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In this research, an improved model of Parkinsonian tremor is presented by using a mathematical and
computational approach. In Parkinson’s disease (PD), an abnormal signal is produced by basal ganglia
(BG). This signal goes to the thalamus, then enters cortex and after interaction with peripheral system
goes to muscle and finally appears as tremor. In the presented model, all of the mentioned process are
simulated. Also, the skeletal muscle model as well as the central nervous system (basal ganglia, thalamus,
cortex and supplementary motor area) and peripheral nervous system (spinal reflex) mechanisms are
considered. In addition, two methods for tremor suppression are applied in this paper, 1) deep brain

Modeling stimulation (DBS) which affects dopamine level in BG and 2) a mechanical method which is based on a

Tremor Removing

negative feedback. The accuracy and efficiency of the presented simulation are demonstrated by

comparison of the obtained results with those obtained by clinical tests.

doi: 10.5829/ije.2021.34.05b.20

1. INTRODUCTION

The Parkinson’s disease was first described in 1817 by
James Parkinson [1]. This disease is related to central
nervous system and is caused by death of dopamine-
generating cells in the substantia nigra pars compacta
(SNc) which is a region of basal ganglia [2, 3]. PD
develops gradually and can be recognized by four
symptoms which are rest tremor, rigidity, bradykinesia
and postural instability [1, 3]. Tremor is the most
common and well-known symptom of disease which is
usually a rest tremor. The frequency of rest tremor in PD
is between 4 and 6 HZ [2, 3]. PD changes
electrophysiological activities in basal ganglia-
thalamocortical system (BGTCS) [4]. There are two
primary treatments for PD which are Medical treatment
and deep brain stimulation (DBS).

Researchers use mathematical models to analyze
various objects [5-7]. A lot of mathematical and
computational studies for PD are presented.
MashhadiMalek et al. [3] investigated the relationship
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between rigidity and tremor in PD. They considered
central and peripheral nervous parts and muscle model.
The result of their research demonstrates that rigidity and
tremor are interdependent and simultaneous treatment of
these two symptoms is more beneficial.

Haeri et al. [2] modeled the physiological and
pathological behavior of BG; BG components were
modeled as first-order systems. Hand tremor is the output
of their model. Ghoreishian et al. [8] presented a
mathematical model for tremor in Parkinson disease. The
structures involved in tremor genesis are analyzed in their
model. They used the largest lyapunov exponent, the
correlation dimension and kolmogorov entropy to
compare the model output with clinical results. A
mechanical method for tremor suppression was designed
by Pledgie et al. [9]. This method is through impedance
control of patient muscle. A resistive force applied on
patient’s limb in order to decrease tremor movements.

Nahvi et al. [1] examined the effect of DBS on PD. In
their model, the DBS targets were subthalamic nucleus
(STN), internal and external globus pallidus (GPi and
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GPe). They used a mean field model for this purpose. The
result of their research indicates that DBS of STN and
GPe can reform the activity of thalamus relay neurons but
GPi DBS will inhibit it. A model of BG which determines
the inter-relation of BG’s components was introduced by
Parent et al [10]. In this model neurotransmitters and their
excitatory and inhibitory characteristics are specified.

In this paper, a mathematical and computational model
of BGTCS is presented. This model is based on clinical
and physiological information. In this study, the effect of
DBS and medical treatment is investigated and also a
mechanical method for tremor suppression is applied.

2. PHISIOLOGICAL BACKGROUND

In BGTCS, the nuclei may exert an excitatory or an
inhibitory influence upon each other. The inhibitory
connections contain gamma amino butyric acid (GABA)
and excitatory connections hold glutamate (GLU). Haeri
et al. have used a first-order system for modeling the
components of BG, the behavior of neurotransmitters
were modeled by a gain between BG components. In this
research, we applied these approaches for BG and
thalamus.

Each neuron has three features: longitudinal
resistance at axons and dendrites, membrane resistance
and membrane capacitance. An exponential output will
occur, when the input of membrane is step. It shows that
the resistance and capacitance of neuron are joined in
parallel and longitudinal resistance at axons and
dendrites is in series with them, because the signal would
pass along axons without any changes. So each neuron
would be presented by a first-order system. It is notable
that there are nonlinear characteristics in neurons. As
mentioned above, SNc is the main component which
generates tremor, so all nonlinearities are assumed to be
in this block. There are a lot of parallel neurons in each
component of thalamus and BG. So the whole behavior
of each component can be presented by a first-order
system [2].

For modeling the behavior of BGTCS the parameters
of each block are needed. It is obvious from physiological
literature that the quantity of components firing rate in
Parkinson’s disease is related to the components activity.
Indeed, if component activity is more than normal state
in PD, its firing rate is also more than normal and vice
versa. So we used the relationship between component’s
firing rates to estimate the parameters of each first-order
system of BGTCS blocks, in PD state. These firing rates
are in physiologically realistic ranges detected from
monkeys. Figure 1 shows the inter-relation of BGTCS in
PD state. The hyperactivity and hypoactivity of blocks
are indicated by thick and dashed lines respectively. In
this figure the inhibitory and excitatory connections are
presented too.
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Figure 1. The inter-relation of BGTCS in PD state

3. MATHEMATICAL MODEL

3. 1. BG and Thalamus Model As mentioned
above, each block of BG and thalamus is considered as a
first-order system. In this section the transfer function of
the blocks are presented. The transfer functions are
represented by Pi(s). Pi(s) represents the dynamics of
striatum. This block has two outputs (So: and Soy). Its
input has an excitatory effect on outputs.

P, :S0.(s) =g x 300 SNco(s),
s+30 )
1 5500
S0, (s) = —x——SNco(s
2(s) 5730 ()

P2(s) is the transfer function of SNc. So is the input of
this block which has an inhibitory effect on SNc. A
nonlinear function (sign function) is in continuation of
this block [2].

P, (s) :SNeo(t) = sgn( A(t))

A =% 5% 4 80209 @

Ps(s) represents the behavior of GPe. This component has
an excitatory input and an inhibitory input.

P, (s): GPeo(s) = —><( “1425, 5+

STNO(S)) ©)

Pa(s) represents the transfer function of STN. This
component has an inhibitory input.

P,(s): STNo(s) = gx

0 GPeo(s) 4

Transfer function of Ps(s) represents the dynamics of
GPi (and SNr) with one excitatory and one inhibitory
input.
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Ps(s) models relay neurons (REN) of thalamus which has
three inhibitory inputs.

Py () : RENO(S) = — x (—22_GPio(s) + —> LiSo(s) +
g s+30 s+30
_80 (6)
——TRNo(s
s+a0 el

Pz(s) models the thalamic reticular nucleus (TRN). This
component has one excitatory input.
P, (s) : TRNo(s) = % RENo(s) )

! s+10
Finally, Pg(s) models local interneuron (LIS) with an
inhibitory and an excitatory input.

20 -20
P (s): LISo(s) = 5220 RENo(s) + e (8)
The behavior of neurotransmitters is modeled as

connection strength (gain). A direct relation is assumed
for the amount of the gain and the quantity of
neurotransmitters. So increment of neurotransmitter is
modeled as gain of ‘g’ and the decrease is supposed as
‘1/g’. It should be mentioned that the signal from cortex
is not considered, because the malfunction of BG is
assumed to be the origin of PD.

TRNo(s)

3. 2. Cortex Model The input of cortex is from
thalamus and supplementary motor area (SMA) and its
output goes to alpha motor neuron and muscle. SMA has
an inhibitory effect on cortex in normal state. However,
in PD state this inhibitory effect decreases and has an
excitatory effect on cortex [3].
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3. 3. SMA Model The model of SMA contains a
saturation function and a gain. The quantity of saturation
function is assumed to be 1-2 in PD and 0.5-1 in normal
state [3].

3. 4. Muscle and Peripheral System Model In
this study, the formulas of hand muscles which are
presented by mains and Soechting [11] are used. The
input of muscle is stimulation rate from cortex to muscle
(a) and the output is Angular displacement (6). The
transformation function of 6(s) is as follows:

o) _ m
a(s) 1s*+Dls?+(K +B)S+DB

©9)

The complete model of this study is represented in
Figure 2. The peripheral system is modeled by a long
loop which begins from muscle, goes to peripheral part
(spinal cord) and after passing SMA and cortex returns to
the muscle [3].

4. TREMOR SUPPRESSION

Two tremor suppression methods are used in this study:
1. DBS.
2. A mechanical method.

4.1.DBS The exact mechanism in which tremor
suppresses by DBS is still unknown [12]. However, it is
mentioned in literature [13-15] that dopamine level in BG
changes by DBS. It changes the system parameters which
cause change in PD symptoms [2]. In this model,
neurotransmitters variation is modeled by gains (g and
1/g). Before DBS g equals 10 and after that it will be 1.
The model output without any treatment is represented in
Figure 3, which is fairly like the clinical data presented
in (www.physionet.org). The output of model with DBS
treatment is shown in Figure 4.
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Figure 2. The complete model, used in this study
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Figure 4. Model output after applying DBS

5. MECHANICAL METHOD

In this study, the experimental work of Pledgie et al. [9]
is simulated as the second technique for tremor
suppression to examine the efficiency and accuracy of
presented model. In order to suppress the tremor, they
have used an impedance control method that applies a
resistive force to patient’s limb. To achieve this purpose,
the patient should grasp the end-effector of a small
robotic arm (PHANTOM). The manipulator of phantom
applies force to muscle by a second order negative
feedback. The feedback input is hand movement (X(s))
and the output is force (F(s)). The transfer function of the
closed-loop is as follows:

"‘)-cﬂl'.:i- c(Ce+a (K =-a,) (10)

The mass (M), damping (C), and stiffness (K) are the
combined properties of human limb and the robotic arm.
The nominal parameter values used for M, C and K are
1.3 kg, 5 Ns/m and 200 N/m, respectively. The negative
feedback is a second order system which creates a closed-
loop system.

As a matter of fact, the feedback coefficients (a, ay,
as) impact the closed-loop system coefficients in an
additive fashion. The closed-loop system magnitude
response can be estimated as follows:

R
“'IIA bty = (Mba) | +(C+a Y (11)

The purpose of this method is decreasing the
magnitude response of the closed-loop system in order to
decrease the system output (hand movement). So the
feedback coefficients are selected in a manner to increase
the attenuation of magnitude response at tremor
frequency. It is notable that by setting o to zero (there is
no tremor), feedback system shouldn’t have any effect on
muscle (because there is no input). So as is set to zero;
otherwise it will cause undesirable attenuation in closed-
loop system whereas there is no tremor. A method is
presented to estimate a; and a, (acceleration and rate
coefficients) which permits selecting one of them. At first
step a desired level of closed-loop attenuation (th)

should be selected, and then by using the following
expressions, feedback coefficients will be determinated.

2
al=i2 K+ [Rl] -C2w? |-M (12)
@ @

a, =1\/[1] -(K-Ma?)?-C (13)
o || R

o8

Figures 5 and 6 represent the model output after
applying negative feedback with acceleration and rate
coefficients, respectively. The model outputs are in
accordance with clinical results obtained by Pledgie et al.
[9]. It is visible that negative feedback will suppress
tremor in an acceptable manner.
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6. COCLUSION

Understanding the functions of the human brain is one of
the most important goals of contemporary science.
Mathematical medicine is a truly interdisciplinary area
that brings together medical researches and engineering
science. In this study a mathemtical and computational
model of PD tremor is presented to analyze the brain
behaviour on tremor genesis. Two methods for tremor
suppression is applied in this paper. These methods are
deep brain stimulation (DBS) and a mechanical
technique. Similar to real condition, the strength of block
connections (gains) will change by variation in dopamine
level. According to litrature DBS affects dopamine level
in BG; therefore, DBS effect is exerted by chanhing the
connections’ gain. The second method for tremor
suppression is a mechanical method. This method is
based on a negative feedback. The model results are in
good agreement with the clinical results.

The presented model helps to have a better
understanding of PD tremor. This model includes
physiological information about tremor and some
methods to control this disease.
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