& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY

Daniele Belvisi,

Mediterranean Neurological Institute
Neuromed (IRCCS), Italy

REVIEWED BY

Yousef Salimpour,

Johns Hopkins University, United States
Atsushi Nambu,

National Institute for Physiological Sciences
(NIPS), Japan

*CORRESPONDENCE
Farzad Towhidkhah
towhidkhah@aut.ac.ir

RECEIVED 15 March 2023
ACCEPTED 07 August 2023
PUBLISHED 13 November 2023

CITATION

Rahimi S, Towhidkhah F, Baghdadi G, Forogh B,
Saadat P, Soleimani G and Habibi SA (2023)
Modeling of cerebellar transcranial electrical
stimulation effects on hand tremor in
Parkinson’s disease.

Front. Aging Neurosci. 15:1187157.

doi: 10.3389/fnagi.2023.1187157

COPYRIGHT

© 2023 Rahimi, Towhidkhah, Baghdadi,
Forogh, Saadat, Soleimani and Habibi. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Aging Neuroscience

Frontiers in Aging Neuroscience

TYPE Original Research
PUBLISHED 13 November 2023
pol 10.3389/fnagi.2023.1187157

Modeling of cerebellar transcranial
electrical stimulation effects on
hand tremor in Parkinson’s disease

Soraya Rahimi'?, Farzad Towhidkhah*, Golnaz Baghdadi?,
Bijan Forogh?, Payam Saadat*, Ghazaleh Soleimani* and
Seyed Amirhassan Habibi®

!Department of Biomedical Engineering, Amirkabir University of Technology, Tehran, Iran, 2Department
of Neuroscience, University of Montreal, Montreal, QC, Canada, *Neuromusculoskeletal Research
Center, Iran University of Medical Sciences, Tehran, Iran, “Mobility Impairment Research Center, Health
Research Institute, Babol University of Medical Sciences, Babol, Iran, °Department of Neurology, Hazrat
Rasool Hospital, Iran University of Medical Sciences, Tehran, Iran

Introduction: Parkinson’s disease (PD) is a neurodegenerative disorder with
different motor and neurocognitive symptoms. Tremor is a well-known
symptom of this disease. Increasing evidence suggested that the cerebellum may
substantially contribute to tremors as a clinical symptom of PD. However, the
theoretical foundations behind these observations are not yet fully understood.

Methods: In this study, a computational model is proposed to consider the
role of the cerebellum and to show the effectiveness of cerebellar transcranial
alternating current stimulation (tACS) on the rest tremor in participants with PD.
The proposed model consists of the cortex, cerebellum, spinal circuit-muscular
system (SC-MS), and basal ganglia blocks as the most critical parts of the brain,
which are involved in generating rest tremors. The cortex, cerebellum, and SC-
MS blocks were modeled using Van der Pol oscillators that interacted through
synchronization procedures. Basal ganglia are considered as a regulator of the
coupling weights defined between oscillators. In order to evaluate the global
behavior of the model, we applied tACS on the cerebellum of fifteen PD patients
for 15 min at each patient's peak frequency of their rest tremors. A tri-axial
accelerometer recorded rest tremors before, during, and after the tACS.

Results and Discussion: The simulation of the model provides a suggestion for the
possible role of the cerebellum on rest tremors and how cerebellar tACS can affect
these tremors. Results of human experiments also showed that the online and offline
effects of cerebellar tACS could lead to the reduction of rest tremors significantly
by about %76 and %68, respectively. Our findings suggest that the cerebellar tACS
could serve as a reliable, therapeutic technique to suppress the PD tremor.

KEYWORDS

computational modeling, rest tremor, transcranial alternating electrical stimulation,
cerebellum, oscillators

1. Introduction

Parkinson’s disease (PD) is a prevalent neurodegenerative disorder. The typical symptoms
include tremors, bradykinesia, akinesia, rigidity, and postural instability (Balestrino and
Schapira, 2020). Inspired by Wu and Hallett (2013), patients can be divided into two groups:
tremor dominant and akinesia dominant. The cerebellum, motor, sensory cortices, and
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diencephalic area are involved in tremor generation in tremor-
dominant parkinsonian patients (Timmermann et al, 2002).
Anatomical connections between the cerebellum and basal ganglia,
which have been the primary clinical and research targets in the field
of Parkinson’s disease (Hornykiewicz, 2006), were also discovered.
These connections include a strong disynaptic projection from the
cerebellum to the striatum by the thalamic route (Hoshi et al., 2005)
and a disynaptic projection from the subthalamic nucleus (STN) via
the pathway of the pontine nuclei to the cerebellar cortex (Bostan
etal,, 2010). Neuroimaging studies pointed out that the left and right
cerebellum and the contralateral motor cortex are hyperactive in PD
patients (Yu et al., 2007). Therefore, increasing anatomical,
pathophysiological, and clinical evidence lead to recognize the
involvement of the cerebellum in the clinical symptoms of PD (Yu
et al., 2007; Helmich et al., 2012; Wu and Hallett, 2013; Kishore et al.,
2014; Lefaivre et al., 2016).

Tremor, one of the most common PD symptoms, is described as
a rhythmical, involuntary oscillatory movement of a body member
(Puschmann and Wszolek, 2011). Such a tremor can reduce the
quality of life from physiological and psychological aspects (Louis and
Machado, 2015). Studies have shown that tremors in PD can
be considered as an independent symptom resulting from less
responding to dopaminergic treatments compared to rigidity and
bradykinesia. Additionally, tremor progression does not happen at the
same rate as other PD manifestations (Louis et al., 1999; Yu et al,,
2007; Helmich et al., 2012). Invasive procedures like deep brain
stimulation (DBS) can reduce tremors (Hess, 2013; Wong et al., 2019).
However, researchers are seeking noninvasive approaches.
Transcranial electrical stimulation (tES) and transcranial magnetic
stimulation (TMS) have also been used to treat PD’s tremors (Fregni
et al., 2006; Benninger et al., 2010; Brittain et al., 2013; Lefaivre et al.,
2016; Marzban et al., 2017).

Previous studies tried to model rest tremors computationally
based on the physiological changes in the central nervous system
(Austin et al., 1965; Leondopulos and Micheli-Tzanakou, 2004; Haeri
et al, 2005) and peripheral nervous system (Fukumoto, 1986;
MashhadiMalek et al., 2008). Some researchers took into account only
the dynamic of oscillations for modeling tremors (Beuter and
Vasilakos, 1995). There is some evidence to support that rest tremors
result from an involuntary running of a motor program, which finally
causes rapid alternative movements (RAM) (Watson Alberts, 1972;
Parker et al., 1992). Accordingly, Duval et al. (2016) suggested that the
cerebellum considers rest tremors as voluntary movements and
attempt to modify them in the “finger-switch-dimmer” model, a
conceptual model. However, the role of cerebellum in the mechanism
of generating and propagating rest tremors has not been
investigated computationally.

We hypothesize that cerebellar transcranial alternating current
stimulation (tACS) can support the cerebellum modulating rest
tremors. This study aims to model the effectiveness of cerebellar tACS
on rest tremor in PD mathematically. The proposed model is then
validated by helping literature and the clinical experiment results
designed and performed on a group of people with PD. To the best of
our knowledge, presenting a computational model to show the
contribution of the cerebellum in rest tremors is carried out for the
first time in this study. In section 2, methodology and materials are
presented, results are explained in section 3, followed by the discussion
and conclusion in sections 4 and 5.
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2. Materials and methods

2.1. Subjects

Fifteen tremor-dominant Parkinson’s patients (8 females; age
65.86+12.81 years; right-handed)
participated in the experiments. Demographic information is shown

in the drug-off condition

in Table 1. All participants signed the written informed consent form.
They also completed a questionnaire concerning the possible adverse
effects of tACS. Iran University of Medical Sciences (Ethics committee
reference number IR.IUMS.REC.1397.1349, date 2019/02/24)
approved the experiment protocol.

2.2. Apparatus and experimental procedure

The experiment was performed while the subjects sat on a chair
comfortably with their eyes open. The participants placed their hands
on their thighs during recording the rest tremor in the experiment
(Figure 1). Tremor acceleration was recorded in three directions by a
tri-axial accelerometer, consisting of the LIS3DH (STMicroelectronics,
2016) accelerometer sensor and the Arduino Uno board. This sensor
was placed over each patient’s dominant hand index finger before
starting the recording. Acceleration of rest tremors were recorded in
three states, pre-stimulation, during-stimulation, and post-stimulation
(Recording 1, 2, and 3). The first recording, was performed 65 s before
the start of the stimulation. Stimulation (tACS) was applied for 15 min.
From the 12th minute, the second recording was done for 65s,
simultaneously with the continuation of the stimulation. About 2 min
after stimulation, the third 65-s recording was started. As mentioned,
each recording state lasted 655, which included three 15-s intervals
with 10-s inter recording intervals (Figure 1).

2.3. Stimulation protocol

Ipsilateral cerebellar stimulation was delivered through rubber
electrodes encased in saline-soaked sponges. The active electrode was
positioned three centimeters lateral to the inion, and the return
electrode was centered on the buccinator muscle contralateral to the
recorded tremor. The applied current was a sinusoidal waveform with
a peak amplitude of 2mA for 15min, and the electrode size was
7x5cm?. Based on the literature (Brittain et al., 2015), tACS was
applied to each patient at the peak frequency of their rest tremors,
which was in the range of 4-7Hz in the experiment. The peak
frequency of participants’ rest tremors was determined through the

TABLE 1 Demographic information of PD subjects.

Factor PD patients (n = 15)

Age (year) 65.86+12.81
Sex (Female/male) 8/7
Dominant arm Right
Disease duration (year) 6.5+2.33
Age of onset (year) 59.2+9
Medication Levodopa
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FIGURE 1

Schematic representation of hand position for the recording of rest tremors via an accelerometer. The position of active and return electrodes is
shown in red over the inion and buccinator muscle. The accelerometer is placed over the index finger. Lower panels of the figure represents the timing
of experiment, including acceleration recoding states and accelerometer intervals in each state.
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FIGURE 2

Electrode montage and electric field distribution pattern. Computational head model for a sample subject with stimulating electrode over the right
cerebellum and return electrode over left buccinator muscle. A current of 2mA is used in the stimulation. Simulation is performed in SimNIBS 3.2 using
the high resolution T1-weighted image of Ernie subject in this package and EF distribution patterns are visualized over gray matter in volt per meter
[V/m]. EF, electric field.

accelerometer mentioned in the previous subsection and analyzed by ~ 2.4. Analyzing experimental data

using principle component analysis (PCA) in MATLAB before

starting the stimulation. We simulated the electric field distribution In preprocessing, data from the accelerometer was smoothed by
pattern for our electrode montage in SImNIBS 3.2. The simulation ~ performing a cubic spline interpolation. Then, the average resultant
results are represented in Figure 2. acceleration (RA), approximate entropy (ApEn), and the peak
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frequency were extracted as features. The resultant acceleration of rest
tremor was calculated as follows:

RA= x2+yz-4—z2 (1)

X, ¥, and z are axis directions. The ApEn method quantifies the
complexity and synchrony of time series. This ApEn value was
computed by Eqns. 2-6 (Pincus et al., 1991; Gil et al., 2010). Fast
Fourier transform (FFT) helped us determine the amplitude and
frequency of the peak frequency in the frequency domain.

ApEn:(pm(r)—gom+1(r) )

N-m+1

(pm(r)z(N—m+1)_1 Z log(C,-m(r)) (3)

CP" () = (mamber of () such that d x(i).x()])

/(N =m+1) 4)
d[x.x*J = max |u(a)-u"(a)l (5)
x(i)=[u(i).u(i+1).....u(N—m+1)] (6)

There are N raw data in a time series of data u(1).2(2)....u(N).
m, an integer, represents the length of the sequence to be compared.
1, a positive real number, measures a filtering level for matching
similarity between two segments.

2.5. Modeling

We proposed a computational model to show the effectiveness of the
cerebellar tACS on rest tremor based on biological findings. Studies have
shown that there can be a loop between the cortex, cerebellum, basal
ganglia and spinal circuitry and muscle systems which are involved in
tremor modulation (Hoshi et al., 2005; Yu et al., 2007; Bostan et al., 2010;
Wu and Hallett, 2013). Additionally, tACS can reduce tremors by altering
neuronal oscillations (Brittain et al., 2013, 2015). Figure 3 represents the
block diagram of the proposed model proposed. This model consists of
four main components: Cortex, Cerebellum, spinal circuits and muscular
systems (SC-MS), and Basal Ganglia.

Due to the prominent role in dopamine production
(Hornykiewicz, 2006), basal ganglia are considered a regulator of the
coupling weights defined between oscillators.

In Figure 3, cortical oscillations are sent to the SC-MS block with
connection 1 (Lemon, 2008), and a copy of that is sent to the
cerebellum block with connection 2. Connection 1 plays the role of
efferent signals in the brain. Then, the SC-MS block gives the feedback
of the executed movement to the cerebellum block through connection
3 (Ramnani, 2006). Connection 3 is equivalent to afferents to the
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FIGURE 3

Conceptual model of rest tremor in PD. SC-MS block is a set of
spinal circuits and muscular systems. Arrows represent the primary
connections among the cortex, cerebellum, and SC-MS, while
dashed lines indicate the effect of basal ganglia on
neurotransmitters. | and BR denote input (tACS) and mutual
relationship between cortex and cerebellum, respectively.

cerebellum. The cerebellum compares the desired output with the
actual output and sends a message to the cortex via connection 4
(Ramnani, 2006; Flanders, 2009).

Since neuronal sets can be considered as oscillators (Stiefel and
Ermentrout, 2016), blocks in Figure 3 are modeled by oscillators that
can interact with each other. These interactions take place with the
process of synchronization or desynchronization behaviors observed
during voluntary movements and rest tremor (Balanov et al., 2009).
Oscillatory units are designed to exhibit synchronization and
desynchronization behaviors. When the interaction of two systems
leads to adapt their time scales, they synchronize with each other
(Balanov et al., 2009). Adjustment and regulation of the time scale
result from mutual or forced synchronization. In the proposed model,
it causes units to oscillate at similar frequencies, and the phase is
gradually aligned between them and their natural dynamics may
suppress as well. Desynchronization happens against the
synchronization, which means a variable phase/frequency difference
between the units’ oscillations. Regulation of coupling weights can
play essential roles in happening frequency/ phase locking.

‘We have modeled the cortex, cerebellum, and SC-MS with Van
der Pol oscillators, which have been used to model tremors in previous
studies (Austin et al., 1965; Timmer et al., 2000; Harikrishna et al.,
2016) and are well-known in modeling the biological systems. Van der
Pol oscillator simplifies the model resulting from not considering the
neuronal details and chemical reactions (Baghdadi et al., 2019).
Furthermore, the results of the simulation could satisfy the primary
goal of the model.

Equation 7 shows the mathematical representation of a Van der
Pol oscillator.

y-(A-7?)7+py =0 @

The output of the oscillator is represented by the Y value. The
frequency and the amplitude of oscillations are, respectively,
determined by the value of p and A. In this equation, A is the
bifurcation parameter (i.e., the changes of this parameter can cause
considerable alternation of the output pattern), in that A <0 leads to
the suppression of oscillations and when A is greater than one, the
oscillations have multiple harmonics.
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TABLE 2 Frequency range of each units’ activities.

Blocks Frequency (Hz)

Cortex (Hari, 2006) 10-20

Cerebellum (Groth and Sahin, 2015) 4-25

SC-MS (Bain, 2002, Dirkx et al., 2018) 7-12

300 g
200 ”

100

=100 [

External Oscillator
o

=200

.300 L " n
0 100 200 300 400

Sample

FIGURE 4
Simulation of the external oscillator (tACS) for online-effect (solid
black line) and offline-effect (dash gray line).

The bifurcation parameters of Van der Pol oscillators should
be 0 < A < Ito have a single frequency of oscillation that is determined
by p value (Baghdadi et al., 2019). As a result, the model becomes
simpler. Thus, in all simulations, A¢, = A¢e = 4, =0.3. It is worth to
be noted that other values between zero and one lead to the same
pattern of results obtained and reported in this study.

The value of p for each block has been determined based on
previous studies that provide an estimation of the frequency of these
units activities. The frequency ranges of cortex, cerebellum and the
SC-MS activities (three units of the proposed model) were measured
by MEG and EEG (Hari, 2006), microelectrode recordings (Groth and
Sahin, 2015), accelerometer and surface EMG techniques (Bain, 2002;
Dirksx et al., 2018) respectively. These results are indicated in Table 2
for healthy subjects.

Accordingly, the p values (intrinsic frequencies) of the units of the
proposed model were set as follows in Equations 8-10, which are the
main equations of the proposed model:

Peo =15Hz.poe =20Hz.pg =10Hz.

We considered three Van der Pol oscillators, which represent the
loop involved in executing voluntary movements, including the
cortex, cerebellum, SC-MS.

YCO—(A’CO_YC%))YCO-FPCZOYCD =BR(Yce_Yco) (8)

Yoo (A = Yt ) Yoo + pleee = BR(Yoo = Yeo )+ BiYp + 1 (9)
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Ys=( = X2 )Y+ p3Y; = Bae (10)

The subscripts co, ce, and p, respectively, represent the cortex,
cerebellum, and SC-MS. The term 7 denotes an input to the
cerebellum, which is tACS in the proposed model. The coupling
weights between units (BR and B;) represent synapses in which
neurotransmitters influence the performance. In this study, the most
notable neurotransmitter is dopamine. According to the
synchronization between cortex and cerebellum (Timmermann et al.,
2002), we considered that they interact with each other through
mutual synchronization, which leads to adding the new term
BR(YCO - Yce) to Eqns. 8 and 9. It shows the effect of cortex on the
cerebellum and vice versa. By represents the influence of sensory
feedback on the performance of the cerebellum, and B, determines
the influence of the cortex on the SC-MS. These coupling weights are
used as control variables to represent the healthy and PD states in
the model.

As mentioned before, the effect of tACS, as an external oscillator,
can be inserted into the model, as shown in Eqn. 9 by the symbol
I. This external oscillator (tACS) is modeled by Eqn. 11. Few studies
investigated the offline-effect of tACS. They suggested that the
stimulation duration (Striiber et al., 2015) and the endogenous power
of oscillations (Neuling et al., 2013) can impact the offline-effect of
tACS. In this study, an exponential term is added to Eqn. 11, and the
result is shown in Eqn. 12 to simulate the decreasing effect of electrical
current on neurons after removing the electrodes from the skull.

1= Asinwt (11)

I=Ae P sinwt (12)

Figure 4 is an example to display the shape of external input
simulation considering the conditions described by Eqns. 11 and 12.
This input is inserted to the cerebellum block to consider online- and
offline-effects of tACS on the model. A sinusoidal wave is presentative
of online effects (during the stimulation), which is shown by solid
line. In other words, as long as sinusoidal wave is inserted to the
model, it behaves like during stimulation in the experiments.
Subsequently, we assumed offline effects such as an exponential term
which the its amplitude decrease in time (the dash line color in
Figure 4).

Proposed model is used to simulate healthy and PD states.
Decrease of coupling weights get model from healthy state into PD
state because these coupling weights are a representation of the
dopamine level, which is lower in people with PD. Considered blocks
involved in the rest tremor generation may desynchronize with each
other in a healthy state. When synchronization occurs, the cortex and
cerebellum blocks become hyperactive, and the behavior of the
model is like the PD state (Timmermann et al., 2002; Yu et al., 2007).
According to these changes, coupling weights are adjusted between
30 to 40 in the healthy state and 1 to 10 in the PD state. The limited
range of coupling weights is in agreement with the fact that there is a
specific limit of neurotransmitters in healthy subjects. For instance,
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the increment of the dopamine level over the normal range can cause
some diseases or disorders (Hague et al., 2005).

2.6. Statistical analysis

We used Kolmogorov-Smirnov test to determine if the
distributions of two samples come from a normal distribution. After
confirming the non-normality of the data, the Wilcoxon signed-rank
test was used for statistical analysis to assess whether the mean of
signals differs during and post-stimulation compared to the
pre-stimulation. The null hypothesis for this test was that the means
of two samples are equal. In this study, a p-value of less than 0.05 was
considered statistically significant. All the processing and analyses
were performed in MATLAB 2018b software.

3. Results
3.1. Model simulation results

As it has been mentioned in the Method part, coupling weights
are the control parameters in the proposed model. That is, the
changes of these parameters, which are a representation of the
dopamine level, can alter the output behavior from healthy to PD. In
this section, the results of the model simulation are presented by
altering the coupling weights, and also the effect of tACS input on the
model output, which is a representation of the tremors. The unit’s
activities increase by decreasing the coupling weights, as shown in
Figure 5A. Indeed, after a while, the phase of the three oscillators

10.3389/fnagi.2023.1187157

gradually become similar to each other. Then, as a result of the
between-unit synchronization, the activation of units begins to
increase. Results agree with this claim that the cerebellum and cortex
are hyperactive in the PD (Wu and Hallett, 2005; Wu and Hallett,
2013). The model results are illustrated in Figure 5B in frequency
domain. This figure shows the oscillators’ peak frequencies declined
by changing the model mode from the healthy state to the PD state.
These results are consistent with decrease of frequency range in PD
as mentioned in DelLong and Wichmann (2007).

The simulation results show a significant reduction of ApEn from
a healthy state to the PD state, from 0.55 to 0.27. Gil et al. (2010) also
observed a decline in ApEn in PD patients compared with
normal subjects.

Figure 6A illustrates the average amplitude of oscillations of the
SC-MS block for healthy and PD state. According to Figure 6A, the
average acceleration experienced a remarkable reduction during the
stimulation. After applying tACS, a slight increase can be seen in the
average acceleration. Figure 6B shows that tACS leads to a reduction
in ApEn during the stimulation and a rise in the post-stimulation on
the ApEn. When tACS was being delivered to the cerebellum, PD
patients experienced the smallest hand tremor. The frequency of a
peak in the frequency domain remains steady during stimulation and
post-stimulation, as seen in Figure 6C.

3.2. Experimental results

Figure 7 displays the average resultant acceleration (RA) of rest
tremors of fifteen subjects, recorded from participants in three
conditions of pre-, during-, and post-stimulation.
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Output of three blocks in the Model. (A) Amplitude of the considered oscillators’ activities in the proposed model in healthy (white bar) and PD (black
bar) states. (B) The peak frequency of the oscillators in the healthy and PD states. SC-MS, spinal circuit and muscular system.
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Statistical analysis of the effect of the stimulation (pre-, during-,
and post-stimulation) on average, approximate entropy (ApEn), and
frequency of the tremors’ RA revealed that the average RA of the rest
tremors decreased significantly by about 76% (p=0.0052) during the
stimulation and 68% (p=0.0353) after the stimulation (Figure 8A).
The average ApEn declined approximately 84% (p=0.0006) during the
stimulation, while it increased by 50% (p=0.041) in the post-
stimulation condition (Figure 8B). The average of peak frequency
dropped by 9.73% (p=0.107) and 4.68% (p=0.094) during and after
the stimulation, respectively (Figure 8C).

Figure 6 shows the changes pattern of the model’s output while the
tACS input (I in Eqn. 9 described in Modeling section) has a zero
amplitude (pre-stimulation), a fixed amplitude greater than zero
(during stimulation), and a gradually declining amplitude (post-
stimulation). Similarly, Figure 8 demonstrates the changes pattern of
signals recorded from participants’ tremors in three mentioned
conditions (pre-, duration, and post-stimulations). A comparison of
Figures 6A,B and Figures 8A,B show that the behavior of the model
simulation and experimental results are consistent qualitatively. That
is, in both, the values of the average acceleration and approximate
entropy decrease by applying the stimulation input, while increase in
post-stimulation condition. This increment in the approximate
entropy is greater than the average acceleration.

3.3. Further investigations of the model
behavior

In previous section, it is showed that the model simulations and
experimental results are in agreement qualitatively. The model can

10.3389/fnagi.2023.1187157

also reveal the possible relationship between the value of coupling
weights (B, a representation of the dopamine level) and the average
acceleration of the output (a representation of the average rest tremor
acceleration). Dotted lines in Figure 9 show the average acceleration
value of each model units’ output while changing the coupling weights
(BR in the model’s equations, describe in Modeling section). In order
to find the mentioned relationship, we tried to find the best regression
model that fits to the calculated data (dotted lines). Exponential
functions (aebB) were the best models with lower error of fitting (solid
lines in Figure 9). The value of a and b for each units of the model
reported in Table 3. The slope of the fitted lines (solid lines in Figure 9,
or exponential functions in Table 3) shows how much the activity of
each unit is sensitive to the changes of B value (dopamine level). This
sensitivity can be calculated by the derivative of fitted exponential
functions with respect to the variable B. As described in Modeling
section, coupling weights are adjusted between 30 and 40 in the
healthy state and 1 to 10 in the PD state. Therefore, the values of the
mentioned derivative in the range of 30 <B <40, and 1 <B< 10, suggest
the sensitivity of units to the changes of B value (dopamine level) in
the healthy and PD states, respectively. Results of sensitivity in Table 3
suggest that people with PD are less sensitive to the changes of B
values (i.e., the absolute values of sensitivity in PD state is lower than
the healthy state).

4. Discussion

We proposed a computational model that can show the
effectiveness of the cerebellar tACS on rest tremor based on biological
findings. An experiment was carried out on PD patients to evaluate
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Regression model. Fitting the exponential function (solid line) onto the proposed model output (black points) with different values of coupling weights

TABLE 3 The function and sensitivity value in the range of healthy and PD
states.

Blocks Function Sensitivity
7(B)=ae?B Healthy PD

Cortex a=74.58 —0.3849 —0.1356
b =-0.0049

Cerebellum a=71.24 —0.3083 —0.1303
b =-0.00085

SC-MS a=7843 —0.0655 -0.0132
b=-0.0038

the global behavior of the model. Experimental results revealed that
the online and offline effects of tACS on the rest tremor’s acceleration
were about 76 and 68%, respectively (Figure 8A). This influence is
greater than the effects of TMS (Lefaivre et al., 2016), tDCS (Fregni
etal., 2006), and M1-tACS (Brittain et al., 2013) on the PD tremor.

In this study, tACS as an external oscillator with a sufficiently close
frequency to the cerebellum’s frequency, as an internal oscillator, was
applied to the cerebellum. The literature states that the frequency of
tremors is approximately equal to the cerebellum frequency of
activities (Brittain et al., 2013, 2015). By reducing coupling weights
and going into the PD state, three oscillators’ phases gradually
synchronize with the external forcing of tACS. As a result of the
synchronization between oscillators, units activation begins to
increase (Grabska-Barwinska and Zygierewicz, 2006). Therefore,
hyperactivity occurs in the cortex, cerebellum, and SC-MS blocks in
the PD state, shown in Figure 5A.

In a comparative study between essential and Parkinson’s tremors,
Brittain et al. investigated how multiple neural oscillators contribute
to PD patients’ frequency tolerance profiles. Based on the results, the
broad frequency tolerances observed in the PD cohort can
be explained by the superposition of uncoupled oscillators that do not
have a strong tendency to oscillate at a specific frequency. As a result,
we can conclude that tremors are confined to certain resonance
margins, and the peripheral manifestation of tremors diminishes as
the central drive exceeds these margins. They also proposed the
intriguing possibility that external stimulation, such as tACS, could
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potentially drive tremors outside their tolerance zone, leading to a
reduction in tremor amplitude and associated disability (Brittain et al.,
2015). In the current study, we aim to modulate the abnormal neural
oscillations that cause tremors. In order to reduce the severity of
tremors, tACS may entrain or desynchronize these oscillations. There
is, however, a possibility that the optimal stimulation frequency will
differ from individual to individual. Therefore, in our experiment
tACS was applied to each patient at their peak rest tremor frequency,
which was 4-7 Hz.

Changing the stimulus amplitude in tACS affects the strength of
the electrical current delivered to the brain. An increase in electrode
amplitude can be associated with more substantial neural modulation,
while a decrease in electrode amplitude may produce weaker effects.
A balance must be struck between efficacy and safety when
determining amplitude. In contrast, higher amplitudes outside the
range may cause discomfort or adverse effects, while lower amplitudes
may be less effective.

The complexity of tremors is determined by the combination of
mechanical and neural effects (Morrison and Newell, 2000). Given the
synchronization of the considered oscillators in the PD state, there are
more regular oscillations in the rest tremors resulting in the lower
ApEn in the PD state than the healthy state. Furthermore, the
literature indicated that the effects of aging and disease might
be associated with a reduction in system complexity (Morrison and
Newell, 2000; Gil et al, 2010). Thus, an increase in ApEn can
be indicative of an improvement in patients with PD. Offline-effects
in Figure 6B support this hypothesis compared to the pre-stimulation.

As shown in Figures 6C, 8C, slight changes in frequency can
be due to our choice of the stimulation frequency, which is around
equal to the peak frequency of rest tremor in the pre-stimulation
(Brittain et al., 2015).

The exponential pattern of the model output with the different
coupling weights (Figure 9) is consistent with the aforementioned
physiology of neurotransmitters. The negative slope in Table 3 also
shows the downward trend in the neuronal activity with increasing
neurotransmitters. The greater value of the sensitivity of the healthy
state than the PD state represents that the velocity in a healthy state is
higher than the PD state. In addition, the speed of synchronization
between the oscillators increases by rising coupling weights resulting
in the reaction time decline. This result offers confirming evidence for
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the fact that the reaction time in PD patients decrease compared with
healthy subjects (Hu et al., 2019). Moreover, the negative acceleration
(second derivative) is observed by increasing coupling weights
regarding the sign of a and b coeflicients in Table 3, which can
be representative of less tremor. Results of sensitivity reported in
Table 3 show that people with PD are less sensitive to the changes of
B values (dopamine level). That is, they may need higher level of
dopamine to have the same pattern of healthy activities. In other
words, the model predicts that people with PD lose their sensitivity to
the changes of the dopamine level. However, this prediction needs
clinical investigations in future studies.

Although the exact mechanism of tACS on the cerebellum is
not fully understood, and research in this area is ongoing, there are
a few mechanisms that may explain the effects of tACS on cerebellar
function. A possible mechanism for tACS on the cerebellum
involves neural oscillation entrainment. In targeted brain regions,
electrical stimulation at specific frequencies can synchronize or
entrain oscillatory activity. It may be possible to modulate motor
control processes by utilizing tACS in the cerebellum by modulating
oscillatory activity in the cerebellar cortex and deep cerebellar
nuclei. Another potential mechanism is the modulation of neuronal
excitability. Several studies have shown that electrical stimulation
affects neuron excitability in the stimulated area. In the cerebellum,
tACS can alter the neuronal excitability, which may affect the
overall functioning of motor control circuits. Considering the
mechanism of the tACS effects on the cerebellum, it is also
important to note that a variety of parameters, including stimulation
frequency, intensity, and duration, can influence tACS effects on
brain regions.

The proposed computational model brings new insight into the
cerebellum’s role in suppressing rest tremor using tACS. However, the
experiment was conducted with a limited number of participants and
lack of sham group in this work. Thus, it is suggested that further
investigations could be performed by increasing the number of
participants, integrating with functional neuroimaging, computational
head models for future works.

In conclusion, this model can make it possible to predict the
system’s output behavior with a different value of neurotransmitters.
Furthermore, the online- and offline-effects of cerebellar tACS on rest
tremors were statistically significant, proving that the cerebellum is
one of the involved brain regions in rest tremors. Moreover, our
findings show that not only the cerebellum can be a target in PD
patients but also cerebellar tACS has a great potential to be a novel
therapy to control rest tremor. It may serve as a reliable technique to
re-establish the brain oscillations’ physiological balance, particularly
in PD patients.
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