ing activity.
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Fig. 5. The bi-parameter plane of gS→G, gG→S under different kφ corresponding to Fig. 3. Panels (a)–(d) are the firing pattern varies along with gS→G, gG→S
when kφ = 0.01, 0.1, 0.2, and 0.5, respectively. The numbers in color bar represent firing kind consist with Fig. 3. Panels (e)–(h) are the corresponding average
frequency to panels (a)–(d) in turn.

With the continued growth of kφ = 0.2 as depicted in
Fig. 5(c), STN shows a “puzzle pattern” in which the five kinds
coexist in almost every sub-regions of the parameter plane.
The average frequency in Fig. 5(g) displays the high level of
neural oscillation with kφ = 0.2. With a larger kφ = 0.5, as il-
lustrated in Fig. 5(d), in most parameter regions, STN exhibits
the weak physiological cluster and episodic cluster, which in-
dicates that a larger kφ = 0.5 could well suppress the patho-
logical firing activity. Figure 5(h) shows a low level of neural
activities as kφ = 0.5. In conclusion, the magnetic coefficient

is a double-edged sword, as reported in Ref. [3]. A weak mag-
netic coefficient could induce the firing activity to transform
from the physiological sparse firing pattern to the pathological
intensity firing pattern, while a magnetic coefficient with high
intensity could suppress the pathological intensity firing activ-
ity. Besides, magnetic coefficient with moderate intensity also
keeps the high-level neural activity and makes the irregular
pattern transition along with synaptic connection. As exces-
sive oscillations in the β -band (13 Hz–30 Hz) and synchronize
related to the symptom severity of PD,[2] we take two sets of
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[Ca]’s initial values to obtain the pathological synchronization
and β -band oscillation in STN. As shown in Fig. 6(a) when
gG→S = 4.5 nS/µm2, gS→G = 2.0 nS/µm2, and kφ = 0, we
firstly capture the in-phase firing in Group1 = STN1, STN2,
STN4, STN5, STN8, Group2 = STN3, STN6, STN7, STN9,
STN10, and also the anti-phase firing between this two groups
as STN exhibits pathological pattern 5. To investigate the ef-
fect of magnetic induction, the magnetic coefficient kφ in the
circuit is varied from 0 to 1 with a step of 0.01 at the same
time. We consider the desynchronization degree adopted in
Ref. [4] to quantitatively measure the synchronization, which
can be expressed as follows:

σ =
1
T

T

∑
j=1

√
σ( j),

σ( j) =
1
N

N

∑
i=1

[v( j)i]2− 1
N

[
N

∑
i=1

v( j)i

]2

, (7)

where j is the time step, and i is the neuron index. T is the to-
tal time, and N is the number of neurons. σ( j) is the standard
deviation of the N neurons. σ is the time average of σ( j). The
larger value of the desynchronization degree indicates lower
synchronization between N neurons.

As reflected in Fig. 6(b), the magnetic coefficient kφ could
induce the transition of the STN firing pattern. More specifi-
cally, the STN firing pattern keeps in pattern 5 when kφ ≤ 0.15.
When 0.15 < kφ < 0.4, STN mostly is in pattern 2 and under
few parameters exhibits pattern 0 (pattern 0 deputies that STN
keeps a subthreshold firing activity), pattern 1 and pattern 3.
When kφ > 0.4, the firing activities of STN are suppressed and
exhibit subthreshold oscillations, this phenomenon indicates
that magnetic induction could inhibit the pathological firing
pattern of STN. Corresponding β -band power (see Fig. 6(c))
shows an attenuation trend with the increment of kφ . When
kφ ≤ 0.15, though STN keeps intensity tremors pattern 5, the
β -band power decrease remarkably. When 0.15 < kφ ≤ 0.4,
β -band power decline in volatility as the various pattern tran-
sition phenomenon. When kφ > 0.4, the β -band power keeps
a low level with the value of 0.54. As depicted in Fig. 6(d), the
synchronization within the group could be regulated by mag-
netic induction. Though the desynchronization degree changes
irregularly with kφ , its peak value represents the optimal kφ pa-
rameter to adjust STN to an asynchronous firing state. Above
all, figure 6 shows that the pathological intensity bursting, ex-
cessive β -band, and synchronous oscillation in STN could be
well regulated by the magnetic coefficient.
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Fig. 6. (a) The firing of STN neurons when gS→G = 2.5 nS/µm2 and gG→S = 4.5 nS/µm2. (b) The variation of firing patterns when kφ varies from
0 to 1 with a step of 0.01. (c) The β -band power of STN under various kφ . (d) The desynchronization degree of STN under various kφ .
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3.3. The regulation of external magnetic radiation

External magnetic radiation could modulate the neural fir-
ing activity. For example, Lv and Ma[19] observed the emer-
gence and transition of multiple modes induced by external ra-
diation in the improved Hindmarsh–Rose model. Ma et al.[19]

also found that the external magnetic radiation could clock the
target wave propagation to stand in a local area which may ex-
plain electromagnetic radiation-induced heart disease. Ge et
al.[32] studied the modes transition in electrical activities of
Hindmarsh–Rose neural model exposed to the periodic high
and low frequency electromagnetic radiation. Recently, it has
been reported that electromagnetized nanoparticles could gen-
erate electromagnetic fields under ultrasound stimulation in

the target neuron.[33,34] Here, the firing activity of STN, which
is related to bradykinesia and rigidity in PD, is mainly con-
sidered. Appling the external magnetic stimulation directly on
STN is so direct that the synaptic connections within the net-
work are almost ineffective. The identical stimulation can also
lead to STN synchronization, which is not beneficial for sup-
pressing pathological oscillation. While applying the external
magnetic stimulation on GPe can regulate the STN neurons
through the interconnection within the network. To further
understand the regulation of magnetic radiation to the patho-
logical oscillation related to PD, the external magnetic flow
φext with a pulse form applies GPe neurons to obtain the reg-
ulation of external magnetic radiation to the PD-related firing
activity in the network.
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Fig. 7. The regulation of external magnetic radiation φext applied on GPe during 5000 ms–8000 ms when pulse amplitude A = 1 under different
pulse percents. The parameter is consisted with Fig. 5(a) except for kφ = 0.005 here. (a) Pulse percent = 5%, (b) pulse percent = 10%, (c) pulse
percent = 15%, and (d) pulse percent = 90%.

When kφ = 0.005, the initial conditions are consistent
with Fig. 5(a) to let STN exhibit firing pattern 5 with in-phase
and anti-phase firing. In Fig. 7, the external magnetic radia-
tion φext is applied on GPe in 5000 ms–8000 ms, and the cor-
responding pulse amplitude and period are set as A = 1 and
T = 100 ms, respectively. In Fig. 7(a), the pulse width is 5%
of the pulse period, i.e., 5 ms. The external magnetic radia-
tion regulates the pathological wave firing into a more sparse
firing pattern and breaks the in-phase and anti-phase firing of
the STN. With a tiny increase in pulse percent into 10% (see

Fig. 7(b)), the corresponding firing transforms into a sparse
pattern. After that, when pulse percent is 15% (see Fig. 7(c)),
the firing of STN is suppressed and exhibits subthreshold os-
cillation. As displayed in Fig. 7(d)), with a larger pulse percent
which equals 90%, STN neurons are activated again and show
a sparse firing pattern. Figure 7 demonstrates that the external
magnetic radiation applied on GPe can regulate the pathologi-
cal firing pattern of STN.

Figure 8 demonstrates the influence of pulse width of
φext. As the external magnetic flow φext applied on GPe during
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5000 ms–8000 ms, figures 8(a)–8(d) depict the firing pattern,
average frequency, β -band power, and desynchronization de-
gree during 5000 ms–8000 ms, respectively. In Fig. 8, blue
color represents pulse period = 100 ms, while red represents
pulse period = 500 ms, pulse percent varies from 0% to 100%
with a step of 1%. As demonstrated in Fig. 8(a), with the in-
crease of pulse percent, the pathological firing pattern 5 can
be weakened to pattern 1 and even suppressed via the transi-
tion state of pattern 4, pattern 3, pattern 2, and then reactivated
under certain pulse percent. As pulse period = 100 ms (blue
dots), the firing activities are almost entirely suppressed by
the external magnetic radiation when the pulse percent is be-
tween 12% and 88%, and the physiological oscillation appears
when the pulse is between 5% and 96%. In contrast, when
pulse period = 500 ms (red dots), the physiological oscillation
has a narrower pulse percent range between 42% and 56%.
The average frequency (see Fig. 8(b)) and β -band power (see
Fig. 8(c)) along with the pulse width also show a similar trend

that declines in volatility and then rises, which verifies the in-
hibition of the external magnetic radiation to the firing activity
of STN neurons and the excessive β -band oscillation with a
certain median level of the pulse width. However, as the iden-
tical pulse applies GPe neurons, under most parameters, the
desynchronization degree is lower than that without φext (pulse
percent = 0%) in Fig. 8(d), which means that the identical
φext makes the firing of STN neurons more synchronous. Only
when pulse width = 500 ms (red curve in Fig. 8(d)) and the
pulse percent within 0%–4% and 96%–100%, can the external
φext regulate the firing activity more out of synchronizing. To
sum up, a smaller pulse period is much easier to regulate the
pathological firing pattern and the excessive β -band oscilla-
tion under a medium level of pulse percent. Meanwhile, when
the stimulation target is on GPe, the interconnection within
the network allows the synchronization of STN neurons to be
broken under certain conditions.
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Fig. 8. The statistical results regulation of external magnetic radiation φext applied on GPe during 5000 ms–8000 ms when pulse percent varies from 0%
to 100% with a step of 1%. Blue dots and curves represent that the pulse period is = 100 ms, while red dots and curves represent that the pulse period
is = 500 ms. (a) Firing pattern of STN. (b) The average frequency of STN. (c) The β -band power of STN. (d) The desynchronization degree of STN.

To obtain the regulation region of pulse parameters re-
lated to the external magnetic radiation, we calculate the β -
band power and the desynchronization degree of STN with
the pulse period and pulse percent variation. The pulse period
changes from 0 ms to 500 ms with a step of 20 ms, while the
pulse percent changes from 0% to 100% with a step of 1%. As
excepted, the pathological firing pattern is well inhibited by

magnetic radiation in most parameter regions (as shown in the
dark red, red, orange, and blue regions in Fig. 9(a)). The av-
erage firing frequency (see Fig. 9(b)) and β -band power (see
Fig. 9(c)) show a nearly symmetrical structure to the line of
pulse percent = 50%, which indicates STN neurons are sup-
pressed firstly and then reactivated. Figure 9 confirms the con-
clusion in Fig. 8 again: when the pulse period is smaller, there
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is a more extensive pulse percent range in the medium level for
a smaller pulse period to regulate the abnormal firing pattern
and excessive β -band power. As for the regulation of synchro-
nization shown in Fig. 9(d), with a fixed pulse period, there
is a specific pulse width in which the desynchronization de-
gree (red points) is larger than without external magnetic radi-
ation (orange points when pulse period = 0 ms or pulse percent
= 0%). Unfortunately, the pulse parameter point that regulates

the firing into an out-of-synchrony state could not always mod-

ulate the firing pattern and β -band oscillation well. In conclu-

sion, external magnetic radiation could effectively regulate the

pathological firing pattern and the excessive β -band oscilla-

tion with the apposite pulse parameter region, which may offer

verification for the regulation effect of magnetic radiation on

PD-related firing activity.
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Fig. 9. The bi-parameter plane of φext pulse parameters, i.e., pulse period and pulse percent. Pulse period varies from 0 ms to 500 ms with a step
of 20 ms, while pulse percent changes from 0% to 100% with a step of 1%. All statistical results are obtained from the regulation duration that
external magnetic radiation φext during 5000 ms–8000 ms. (a) The firing pattern of STN. The colors of dark red, red, orange, yellow, blue, and purple
represent subthreshold oscillation, pattern 1 (weak cluster), pattern 2 (episodic cluster), pattern 3 (continuous cluster), pattern 4 (episodic), and pattern
5 (continuous wave), respectively. (b) The average frequency of STN. (c) The β -band power of STN. (d) The desynchronization degree of STN.

4. Discussion and conclusion

In this paper, we proposed an improved subthalamopal-
lidal network model to explore the influence of electromag-
netic induction and understand the regulation of external mag-
netic radiation in PD-related pathological oscillation. Results
demonstrate that: (i) The increment of synaptic conductance
gS→G and gG→S induces the transition among five typical fir-
ing pattern, which are weak cluster, episodic cluster, contin-
uous cluster, episodic, and continuous wave corresponding to
the severity of symptoms. (ii) The double-edged sword role
of the magnetic induction. Under certain magnetic coefficient
values, the firing activity transform could from the pathologi-
cal intensity firing with excessive β -band power to the phys-
iological firing pattern with weak β -band power, while the
physiological firing activity can also transfer to pathological
firing activity. (ii) With the regulation of external magnetic

radiation, the continuous wave can be regulated to episodic
cluster, weak cluster, and subthreshold oscillation in turn, and
then reactivated under a larger pulse percent. The bi-parameter
plane manifests that a shorter magnetic induction pulse period
and a medium level of pulse percent can effectively inhibit the
pathological firing pattern and excessive β -band oscillation.

Our preliminary study makes an effort to explore the elec-
tromagnetic induction and radiation effect in a subthalamopal-
lidal network. However, the simplified model can not show
more complicated therapeutic mechanisms of magnetic stimu-
lation (such as the change of dopamine level and synaptic plas-
ticity) in PD, which should be further studied. Nevertheless,
the results figure out the positive effect of external magnetic
radiation, which could help weaken the severity of patholog-
ical firing activity in PD. This work can offer a reference for
the effect of magnetic induction in PD, expand the applica-
tion area of the electromagnetic induction modeling method,
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and helps consider the regulation of magnetic induction and
external magnetic radiation. From the dynamic perspective,
the occurrence of pathological state and electromagnetic ther-
apy mechanisms in PD contain more complicated circuits and
mechanisms beyond the factors we considered. This work is
not committed to exploring all causes, but rather illustrating
how electromagnetic induction may result in opposite effects
under different conditions and the regulatory role of magnetic
radiation.
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