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ARTICLE INFO ABSTRACT
Keywords: Background: Deep brain stimulation (DBS) is a method for stimulating deep regions of the brain
Noninvasive deep brain stimulation for the treatment of various neurological and psychiatric disorders such as depression, obsessive-

Tamporal interference
Hodgkin-Huxley model
Rat’s motor cortex

compulsive disorder, addiction, and Parkinson’s disease. Generally, DBS can be performed using
both invasive and non-invasive approaches. Invasive DBS is associated with several problems,
including intracranial bleeding, infection, and changes in the position of the electrode tip.
Temporal interference (TI) stimulation is a non-invasive technique used to stimulate deep regions
of the brain by applying two high-frequency sinusoidal currents with slightly different
frequencies.

New method: This paper presents insights into the response of the spiking in the Hodgkin-Huxley
(HH) neuron model of the rat somatosensory cortex by changing the parameters carrier fre-
quency, current ratio, and difference frequency of TI stimulation. Furthermore, in order to
experimentally evaluate the effect of TI stimulation on the activation of the left motor cortex, an
experiment was conducted to measure the motion induced by the balanced and unbalanced TI
stimulation. In the experiment, a three-axis accelerometer was attached to the right hand of the
animal to determine the position of the hand.

Results: Simulation results of the HH model showed that the frequency of the envelope of the TI
stimulation is identical to the fundamental frequency of the neuron spikes. This result was ob-
tained for difference frequencies of 6 Hz and 9 Hz in balanced and unbalanced TI stimulations.
Moreover specifically, when the difference frequency is set to zero, the carrier frequency is within
the range of 1300-1400 Hz, and the current range is between 140 and 250 pA/cm?, the firing rate
reached to its highest value. In the experimental result, the maximum range of movement at a
difference frequency of Af = 6 Hz was approximately 1.6 mm and 5.3 mm in the z and y di-
rections respectively.

Comparison with existing method: The results of the spatial spectrum of the rat hand movement
were consistent with the spectrum information of the simulation results. Additionally, steering
the interfering region to the left motor cortex leads to noticeable contralateral movement of the
right hand while no movement was observed in the right hand during the stimulation of the right
motor cortex.

Conclusion: This technique of stimulation for the deep regions of the brain is a promising tool to
noninvasively treat various neurological and psychiatric disorders such as morphine dependence
in addicted rats.
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1. Introduction

Neuromodulation involves the use of various techniques to modify the activity of neurons or neural networks within the nervous
system. Neuromodulation through brain stimulation involves the application of electrical currents, magnetic fields, or ultrasound
waves to either excite or inhibit neuronal activity by modulating the activity of specific brain regions. Brain stimulation techniques can
be used as an effective non-pharmacological approach for the treatment of diseases including depression [1], Alzheimer’s [2], Par-
kinson’s [3], and addiction [4]. This approach can be categorized into transcranial magnetic stimulation (TMS) [5], transcranial
electrical stimulation (tES) [6], transcranial ultrasound stimulation (TUS) [7], and invasive deep brain stimulation (DBS) [8]. TMS is a
non-invasive brain stimulation technique that uses magnetic fields to induce electrical currents in specific regions of the brain, leading
to the activation or modulation of neural circuits [5]. Repetitive TMS has demonstrated efficacy in enhancing motor and cognitive
abilities and alleviating depressive symptoms across various conditions such as stroke [9,10], Parkinson’s disease [11], and major
depressive disorder [12,13]. Similarly, tES is a noninvasive brain stimulation method that uses an electrical current to modulate neural
activity in cortical regions [6]. tES can be used as an effective therapeutic technique and non-drug approach for patients suffering from
alcohol abuse [14], chronic pain [14], and epilepsy [15]. Despite the multiple applications of TMS and tES, the challenges persist in
stimulating deeper brain structures due to the limitations of restricted penetration depth [5] and limited targeting precision in these
techniques. Therefore, DBS may be an alternative method for stimulating deeper regions of the brain. Generally, DBS can be performed
using both invasive and non-invasive approaches [8]. Invasive DBS requires the implantation of electrodes in the brain to reach the
targeted deep brain regions [16]. Animal studies have shown promising results in using DBS to modulate brain circuits involved in
addiction-related behaviors [4,17,18]. DBS is a well-established treatment for movement disorders such as Parkinson’s disease to
reduce the inhibition of the motor cortex in nonhuman primates by disrupting pathological neural activity [19]. Moreover, in recent
years, several human studies have shown the effectiveness of this technique to provide symptom relief for other movement disorders
such as essential tremor [20], and dystonia [21]. However, invasive DBS is associated with several complications, including intra-
cranial bleeding, infection, and changes in the position of the electrode tip [22]. Recently, to eliminate the risks associated with
invasive methods, non-invasive DBS has been proposed to stimulate different deep brain areas [23]. The method does not require
surgery or the placement of electrodes inside the brain, thus reducing the risk of complications associated with invasive DBS.

Temporal interference (TI) stimulation is one of the non-invasive DBS techniques that can be used transcranially to stimulate deep
regions of the brain by applying two or more high-frequency sinusoidal currents with slightly different frequencies [24-26]. This
technique has been clinically investigated for its effectiveness in selectively stimulating brain areas in human subjects (reduce
apnea-hypopnea events in a subgroup of female patients with obstructive sleep apnea [27], enhancement of hippocampal activity and
memories in individuals [28], improved motor skill learning performance through striatal stimulation [29], improvement of motor
function in humans [30]) and animal models (Control of the seizure-like events by the orientation of the electrodes to focus on the
hippocampus [7,31], activation of the mouse motor cortex [24]). Recently, Missey et al. developed a wireless DBS method using
light-driven organic photocapacitors and laser-driven TI to selectively stimulate the hippocampus of mice while avoiding off-target
stimulation in the cortex. This approach holds promise for DBS without implanted electrodes, allowing for greater mobility in ani-
mal experiments and clinical applications [32]. From the clinical point of view, one important challenge facing the selective activation
of deep regions of the brain through TI stimulation is to determine the appropriate electrode placement and adjust the parameters of
the stimulation. The parameters include the difference frequency, amplitudes, and current ratio of the two sinusoidal stimulations. To
resolve this challenge, in the literature the macroscopic conductivity models of the brain have been developed [24,25,33-37]to
examine how the field is distributed in the brain through TI stimulation. In these studies, the brain tissue has been macroscopically
modeled as a homogeneous or heterogeneous cylinder or sphere. In Ref. [25], Karimi et al. developed homogeneous and inhomo-
geneous models of the brain to compute the electric field distribution generated during non-invasive DBS via TI stimulation. The results
showed that the increase in the number of stimulating electrode pairs led to more control of the shape of the activated area. Based on
the modeling of TI stimulation targeted deep brain region in Ref. [35], it was concluded that the selectivity ability of the TI stimulation
depends on the relative magnitude of amplitude-modulated kHz electric fields (in the deep brain region). The aforementioned studies
indicate that the depth of stimulation can be controlled by adjusting the arrangement of electrodes on the skull and the peak envelope
modulation can be focused on particular brain regions by varying the current ratio between the electrode pairs [24]. While macro-
scopic models are effective in determining the intensity and distribution of the electric field within the brain model, microscopic
models play an important role in the analysis of the response of neurons. Additionally, an evaluation of the precise location of the
active region in the brain model is necessary to find a comprehensive understanding of the phenomenon. This finding highlights the
importance of utilizing microscopic models for a comprehensive analysis of neuron behavior under a modulated TI field [38].

On a microscopic level, to investigate the response of neurons to external stimuli, it is necessary to develop mathematical models to
describe the behavior of neurons as the fundamental units of the brain and nervous system. One of the widely used neuron models is the
Hodgkin-Huxley (HH) model [39], which describes how the action potential is generated in nerve axons using mathematical re-
lationships [40]. Several computational neuron models based on the original HH model have been developed to simulate different
neuronal regions in the brain. Actually, these computational models were used to examine how action potentials initiate and activate
neurons during different electrical stimulating approaches including invasive DBS of the nuclei brain [41-43], tES [44], and TI
stimulation [25,45,46]. Due to the low-pass filtering properties of the neural membrane, the high-frequency stimulation of the brain
cannot affect the neural activity of the neurons [24]. Furthermore, Pelot et al. performed research aimed at investigating the effect of
high-frequency electrical stimulation (HFS) on motor nerve conduction block in mice. Their results showed that high-frequency
stimulation of the neural membrane caused conduction block [47]. However, Mirzakhalili et al. examined the neural response of



Z. Mojiri et al. Heliyon 10 (2024) e29482

the passive and full axon models to TI stimulation based on the standard HH model to test the hypothesis that neurons could respond to
the low-frequency oscillating envelope rather than to the high-frequency stimuli. They showed that TI fields can stimulate deep brain
neurons directly [45]. To better understand TI neurobiological mechanisms, Cao et al. studied the effect of TI stimulation on a single
neuron model based on classical HH neuron to evaluate the effect of TI stimulation in this model [46]. Karimi et al. [25] presented a
compartmental axon cable model to measure how neurons respond to electric fields generated at the activated area with the signal
envelope. In all aforementioned works that focused on microscopically modeling the nerve behavior in response to the TI stimulation,
the effects of the stimulation parameters have not been studied experimentally and quantitatively. Botzanowski et al. demonstrated the
effectiveness of peripheral nerve stimulation (PNS) by cutaneous electrodes through TI stimulation of mice using flexible and
conformable on-skin multielectrode arrays. The coordinates of the tip of the paw for different offset frequency with a high-angle shot at
30 frames was analyzed [48]. In Ref. [24], only the movement of the mice’s hand evoked through TI stimulation via an in-frame ruler
in one direction were analyzed. The main objective of this paper is to model the variation of membrane potential in response to the TI
stimulation with different parameters and additionally to experimentally evaluate the interfering electrical induced motion in the
forelimb of a rat. To this end, at first, the membrane voltage of the HH neuron model with and without TI stimulation is simulated and
the effects of changes in stimulation parameters on the response of the spiking behavior of the model are investigated. Furthermore, in
order to experimentally evaluate the forelimb movement in response to the unbalanced and balanced TI stimulation of the motor
cortex, a three-axis accelerometer is attached to the right hand of the rat and the movement acceleration is measured in X, y and z
directions. Using the three directional measured data, oscillating motion of the rat’s hand is compared with the spiking patterns of the
modeled neuron in the frequency domain. Additionally, the sensitivity of the rat’s hand movements to the TI stimulation parameters is
assessed in three directions.

This paper is organized as follows. Section 2 details the methods including the TI method, HH model equations, and experimental
setup. The simulation results of the HH neuron model in response to TI stimulation with different parameters are presented in Section
3. Section 4 provides the experimental results of the effect of TI stimulation on the activation of the rat’s motor cortex and finally, Sec
tion 5 present s the discussion and conclusions of the study.

2. Methods
2.1. Temporal interference (TI)

TI is a non-invasive stimulation technique that utilizes the low frequency beat formed due to the superposition of two similar high
frequency fields to stimulate deep regions of the brain. Therefore, if two electric fields are applied at high frequencies with a small
difference frequency, the effective interference of these two applied fields can be able to follow the envelope modulation that oscillates
at the difference frequency. In TI stimulation, two paired electrical currents are applied at high frequencies f; and f> = f; + Af outside
the range of normal neural activity. Thus, the deep neurons receive the stimulation with the modulation of the envelope of interfering
electrical fields at Af frequency. The amplitude of the envelope modulation is controlled by the amplitudes of the two sinusoidal
electric currents applied noninvasively. Moreover, the location of the envelope modulation depends on the position of the stimulation
electrodes and the current amplitude ratio of the two stimulations [49].

2.2. Hodgkin-Huxley (HH) model

Electrical activity in neurons is generated and propagated using ionic (sodium (Na+) and potassium (K+)) currents through the
neuron membrane. The difference between the concentrations of these ions inside and outside of the cell is the primary factor that
controls the activity of the nervous system. To create the electrochemical gradients and drive the ions through the membrane, the
nerve membranes contain voltage-gated ion channels so that each ion can pass through specific channels. Indeed, the ion channels
across the membrane serve as conductors of ionic currents between intracellular and extracellular spaces and make the electrical
potential across the membranes of nerve cells. To transmit the nerve signals along the nerve membranes, the membrane voltage
changes rapidly from the rest (negative) value to the positive along the nerve fiber called the action potential. The mechanism of an
action potential is that when the voltage of the membrane reaches the threshold level, the membrane suddenly becomes very
permeable to sodium ions, and the ions in a high concentration flow from extracellular to intracellular using the fast sodium channels
(depolarization phase). At the overshoot of the action potential, the sodium channels are closed and the voltage of the membrane
returns to the initial value (rest) with the permeation of the potassium ions from the intracellular space to the extracellular space
(repolarization phase). To better understand the mechanism of the action potential, Hodgkin and Huxley presented the nonlinear
dynamic model originated from the pioneering experiments conducted on the axon of a squid giant. This model has become one of the
most important models in computational neuroscience, describing the generation and propagation of action potentials in neurons.
Over the years, the original Hodgkin-Huxley (HH) model has been adapted and modified to study the mechanism of the action po-
tential in neurons of the rat cortex [50]. The developed HH-type neuron models of the rat cortex aim to capture the specific electrical
properties and characteristics of cortical neurons. In the current paper, the HH-type model of regular spiking in cerebral cortex
developed in Ref. [50] based on in vivo and in vitro electrophysiological recordings from rat somatosensory cortex is used to evaluate
the effect of TI stimulation with different parameters on membrane voltage of the neuron. The dynamic equations of the model in
equations (1)—(5) are as follows:
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dv
Co—=1 = ieak(V = Etear) — Ina — Ix — I — Iy 1)

dt
where in equation (1), V is the voltage of the membrane, C,, denotes the specific capacitance of the membrane, g,q represents the
resting (leak) membrane conductance, and Ej, is the reversal potential associated with the leakage current. The parameters Ik, Ing,
and I are the currents for potassium, sodium, and high threshold calcium current, respectively. Iy is a slow voltage-dependent po-
tassium current involved in spike-frequency adaptation and I is an external current applied to the membrane of the neuron. The
voltage-dependent Na™ current is represented with the following equation:
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where in equation (2), gy, and Ex, are the maximum conductance and Nernst potential for Na™ and V; adjusts the spike threshold. m is
the probability of activation gates for Na* and h is the probability of inactivation gates for Na*. a; and f;,i € {m,h} are the voltage
dependence nonlinear exponential functions. The current I is defined in the following equations:
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where in equation (3), gx and Ex are the maximum conductance and Nernst potential of K*, n is the probability of activation gates for
K" and a, and g, are the voltage dependence nonlinear exponential functions. A high threshold Ca™ current is defined as follows:
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where in equation (4), g, and E, are the maximum conductance and Nernst potential of Ca™ " and «; and f3;,i € {g,r} are the voltage
dependence nonlinear exponential functions. The slow K current responsible for spike frequency adaptation is represented as

Iy=8up (V—Ex)

1
“T+exp[— (V+35)/10]

Pe(V)

Timax

V) =3 3 expl(V 4 35)/20] + exp [ = (V + 35)/20]

dp _Pps —P

& )
dt 7,

In equation (5), gy and Ex are the maximum conductance and Nernst potential of K and 7,e, is the time constant of the adaptation

current. The main objective of the paper is to investigate the variation of membrane potential in response to the TI stimulation as the

external current and to validate the simulation results with the experimental tests.

2.3. Experimental setup

In this section, to evaluate the effectiveness of TI stimulation in the activation of neural activity at a site in the deep region of the
brain, an experiment is conducted on an animal model and the movement results of the right forelimb are presented. The experiment
was performed in the Medical Engineering Laboratory of the Isfahan University of Technology. All surgical procedures described in this
paper were approved by the Research and Ethics Committee of Isfahan University of Medical Sciences, Isfahan, Iran (No. IR.MUL
AEC.1401.010). One male Wistar rat (247 g body weight) was deeply anesthetized by intraperitoneally administrated urethane (1.6 g/
kg). The incision area of the head was shaved and the scalp was exposed along the midline. The animal was positioned in the ste-
reotaxic (Model 941, Toos Bio-Research Co., Mashhad, Iran) setup which allows the forelimbs to hang free while the head and ears
were fixed into the frame.

2.3.1. TI stimulator and data acquisition

A custom-made isolated four-channel TI stimulator was used to stimulate the surface of the skull. The simulator is a voltage-
controlled current source that generates sinusoidal waves in four channels. In the current study, only two channels are applied to
stimulate the brain regions. Every channel includes a Howland current source (HCS), which utilizes an operational amplifier (op-amp)
in a grounded-load circuit to generate a precise and stable output current that is directly proportional to the input voltage. The
stimulator is powered by a direct current (DC) power source using MINMAX converters (specifically, the mau203 Ultra Miniature High
Isolation SIP DC/DC Converter) to ensure electrical isolation of the voltage supplies in each channel of the stimulator. The stimulating
device receives sinusoidal voltage signals (v) through signal generators (specifically, the Leader LAG-125 Low Distortion Audio
Generator, India). These voltage signals are then converted into sinusoidal current signals (mA) at the output of each channel. The
output of each channel can generate either a continuous or pulsed TI signal. The pulse amplitude, ranging from —3 mA to 3 mA and the
carrier frequency ranging from 1 Hz to 5000 Hz of the stimulation signal can be manually adjusted although the selectors and push
buttons located on the panel of the simulator. The electric currents are applied via two pair electrodes on the positions shown in Fig. 1.

o Positive stimulation electrode
@ Negative stimulation electrode

‘\ P

Fig. 1. A Schematic of the locations of the stimulus electrodes on the rat’s head and attachment of the accelerometer to the rat’s right hand. The
black circle depicts the common ground skull electrode at AP = +3 mm and ML = +3 mm from Bregma and the gray circles show the paired
clamp electrodes.
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The common ground (black circle) electrode is placed at the coordinates anterior/posterior (AP), +3 mm and medial/lateral (ML), +3
mm according to the Paxinos atlas [51]. The ground electrode is attached to a screw on the skull with plastic holders so that only the
screw tip is in contact with the skull and the holders are affixed to the skull with dental acrylic cement. The two positive electrodes (red
circles) are positioned under the ears using clamp electrodes. A three-axis accelerometer (DPS 3016 Dideh Pardaz Saba Co., Isfahan,
Iran) is used to quantitatively evaluate the movement of the right hand. The sensor is attached to the right hand (Fig. 1) to record the
movement acceleration. The three accelerometer signals are transmitted with the sample rate of 3105.6 Hz to a custom application
software written in LabVIEW on the computer through a USB interface and the data is analyzed offline using MATLAB R2019a.

3. Results
3.1. Simulation results

In this section, the membrane voltage of the HH neuron model in response to TI stimulation with different parameters is simulated.
The parameters of the model for regular spiking are summarized in Table 1. The simulations are performed on a computer (Intel (R)
Core (TM) i7-9700K @ 3.60 GHz CPU and 32 GB DDR4 RAM) in MATLAB R2020a Simulink. Let the TI stimulation current be Iy = Isin
@nfit) + Isin(2nfst) pA/cm? and the difference frequency of the stimulation be Af = fi — fo. In the first simulation the effect of
electrical stimulation without temporal interference, i.e. I, = 0, is presented. Fig. 2A shows periodic bursts of spikes in response to a 6
Hz AC stimulation at 10 pA/cm? current density in a HH spiking neuron model. The stimulation current is illustrated in Fig. 2B. The
sodium (Gpg), potassium (Gg), slow potassium (Gy) and calcium (G) conductance and their membrane currents are shown in Fig. 2C
and D, respectively. It can be seen that during the depolarization phase sodium conductance (Gy,) increases and in the repolarization
stage, the sodium conductance decreases, while the potassium conductance (Gg) increases (Fig. 2C). Additionally, the frequency
spectrum of the membrane voltage in response to the single AC stimulation is illustrated in Fig. 2E. The results show that the
fundamental frequency of the spectrum coincides with the stimulation frequency. Moreover, since the membrane voltage is periodic,
the higher-order harmonics are also evident in the frequency spectrum.

Fig. 3 shows the effect of balanced TI stimulation, i.e. }=I», for Af = 6 Hz and Af = 9 Hz. The neuron spikes and the TI stimulation
waveform for Af = 6 Hz are illustrated in Fig. 3A and B, respectively. It can be seen that the frequency of the envelope of the stimulation
current is 6 Hz and the spiking pattern of the neuron is synchronized with the stimulation envelope. To consider the effect of difference
frequency in the TI stimulation, the previous simulations were repeated for Af = 9 Hz. The HH neuron response and the TI current
waveform for Af = 9 Hz are presented in Fig. 3C and D, respectively. Similar to the previous results, neuron firing starts from the falling
stage of the TI envelope. In Fig. 3E the frequency spectrum of the membrane voltage in response to TI stimulation with Af = 6 Hz and
Af = 9 Hz are illustrated in solid and dashed lines, respectively. The results show that the fundamental frequency of the neuron re-
sponses coincides with the difference frequency of the TI stimulation.

One of the main parameters in the TI stimulation which control the location of the interfering electric fields is the amplitude ratio,
I /1. In scenarios with unbalanced TI stimulation (I; # I5), the location of the interfering region moves toward the electrode pair with a
lower current. In Fig. 4 the response of the HH neuron model to unbalanced TI stimulation with I1/I, = 2/3 is presented. Fig. 4A-D
illustrates the neuron responses for Af = 6 Hz and Af = 9 Hz and the corresponding unbalanced TI stimulation waveforms. As shown in
Fig. 4E the frequency spectrum of the membrane voltage shows the peak frequencies of 6 and 9 Hz as well as their harmonics.

As presented in the simulation results in Figs. 3 and 4, to control the fundamental frequency of the neuron firing, the frequency of
the stimulation envelope which is equal to the difference frequency, Af = f; — f> # 0, should be adjusted. Fig. 5 demonstrates the effect
of TI stimulation parameters on the firing rate of the neuron in the HH model by changing the parameters carrier frequency (ranging
from 1 KHz to 2 KHz with a step size of 100 Hz), difference frequency (ranging from 0 Hz to 100 Hz with a step size of 3 Hz), and current
amplitude I and I, (ranging from 110 to 250 uA/cm? with a step size of 10 yA/cm? in balanced scenario and current ratio (I;/I) from
0 to 1 in unbalanced scenario). In the results of balanced TI stimulation (Fig. 5A), when the difference frequency is set to zero, the
carrier frequency is within the range of 1300-1400 Hz, and the current range is between 140 and 250 yiA/cm?, the firing rate reached

Table 1
The parameters of the HH-type neuron model of the rat somatosensory cortex for
regular spiking [50].

Parameter Value Unit

Cm 1 HA [cm?
8leak 0.0205 mS/cm?
e 56 mS/cm?
8k 6 mS/cm?
v 0.075 mS/ cm?
I3 0.1 mS/cm?
Ejeak -70.3 my

Eng 50 my

Ex -90 my

Eca 120 my

Vr —56.2 my

Tmax 608 msec
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Fig. 2. Simulation results of an spiking mode neuron in the HH model with a single AC (6 Hz) stimulation current with the amplitude of 10 pA/cm>
(A) Membrane voltage (mv). (B) The applied stimulation current (pA/cm?). (C) Conductance of Na*, K*, slow K', and Ca™ (mS/cm?). (D) Na*, K*,
slow KT, and Ca™ ionic currents. (E) Frequency spectrum of the membrane voltage.

to its highest value. As the carrier frequency and difference frequency increase, the firing rate tends to decrease (0 Hz). The interesting
observation is that when the amplitude of the stimulation reached to 250 uA/cm?, the firing rate increased from 0 Hz to 320 Hz. Fig. 5B
and C showed the firing rate of the HH model in the unbalanced states for I # I, I; + I, = 300 yA/cm? and I # I, I + I, = 400 yA/
cm?, respectively [52]. The results indicated the highest firing rates (720-799 Hz) for carrier frequency from 1200 to 1300 Hz, current
ratio from O to 0.03 and Af between 0 and 100 Hz (Fig. 5B) and for carrier frequency from 1200 to 1450 Hz, current ratio from 0 to
0.17, and Af from 0 to 100 Hz (Fig. 5C). In contrast, for the state of I; 4+ I, = 300 uA/cm?, as the carrier frequency increases to the range
1800-2000 Hz, regardless of variations in the difference frequency and current ratio, the firing rate decreases to 0-80 Hz. While for the

state of [; + I, = 400 uA/cm?, the highest firing rate of 320-400 Hz is observed for the difference frequency in the range 30-80 Hz and
carrier frequency of 2000 Hz.

3.2. Experimental results

In the first scenario, due to the position of the common ground electrode on the left hemisphere of the brain on the skull, the current
ratio I/Is = 1 results in the envelope modulation being inclined towards the left side of the motor cortex. In this scenario, the
stimulation caused a periodic movement of the right hand at different frequencies. The activation of the motor cortex, under induced TI
stimulation, was recorded in a video aimed at monitoring movement at 30 fps. The stimulation is applied with intensity of [} = I, =1
mA, a carrier frequency of 1 kHz and a difference frequency (Af) of 3 Hz. Fig. 6 demonstrates the 10 shots of the movement of the right
hand in 0.33 s (See movie S1 for a representative video). Fig. 7 shows the results of the effect of the difference frequency on the
acceleration of the right-hand movement with the stimulating amplitude of I; = I = 0.75 mA and a carrier frequency of 1 KHz. The
results showed that for Af = 0, no movement is observed (Fig. 7A-C) while the periodic movement is obtained (nonzero acceleration in
three dimensions) in Fig. 7D-I for Af = 6 and Af = 9 Hz. The maximum amplitude of acceleration occurs in the y direction for Af =9 Hz
(Fig. 7H).

The frequency spectrum of the acceleration in the y and z directions is depicted in Fig. 8A and B, respectively. The results show that
the fundamental frequency peaks of the spectrum coincide with the difference frequency of the TI stimulation. Furthermore, similar to
the simulation results, the higher order harmonics are appeared in the frequency spectrum. Fig. 9 shows the movement pattern of the
rat’s right hand in the Z-Y plane in response to TI stimulation with I; = I = 0.75 mA [24]. The results are obtained using double
integration of the acceleration signals. As shown in Fig. 9A, the maximum range of movement at Af = 6 Hz is approximately 1.6 mm
and 5.3 mm in the z and y directions respectively. Noted that for Af = 0 Hz, the trajectories are centered on the origin (red color in
Fig. 9A). In Fig. 9B, the range of movement in y and z directions at Af = 9 Hz is approximately 3 and 0.9 mm.

In the second scenario, the results of the effect of the unbalanced TI stimulation on the rat’s hand movement were investigated. By
varying the current ratio between electrode pairs while keeping the sum of the amplitudes in a constant value, the peak envelope
modulation was steered toward the electrode pair with the lower amplitude [17]. The displacement of the interfering region can be
verified by the movement in the contralateral limb. The results for the current ratios of I /I = 1.5 (I = 0.75, I = 0.5 mA), I; /I, = 0.66
(I, =0.5,I =0.75mA), /I =4 (I; =1, I, = 0.25 mA), and I /I = 0.25 (I; = 0.25, I = 1 mA) were illustrated in Fig. 10. The results
showed that there has been no noticeable movement when the amplitude of the electrodes satisfied the condition I; < I, for both
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Fig. 3. Neuron response to the balanced TI stimulation in the HH model. (A) neuron spikes in response to a TI stimulation for Af = 6 Hz. (B) The
balanced TI stimulation current for Af = 6 Hz with the amplitude of 110 (ﬂA/sz). (C) Neuron spikes in response to a TI stimulation for Af = 9 Hz.
(D) The balanced TI stimulation current for Af = 9 Hz with the amplitude of 110 (MA/cmz). (e) The frequency spectrum of the membrane voltage in
response to the TI stimulus for Af = 6 Hz and Af = 9 Hz.

difference frequencies of 6 and 9 Hz while for the condition I; > I, the movement was observed in both y and z directions for two
different current ratios of 1.5 and 4. For Af = 9 Hz, the maximum amplitude of hand movement is approximately 1 mm in the z di-
rection and 2 mm in the y direction (Fig. 10B) and for Af = 6 Hz the value is approximately 2 mm in the z direction and 5.5 mm in the y
direction (Fig. 10D) at the current ratio of 4. The results in Fig. 10 demonstrated that with the electrodes positioned according to
Fig. 2A the maximum range of movement in both y and z directions is obtained for I;:I; = 1:0.25 mA and Af = 6 Hz. The result of
Fig. 10A indicates the minimum amplitude of hand movement at Af = 9 Hz for a current ratio of 1.5 (0.55 mm in the y direction and 1
mm in the z direction). Moreover, for Af = 6 Hz, the minimum amplitude is approximately 0.4 mm in the z direction and 0.2 mm in the
y direction for a current ratio of 1.5 (Fig. 10C).

4. Discussion and conclusion

In this study, a simulation approach was employed using the developed HH neuron model (constructed based on electrophysio-
logical recordings obtained from in vivo and in vitro experiments conducted on the rat somatosensory cortex) to assess the impact of TI
stimulation by analyzing the simulated responses of the model. Subsequently, an experimental methodology was implemented to
evaluate the effects of TI stimulation on the activation of motor cortex of rats. The simulation section of the paper demonstrated the
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Fig. 4. (A) Neuron response to unbalanced TI stimulation current in the HH model for I /I, = 2/3 (a) neuron spikes in response to the unbalanced TI
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for Af = 9 Hz. (D) The unbalanced TI stimulation current for Af = 9 Hz (E) Frequency spectrum of the membrane voltage in response to the TI
stimulus for Af = 6 Hz and Af = 9 Hz.

feasibility of the firing rate of the neuron by adjusting the difference frequency between two stimulation currents in Fig. 4A-D. The
results illustrated that the neuron’s firing pattern is synchronized with the envelope of the TI stimulation. Additionally, the frequency
spectrum of the membrane voltage in response to the TI stimulation revealed that the fundamental frequency of the neuron’s responses
coincides with the difference frequency of the TI stimulation. The existence of higher-order harmonics, along with the fundamental
peak, observed in the frequency spectrum as illustrated in Fig. 4E, can be attributed to the periodic behavior of the neuron in both
balanced and unbalanced TI stimulations. Additionally, the current study specifically evaluated the effective parameters of frequency,
amplitude, and current ratio of TI stimulation on the firing rate of the neuron in balanced and unbalanced states. Previous researches
have demonstrated that neurons can exhibit different response patterns to high-frequency (kHz) stimulation [53,54]. Some neurons
may exhibit an initial response to the stimulus, while others may continue firing continuously throughout the duration of the stim-
ulation. However, Grossman et al. [24] evaluated the effects of TI stimulation on the primary motor cortex (M1) in the somatosensory
cortex of anesthetized mice using in vivo whole-cell patch clamp. The results showed that applying TI stimulation using two sinusoidal
currents with a carrier frequency of 2 kHz and no difference frequency did not elicit any observable neural activity within the nucleus.
Moreover, the simulation results of Bhadra et al. [55] showed that high-frequency stimulation between 3 and 40 kHz can inhibit the
propagation of action potentials along an axon. The results of the current study, as presented in Fig. 5A-C, demonstrated that TI
stimulation with a carrier frequency ranging from 1 to 2 KHz, without any temporal interference (Af = 0), can elicit periodic bursts of
spikes in an HH spiking neuron model. In the balanced scenario (Fig. 5A), an increase in the carrier frequency, current, and difference
frequency parameters resulted in a firing rate of 160-240 Hz. Increasing the carrier frequency and the intensity of the current,
accompanied by a subsequent reduction in the difference frequency, resulted in a decrease in the firing rate, ranging from 0 to 80 Hz.
These findings highlight the dependence of the neuron response to the difference frequency in this scenario. Nevertheless, when the
carrier frequency was elevated (reduced) and the intensity was decreased (increased), spanning across frequency differences ranging
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of 10 uA/cm?. (B) Unbalanced TI stimulation for I; + I, = 300 yA/cm? with a step size of 10 yA/cm? and the current ratio from 0 to 1. (C) Un-
balanced TI stimulation for I; + I, = 400 uA/cm? with a step size of 10 yA/cm? and the current ratio from 0 to 1.

from 0 to 100 Hz, the firing rate consistently remained in the range of 0-80 Hz (320-400 Hz). These findings suggest that the neuronal
activity of a neuron in the balanced current scenario occurs at carrier frequencies lower than 1200 Hz. In the context of unbalanced
stimulation, it was observed that raising the current ratio from zero to one, specifically at carrier frequencies below 1800 Hz, resulted a
decrease of firing rate (Fig. 5B). Despite observing different responses of the model to TI stimulation with different parameters, it
should be noted that the current study did not incorporate the thickness and length of the axons in the model. The thickness of axons
may possess multiple reactions during TI stimulation due to the complexity of neural responses [56]. This indicates that the response of
neurons to TI stimulation may not be limited to one single result but instead encompass various patterns and states of response. Further
research is required to enhance the utilized model in this study towards more comprehensive models to better understand the
mechanism of TI stimulation.

To assess the efficacy of TI stimulation from a clinical point of view, the crucial factors of electrode placement, difference fre-
quency, and current ratio play a pivotal role in achieving the desired level of stimulation depth within the brain. To do this, the second
part of the study involved an experimental test conducted on an anesthetized rat to investigate the impact of TI stimulation on the
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activation of the motor cortex using a three axes accelerometer affixed to the right hand of the rat. The results demonstrated that when
equal currents were applied to both channels of the TI stimulation, movement of the right hand was detected in the accelerometer
signals. These findings were in contrast to the results presented in Ref. [24] which indicated that symmetrical placement of electrodes
on the rat’s head with balanced currents (I;/Is = 1), does not lead to activate the primary motor cortex and generate movement in the
rat’s hand. This discrepancy can be attributed to the difference in the electrode placement on the rat’s head. As detailed in the
experimental setup of this study, the common ground electrode was positioned on the left hemisphere causing the envelope modu-
lation peak to deviate towards this hemisphere, even in the balanced scenario. Furthermore, the study examined the effects of un-
balanced TI on the rat hand movement. Grossman et al. [24] observed that with unbalanced stimulation (i.e. I; # I), the interfering
region shifts towards the electrode pair with the lower current. In the current study, to redirect the peak envelope modulation towards
the left/right hemisphere, the current ratio of the electrode pairs was modified while keeping the sum of the currents constant. The
displacement of the interfering regions was confirmed through the observation of the movement in the contralateral limb. The results
indicated no noticeable hand movement when I; (right electrode pair) > I, (left electrode pair), while movement in both y and z
directions was detected when I; < I,. In the literature, it has been demonstrated that the difference frequency affects the spatial
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Fig. 10. The effect of the unbalanced TI stimulation on the rat’s hand movement. (A) Position of the rat’s right hand for I:I, = 0.75:0.5 mA and I;:
I = 0.5:0.75 mA with Af = 9 Hz. (B) Position of the rat’s right hand for I;:I, = 1:0.25 mA and I;:I; = 0.25:1 mA with Af = 9 Hz. (C) Position of the
rat’s right hand for I;:I, = 0.75:0.5 mA and I;:I; = 0.5:0.75 mA with Af = 6 Hz. (D) Position of the rat’s right hand for I :I; = 1:0.25 mA and I;:I, =
0.25:1 mA with Af = 6 Hz.

distribution and penetration depth of the electric field generated by the overlapping currents. Understanding the importance of the
difference frequency in TI stimulation can help in designing more effective and targeted stimulation protocols to activate deep brain
regions. Previous research has indeed explored the impact of electrical stimulation with difference frequencies higher than 100 Hz on
the subthalamic nucleus (STN) of the human [57]. The findings have suggested that higher frequencies can potentially be beneficial in
the treatment of Parkinson’s disease. From a different perspective, in the current study, we evaluated only the effects of stimulation at
lower frequencies (6 and 9 Hz) on the amplitude of the generated movement. While the preclinical approaches provide potential
therapeutic insights for treating Parkinson’s disease, it is important to conduct further research to better understand the mechanisms
underlying motor cortex stimulation using TI with high difference frequencies and its potential clinical applications in the treatment of
movement disorders including Parkinson’s.

The experimental tests in this study were performed on a rat. It is worth noting that, from a statistical point of view, obtaining
reliable results in an experimental test requires the repetition of the measurement process. These repetitions can be carried out either
over time or across different rats. In the current study, the tests on animal models were repeated over time; however, the investigation
was conducted on a single rat. Although the obtained results were entirely consistent with previous studies in the field, it is recom-
mended to replicate the tests on a larger population of rats in order to enhance the reliability of the findings. By doing so, additional
factors can be assessed, such as the sensitivity of the range of motion to the difference frequency of the TI stimulation, as well as
verifying the reproducibility of the results. Additionally, for a quantitative evaluation of TI stimulation, it is suggested to measure
muscle activities using electromyography (EMG) signals and analyze the correlation between the EMG data and the stimulation pa-
rameters. In this paper, we investigated the effect of TI stimulation on the activation of the motor cortex in a depth of 3 mm of the
cerebral cortex [51]. Recently, Qiu et al., have examined this stimulation technique on the activation of the human motor cortex [30].
Due to the fact that different neural disorders involve specific regions or circuits within the brain, spatially precise stimulation allows
clinicians to precisely target the affected brain areas, ensuring that the therapeutic effects are focused on the intended regions. This
targeting is crucial for maximizing treatment efficacy while minimizing potential side effects. In the context of clinical application of TI
stimulation, one important challenge is achieving the optimal depth of stimulation with a high spatial resolution. To resolve this
limitation, by positioning more electrodes on the skull, it may be possible to achieve focused stimulation with higher resolution in
deeper areas of the brain [26]. Therefore, future researches should focus on considering the effect of increasing the number of electrode
pairs to activate deeper and smaller brain regions. The investigation of the efficacy of TI stimulation specifically focused on the
different nuclei in the reward system of the brain for the treatment of cognitive disorders, including morphine addiction in animal
models constitutes our current research.
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