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ARTICLE INFO ABSTRACT

Keywords: Background: Low intensity ultrasound stimulation has been shown to non-invasively modulate
Ultrasound neural function in the central nervous system (CNS) and peripheral nervous system (PNS) with
LIFUS . high precision. Ultrasound sonication is capable of either excitation or inhibition, depending on
:;:{u;(:lr:;dr:ﬂatlon the ultrasound parameters used. On the other hand, the mode of interaction of ultrasonic waves
Firing rate with the neural tissue for effective neuromodulation remains ambiguous.

Latency New method: Here within we propose a numerical model that incorporates the mechanical effects

Action potential amplitude of ultrasound stimulation on the Hodgkin-Huxley (HH) neuron by incorporating the relation
between increased external pressure and the membrane induced tension, with a stress on the
flexoelectric effect on the neural membrane. The external pressure causes an increase in the total
tension of the membrane thus affecting the probability of the ion channels being open after the
conformational changes that those channels undergo.

Results: The interplay between varying the acoustic intensities and frequencies depicts different
action potential suppression rates, whereby a combination of low intensity and low frequency
ultrasound sonication proved to be the most effective in modulating neural function.
Comparison with Existing Methods: Our method solely depends on the HH model of a single
neuron and the linear flexoelectric effect of the dielectric neural membrane, when under an
ultrasound-induced mechanical strain, while varying the ion-channels conductances based on
different sonication frequencies and intensities. We study the effect of ultrasound parameters on
the firing rate, latency, and action potential amplitude of a HH neuron for a better understanding
of the neuromodulation modality of ultrasound stimulation (in the continuous and pulsed modes).
Conclusions: This simulation work confirms the published experimental data that low intensity
and low frequency ultrasound sonication has a higher success rate of modulating neural firing.

1. Introduction

Ultrasound neuromodulation is a promising therapeutic tool to non-invasively stimulate deep brain regions. With a high spatial and
temporal resolution, ultrasonic neurostimulation can target the CNS [1,2], and PNS [3-5] to induce neural attenuations. Ultrasound
waves interact with the tissues resulting in either excitation or inhibition of the neural function. Principally, ultrasound waves are
mechanical vibrations with frequencies above the human hearing range (20 Hz-20 kHz). These acoustic waves of pressure propagate
through compressible media by inducing media particle vibrations and pressure variations. Such waves can be reflected, refracted,
diffracted, and scattered depending on the properties of the propagating medium [6]. The frequency of ultrasound waves is specified
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by the carrier frequency of the ultrasound transducer used to deliver those waves. Frequency determines wave absorption by the target
tissue and the focal area range [7]. The intensity of ultrasound waves specifies the power of the sound wave and is measured by the
average power per cross-sectional area. For a sinusoidal acoustic wave, the average intensity is proportional to the square of the
applied pressure with I = p?(t) /2pc, where p (t) is the pressure input, p is the density of the propagation medium, and c is the speed of
sound in that medium [7-9,8].

Ultrasound sonication has many biophysical effects on tissues of interest and thus can induce various outcomes. Low intensity, low
frequency ultrasound has shown promising results for the reversible modulation of deep brain regions and enhancement of neuronal
activity [10]. Low intensity focused ultrasound (LIFUS) can alter brain activity when targeting cortical and subcortical regions in
mammals [11]. Add to that, focused ultrasound stimulation can depolarize neurons in invertebrate animals like the medicinal leech
[12]. Back in 2008, Tyler et al. proved the capability of LIFUS on exciting the central neurons of ex vivo mice brains [13]. The neurons
showed an elevated synaptic transmission leading to a heightened inward flux of the positive sodium and calcium ions which
generated a train of action potentials. Following this, many studies investigated the efficacy of different ultrasound parameters on
neuromodulation [13-16]. Some emphasized the suppression activity of ultrasound, whereby LIFUS suppressed visually evoked po-
tentials in rats after light stimulation [17], as well as inhibited seizures in epileptic monkeys with the use of 800 kHz ultrasound waves
for a sonication time of 15 min [18]. On the other hand, pulsed ultrasound of 800 kHz frequency was shown to excite auditory cortical
neurons using c-Fos staining [19]. Recently, Yoo et al. used 300 kHz continuous ultrasound waves to excite cortical neurons of rats in
culture while measuring the increase of calcium accumulation inside the cells [20]. The impact of ultrasound, being excitation or
suppression, might be a result of the sonication duration and the overall ultrasound parameters used. With short duty cycles and longer
sonication durations, ultrasound waves delivered to the M1 cortical region in humans suppressed activity after excitation using
transcranial magnetic stimulation (TMS) [21]. That specific combination of ultrasound parameters mostly yielded neural inhibition in
mammals [16,17,21-23,]. Using the Aplysia californica model, Jordan et al. [24] succeeded in using different sonication frequencies to
stimulate an isolated Aplysia abdominal ganglion and obtained comparable results with applied electrical stimulation. While typical
low intensity ultrasound parameters failed to induce compound action potentials in unmyelinated crab leg nerve bundles, Wright et al.
reported successful ultrasound stimulation at high intensities through inertial cavitation activity [25].

Ultrasound waves can be delivered in a continuous or pulsed mode. Continuous ultrasound waves are generated with a constant
amplitude due to the continuous electrical excitation of the ultrasound transducer with a constant amplitude sinusoidal wave. On the
other hand, pulsed ultrasound waves are generated with varying amplitude due to the consistently spaced on-and-off electrical ex-
citations of the transducer with electrical signals of limited lengths. Those waves are delivered with a constant duty cycle as repeated
tone bursts [26] thus inducing several discrete mechanical events in tissues. Kim et al. studied the effect of varying the sonication
parameters, mainly the duty cycle, on the excitation capabilities of ultrasound waves on the somatomotor area of the rat brain [27].
They showed that pulsed ultrasound waves caused less tissue heating and achieved better neural stimulation with lower acoustic
intensities and power disposition. Yet, another study demonstrated that pulsed ultrasound waves are as effective as continuous ul-
trasound waves with a slight preference for using continuous waves at high intensities for an enhanced neural excitation response [14].
Interestingly however, the same study showed that duty cycles beyond 60 % significantly increased the success rate of pulsed ul-
trasound sonication.

The mechanism of action by which ultrasound interacts with a neural tissue is still a topic of debate, mainly due to the plethora of
physical effects of ultrasound on the cellular and subcellular components of biological tissues [28]. Thermodynamical and mechanical
stimulation induced by ultrasound waves creates biophysical forces that affect neuronal signaling [28-30,29]. Ultrasonic negative
pressure during the rarefaction phase of an acoustic wave propagation might cause bubble formation and cavitation [31], along with
some large-scale axonal deformations accompanied with some thermal transformations [31-33]. Note that Menz et al. [34] reported
ultrasound-induced acoustic radiation forces which transferred their momentum onto the neural membrane, causing mechanical
displacement of the membrane of retinal slices in vivo. Nonetheless, the more robust the force applied, the higher the exerted pressure
on the neural membrane. This pressure stimulus activates the mechano-sensitive ion channels, hence increasing the accumulation of
positive ions, especially Ca?*, in the intracellular medium [[20]. Consequently, a burst of action potential firing is generated. The
mechanical strain applied to the neural membrane might change the natural distribution of its dipole moments, leading to surface
polarization known as direct flexoelectricity of the biological tissue [34-37]. The flexoelectric effect can modulate the stress-sensitive
channels promoting membrane depolarization [38]. Changing ultrasound sonication parameters can in turn change the mode of action
of ultrasound [39]. Delivering focused ultrasound waves to freely moving C. elegans nematodes emphasized the importance of
mechanosensitive ion channels to elicit a neural response manifested with increased avoidance while knocking down the thermo-
sensitive ion channels rendered the neural response unaffected [40]. Previously, Wells [41] showed that ultrasound waves, when
absorbed, transform into heat through friction. He argued that the higher the frequency, the better the absorption. However, King et al.
proved the opposite [14]; whereby increasing ultrasound frequency caused a drop in the success rate when examining the mouse
somatomotor response.

The mechano-electrical coupling of ultrasound with the neural membrane gave rise to multiple theoretical models that attempt to
explain ultrasound neuromodulation. Following on the cavitation/sonoporation phenomenon, Krasovitski et al. introduced the bilayer
sonophore model (BLS) which stresses the fact that the lipid bilayer neural membrane absorbs the acoustic pressure of ultrasound
waves inducing extension and reduction of the intracellular space, thus causing membrane motion and action potential generation
[31]. Plaksin et al. [41-43] developed the neuronal intramembrane cavitation excitation model (NICE) using the BLS model as its
mechanical component and the Hodgkin-Huxley modified differential equations for the electrical component. Though computationally
exhaustive, the interplay between these two parts allows the prediction of the neural response to ultrasound sonication. The SONIC
model (multiscale optimized neuronal intramembrane cavitation model), developed by Lemaire et al. [43-45,44], overcomes the
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computational difficulties and rigidity of the NICE model, allowing for enhanced exploration of the influence of multiple LIFUS pa-
rameters on the neural response. These models focus on the cavitation mode of action of ultrasound-tissue interaction and ignore other
mechanisms by which ultrasonic waves might induce a neural response, including ion channel mechano-sensitivity [45-47] and direct
and reverse flexoelectricity [48].

In this study, we design a numerical model that couples the mechanical effects of ultrasound to the Hodgkin-Huxley (HH) electrical
model of a neuron. In particular, the flexoelectric effect of the dielectric neural membrane, following the ultrasound-induced me-
chanical strain, shapes the core of our modeling regime. Whereby flexoelectricity is the main contributor to the linear coupling be-
tween the membrane polarization and ultrasound-induced strain for neuromodulation. We investigate the impact of low ultrasound
frequencies and intensities (in the continuous and pulsed modes) on multiple aspects of neuronal activity, including the firing rate,
latency, and action potential amplitude of a HH neuron. We also report the potential optimal ultrasound parameters needed for
efficient modulation of the neuronal response. By considering the amplitude suppression rate which calculates the percentage dif-
ference in action potential amplitude with no ultrasound sonication versus with ultrasound sonication, we study the effect of increasing
ultrasound frequency and acoustic intensity on neural firing.

2. Materials and methods
2.1. Modeling the ultrasound transducer

The ultrasound transducer was modeled using the k-Wave open-source MATLAB toolbox. The toolbox is used for time-domain
simulations of acoustic waves propagating in a 2 or 3-dimensional medium [49]. The model is based on the solution of first-order
differential equations using a k-space pseudo-spectral method. Those equations govern the propagation of acoustic waves, through
a compressible medium, under various conditions which cause dynamic fluctuations in the pressure and density of the medium, along
with the acoustic particle velocity. Computations were carried out on a 64 by 64 2-D grid with a time step of 0.2 ps. The transducer was
modeled as a straight line across the top of the grid, with a sensor mask covering the entire computational domain. The transducer
received an input sinusoidal signal in the form of acoustic pressure (p = P, sin(2zft)), where P,, represents the pressure amplitude and
f the carrier frequency. The input acoustic pressure was converted to particle velocity, assigned in the x-direction, and propagating in
the ultrasound gel medium of 987 kg/ m® density and at a speed of 1500 m/s. The output acoustic intensity was then calculated as a
function of particle velocity and input acoustic pressure. The maximum intensity pixel was identified in the grid (at a distance of 12
mm from the face of the transducer) and pressure amplitude was computed at that focal point. Note that a perfectly matching layer was
designed to prevent the waves hitting the edges of the domain from wrapping around and causing any reflection and noise. Using the
maximum pressure and intensity obtained in the XY-plane, the beam pattern surrounding the focal point of the transducer is shown in
Fig. 1.

2.2. Modeling the HH neuron
The neural membrane is a dielectric lipid bilayer that acts as a capacitor with variable resistance. The neural membrane contains

multiple ion channels characterized with resistances specific to each type of ion crossing the membrane. Alan Hodgkin and Andrew
Huxley’s neuron model is a basic electrical circuit where the voltage-gated ion channels, mainly the sodium and potassium ion
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Fig. 1. Simulation of the acoustic profile of an ultrasound transducer of 350 kHz frequency and 1 MPa input acoustic pressure. The ultrasound
transducer is modeled as a straight line across the top of the computational grid with its focal point being at a distance of 12 mm from the face of the
transducer. (a) Simulated ultrasound pressure amplitude (in kPa) around the focal point in the XY plane. (b) Simulated maximum output acoustic
intensity (in W/ cm?) in the XY-plane.
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channels, were represented by their electrical conductance gy, and g respectively, along with some leak channels with linear
conductance g [50]. The total current passing through the membrane is a summation of the capacitive current and the current
traversing each ion channel:

dv,,
1-c, (7) T ga(Vin = Vi) + 86V = Vi) + g1(Vir — V1)

where C,, is the membrane capacitance, V;, is the membrane potential and V; is the i-th ion channel Nernst potential.

We modeled a firing neuron by introducing a minimal current of 6.3 mA, enough to depolarize the membrane potential above the
threshold. As the action potential propagates along the neural membrane, a transient phase change of charges occurs [51]. This creates
a strain gradient that affects the thickness of the membrane thus altering the conductance of the ion channels. Those events enhance
the flexoelectricity of the neural membrane giving rise to a flexoelectric current via curvature-dependent polarization of the membrane
(Fig. 2). This flexoelectric current depends on the flexoelectric voltage induced and capacitance of the neural membrane. As a
consequence, a further change in the membrane potential A V;, is achieved which creates additional tension in the membrane of the
neuron.

2.3. Coupling the ultrasound mechanical effects to the HH model

Ultrasound mechanical waves propagate through the neural membrane exerting pressure on a small segment of the membrane, thus
inducing lateral tension [52]. Add to that, the flexoelectric current and the injected current give rise to a membrane-voltage induced
tension. Adding this to the lateral tension yields a total membrane tension y which proportionally changes the intrinsic internal energy
difference AG as the ligand and voltage-gated ion channels go from the closed state to the open state [53]. This is due to the capacitive
aspect of the lipid bilayer membrane, whereby the charges’ mobility and redistribution impact y [54]. The internal energy difference
can be expressed as:

AG= —yAa + Au
where Aa represents the change in the channel’s area as it opens, while Au represents the intrinsic difference in energy between states

with no applied tension.
The probability of the channels being open due to the total membrane tension y can be expressed as:

1
e
[+e\”

where «; is the Boltzmann constant and T is the absolute temperature in Kelvin.
Notice that as AG decreases algebraically, Py increases. When channels open, they undergo conformational changes which increase
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Fig. 2. Effect of ultrasound waves on a HH neuron. (1) Current is injected to mimic the natural firing of a HH neuron. The variation propagates
throughout the neural membrane. Due to the membrane’s dielectric nature, a transient phase change of charges creates a strain gradient which
couples with a spontaneous electrical polarization and generates a flexoelectric current (2). This gives rise to a membrane-voltage induced tension.
As ultrasound stimulation is applied (3), the pressure creates a lateral tension. (4) The total tension rise induces a change in the internal free energy
AG which in turn increases the probability of the ion channels being open due to a change in their conductance (6). A noticeable increase in the
outward potassium current supports the suppressive nature of ultrasound stimulation to a HH neuron.
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their area Aa. This causes a decrease in AG, hence an increase in Py. This alters the conductance of each ion channel accordingly. Note
that the total tension y, the membrane potential difference A V;,, and the change in ion channel conductance are all in a continuous
feedback loop affecting the neural action potential firing (Fig. 3).

Our biomechanical model couples the mechanical effects of ultrasound represented by the flexoelectric current, and the consequent
rise in the total membrane tension y to the HH electrical model through changes in the conductance of ion channels. Upon ultrasound
stimulation, the ion channels open in response to the corresponding gating variables in addition to the total induced tension. Whereby:

gva =Gna X m*h x Py
gK:G_KXn4 X Py
81=G; x Py

where Gyg, Gk, and G; are the maximal conductance of the sodium, potassium, and leak channels respectively, and n, m, and h
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Fig. 3. Flow chart illustrating the model components. The injected current and the flexoelectric current generated from the viscoelastic nature of the
lipid bilayer create a membrane-voltage induced tension. Adding the latter to the lateral tension induced by the external pressure generated from the
ultrasound mechanical waves causes a change in the intrinsic energy difference. This increases the probability of ion channels being open thus
changing their conductance. As a result, neural excitability is affected and manifested with different firing rates, latencies, and action potential
amplitudes. Note that all the components are in a continuous feedback loop whereby a change in the conductance due to ultrasound waves affects
the membrane potential which in turn produces a flexoelectric current.
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represent the probability of potassium channel activation, sodium channel activation, and sodium channel inactivation respectively.

This way the probability of the ion channel being open depends on two aspects: the gating variables of the ion channels as normally
presented in the HH equations of conductance, followed by the addition of the total tension rise in the neural membrane, presented by
Py, after ultrasound stimulation.

3. Results
3.1. Ultrasound stimulation of a single firing HH neuron

Ultrasound stimulation induces neural excitability. Varying the frequency and intensity of ultrasound vibrations affects the firing
rate, latency, and peak-to-peak voltage (Vpp) of the neural action potential. We run simulations that increase the ultrasound frequency
from 350 kHz to 650 kHz with a 100 kHz increment and increase the input acoustic pressure from 50 kPa to 1 MPa with a 50 kPa
increment. Those simulations were run in two sets; Set 1 corresponds to the delivery of continuous ultrasound waves to a HH neuron
while set 2 corresponds to the delivery of pulsed ultrasound waves (duty cycle of 50 % and tone burst duration of 2 m s). A HH neuron
simulated with no alterations recorded a peak-to-peak voltage of 105 mV, a firing rate of 53.5 Hz, and a latency of 21 m s when injected
with a 6.3 mA current to mimic natural firing. The effect of ultrasound stimulations (continuous and pulsed) on neural excitability was
compared to the variations in the HH neuron when no ultrasound stimulations were applied.

3.2. Firing rate

Ultrasound stimulations induced an increase in the firing rate from 53.5 Hz to a range between 68.5 Hz and 75 Hz with continuous

Firing rate
(3)75 Continuous (b)75g Pulsed
—e— 350kHz [—e—350KHz]
74} *— 450kHz ~—o— 450kHz |
\ 550kHz — 550kHz | |
73 K\ ——o— 650kHz —e— 650kHz |

. 75.8
En S ]
2 2
© 70 © 7575
= =
g 69 g b |
[ o
75.7 —

No ultrasound
F No ultrasound 5;5,--____________________9“_353‘"_‘
B35| o
005 01 015 02 025 03 035 04 045 05 0.1 0.15 02 0.25
Output Acoustic Intensity (W/em?) Output Acoustic Intensity (W/cm?)
(C) Continuous (d) Pulsed
T 80 : - -
1]
—o— 350kHz
n =70} —e— 450kHz | |
- £ 550kHz
2 Y | 650kHz
e ®
65 |
£ £
o i
66 | 60
NS
i No ultrasound
] R et 55t 1
No ultrasound
300 400 500 600 700 800 %00 1000 100 150 200 250 300 350 400 450 500

Input Acoustic Pressure (kPa) Input Acoustic Pressure (kPa)

Fig. 4. Variation of firing rate with respect to frequency, acoustic intensity (a & b), and acoustic pressure (¢ & d) of ultrasound stimulation in both
continuous and pulsed modes. Increasing the acoustic intensity causes a decrease in firing rate to lower values of 67 Hz with continuous ultrasound
waves (a) than with pulsed waves of 75.7 Hz (b). However, as the input pressure increases, the firing rate decreases to a minimum of about 67 Hz
with continuous ultrasound waves (c), yet it increases to a maximum of 76 Hz with pulsed ultrasound waves (d). The dashed line represents the
reference firing rate of a firing neuron when no ultrasound sonication was applied.
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ultrasound stimulations (Fig. 4-a), while pulsed ultrasound stimulations showed an increase in firing rate values ranging between 75.7
Hz and 75.85 Hz (Fig. 4-b). As the output acoustic intensity increased, continuous and pulsed ultrasound neurostimulations caused a
decrease in the firing rate to values still more than reference 53.5 Hz. Major attenuations in the firing rate occurred at low acoustic
intensities (less than 0.1 W/ cm?) where higher frequencies resulted in higher firing rates. For set 1, increasing the intensity past 0.45
W/ cm? had no further effect on the firing rate. It was noticeable that increasing the input acoustic pressure caused a decrease in the
firing rate in set 1 (Fig. 4-c) while it caused an increase in set 2 (Fig. 4-d), with more attenuation seen at lower acoustic pressures.
Pulsed ultrasonic stimulations had no further effect on the firing rate beyond 300 kPa. Moreover, a low input acoustic pressure of 200
kPa resulted in the highest firing rates for both sets.

3.3. Latency

The frequency and intensity of ultrasonic stimulations affect the time between stimulation and response of the neuron. Ultrasound
stimulations caused a decrease in the latency in both sets, whereby continuous ultrasound waves decreased the latency from reference
21 m s to a range between 17.9 m s and 18.35 m s (Fig. 5-a), while pulsed ultrasound waves decreased the latency to approximately
18.43 m s (Fig. 5-b). As the output acoustic intensity increased, ultrasound stimulations increased the latency from 17.9 m s to 18.35m
s in set 1, while in set 2 they decreased the latency from 18.55 m s to 18.43 m s. Add to that, attenuations majorly occurred at lower
acoustic intensities, whereby continuous ultrasonic stimulations caused no further increase in latency beyond 0.45 W/ cm?. Ultimately,
in both sets, ultrasound stimulations had little effect on the latency.

3.4. Action potential amplitude

In a HH neuron, the action potential amplitude, measured from the minimal peak at hyperpolarization to the maximal peak at
depolarization, was 105 mV. Upon ultrasound stimulation, the action potential amplitude dropped to a range between 84 mV and 98
mV with continuous ultrasound (Fig. 6-a) and a lower range between 66 mV and 74 mV with pulsed ultrasound stimulations (Fig. 6-b).
Increasing the acoustic intensity caused an increase in the peak-to-peak voltage for both sets to values still less than the reference Vpp
with no ultrasound sonication. The smaller the acoustic intensities applied, the more attenuation in Vpp was noticed; Whereby
continuous ultrasound stimulations caused no noticeable Vpp increase past 0.5 W/ cm?. Moreover, lower frequencies implemented a
higher drop in the peak-to-peak voltage. A similar pattern was recorded as the input acoustic pressure increased (Fig. 6 ¢ & d). Both sets
of simulations showed no further change in Vpp as the input pressure increased beyond 600 kPa. The results demonstrated that pulsed
ultrasound stimulations were more successful in suppressing the action potential amplitude causing more modulation of a single
neuron firing especially at lower acoustic intensities. The drop in action potential amplitude after sonication was emphasized by the
amplitude suppression rate which was the highest of 16.3 % at 350 kHz frequency and 0.04 W/ cm? intensity, and lowest of 6.7 % at
650 kHz frequency and 0.6 W/ cm? intensity (Fig. 7).

3.5. Output acoustic intensity

Ultrasound frequency and the output acoustic intensity are inversely proportional (Fig. 8-a). With more pressure being applied to
the single HH neuron, lower frequencies showed higher values of output acoustic intensities. As the frequency varied from 350 kHz to
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650 kHz, more input acoustic pressure was required to induce neural excitability. Higher output acoustic intensities were reached with
set 1 simulation in comparison with set 2 simulations. The results showed that at lower frequencies, continuous ultrasound stimu-
lations can produce higher output acoustic intensities with lower input acoustic pressure than pulsed ultrasound stimulations.
Moreover, the threshold acoustic intensity required to induce changes in neural excitability decreased as the frequency increased
(Fig. 8-b).

4. Discussion

Ultrasound has emerged as a promising neuromodulation modality that can, noninvasively, excite or inhibit neural pathways
depending on the parameters used. The mechanism by which ultrasound can interact with the neural membrane to generate or
suppress an action potential is still not well understood. Acoustic perturbations can cause conformational changes in the neural
membrane, thus altering the membrane capacitance, opening of ion channels, flexoelectricity, and thermal state of the membrane
which can all contribute to neurostimulation [55]. Thermal energy generation or bubble formation and cavitation are not primary
causes for action potential modulation when using LIFUS in the parameter ranges we opted for [20]. Yet, mechanical ultrasound waves
exert pressure on the membrane of the single neuron causing mechanical deformations to the actin cytoskeletons [56]. This increases
the lateral tension proportionally to the increase in the input pressure. Mechanical stress modulates the behavior of the mechano-
sensitive transmembrane proteins and ion channels embedded throughout the neural membrane, thus altering the ion distribution
across the membrane. Therefore, we developed a model that simulates the effects of ultrasound stimulations, in the continuous and
pulsed modes, on the neural membrane potential and subsequent neural excitability.

The model incorporated mechanical components into the typical electrical HH model of a neuron. Those mechanical components
consisted of the membrane tension and the linear flexoelectric effect of the viscoelastic lipid bilayer membrane that induced a change
in the probability of the ion channels being open due to ultrasound stimulations (Fig. 2). The model displayed the neuromodulatory
action of ultrasound stimulations, continuous and pulsed, on the suppression of the action potential amplitude and modulation of the
firing rate and latency. Add to that, the model investigated the effect of increasing the frequency and input acoustic pressure on neural
excitability. We studied the optimal parameters needed for the highest modulation of the activity of a firing HH neuron.

4.1. Ultrasound sonication increases the firing rate

Low intensity focused ultrasound stimulations on primary hippocampal neurons induced a major increase in firing and bursting
rates when compared to the neuron’s natural spontaneous activity [57]. Our model showed an increase in the firing rate with all
ultrasound frequencies applied. Yet, at lower acoustic intensities, the highest firing rates were achieved, given that the latency and
inter-stimulus-interval (ISI) recorded their lowest values, in contrast with higher acoustic intensities which caused a drop in the firing
rate as the latency gradually increased. Lin et al. demonstrated that ultrasound mechanical waves applied to hippocampal pyramidal
neurons in-vitro affected the opening of potassium channels [58]. This caused an increase in the diffusion of potassium ions outside the
cell. Such maintained potassium conductance at higher input currents altered the shape of the action potential and depicted a faster
repolarization stage. This limited any further hyperpolarization due to a smaller refractory period and a faster activation of the
voltage-gated sodium channels. Prieto et al. showed that at lower acoustic intensities and higher frequencies, ultrasound potentiated
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firing. Whereas at higher acoustic intensities and lower frequencies, the effects were reversed, whereby a deeper hyperpolarization and
an increase in the refractory period were noticed, thus decreasing the firing rate [59]. Knowing that intensity is proportional to the
pressure applied, at lower input pressure of around 200 kPa, ultrasound stimulations, in the continuous and pulsed modes, induced the
highest firing rates.

4.2. Ultrasound sonication decreases stimulation latency

The latency drop due to ultrasound stimulations was minute along with the (ISI). Overall, the mechanical waves caused a total
decrease of 3 m s in the latency. Since ultrasound increased the firing rate of the HH neuron, the time between subsequent spikes
decreased from 19 m s without ultrasound application to around 14 m s with ultrasound (Fig. 9). Cui et al. [60] recorded a significant
decrease in the EMG response latency when the primary motor cortex of healthy mice was subjected to ultrasound acoustic pressures of
120 kPa and 250 kPa. Similarly, LIFUS targeted at the somatosensory cortex of mice recorded a decrease in the latency of
sensory-evoked neural responses of 3 + 0.7 m s [61]. Comparing the two sets of simulations, set 2 of our model showed a negligible
decrease in latency with pulsed ultrasound stimulations (about 0.1 m s) as the acoustic intensity increased. Whereas set 1 showed a
wider range of 0.45 m s difference as the acoustic intensity changed from 0.05 W/ cm? to 0.5 W/ cm?.

4.3. Ultrasound sonication suppresses action potential amplitude

Ultrasound vibrations depolarized the resting membrane potential causing a shorter hyperpolarization and a smaller maximal
membrane potential (Fig. 9). The peak-to-peak voltage dropped with both sets of experiments with an apparent higher suppression
using pulsed sonication. The suppression of the action potential amplitude could be a consequence of the faster repolarization of the
membrane potential. Colucci et al. [62] recorded a substantial reduction in action potential amplitude as the sciatic nerve of a bullfrog
was subjected to a 661 kHz ultrasound sonication for 30 s. The results were in line with the outcomes of experiments performed by
Juan et al. [63] where action potential inhibition was detected with the application of focused pulsed ultrasound to the vagus nerve of
rats. Another simulation study investigated the effect of transcranial focused ultrasound (of 500 kHz frequency) on the electrical
activity of several types of cortical neurons based on their bursting and spiking behavior [64]. Whereby the membrane potential of
those neurons dropped significantly upon ultrasound simulation. Moreover, our model demonstrated an enhancement in the sup-
pression effect of ultrasound as the acoustic intensity and sonication frequency were decreased (Fig. 7). This neuromodulation
dependence on the combination of low sonication intensity and frequency was highlighted in the work of Guo et al. [65] while
suppressing the peripheral sciatic nerve activity. Plaksin et al. [42] also predicted the same trend with their simulation neuronal
bilayer sonophore model to obtain similar success rates as the experimental results in Ref. [14].

4.4. Ultrasound sonication alters the threshold of neural excitability

The neural membrane has components of resistance and capacitance that are highly affected when subjected to external pressure.
The more pressure applied, the smaller the distance between the two plates of the capacitor (represented by the two lipid layers of the
neural membrane) which causes an increase in the capacitance. Howell et al. showed a decrease in the membrane capacitance as a
function of increasing the frequency of ultrasonic vibrations [66]. Thus, to compensate for the loss in capacitance with higher fre-
quencies, more input acoustic pressure was needed to induce neural excitability and achieve higher output acoustic intensity (Fig. 8-a).
Add to that, higher ultrasound acoustic frequencies tend to diffract more in tissues which reduces the penetration impact of ultrasound
waves [67]. King et al. [14] performed transcranial ultrasound stimulations on mice to study their somatomotor response to variable
sonication frequencies (from 250 kHz to 600 kHz). They reported that for higher frequencies, higher acoustic intensities were needed
to achieve the same success rate as with a combination of low frequency, low intensity ultrasound sonication. For better action po-
tential amplitude suppression, Fig. 8-b demonstrated that at lower frequencies, the threshold acoustic intensity required to induce
neural excitability was the highest.

5. Conclusion

Our model coupled the mechanical effects of ultrasound stimulations to the electrical HH model of a single neuron. The
conductance of each ion channel was the main component affected by the external pressure applied. The results emphasized the
neuromodulation action of ultrasound waves on a HH neuron. The amplitude of action potential and the latency separating the time
between stimulation and neural response decreased upon sonication while the firing rate increased. Moreover, continuous ultrasound
waves achieved less latency values at low intensities, yet pulsed ultrasound waves recorded less peak-to-peak voltages and higher firing
rates. The model emphasized that low acoustic intensities and low sonication frequencies were more efficient at modulating neural
firing. However, in the study of Prieto et al. [59], they showed that not only did ultrasound waves decrease the height of action
potentials, but also caused a shrinkage in their width. Yet, our model did not explicitly show that. To better study the effect of ul-
trasound waves on the modulation of neural firing, the temperature rise, the calcium current, and the potential changes in the speed of
sound due to changes in density must be taken into consideration and further included in the model. Note that our model presented a
framework to predict the effect of LIFUS on a firing HH neuron by mainly investigating the aspect of flexoelectricity of the neural
membrane. Possible alternative mechanisms of ultrasound neuromodulation were not taken into consideration. Ultrasound stimula-
tion can potentially replace the currently available invasive neuromodulation techniques, without requiring any implanted wired or
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Fig. 9. Suppression of action potentials upon ultrasound stimulation. The blue trace represents the action potentials of a firing HH neuron with no
ultrasound stimulation while the red trace corresponds to action potentials when ultrasound stimulation was applied. A firing HH neuron records
higher amplitude, longer latency, and less firing rate than when subjected to ultrasound stimulation which induced a decrease in amplitude and
latency and an increase in firing rate.

wireless components that bring several issues with safety and efficacy [67-69,68]. Hence, more simulation studies and modeling can
help better understand the neural response as a function of varying ultrasound parameters for enhanced optimizations of
neuromodulation.
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