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nisms through which TUS neuromodulation operates are still unclear, and a consensus on the identifi-
cation of optimal sonication parameters still remains elusive. One emerging hypothesis based on ther-
modynamical considerations attributes the acoustic-induced nerve activity alterations to the mechanical

Keywords: energy and/or entropy conversions occurring during TUS action. Here, we propose a multiscale modelling
Cell multiphysics framework to examine the energy states of neuromodulation under TUS. First, macroscopic tissue-level
Neuromodulation acoustic simulations of the sonication of a whole monkey brain are conducted under different sonica-
Transcranial ultrasound stimulation tion protocols. For each one of them, mechanical loading conditions of the received waves in the anterior

Neuron computational models cingulate cortex region are recorded and exported into a microscopic cell-level 3D viscoelastic finite ele-

ment model of a neuronal axon embedded in extracellular medium. Pulse-averaged elastically stored and
viscously dissipated energy rate densities during axon deformation are finally computed under different
sonication incident angles and are mapped against distinct combinations of sonication parameters of the
TUS. The proposed multiscale framework allows for the analysis of vibrational patterns of the axons and
its comparison against the spectrograms of stimulating ultrasound. The results are in agreement with lit-
erature data on neuromodulation, demonstrating the potential of this framework to identify optimised
acoustic parameters in TUS neuromodulation. The proposed approach is finally discussed in the context
of multiphysics energetic considerations, argued here to be a promising avenue towards a scalable frame-
work for TUS in silico predictions.

Statement of significance

Low-intensity transcranial ultrasound (TUS) is poised to become a leading neuromodulation technique for
the treatment of neurological disorders. Paradoxically, how it operates at the cellular scale remains un-
known, hampering progress in personalised treatment. To this end, models of the multiphysics of neurons
able to upscale results to the organ scale are required. We propose here to achieve this by considering
an axon submitted to an ultrasound wave extracted from a simulation at the organ scale. Doing so, infor-
mation pertaining to both stored and dissipated axonal energies can be extracted for a given head/brain
morphology. This two-scale multiphysics energetic approach is a promising scalable framework for in
silico predictions in the context of personalised TUS treatment.
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H. Chen, C. Felix, D. Folloni et al.
1. Introduction

In the past decade, low intensity, low frequency transcranial ul-
trasound (TUS) has emerged as a new technique to modulate neu-
ronal activities with high spatial precision and penetration depth
[1,2]. When compared with other neuromodulation approaches
such as electroconvulsive therapy, vagus nerve stimulation, tran-
scranial magnetic stimulation and deep brain stimulation, TUS-
mediated neuromodulation has superior advantages, such as being
non-invasive, low-cost and bi-modal, i.e., possessing the capability
to both excite and suppress nerve activity [2,3]. At the tissue/organ
level, compelling evidence of TUS-mediated neuromodulatory ef-
fects, mainly demonstrated through functional magnetic resonance
imaging (fMRI), electroencephalography (EEG), near-infrared spec-
troscopy (NIRS) and sensory or motor behaviours, has been re-
ported in both human and animal studies [2,4-12]. At the cellu-
lar level, ultrasound has been shown to mediate membrane po-
tential in both neurons and oocytes through cell membrane de-
flection [13] or cell activity modulation, e.g., altering currents
flowing through the ion channels, activating mechanosensitive ion
channels, initiating calcium influx, increasing specific gene expres-
sion in cell nucleus, as well as increasing the spontaneous firing
rate [14-21]. Paradoxically, the underlying micromechanisms un-
der which TUS neuromodulation operates still remain mostly un-
known, though different theories have already been proposed, e.g.,
sonoporation and cavitation, acoustic radiation force, flexoelectric-
ity, thermodynamic pulses, among others [5,6,22-25]. In addition
to this, the stimulation protocols used in TUS, involving the choice
of natural frequency (NF) and pressure, duty cycle (DC), pulse rep-
etition frequency (PRF) and sonication duration, diverge immensely
across literature studies [23,26]. While some pioneering studies
have been conducted on the identification of optimal values [27-
31], their conclusions disagree with each other. A consensus on the
optimisation of sonication parameters and the standardisation of
the stimulation protocols is thus needed for TUS to fully establish
itself as a reliable and interpretable clinical tool.

Recently, an increasing body of research has reconsidered the
nature of action potential (AP) as a multiphysics phenomenon, thus
casting new light on the mechanisms of TUS action from a ther-
modynamic perspective [22,24,32,33]. In such approach, the cell
membrane is considered as a thermodynamic system whose inter-
nal physical properties are reciprocally coupled [34-37]. The mem-
brane has an equilibrium state, and can transform into other con-
formations when perturbed. During this phase change, exchanges
of intertwined physical properties, such as enthalpy and entropy,
occur following thermodynamic laws. During AP propagation, this
whole process is reversible as the membrane naturally returns to
its equilibrium state [24]. Under this paradigm, the mechanism of
TUS action can be viewed as: low intensity ultrasound modulates
cell activity by transferring mechanical energy into the membrane,
resulting in a membrane pressure wave which may either directly
activate mechanosensitive ion channels or indirectly perturb the
membrane thermodynamic equilibrium [24].

In the last decade, research groups have conducted numeri-
cal studies to investigate the response of neuronal membrane un-
der ultrasound stimulation, with focus on its electrophysiological
feedback [13,29,31,38-44]|. Compared with experimental studies,
promising results have been predicted using these numerical mod-
els, such as effective membrane oscillation, ultrasound-induced ca-
pacitive current and membrane polarisation. However, the geome-
tries used in these studies are mostly formulated in one dimension
or can be simplified to one dimension mathematically. In addition,
only idealised waveforms (no wave interference or superposition
in the brain is considered) are used for the ultrasound profile and
none of these studies have scrutinised the energy states of the cell
membrane. In this study, we propose a 3D modelling framework
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which simulates cell-level mechanical response of neuronal axons
(such as local membrane vibrations and deformations) under real-
istic local acoustic pressure perturbations, computed directly from
the simulation of transcranial ultrasound waves in monkey TUS
neuromodulation using different sonication protocols. It is shown
here that this modelling framework can be used to link cell-level
energy state due to acoustic stimulation to tissue-level ultrasound
sonication parameters. In addition, it can be used to evaluate the
microscopic vibration patterns of the neurons and compare those
with the vibration features of the driving acoustic waves. In the
following section, the overall multiscale methodology is presented,
followed by the simulation results and a discussion, particularly fo-
cused on the thermodynamic implications of this work.

2. Modelling methodology
2.1. Overview

Figure 1 shows the two scales of the proposed modelling frame-
work: the macroscopic tissue scale (Figure 1 (a)) and the mi-
croscopic cell scale (Figure 1 (b)). At the macroscopic scale, the
framework uses a macroscopic model (MaM) that simulates acous-
tic wave propagation in a monkey brain whose geometry is con-
structed from monkey head image segmentations, whereas, at the
microscopic scale, the framework uses a microscopic model (MiM)
that models the local vibration and deformation of the cell embed-
ded in an extracellular matrix (ECM) under acoustic waves. Details
of our modelling framework are summarised in the following sub-
sections.

2.2. The macroscopic model - MaM

In the MaM, a 3D monkey head model is generated from the
segmentation of in vivo structural MRI data, obtained from both
hemispheres of a rhesus monkey (Macaca mulatta, female) using
a 3T MRI Siemens scanner, see Ref. [45] for more details. Vox-
els of 0.5x0.5x0.5mm?> in size are used in the MRI scan, see
Figure 2(a). Scanned raw images are segmented using data visu-
alisation software Amira (Thermo Scientific, Waltham, MA, United
States). Figure 2(a) also shows the segmented head consisting of
ten distinct parts illustrated using different colours, including the
white matter, the grey matter, the ventricles, the brainstem, the
falx cerebri, the cerebellum, the skull, the cerebrospinal fluid, and
other soft tissues (muscles, skin, fat, etc.). The segmented Amira
image file is then reconstructed into the monkey head model in
a matrix format using MATLAB (Natick, MA, United States), see
Figure 2(b). Voxels were further discretised to smaller ones of
0.25 x 0.25 x 0.25 mm? to allow for simulations of higher frequen-
cies.

To model ultrasound propagation in the head model, the open
source MATLAB acoustics toolbox k-Wave [46] is used. k-Wave cal-
culates the instantaneous pressure field in the skull during acous-
tic propagation by solving the three first-order acoustic equa-
tions (motion, continuity and state):

Ju 1

o = —%Vp (1a)
d

ai'lt) :_pOV.u (1b)
p=cp (1c)

where u is the acoustic particle velocity, pg is the ambient density,
p is the acoustic density, c is the thermodynamic sound speed, p
is the acoustic pressure.
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(a) (b)

Fig. 1. Graphical representation of the framework. (a): At the macroscopic scale, the macroscopic model (MaM) simulates acoustic wave propagation in the brain. (b): At the
microscopic scale, the microscopic model (MiM) models the local vibration and deformation of the cell embedded in an ECM arising from the acoustic waves.

(b) The macroscopic model

1

(c) The microscopic model

(a) Monkey head MRI and image segmentation

Fig. 2. Illustration of the modelling framework. (a): Monkey head MRI and image segmentation. (b): Macroscopic model; monkey head reconstruction and placement of
the acoustic source. The focal zone resides in the anterior cingulate cortex of the brain (shown as the red spot). (c): Microscopic model; finite element modelling of axon
embedded in the extracellular fluid.

319



H. Chen, C. Felix, D. Folloni et al.

Table 1
Mechanical properties of different brain parts used in the macroscopic model sim-
ulations [45].

Medium density Medium sound

Brain parts (kg/m3) speed (m/s)
White matter 1030 1600
Grey matter 1050 1550
Ventricles 1006 1515
Brainstem 1030 1558.5
Falx cerebri 1133 1558.5
Cerebellum 1030 1537
Cerebrospinal fluid 1006 1515
Skull 1912 3700
Flesh 1059 1440
Amygdala 1133 1558.5
Anterior cingulate cortex 1020 1558.5

In the k-Wave toolbox, an external acoustic source is placed
over the head, representing a single element concave transducer
with 64 mm outer diameter and 64 mm radius of curvature, com-
monly used in experimental studies of ultrasound neuromodula-
tion. The focal zone of the acoustic source resides in the head
anterior cingulate cortex region (the red spot in Figure 2(b)). To
determine the range of sonication parameters used in this model,
we have summarised the sonication protocols of all experimental
studies on TUS neuromodulation of monkeys in the literature to
our best knowledge, including Ref. [4,47-57]. We excluded some
parameters which are clearly far beyond the normal range used
in other studies and concluded that, among most of these stud-
ies, frequency ranges between 250 kHz and 800 kHz; PRF ranges
between 500Hz and 2 kHz; duty cycle ranges between 30% and
100% where 100% stands for continuous wave; pressure ranges be-
tween 0.35MPa and 1.74 MPa and sonication duration ranges be-
tween 100 ms and 300 ms. In order to investigate the influences
of NFs and PRFs, we set up the acoustic source in our simula-
tion as follows: pulsed sinusoidal ultrasound waves are applied
with constant sonication duration (2 ms), constant pressure ampli-
tude (1.35MPa) and DC (50%), but different combinations of NFs
and PRFs. The NF is varied from 250 kHz to 650 kHz, whereas PRF
varies from 500 Hz to 2,000 Hz. In addition, a sensor marker is
also placed inside the focal zone to collect values of the time vary-
ing local pressure field. Mechanical properties of different brain
parts used in the simulations are obtained from the literature [45],
see Table 1. The 3D computational domain was discretised to vox-
els of 0.25 x 0.25 x 0.25 mm?> with a total number of 512 x 512 x
256 grid points in all x-, y- and z-directions. Equation (1) is nu-
merically solved on these grid points using the pseudo-spectral
and k-Space methods (see Ref. [46] for more details). Finally, values
of the time-varying pressure field of the received waves of differ-
ent combinations of frequency and PRF are recorded at every time
step and exported into the MiM as pressure boundary conditions.

2.3. The microscopic model - MiM

2.3.1. Model description

The MiM simulates the vibration and deformation of an axon
filled with axoplasm embedded in an ECM, subjected to a real-
istic pressure wave. This work focuses on axons (though applica-
ble to any neurite) for two main reasons. The first is to simplify
the introduction of the proposed framework; somas are of various
shapes and sizes while the geometry of the axon allows for an eas-
ier generalisation of the results presented in this work. The second
is based on the recent results by the authors demonstrating the
leading role of white matter tracts leaving a sonicated region in a
quasi-identical context [45]. It must however be noted that other
extensions of this work using other neuronal geometries are read-
ily achievable. This model is built using the finite element pack-
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age Abaqus (Dassault Sysémes SE, Vélizy-Villacoublay, France). The
coupled Eulerian-Lagrangian approach is adopted to model the in-
teraction between the axon and the extracellular fluid as well as
the axoplasm. A special geometry is designed for this model: the
idealised axon is modelled as a long hollow cylindrical tube with a
length L of 550 wm, a diameter D of 5 um and a membrane thick-
ness H of 5nm. Since the mechanical contribution of myelination
in vivo is not straightforward to evaluate, we follow the approach
described in Ref. [40] and do not differentiate myelinated and un-
myelinated axons in MiM. The axon is embedded in a surround-
ing homogenised ECM which is modelled as a fluid box of octag-
onal prism shape of 500 um edge length and 100 um thickness
(see Figure 2(c)). The choice of this particular shape is to facilitate
the simulation of acoustic waves incoming from different sonica-
tion incident angles (SIAs) with respect to the axon, as well as to
enable modelling inhomogeneous deformations in the axon due to
local interactions between the solid and fluid (as planar waves re-
sult in homogeneous deformations in the axon). Finally, the axial
displacement of both ends of the axon is constrained, while the
other degrees of freedom are set to remain free so that a signif-
icant portion of the axon is subjected to the wave, while not be-
ing free to fully move axially as one would expect from real white
matter.

In literature experiments, axons are observed to exhibit elastic
response, viscoelastic relaxation as well as active contraction dur-
ing mechanical tests [58,59]. Their physical properties may influ-
ence the propagation (elastic) or attenuation (viscous) of mechan-
ical signals across the cell membrane [60]. Therefore, to capture
the viscoelastic response of the axon, a linear viscoelastic material
model is adopted. In particular, the axon is modelled using a two-
branch Generalised Maxwell model, which consists of one long-
term elastic branch (spring), in parallel with one viscous branches
(spring and dashpot) in series. Prony series notations are used to
describe this mechanical model. The relaxation time t of the vis-
cous branch is defined as t =v/Gy,, where v is the viscosity of
the dashpot and G, is the shear modulus of spring in the viscous
branch. The long term shear modulus G, of the elastic branch cor-
responds to the elastic response of the material once it is totally
relaxed.

When modelling very fast material response under high pres-
sures, such as the hydrodynamic behaviour of axoplam or ECM un-
der shock waves at a given temperature, the volumetric part of the
stress tensor can be described by an equation of state [61,62]. The
Hugoniot/Mie-Griineisen equation of state, which assumes a linear
relationship between the shock velocity Us and the particle velocity
Up [63], is a popular candidate, i.e.:

Us = co + sUp

(2)

where ¢y and s are material parameters which can be obtained
from experiments. This equation of state is adopted to model the
volumetric part of the constitutive relation of ECM. Making use of
Equation (2) and the equations of conservation of mass and mo-
mentum in a control volume at the shock front, the Hugoniot pres-
sure py can be calculated as a function of the nominal volumetric
compressive strain n and the reference density pg:

_ PoCo* 1
P

where 7 is defined using the current density p and the reference
density pg:

3)

n=1- (4)

0

In addition, it is also possible to relate the pressure p (defined here
as positive in compression) and the internal energy per unit mass
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Table 2
Geometrical and mechanical parameters of the axon, axoplasm and ECM used in
the microscopic model.

Axon geometries

Axon length L 550 pm
Axon diameter D 5 um
Membrane thickness H 5 nm
Axon mechanical properties

Membrane density p 1050 kg/m?
Poisson’s ratio v 0.49

Long term shear modulus Goo 50 Pa
Viscous branch shear modulus Gy 280 Pa
Viscoelastic relaxation time T 10 ms
Axoplasm and ECM mechanical properties

Density o 1000 kg/m3
Speed of sound Co 1550 m/s
Material parameter s 1.99
Griineisen ratio o 0.1

Dynamic Newtonian viscosity " 0.001 Pa-s

Em to their respective values on the Hugoniot curve py and Ey us-
ing the Mie-Griineisen equation of state [63], which leads to

2 I

where T’y is the Griineisen ratio in the initial state and is a ma-
terial constant. The rate of internal energy E is given by the first
law of thermodynamics and is calculated as the sum of the vol-
umetric and deviatoric (Wg,,) free energy rates, and heat rate Q

[61], i.e.:
Ph ;
- lyev
(p I >+Q

1

P
For low intensity transcranial pulsed ultrasound, its thermal effect
on the brain tissue is likely negligible (often < 0.1°CC) [2,24,64],
hence it is reasonable to consider the whole propagation process
to be adiabatic, i.e., Q = 0]J/(kg-s). The deviatoric contribution of
the fluid stress tensor is assumed to follow the dynamic Newtonian
viscosity u of water.

Material parameters used in this MiM are summarised in
Table 2. Mechanical parameters of the axon are calibrated by si-
multaneously nonlinear-least-square fitting the equivalent storage
and loss moduli of a two-branch Generalised Maxwell model at
different frequencies to the frequency-dependent rheological prop-
erties of neurons experimentally measured in Ref. [65]. Mechanical
parameters of the ECM are obtained directly from literature studies
[61].

In order to stabilise the simulation, an artificial viscosity formu-
lation is also included in the model. This increases the stability of
elements at highest frequencies and prevent them from collapsing
under extremely high velocity gradients. To be specific, an artificial
bulk viscosity (pp,) is added to the pressure term, which is com-
posed of a linear and a quadratic term:

Poo = b1pCaLeéyor + p(brLe€or)’ (7
where b; and b, are damping coefficients, L. is the characteris-
tic element size, €,, is the volumetric strain and c; is the dilata-
tional wave speed. This artificial viscosity formulation is already
implemented in Abaqus, and no additional subroutine implemen-
tations is needed. In this study, we have chosen values of b; = 0.06
and b, = 1.2. The strain energy density arising from this ‘artifi-
cial’ additional constraint was averaged for the eight elements in
the region of interest. At least one order of magnitude lower be-
tween this resulting value and the other energy density forms of
the problem (elastic stored and viscous) was observed, thus ensur-
ing that the physics of the problem was conserved when attenuat-
ing the spurious modes arising from the discretisation.

(5)

Em= (6)
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2.3.2. Model analysis

In order to quantify the energy transfer rate from the acous-
tic wave to the axon, we make use of two quantities: the pulse
averaged elastic energy rate density (PAEERD) and the pulse aver-
aged viscous energy rate density (PAVERD) of the axon, both de-
fined over one pulse period T:

T .
PAEERD — % / W, (1) dt (8a)
0

T
PAVERD = % f W, () dt (8b)
0
where W, is the total elastic strain energy density stored in the
material per unit membrane area A, and W, is the total viscous
energy density dissipated in the material due to material viscosity
per unit membrane area A [31]. W, and ¥, are defined for each
shell element as:

We(t) = A%///g (c:roo (€40, %(6 —e,,)) dxdydz

W, (t) = Alef/fv o, : €,dxdydz

where A. is the shell element area, Ve is the shell element vol-
ume (with V, = Ae x H where H is the element thickness), 0 », O
and o, are the elastic and viscous branches elastic stress tensors
and viscous stress tensor, respectively, and € and €, are the strain
tensor and viscous strain tensor. Both PAEERD and PAVERD are
expressed in the unit of watts per square centimetres (W/cm?2).
Physically, PAEERD relates to the spatial peak pulse average in-
tensity (Ispps) of acoustic wave that is locally transformed into
axon vibration during ultrasound brain neuromodulation, whereas
PAVERD relates to the rate density of the energy that has been
dissipated during this transformation. In our model, representative
values of PAEERD and PAVERD are evaluated by averaging the val-
ues of PAEERD and PAVERD of all the finite elements in a region
of interest (Rol) defined by 16 elements localised in the middle of
the axon (with two circumferential rows of 8 elements).

In this finite element model, the axon is discretised with tri-
angular linear shell elements, whereas the ECM is discretised with
linear eulerian brick elements with reduced integration and hour-
glass control. For modelling ECM-axon-axoplasm interaction, a con-
tact algorithm is defined between the Eulerian mesh (fluid) and
the Lagrangian mesh (solid), in which a ‘hard’ contact is chosen
for the normal direction, coupled to a penalty tangential friction
formulation with a friction coefficient of 0.3. A mesh size of 1 um
in the axonal neighbourhood is chosen as a good compromise be-
tween convergence and calculation time. For each sonication con-
dition (NF and PRF), the local time varying pressure evolution mea-
sured in the MaM is applied on one side face of the fluid box as
the loading boundary condition. This loading boundary condition
is applied on three different side faces to simulate incoming wave
from 0°, 45° and 90° SIAs with respect to the axon main axis. In
addition, in order to minimise the internal reflection of dilatational
and shear wave energy back into the computational domain, non-
reflecting boundary conditions are applied on all other sides of the
fluid box. Explicit dynamic simulations are run for each case of im-
posed boundary conditions for 2 ms. Variables, including PAEERD
and PAVERD of the Rol, are extracted for analysis.

Spectrogram analysis is a common tool used to analyse the
spectrum of a signal as its frequency decomposition varies with
time. To quantitatively examine how the axon vibration pattern is
affected by its acoustic driving pressure and whether factors such
as PRF and the presence of extracellular fluid may have an impact,
spectrogram analyses are performed for the Rol. Instantaneous mo-
tions of the axon are decomposed into orthogonal directions, and

(9a)

(9b)
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kinetic quantities such as cross section deformations are extracted
and transformed into the frequency domain. Spectrogram analyses
are performed by dividing the signal into segments and applying
windowing in each segment with a Hamming window of segment
length. This is done in MATLAB using a customised code. Finally,
the vibration (diameter alteration) spectrograms of the axons are
compared with the spectrograms of the driving acoustic waves’
pressure. The in-plane diameter (vertical in the figure) of the axon
is considered here.

3. Results
3.1. Acoustic simulation of the brain

The following results are obtained from the simulations with
pulsed sinusoidal acoustic waves of constant pressure ampli-
tude (1.35MPa) and DC (50%), but different combinations of NFs
(250 kHz, 450 kHz and 650 kHz) and PRFs (500 Hz, 1000 Hz and
2,000 Hz). All simulations are of 2 ms sonication duration.

Figure 3 shows the evolutions of the initial intracranial pres-
sure map during the propagation of three ultrasound waves of dif-
ferent protocols through the monkey brain (PRF = 1,000 Hz; NF
= 250 kHz, 450 kHz and 650 kHz). Pressure map snapshots were
taken at three different time points: 30 s, 60 ps and 90 us. In or-
der to illustrate the initial pressure distribution, these time points
are intentionally chosen to be located within the ‘on’ phase of the
first pulse of these acoustic waves. In other words, the parameter
PRF plays no role in these cases and changing the PRF will not af-
fect the pressure maps. In these simulations, as the time increases,
the ultrasound wave propagates outward from the sensor through
the entire brain. Acoustic focal zones can be also observed, though
local pressure concentration exists in other regions outside the fo-
cal zones as well. The initial pressures in the low frequency case
(250 kHz) are at least one order of magnitude higher than that for

(d) NF: 450 kHz, Time: 30 us (e) NF: 450 kHz, Time: 60 us
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its high frequency (450 kHz and 650 kHz) counterparts (note that
the colorbar scale of the first row is different from those of the
last two rows). These discrepancies may be explained by a higher
energy dissipation for high frequency than for low frequencies.

Figure 4 shows the evolution of intracranial pressure measured
at the sensor position under different stimulation protocols. In ad-
dition to the ‘on’ and ‘off’ effect of the acoustic waves, waveforms
are the results of the superposition and interference of the waves
reflected inside the head, thus leading to rather complicated pat-
terns as opposed to a simple sinusoidal form. From this figure, it
can be seen that for low frequency cases (250 kHz), the waveforms
have already entered a steady state, whereas for high frequency
cases (450 kHz and 650 kHz), these waveforms might still seem to
be within a transient regime; or, at the very least, the steady state
regime is more difficult to identify. This is mainly due to the fact
that the complexity and heterogeneity of the brain anatomy both
increase the time for interfered waves to enter the steady-stage
propagation (when at all). In addition, it can also be observed that
as the NF increases, the sensor maximum pressure decreases. Fi-
nally, it is worth noting that the sensor maximum pressure reaches
1.9 MPa for 250 kHz case which is higher than the pressure of the
acoustic source, whereas it is only approximately 0.6 MPa for the
650 kHz cases.

3.2. Finite element simulation of the axon

Figure 5 shows the colourmaps of PAEERD and PAVERD com-
puted in the middle of the axon when subjected to local pressure
waves of different sonication incident angles (0°, 45° and 90°) in
the MiM at 2 ms. These figures show that, for one simulation, the
magnitude of PAEERD is one to two orders of magnitude higher
than the PAVERD, which indicates that, locally, most of the en-
ergy carried by the pressure wave is transformed into elastic en-
ergy in the axon, rather than being dissipated. However, this dis-

Pressure (MPa)

0.03

0.02

0.01

Pressure (MPa)

(f) NF: 450 kHz, Time: 90 us

Pressure (MPa)

(g) NF: 650 kHz, Time: 30 us (h) NF: 650 kHz, Time: 60 us (i) NF: 650 kHz, Time: 90 us

Fig. 3. Evolutions of the intracranial pressure during the propagation of ultrasound waves of different natural frequencies (NFs) through the brain (sagittal section showed
here) as predicted by the macroscopic model. Snapshots are obtained at three different time points: 30 s, 60 s and 90 us. Geometrical focus of the transducer is indicated
with a red spot in each sub-figure. Note that the colormap scales of the first row (NF: 250 kHz) is one order of magnitude higher than those of the second (NF: 450 kHz)

and the third (NF: 650 kHz) rows.

322



H. Chen, C. Felix, D. Folloni et al.

sipated energy cannot be neglected, as its accumulation eventually
contributes to the attenuation of the acoustic energy as the wave
propagates. In addition, it must be emphasised that the NF has a
much larger influence on the values of PAEERD and PAVERD than
the PRF. Interestingly, as the SIA increases, PAEERD also increases.
For cases in which the incident angle is zero (wave propagation
direction is parallel to the axon axis), the magnitudes of PAEERD
and PAVERD are much lower than other cases. This may be be-
cause, in this particular situation, the pressure waves are actually
pushing one end of the axon. And since the contact area between
the pressure wave and the axon in this case (only through axon
membrane thickness) is much smaller than in other cases where
pressure waves directly impinge on the surface of the membrane,
the mechanical energy absorbed by the axons is also much lower.

The present simulations were not able to clearly capture the
transverse “wobbling” effect expected in the case SIA=0° (arising
from the Poisson effect) as was seen in Ref. [40]. In the present
study, both MiM axoplasm and extracellular fluid interact with the
axon membrane acting as lateral constraints. In comparison with
the model in Ref. [40] which did not incorporate any fluid (just a
solid model), these fluid constraints confine the membrane move-
ment and increase indirectly the membrane stiffness, thus poten-
tially affecting any transverse wave propagation. As the axon ge-
ometry in the MiM is much shorter than that in Ref. [40], a differ-
ent behaviour is indeed expected in this new model, thus poten-
tially complementing the previous study.

3.3. Vibrational analyses of the axon

Figure 6 shows how the axon deforms under the action of
acoustic pressure waves (with the right insets showing the mid-
dle cross section of the axon) in the MiM for NF= 450 kHz, PRF=
500 Hz, SIA = 90° at (a) O ms; (b) 0.445 ms; (c) 0.668 ms. In
this particular example, the waves propagates downwards and im-
pinges perpendicularly on the axon surface, resulting in vertical vi-
bration of the axon (bending) and a periodical deformation of the
Cross section.

Figure 7 shows the spectrogram analysis of the local pressure
waves shown in Figure 4, as well as the spectrogram analysis of the
axon vibration subjected to these pressure waves (characterised by
the alterations of axon middle section diameter), under different
combinations of NFs and PRFs. In this analysis, we only consider
cases in which SIA = 90°, i.e., waves propagate perpendicularly
downwards (waves of other SIAs deform the axon cross section lat-
erally too, making the projection results difficult to be interpreted).
In each subfigure of Figure 7, the upper row is the pressure wave
spectrogram whereas the lower row is the axon vibration spectro-
gram. Note that the vertical bright yellow lines in these figures are
artefacts due to the ‘on/off’ of the ultrasound (i.e., corresponding to
the PRF and DC of the acoustic pulses). The results shows that ax-
ons vibrate in a complex pattern under acoustic waves. In the spec-
trograms of the axon vibration, a band can be observed which cor-
responds to the band of same frequency in the spectrogram of its
triggering pressure wave, indicating a forced vibration roughly in
phase with the pressure wave. For NF=250 kHz, the vibration band
is less clear (particularly at low PRF) and seems to interferes with
a much lower frequency mode. This second frequency band, which
is brighter (indicating oscillations with much larger amplitudes),
also exists at a much lower frequency (close to zero) for all NF/PRF
combinations, likely related to the natural resonance frequency of
the axon itself. This natural resonance frequency of the axon is de-
termined by the axon geometry, material properties, the Newto-
nian damping due to fluid viscosity, as well as axon-fluid contact
criterion (for example, no slip contact will be different from fric-
tionless contact). As the NF and PRF increase, the vibration pat-
terns become clearer and both frequency bands dissociate clearly.
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However, the higher the NF of the pressure wave is, the weaker the
axon vibrates and the more its vibration is dominated by its own
resonance. In high NF regimes, changing the PRF of the triggering
pressure wave does not seem to have much effect on the vibration
pattern of the axons.

4. Discussion
4.1. Reliability and validity of MaM results

In the past decade, simulation of transcranial ultrasound have
been systematically conducted on 3D head models of both hu-
mans and animals to examine the intracranial acoustic pressure
map during ultrasound propagation [28,49,50,66-73]. More specif-
ically, in silico models have allowed to study the effect of the po-
sition of the acoustic transducer along with its sonication parame-
ters (such as pressure magnitude and frequency) on the temporal
change and spatial distribution of the resulting intracranial acous-
tic pressure for a given skull morphology. While these models have
allowed for very accurate predictions, assumptions on brain ma-
terial properties or even the linearity of the acoustic propagation
model are required. A first step for our model is thus to ensure that
the acoustic pressure measured in the MaM simulations is mean-
ingful and realistic before it can be used for the subsequent MiM
simulations. Sensitivity studies showed that the impact of acoustic
medium properties on the simulated transcranial ultrasound fields
is substantial, in which sound speed (depending on the brain ma-
terial properties) is shown to be the dominant acoustic property
[74]. Assuming homogeneous brain medium properties results in
an imprecise result compared to the case in which proper hetero-
geneous properties are used [68,75]. In addition, small alterations
in the skull geometry (such as geometry being obtained from low
resolution images and being smoothed) may result in significant
changes in the acoustic pressure map. However, it seem that using
nonlinear acoustic model for TUS simulation is virtually identical
to the linear case in terms of pressure distribution [68]. Techni-
cally speaking, the major difficulty of validating the MaM simula-
tion results is that direct measurements of acoustic pressure level
in an intact head (i.e., with full skull and brain tissue) during ul-
trasound propagation is not possible. Instead, in situ intracranial
acoustic pressure levels have been measured alternatively by us-
ing a hydrophone in a skull-hydrogel experimental model (or sim-
ply water) in a water tank [28,69,71]. For similar values of sonica-
tion parameters and transducer placement, our simulation results
show that the pressure levels computed in our MaM simulations
fall within the experimentally estimated range observed in experi-
mental studies on monkeys, and are in good agreement with sim-
ulation results of other studies [66,68].

4.2. Mechanical models in MiM and modelling neurons’ mechanical
responses

In the MiM, a two-branch linear viscoelastic model is used
as a first order approximation for the axon’s material constitu-
tive model, while the Mie-Griineisen equation of state is used to
model the axoplasm and extracellular matrix. The former has com-
monly been adopted in cell biomechanics studies [76-78] when
the deformation of the cell is small. The deformation was moni-
tored in all simulations and an absolute value of about 15%-20%
was found for the maximum principal strain of the axon mem-
brane (accounting for the contribution of both elastic and viscous
strains), with most of the axon remaining below 5%. This means
that the maximum elastic strain is, at worst, borderline leaving the
linear regime, while most of the axon remains in the linear regime.
Furthermore, the main aim of our paper is to propose a poten-
tial methodology to investigate the optimised sonication param-
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eters used in TUS from an energetic perspective, while acknowl-
edging that more accurate models of the axon, ECM, etc. could be
used for specific organ locations and species. In reality, cells usu-
ally demonstrate nonlinear behaviours under mechanical loading
conditions leading to large deformation [79-81]. Linear viscoelas-
ticity may thus not be able to accurately predict the finite strain
response of the cells membrane when the cell deformation exceeds
the linear regime and, in this case, nonlinear viscoelasticity ought
to be considered. The Mie-Griineisen equation of state relates the
pressure to the volume of a condensed material at a given tem-
perature. Therefore, it is usually used to model materials at high
pressure. However, the Mie-Griineisen equation of state is also ap-
plicable to hydrodynamic behaviours at lower pressures. In fact, it
is one of the a few major material models that is commonly ap-
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plied to define an incompressible inviscid fluid (such as water);
with others including modelling water as a quasi-elastic medium
with small Young’s modulus and 0.5 (or close to) Poisson’s ratio,
as well as modelling water using Tait equation and so forth. While
the loading regime does not necessarily warrant the consideration
of high pressure loading, the choice of this model for the axoplasm
and extra cellular matrix allows for straightforward extension of
the model to such regimes.

In reality, brain white matter is tightly packed with neurons
and glial cells, whereas neuronal axons are encased within mul-
tiple long myelinated sections with short gaps in between (the
nodes of Ranvier). Studying how neurons mechanically respond
to external loadings (especially acoustic pressures) at the cellu-
lar level is of direct relevance for an increased understanding the
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(a) Axon unloaded

(b) Axon in compression phase

(¢) Axon in rarefaction phase

Fig. 6. Periodical deformation of cross section of the axon for NF= 450 kHz, PRF= 500 Hz, SIA = 90°. The right insets show the middle cross section of the axon; black
dotted line: undeformed cross section, white: deformed cross section. (a): The axon is unloaded (no pressure wave), therefore no deformation occurs (0 ms). (b): The axon
is in the compression phase of the pressure wave, therefore the cross section is pushed downwards, vertically compressed and laterally stretched (0.445 ms). (c): The axon
is in the rarefaction phase of the pressure wave, therefore the cross section is vertically stretched and laterally compressed (0.668 ms).

action mechanism of TUS. Unfortunately, such information is not
readily accessible by current experimental techniques. For this rea-
son, numerical models have been proposed to investigate the de-
formation/vibration of neurons under mechanical loadings. These
numerical models can be generally classified into three categories.
The first category include mathematical models of lipid bilayer
membrane leaflets with an embedded ultrasound-induced bub-
ble [29,39,82,83]. In these models, idealised geometries are used
to model the membrane leaflets, whereas its oscillation is gov-
erned by the modified Rayleigh-Plesset bubble dynamics. Being
phenomenological in nature, this type of models can conceptually
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describe the local vibration of neuron membrane in its deformed
configurations upon the application of ultrasound and potentially
describe the resulting subcellular, intra-membrane changes. How-
ever, it cannot distinguish acoustic waves incoming from different
SIAs, nor is it able to model other types of mechanical stimula-
tions, such as in Ref. [84] and [85]. In addition, further develop-
ment of these models to work on more complicated geometries
(such as realistic/3D geometries) is not straightforward. The sec-
ond category include finite element models of single cell of ei-
ther idealised or realistic geometries under mechanical loadings
[31,40,61,62,86]. One advantage of this type of models is their ca-
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(c) NF: 250 kHz, PRF: 2000 Hz

(f) NF: 450 kHz, PRF: 2000 Hz

(i) NF: 650 kHz, PRF: 2000 Hz

Fig. 7. Spectrogram analyses of the local pressure waves in the upper row, and axonal vibration (characterised by the alteration of axon middle section diameters) in the
lower row. The local pressure waves are computed in the macroscopic model under different combinations of natural frequencies (NFs) and pulse repetition frequencies

(PRFs), as shown in Figure 4.

pability to explicitly capture the mechanical response of a single
neuron cell under complex loading conditions. For example, Ref.
[40] and [31] showed that the stimulation of the axon end with a
train of pulsed longitudinal mechanical waves mimicking low fre-
quency pulsed ultrasound also induces a series of accompanying
transverse waves that locally flex the membrane due to the Pois-
son effect. While this type of models is easy to develop for fur-
ther evolutions, they lack scalability and often neglect the inter-
actions between neurons and their surrounding ECM/neurons. The
third category consists of finite element models simulating the me-
chanical behaviour of a (potentially homogenised) group of neu-
rons embedded within a representative volume such as a collage-
nous matrix under either quasi-static or low-rate dynamic loadings
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[87-91]. In these models, geometries of the simulated cell are ei-
ther idealised or constructed from cell image stacks. Instead of be-
ing applied on the cells directly, loadings are usually applied on
the surrounding matrix. Simulation results show that stress con-
centration/strain amplification can be usually observed at certain
locations on the neurons. The direct advantage of this category of
models is that they incorporate the influence of ECM heterogeneity
(including other neighbouring cells) in quantifying the mechanical
behaviour of each single cell. However, this is achieved at the ex-
pense of a much coarser modelling of the details due to the model
complexity. This limits their ability to model lower-level phenom-
ena such as membrane waves and membrane vibrations, which are
predictable in the first two categories of models. The MiM follows
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the approach of the second category but incorporates the fluid-
solid interactions between the membrane and the ECM, as well
as between the membrane and the axoplasm. This is achieved by
modelling the membrane as a Lagrangian shell structure coupled
to the inner axoplasm and outer ECM, both of which are modelled
using an Eulerian mesh. It is, however, worth emphasising that this
modelling choice does not imply that the axons are moving freely
in the surrounding environment: the ECM and axoplasm both con-
strain the axonal membrane through their consitutive and contact
relationships.

4.3. Determination of the optimised sonication parameters

A pulsed ultrasound stimulus can be characterised by five main
parameters: its NF, intensity, stimulation duration, PRF and DC.
Each of these parameters may have a strong effect on the stim-
ulation outcome [4]. For example, both experimental and numeri-
cal studies of ultrasound-induced neurostimulation suggest that a
lower bound threshold of acoustic intensity may exist for success-
ful low intensity TUS neuromodulation. Taking the upper bound
threshold approved by the Food and Drug Administration for diag-
nostic usage of ultrasound for adults [92], which is approximately
38 — 47.5 W/cm? of Isppa at the focal zone (approximated by mul-
tiplying 190 W/cm? with the attenuation rate), indicates that there
may be one optimal Ispps between the two bounds associated with
the best modulation outcome. Two approaches are usually fol-
lowed to determine the best sonication parameters. The first one
consists in exploring a range of sonication parameters which can
successfully cause stimulative effects while minimising the acous-
tic intensity deposition. For example, Ref. [93] found that TUS elic-
its rat motor responses in a limited range of sonication parameters,
in which 1 —5ms of tone-burst duration, 50% of DC (as opposed
to 30% and 70%), and 300 ms of sonication duration (as opposed
to 200ms and 400 ms), at 350 kHz NF (as opposed to 650 kHz)
together result in the lowest acoustic intensity. The second ap-
proach consists in seeking a combination of sonication parame-
ters which can result in the highest efficiency during stimulation,
which is usually assessed by the neuron electrophysiological re-
sponses, e.g., through analysis of electromyogram and electroen-
cephalographic signals. For instance, using mouse somatomotor re-
sponse, Ref. [27] reported that stimulation success increases as a
function of both acoustic intensity and stimulation duration, and a
successful stimulation results from the integration of an adequately
strong stimulus amplitude over a time interval of 50 — 150 ms.
In the case of pulsed ultrasound, success rate increases with the
increase of DC. Ref. [28] found that specific sonication parame-
ters outperformed others in modulating ovine regional brain ac-
tivities, with the highest response rate generally occurring at 70%
DC (as opposed to 30%, 50% and 100%), shorter tone-burst dura-
tion (0.5 ms as opposed to 1 —3ms) and lower Ispps (15.8 W/cm?
as opposed to 18.2 W/cm?). Our study generally follows the first
approach, and the endpoint of the simulations are energy rate den-
sities. Strictly speaking, this paradigm lacks the final prediction of
the electrophysiological activities of the neurons (i.e., it does not
predict whether a certain dose of ultrasound intensity will success-
fully induce neuron modulation or not). This can be achieved by
two means: 1) by knowing which mechanism(s) links the mechan-
ical energy to electrophysiological alterations, something that is
currently unknown; or 2) by experimental validation able to quan-
tify energetic contributions consistently across specimens, a task
similarly marred with obstacles.

In spite of the difficulty, numerical studies have been proposed
to model ultrasound-induced cell membrane polarisation/action
potential. These models are thus built on different underlying
modulation assumptions (such as direct flexoelectricity or in-
tramembrane cavitation excitation [29,39,94]), and are often re-
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stricted to 1D. Our framework sits above the need for a choice of
a candidate mechanism as it is solely focussed on energy. It can,
though, be used to follow the second approach, i.e., quantifying the
efficiencies of different combinations of sonication parameters by
the neuronal activities that they can induce in terms of energetic
transfer to the axon. This, however, requires the consideration of
additional experimental work focussed on the ultrasound modula-
tion efficacy of the same monkey from whom the head images are
obtained, at different levels of intensities while fixing other son-
ication parameters, with the placement of the transducer at the
same location. In view of the difficulty associated to doing these
experiments, this effort is beyond the scope of this work. Some
general observations can nevertheless be drawn. The current liter-
ature seems to be reaching a consensus in that a lower frequency
can increase the efficacy, while an increased frequency requires an
increased intensity to achieve equivalent efficacy [93,95,96]. Dis-
crepancies still exist on the question of efficacy comparison be-
tween the use of pulsed sonication and its equivalent continuous
sonication [27,93]. Based on the current literature, achieving the
highest stimulation efficacy relies on the careful optimisation of
fundamental sonication parameters [4,28,97]: the NF which can-
not be allowed to be too high along with a conjugated intensity,
a high PRF which produces hundreds of pulses during the sonica-
tion duration, and an intermediate level DC (30% - 60%)!. As such,
we have selected sonication parameters accordingly, including NF
(250 kHz, 450 kHz and 650 kHz), pressure (1.35 MPa), stimulation
duration (2 ms), PRF (500 Hz, 1000 Hz and 2000 Hz) as well as DC
(50%). However, one must be aware that these protocols may be
neuron-type dependent [99], and may also depend on the posi-
tion of the transducer as well as the brain region to be stimulated.
Many unknowns exist and more coupled experimental-numerical
studies are clearly needed to test these hypotheses.

4.4. Thermodynamic implications of the model

In our modelling framework, we use PAEERD and PAVERD to
quantify the energy rate densities which are either locally ab-
sorbed or dissipated by the axon under TUS actions. This is a
more realistic interpretation of the energy states of the neuron
cells themselves during TUS, than quantifying it solely with ‘inten-
sity’, which actually describes the energy carried by the acoustic
waves, and not the energy states of individual neurons. Accord-
ing to our simulation results, the value of PAEERD is usually at
least two orders of magnitude higher than that of PAVERD. This
indicates that most of the energy carried by the pressure wave is
transferred elastically rather than dissipated by the cell’s viscosity.
Nevertheless, this dissipation cannot be ignored, as its accumula-
tion contributes to the attenuation of the acoustic waves through
the brain tissue which can be quite significant when the propaga-
tion path is long.

In high intensity focused ultrasound (HIFU) ablation, a non-
significant part of the kinetic energy of the sound wave is absorbed
by the brain tissue and converted into thermal energy. These two
coupled forms of energies conjointly induce both rapid tissue tem-
perature rise and micro-bubble cavitation in the focal zone, even-
tually leading to coagulative necrosis [100-103]. This is commonly
regarded as the main underlying mechanism for HIFU. However,
for low intensity ultrasound, these physical effects do not seem
likely to occur, as the temperature rise in low intensity ultrasound
is minimal [2,5,104] and cavitation is prone to occur more eas-
ily under high energy-level acoustic environment [105]. In order
to have a better quantitative understanding of the energy states
of a neuron when subjected to low intensity pulsed ultrasound

1 Skin burn was previously observed at 60% [98].
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with clinically relevant parameters, we mapped here the axon me-
chanical energy state back to the MaM stimulation sonication pa-
rameters (whose ranges were taken from existing monkey exper-
imental studies). To have a better understanding of the relation-
ships between the neuron energy states and the alteration of cell
functionality, it is worth comparing our simulation outcomes with
the strength of acoustic intensity at the cellular level. In the liter-
ature, studies on TUS stimulation on human brains have demon-
strated that values of Ispps in the focal zone approximately be-
tween 0.1 — 6.6 W/cm? are able to induce brain activity alterations
[70,106-108]. Comparing with the incident Ispps used at the acous-
tic source, this indicates an attenuation of 75 — 80% of the inten-
sity on average during propagation. Studies on non-human primate
brains show that similar Isppy values in the targeted region are
required to causally modulate monkey behaviour [47,48,109,110].
In addition, animal models of other species also use Isppy Within
a range comparable to humans’ for successful sonication-induced
stimulation of the animal’s primary somatomotor and visual areas
[27,28,94,111-113]. In most of these studies, only values of Isppy at
the acoustic source were provided. Nevertheless, since these ani-
mal species usually have a head size smaller than humans’ and a
thinner skull, the associated attenuation rate can be expected to be
lower than that of human, i.e., < 75%. As a result, Ispps in the focal
region can be estimated using an attenuation rate of 75%. At the
neuron scale, it has been shown in both experimental studies and
numerical models that ultrasound with Isppy falling in this range
can alter the response behaviour of specific channels and modu-
late its channel current by different mechanical effects, including
cavitation induction and mechanosensitive ion channel TRAAK ac-
tivation through increasing membrane tension [16,38,39,114]. Nev-
ertheless, values of Isppy beyond this range in the focal zone used
for successful modulation of nerve circuits have also been docu-
mented in the literature [19,115,116]. Comparing with the results
of all studies above, the values of PAEERD at the membrane sur-
face computed in our simulations also fall within this range for
cases of SIA = 90°C and SIA = 45°C. This not only substantiates that
our proposed quantity PAEERD is closely related to the commonly
used Isppa, but also corroborates the fact that the sonication pro-
tocols that are commonly used in the literature can cause changes
in the energy states in the neurons which might alter its function-
alities due to mechanically related mechanisms, resulting in cer-
tain neuromodulation effects. In addition, it is worth noting that
in the cases of SIA = 0°C, the level of PAEERD is much lower than
in the cases of SIA = 90°C and SIA = 45°C. Apart from inspecting
the acoustic energy that is transformed into neuron kinetic energy,
our study also examined the energy that has been locally dissi-
pated due to viscous effects. To the best knowledge of the authors,
this is the first study in the literature doing so. Such approach has
important implications. Indeed, while PAEERD directly relates to
stored mechanical energy (arising from the transfer of mechani-
cal energy from the ultrasound wave’s kinetic energy to the ax-
onal membrane’s elactic energy), PAVERD relates to dissipated en-
ergy (arising from the transfer of mechanical energy from the ul-
trasound wave’s kinetic energy to the axonal membrane’s heat—or
thermal energy—from viscous effects). As discussed earlier, though
low energy TUS are not believed to contribute to significant tem-
perature rise, it cannot be excluded that reversible minute ther-
mal fluctuations could not lead to functional alterations. More im-
portantly, this observation bears resemblance with some recent
work of the authors demonstrating experimentally how individ-
ual neurons could alter their electrophysiological properties under
dynamic loading at ultrasonic frequencies [117]. In this work, we
concluded that energetic contributions and exchanges were key to
a scalable systemic understanding of TUS. Here, viscosity per se is
merely a phenomenological formulation indicating a net “loss” of
stored elastic energy, but could actually be—akin to the Onsager’s
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variational principle—represent a transfer of energy from a me-
chanical nature to another nature. It could be thermal, as often
formulated, but could also be thought of as a transfer into bio-
chemical or electrophysiological energy through phase changes or
ion channel activation [117]. Again, such consideration allows for
a scalable understanding of TUS effects; namely energetic trans-
fer from mechanical to functional, something not achievable with
other approaches. Analysing in more depths whether stored me-
chanical energy or transferred energy (e.g., thermal, biochemical or
electrophysiological), or a combination, is what leads to the func-
tional change of individual neurons will require more experimental
work for proper validation.

4.5. Vibration analysis of the neurons

In this study, we also analysed the vibration patterns of the ax-
ons under pressure waves using frequency spectrograms and com-
pared the results with those of triggering acoustic waves them-
selves. Our results show that the vibration of the axons is domi-
nated by the NF of the pressure waves, and influenced potentially
by the natural resonance frequency of the axon-ECM complex. The
PRF of the pressure waves did not have any discernible effect on
their vibration patterns. To the authors’ best knowledge, this study
is the first study analysing the vibration patterns of a neuron un-
der realistic acoustic pressure waves. The methodology used in our
study can be directly leveraged to investigate whether the effect of
neuromodulation of ultrasound is related to certain vibration fre-
quencies/patterns/modes of these neuronal cells.

4.6. Future sophistications of the framework

In computational simulations, modelling dynamic response of
inhomogeneous materials under high frequency vibrations requires
very small time steps and space discretisation, especially for a
complex modelling framework like ours which contains millions of
elements and voxels and includes fluid-solid interaction. This re-
sults in an enormous increase in computational cost even when
using cluster computing, therefore limiting the total duration of
the dynamic event that can be simulated. In our simulations, the
highest acoustic frequency is 650 kHz. For this reason, we had to
limit the total duration of our simulations to 2 ms, i.e., four full
pulse repetitions given a 2 kHz PRF. The sonication duration of a
typical TUS neuromodulation usually lasts for at least hundreds of
milliseconds, and can be up to several seconds, or even minutes
[7,118,119]. This indicates that our modelling framework only sim-
ulates the first small portion of the potential total duration of a
typical TUS neuromodulation, and the PAEERD and PAVERD mea-
sured in the simulations only represent the very early state of the
energy levels of a neuron during a TUS neuromodulation. Studies
have suggested that it may be in fact the longer temporal action of
the acoustic wave which has the neuromodulatory effect [30,118],
and in this case, a much longer simulation which can model a TUS
neuromodulation of at least one second duration will be more ap-
propriate in the future. Furthermore, while PAEERD was observed
to reach a steady state (the value provided is the one at the end of
the simulation), PAVERD, by its dissipative nature, was observed to
increase (quasi linearly) with time, thus potentially justifying the
need for longer simulations—or at least linear extrapolation—if one
considers the transfer of energy from mechanics to electrophysiol-
ogy as the leading neuromodulation mechanism in a longer mod-
ulation time window.

Apart from extending the simulation duration, our modelling
framework can be further sophisticated in three other directions.
The first direction is to use a realistic geometry of neuron or
axon similar to the one used in Ref. [86] instead of the ide-
alised geometry used here in the MiM, and to use diffusion tensor
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imaging to map realistic white matter tractography in the brain
[45], rather than pre-assigned axon orientations. Similarly, other
patient-specific head models, and more accurate skull morpholo-
gies and microstructural details can be developed to obtain more
accurate and personalised results. The second direction is to in-
corporate a 3D electrophysiological model simulating action poten-
tial propagation in cells and an electromechanical coupling model
simulating mechanically induced membrane depolarisation. For the
electrophysiological model, classical models such as the Hodgkin-
Huxley [120], FitzZHugh-Nagumo [121] or Hindmarsh-Rose mod-
els [122] could be used, whereas for the electromechanical cou-
pling model, models simulating flexoelectricity, acoustic-induced
membrane cavitation and/or acoustic-induced ion channel activa-
tion can be used. The third direction is to go further down to
the subcellular scale and transform the proposed approach into a
three-scale modelling framework, similar to the work done by Ref.
[123] and [124]. In fact, the authors have already conducted molec-
ular dynamics studies on membrane deformations in response to
external loads/membrane pore sealing at the molecular level, for
example, see Ref. [125,126]. While linking our MiM model to these
membrane molecular dynamics models could be seen as straight-
forward, it faces a few difficulties. The first one is that the time
scale might end up being drastically different (molecular dynam-
ics considering much smaller time scales). Secondly, such approach
would mean that one is required to focus on molecular systems
assumed to be the main drivers of the coupling between mechan-
ics and electrophysiological alteration (i.e., which subcellular and
intra-membrane events occur, e.g., changes of membrane ion chan-
nels configurations or membrane protein vibrations under ultra-
sonic forces), something that this work aims at avoiding. Instead,
this study stops at the cellular scale (and in particular axons) with
the aim to investigate energetic quantities, which we argue are the
only multiscale quantities available to multiphysics. One must ad-
ditionally note that the computational cost of the current mod-
elling framework is already expensive, and future sophistications
including 3D electrophysiological and electromechanical coupling
models or the development into a three-scale modelling frame-
work would all further increase the computational complexity. Our
modelling framework also has the advantage to “speak the same
language” as current experimental studies focussed on identifying
cell-level energy states and analysing acoustics-driven cell vibra-
tion informations in the regions of interest under specific sonica-
tion protocol and settings.

5. Conclusion

While low intensity, low frequency TUS has gradually emerged
as a novel technique for clinical non-invasive neuromodulation,
its underlying modulation mechanisms are still unclear, further
complicating the identification of an optimum sonication proto-
col for a given configuration. From a thermodynamic standpoint,
ultrasound-induced nerve activity alteration can be attributed to
the mechanical energy and/or entropy/enthalpy conversions occur-
ring at the cellular (or possibly sub-cellular) scale. Building on this,
this study proposes a multiscale modelling framework to examine
the energy states of neuronal axons under TUS. Using this frame-
work, we computed elastically stored and viscously dissipated en-
ergy density rates of the axonal membrane and mapped them back
against the sonication parameters of the stimulating waves at the
organ level. We also analysed the vibration patterns of the axons
under these stimulating waves. Comparing with literature simula-
tion predictions and experimental results, we concluded that the
proposed modelling framework constitutes a promising predicting
platform for the identification of the optimised acoustic param-
eters to be used in TUS neuromodulation for safer and success-
ful treatments of neurological disorders. Finally, the two-scale ap-

Acta Biomaterialia 151 (2022) 317-332

proach is suitable for a personalisation of the upper scale frame-
work accounting exactly for skull geometries (e.g., skull thick-
ness/shape variations in one patient and/or between patients) and
tissue morphologies and properties (e.g., future evolution of the
model including differentiation between pyramidal neurons, in-
terneurons, glial cells composition), which could directly feed into
personalised clinical approaches for TUS treatment.
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