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ABSTRACT

Sonothrombolysis induces clot breakdown using ultrasound waves to excite microbubbles. Despite the great
potential, selecting optimal ultrasound (frequency and pressure) and microbubble (radius) parameters remains
a challenge. To address this, a computational model was developed to investigate the bubble behaviour during
sonothrombolysis. The blood and clot were assumed to be non-Newtonian and porous, respectively. The effects
of ultrasound and microbubble parameters on flow-induced shear stress on the clot surface during stable and
inertial cavitation were investigated. It was found that microbubble translation towards the clot and the shear
stress on the clot surface during stable cavitation were significant when the bubble was about to undergo
inertial cavitation. While insonation of large microbubble (radius of 1.65 pm) at low frequency (0.50 MHz)
produced the highest shear stress during stable cavitation, selection of these parameters is not as intuitive
for inertial cavitation due to the strong competing effect between jet velocity and translational distance. An
increase in jet velocity is always accompanied by a decrease in the translational distance and vice versa.
Therefore, a right balance between the jet velocity and the translational distance is critical to maximise the
shear stress on the clot surface. A jet velocity of 303 m/s and a distance travelled of 5.12 pm at an initial
bubble-clot separation of 10 pm produced the greatest clot surface shear stress. This is achievable by insonating
a 0.55 pm microbubble using 0.50 MHz and 600 kPa ultrasound.

1. Introduction

Sonothrombolysis uses ultrasound waves to enhance thrombolytic
treatment outcomes [2]. Recent technological advancement has seen

Health complications caused by blood clots are among the global
leading causes of mortality and morbidity. They include ischemic
stroke, myocardial infarction, deep vein thrombosis and pulmonary
embolism [1]. The most common treatment for blood clot is throm-
bolytic drugs, such as recombinant tissue plasminogen activator (rt-PA).
Nevertheless, this technique is effective only if the drugs can penetrate
the clot to induce clot lysis. Hence, a high concentration of rt-PA is
often prescribed to increase the chances of clot penetration. Unfor-
tunately, doing so also increases the risk of haemorrhage, with the
potential of causing death in patients [2]. As such, there is a demand
for better thrombolysis strategies that can improve the thrombolytic
effect of drugs. One of the more recent development in this field is
sonothrombolysis.
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the use of various types of ultrasonic systems for sonothrombolysis,
which includes high intensity focused ultrasound [3], diagnostic ul-
trasound systems [4,5], or a forward-viewing intravascular ultrasound
transducer [6,7]. The increased efficacy of thrombolytic drugs during
sonothrombolysis helps to reduce the dosage of drugs, thus minimising
its side effects [6]. During sonothrombolysis, ultrasound oscillations in
blood causes the formation of tiny bubbles or acoustic cavitation [8].
Acoustic cavitation can be stable and/or inertial, with both contributing
to enhancing thrombolytic outcome, albeit differently. During stable
cavitation, the sustained oscillation of the bubble induces hydrody-
namic forces that stretches the pores on the clot surface to promote
greater drug entry. This is shown in Fig. 1a. Conversely, inertial cavi-
tation is characterised by the violent collapse of the bubble, which often
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Fig. 1. Schematic of a microbubble undergoing: (a) stable cavitation and (b) inertial cavitation, and their impact on the clot surface.

leads to the development of a high-speed jet [9]. If the collapse occurs
next to the clot, the jet will impinge on the clot surface and cause
significant clot erosion. This not only breaks down the clot, but also
creates dents that increase the surface area for the binding of drugs.
This elevates the local drug concentration that helps to break down the
clot more effectively [10]. This is shown in Fig. 1b.

To enhance the effect of acoustic cavitation during sonothrom-
bolysis, microbubbles are often introduced intravenously next to the
clot [2]. Using an in vitro model, Datta et al. [11] observed an increased
rt-PA entry into the clot when microbubbles are used in conjunction
with ultrasound at a frequency and pressure amplitude of 120 kHz and
0.32 MPa, respectively. Similarly, Kim et al. [12] reported significant
improvement in clot lysis when increasing the microbubble concentra-
tion and pressure amplitude at a frequency of 620 kHz. Borrelli et al.
[13] discovered that larger microbubbles (3 pm diameter) produced bet-
ter thrombolytic effects when insonated with low pressure amplitude at
a frequency of 1 MHz. Recently, Zhang et al. [14] employed microbub-
ble with average diameter of 1.1 pm to demonstrate the efficacy of
a high-speed endovascular sonothrombolysis using vortex ultrasound.
Goel et al. [15] discovered that sonothrombolysis using 700 kHz at 0.9
MPa could fragment the clot into tiny debris, thus minimising the risk of
embolisation downstream. Although the positive impact of microbub-
bles were demonstrated, these studies were achieved using different
combination of ultrasound frequency and pressure amplitude. More-
over, commercial microbubbles used during sonothrombolysis come
in different sizes and concentrations. Hence, this raises the question
on what is the optimum combination of ultrasound (frequency and
pressure) and microbubble (size and concentration) parameters that
produces the best thrombolytic outcome during sonothrombolysis. Un-
fortunately, this is very difficult to ascertain experimentally due to
the large variations in the values of parameters being used [16]. This
problem is exacerbated by the difficulty in accurately and reliably
performing the experiments in vivo and during inertial cavitation to
observe and quantify the bubble dynamics [17].

Computational modelling is an alternative methodology to system-
atically investigate the bubble dynamics phenomena during sonothrom-
bolysis. This is because computational models provide convenient ac-
cess to all the parameters of interest for a more consistent comparison
of results. Furthermore, parameters that are difficult to measure ex-
perimentally, such as the jet velocity and the shear stress acting on
the clot surface during jet impingement, can be easily estimated from
the numerical solutions [18]. These advantages have led to various
researchers employing computational modelling to investigate the bub-
ble dynamics phenomena in blood vessels. For example, Wang et al.
[19] employed the boundary element method (BEM) to investigate
the nonlinear behaviour of a bubble oscillating in an elastic ves-
sel. Hosseinkhah et al. [20] and Khodabakhshi et al. [21] developed
finite element models of the blood-brain barrier to investigate the
shear stress acting on the vessel wall due to a pulsating microbubble.
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More recently, Xie et al. [17] investigated the effects of ultrasound
parameters, microbubble size and bubble to wall distance on the risk
of vascular injury during acoustic cavitation. These studies highlight
the advantages of computational modelling in the study of microbubble
dynamics, and their applications in vessel-related complications suggest
that there is great potential for it to be extended to sonothrombolysis.

Motivated by this, the present study sets out to develop a compu-
tational model that simulates the bubble dynamics phenomena during
sonothrombolysis. The model was formulated based on the recent mod-
elling work of bubble dynamics [22-24], which will be used to optimise
acoustic cavitation during sonothrombolysis. The present study aims to
investigate the effects of ultrasound and microbubble parameters on
the characteristics of stable and inertial cavitation. All simulations will
be carried out using the commercial software COMSOL Multiphysics.
To the authors’ knowledge, the present study represents the first at-
tempt at elucidating the dynamics of stable and inertial cavitation
during sonothrombolysis with different ultrasound and microbubble
parameters. Specifically, this study provides an understanding on the
modelling of bubble dynamics next to a porous clot, which has never
been explored in the literature. Moreover, the numerical results shed
light on the magnitude of flow induced shear stress due to stable and
inertial cavitation on the clot surface, which is critical for the selec-
tion of the optimum ultrasound and microbubble parameters during
sonothrombolysis. As such, the findings from this study may facilitate
the optimisation of the treatment and bring sonothrombolysis closer
towards clinical implementation.

2. Materials and methods
2.1. Model geometry

Consider a microbubble of radius R, located next to a clot in a
blood-filled vessel, see Fig. 2a. Since the microbubble is several orders
of magnitude smaller than the clot, this allows the computational
domain to be truncated to a small region consisting only of the mi-
crobubble, the surrounding blood and the clot. To further limit the
requirement of computational resources, the model was reduced from
3D to 2D axisymmetry. This is illustrated in Fig. 2a, where d,;,, = 10 pm
is the initial distance from the microbubble centre to the clot surface,
and L defines the dimension of the truncated model. The value of L was
decided based on a preliminary domain convergence study (results not
shown) of the temporal response of bubble radius during insonation,
where the results indicated that a domain that is at least seven times
the maximum expansion radius of the microbubble oscillating in an
unbounded domain, i.e., without the clot, was sufficient to minimise
undesired boundary effects. Note that the maximum expansion radius
of a microbubble oscillating in an unbounded domain is different from
that when oscillating next to a clot, and the former is used solely to
estimate the dimension of the truncated model.
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Fig. 2. (a) Model geometry and boundary conditions used in the present study; (b) results of mesh convergence study, where each bar represents the percentage difference in
the velocity magnitude at one of the sampled points between two consecutive mesh settings. Inset shows the velocity profile of blood using 43,988 and 48,735 elements. White
dots represent the nine sampled points used to determine the percentage difference of blood velocity during the mesh refinement; (c) model discretised using the optimum mesh
density; (d) comparison of equilibrium bubble radius between the present model and the Rayleigh-Plesset equation; (e) model validation of jet development using the solution of

BEM [25,26]. t* represents the dimensionless time parameter used in their work.

2.2. Fluid flow model

Ultrasound insonation causes the microbubble to undergo both
oscillation and translation [27]. The motion of the microbubble induces
flow to the surrounding blood, which can be described using the
incompressible Navier-Stokes equations:

peV - u=0, (€)]

pf‘;—‘t‘ +p,-VYu=V-[-pIl+pu, (Vu+Vu)')], 2

where ¢ (s) is time, u (m/s) is the velocity field describing blood flow,
p (Pa) is pressure, p, = 1049 kg/m3 [28] is the blood density and u,
(Pa-s) is the blood dynamic viscosity, which is assumed in this study to
be non-Newtonian, such that:

3

where y, = 0.056 Pa-s and p,, = 0.00345 Pa-s are the viscosity at zero
and infinite shear rate, respectively, A = 3.313 s is the relaxation time
constant, y (1/s) is the shear rate and n = 0.3568 is a dimensionless
parameter [29].

The clot was assumed to be a porous medium [30], such that blood
flow inside the clot can be described using the Brinkman equation,
which combines the equations for mass and momentum conservation
with the Darcy’s law for flow in porous media. The viscous transport
term is accounted for in Brinkman equation, with both pressure and

n=1
He = Moo + (Ho = Heo) (L + (1)) T,
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the velocity field taken as independent of one another. The Brinkman
equation is given by [31]:

peV-u=0, (€))
1 du Py u
e R GRS
= _Vp+V. i(y (Vu+ (V') - 24 (V~u)1) )
£ ¢ 37
= (c7 e ) u,

where ¢, = 0.4 and x = 1 x 107! m? are the porosity and permeability
tensor of the clot, respectively [30] . The value of porosity and perme-
ability depends on the clot retraction. Older and retracted clots such
as venous thromboses tend to have a lower porosity and permeability
compared to fresh and unretracted arterial thromboses [2].

2.3. Bubble dynamics model

In the present study, ultrasound waves were assumed to travel in
the -z direction, such that the liquid pressure at the far field can be
described using:

(6)

where p, = 100 kPa is the ambient pressure, p, (Pa) and f (Hz) are the
pressure amplitude and frequency of the ultrasound waves, respectively

Peo = Po — P4 Sin(kz + 27 f1),
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and k (1/m) is the wavenumber given by:

7
¢
where ¢, = 1590 m/s is the speed of sound in blood [28].
The liquid pressure at the bubble surface must obey the pressure
continuity condition [22], such that:

R(@) R(@)
—4pp —— — 4K 0

R(@®)

where p, (Pa) is the gas pressure inside the bubble, p, (Pa) is the
Laplace pressure, R (m) is the instantaneous bubble radius, R (m/s)
is the instantaneous bubble wall velocity and x, = 7.5 x 107 kg/s
is the bubble shell viscosity [23]. The third and fourth terms on the
right-hand side of Eq. (8) represent the pressure contribution due to the
viscosity of surrounding blood and the bubble coating, respectively.

The gas pressure inside the bubble p, is a function of the microbub-
ble radius, such that [24]:

>V

20y RS - h?
Ry

R3(t) - h3
where 6, = 0.02 N/m is the initial surface tension of the microbub-
ble [23], R, (m) is the initial microbubble radius, » = R;/5.6 (m) is
the van der Waals core radius of the microbubble and y = 1.07 is the
polytropic index of gas inside the microbubble [24].

During insonation, the microbubble may oscillate in a non-spherical
manner depending on the spatial gradient of the blood velocity profile
on the bubble surface. In such cases, the use of R to characterise
the size of the microbubble is no longer valid. To overcome this, the
term R in Egs (8) and (9) was replaced with the equilibrium bubble
radius, R,,, which can be calculated by equating the surface area of
the non-spherical bubble to that of a spherical bubble.

The Laplace pressure, which is responsible for the recovery of the
spherical shape of the microbubble during oscillation, is given by [22]:

Pe =Dg— Py ~ Do ®

Py = <po + ©)

Po = 0(R K. 10)

where K (1/m) is the total curvature of the microbubble and o(R,,)
(N/m) is the radius dependent surface tension, which can be de-
scribed using the continuously differentiable form of the Marmottant
model [23,32]:

Regy/1+°2
of1-—¥ 2
Ro
>

be

O'(qu) =ope” an

where o, 53.45x1073 N/m is the surface tension of blood [33],
¥ = 0.5 N/m is the bubble shell elasticity [23], and b and ¢ are
dimensionless coefficients expressed as:

1
p= - /0D a2
L0 1+"7U)
1
oo 2xe [ o a3
oy 2y

2.4. Initial-boundary conditions

The microbubble was assumed to be at rest prior to insonation.
Therefore, the initial velocity and pressure of blood was set to zero
and the ambient pressure, p,, respectively. To satisfy the velocity con-
tinuity condition across the bubble surface, the arbitrary Lagrangian—
Eulerian moving mesh algorithm was adopted. This condition sets the
instantaneous bubble wall velocity to equal the blood velocity on the
microbubble surface, which requires the normal mesh velocity to be
equivalent to the normal blood velocity on the bubble surface. On the
other hand, the pressure continuity condition across the bubble surface
was imposed by using Eq. (8). To evaluate the Laplace pressure in
Eq. (10), a weak form of the pressure continuity condition, similar to
the one proposed by Hosseinkhah et al. [22], was implemented. Lastly,
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open boundary conditions were applied to the remaining boundaries of
the model, such that:

[=pT + py (Vu+ (V)" )| n =0, 14

where n is the unit normal vector. Eq. (14) allows blood to either
enter or leave the computational domain, depending on the state of
oscillation of the microbubble. The boundary conditions implemented
in the present study are illustrated in Fig. 2a.

2.5. Numerical implementation

The implementation of the model began with the calculation of lig-
uid pressure at the microbubble surface (see Eq. (8)), which was mainly
contributed by pressure variation due to ultrasound waves (see Eq. (6)),
the gas pressure inside the microbubble (see Eq. (9)) and the Laplace
pressure (see Eq. (10)). The ultrasound waves led to the oscillatory
and translational motion of the microbubble, where the resulting blood
motion surrounding the microbubble and those within the clot were
calculated by solving the fluid flow model (see Section 2.2) along with
the initial-boundary conditions (see Section 2.4).

2.6. Mesh convergence

A mesh convergence study was carried out to obtain the mesh set-
ting that results in mesh-independent numerical solutions. The model
was primarily discretised into triangular elements except for the inter-
face between the clot and blood, where boundary layer mesh (rectangu-
lar elements) were used to improve the estimation of shear stress here.
To accurately resolve the curvature of the microbubble during oscilla-
tion, a finer mesh size was prescribed on the microbubble surface. The
overall element size was then systematically refined and the percentage
difference in the blood flow velocity sampled at nine points within
the model were determined after every mesh refinement. Specifically,
mesh refinement was first performed globally at both the blood and
clot domain. This was followed by the local refinement at the blood-
clot boundary, and finally at the surface of the microbubble. Fig. 2b
presents the results obtained from the mesh convergence study. For a
mesh convergence criterion of 1%, it was found that a minimum of
43,988 elements were required to achieve mesh-independent numerical
solutions, which can be observed from an almost identical velocity
profile when the number of mesh elements was increased further to
48,735 elements. The model discretised using the converged mesh
setting is shown in Fig. 2c. The mesh refinement results in element sizes
(order of 10~® m) that are much smaller than the minimum wavelength
(order of 1073 m) considered in the present study.

During sonothrombolysis, oscillation of the microbubble under both
stable and inertial cavitation causes the mesh around the bubble bound-
ary to stretch and distort, which may lead to numerical instabilities.
To overcome this problem, an automatic remeshing algorithm was
implemented, where re-meshing of the domain was carried out when
the element distortion exceeds 0.8, which was sufficient in validating
the accuracy of the present model (see Section 2.8).

2.7. Post-collapse flow model

The bubble dynamics model presented in the preceding sections
can solve for the oscillation and translation of the microbubble during
both stable and inertial cavitation. In the case of inertial cavitation, the
microbubble collapses violently to form a high-speed jet, where the top
surface of the bubble ‘folds’ inwards towards the bottom surface. This
is illustrated by the green arrows in Fig. 3a. At some point, the top
surface will come into contact with the bottom surface, such as shown
in the third panel of Fig. 3a. For simplicity, this point is defined as the
critical point. Beyond the critical point, the simulation will fail due to
the overlapping blood domain and the inability of the present model to
form new nodes and mesh connections. This is illustrated in the fourth
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Fig. 3. (a) Velocity profile of blood during the development of high-speed jet; (b) transition of the bubble dynamics model into the post-collapse flow model after the critical
point. White arrows represent the velocity vectors of blood. Yellow arrow shows the bubble region, where linear interpolation of the velocity and pressure distribution was carried

out based on the surrounding data points.

panel of Fig. 3a. Hence, it is not possible to continue using the same
model to simulate the progression of the jet until it impacts the clot
surface to estimate the induced shear stress.

To address this, a different model, hereafter known as the post-
collapse flow model, was developed to describe the blood flow dynam-
ics beyond the critical point. This model was solved separately after
solving the bubble dynamics model, and is meant to be a continuation
of the blood flow dynamics after the critical point. Hence, the initial
state of the post-collapse flow model, ie., the initial velocity and
pressure fields, were obtained from those of the bubble dynamics model
at the critical point. The geometry of the post-collapse flow model
was identical to the one used in the bubble dynamics model, except
that the presence of the bubble at the critical point (see yellow arrow
in Fig. 3b) was neglected and was assumed to be filled with blood.
Nevertheless, this assumption created ‘empty’ data points in the region
previously occupied by the bubble, since the bubble dynamics model
captures only the field variables in blood. To overcome this, a simple
linear interpolation was used to estimate the velocity and pressure
distribution across these data points. An example of the interpolated
velocity distribution across the region occupied by the bubble at the
initial state of the post-collapse flow model is shown in Fig. 3b.

The equations describing the jet progression are given by Eqs (1)
and (2) in the blood domain, and Eqs (4) and (5) in the porous
clot. The boundary conditions in the post-collapse flow model are
identical to the one used in the bubble dynamics model (see Fig. 2a),
but without p, since bubble dynamics was not included. A sample of
the simulation results obtained using the post-collapse flow model is
illustrated in Fig. 3b, while the corresponding animation is available in
the Supplementary Material. The progression of the jet is the result of
the initial momentum due to the collapse of the microbubble. As the jet
advances, the velocity decreases due to the dissipation of energy and
momentum to the surrounding blood [34].

2.8. Model validation

Validation was carried out for both stable and inertial cavitation to
ensure the accuracy of the model. For stable cavitation, a microbubble
of radius 1.65 pm was exposed to a 200 kPa ultrasound waves at
1.0 MHz frequency. The numerically obtained equilibrium radius, R,,
was then compared against the analytical solution obtained by solving
the Rayleigh—Plesset equation, as shown in Fig. 2d. One may observe
that the present model can accurately reproduce the solution of the
Rayleigh-Plesset equation.

362

The accuracy of the inertial cavitation model was verified against
the solution obtained using the BEM. For this purpose, the model was
modified to mimic the settings used in the study by Mobadersany and
Sarkar [25], namely (i) an inviscid fluid (u, 0 Pa s) surrounding
the microbubble, (ii) negligible bubble shell viscosity (x, = 0), (iii)
use of the exponential elasticity model [35] instead of the Marmottant
model, (iv) a rigid wall with no-slip boundary condition instead of a
porous clot, (v) a spatially uniform p, at the bubble surface (kz = 0
in Eq. (6)), and (vi) adjusted model parameters to match those used
by Mobadersany and Sarkar [25]. The bubble shapes during the jet
development at three different dimensionless times, r* are shown in
Fig. 2e, where good agreement between the present model and the BEM
is observed.

3. Results

The effects of ultrasound and microbubble parameters on the dy-
namics of stable and inertial cavitation during sonothrombolysis were
investigated separately. For stable cavitation, only the effects of mi-
crobubble radius and ultrasound frequency were examined. This is
because stable cavitation is conditioned upon a low ultrasound pressure
amplitude. For inertial cavitation, the effects of ultrasound frequency
and pressure amplitude, and the microbubble radius were investigated.
Several outputs that help to explain the outcome of sonothrombolysis
were considered. These include the equilibrium bubble radius R,,,
bubble wall velocity (temporal gradient of R,,), the distance travelled
by the microbubble, the velocity and size of the high-speed jet (only
for inertial cavitation), and the magnitude of shear stress induced on
the clot surface, which can be estimated using z,, = pu, (g—: + ‘;—”:’),
where u (m/s) and w (m/s) are the r- and z- components of the
velocity field, respectively. In general, a higher shear stress on the clot
surface translates to more stretching of the pores on the clot surface
(for stable cavitation) and more intense erosion of the clot (for inertial
cavitation), both of which improves the penetration of drugs into the
clot to enhance outcome of sonothrombolysis.

3.1. Stable cavitation

3.1.1. Effects of microbubble radius, R,

The effects of microbubble radius were investigated for R, = 0.55,
1.10, 1.65 pm, which represents the mean bubble radii used in typi-
cal experimental studies of sonothrombolysis [4]. The ultrasound fre-
quency was set to f = 0.5 MHz [6], while a low pressure amplitude
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Fig. 4. Effects of microbubble radius R, on: (a) the instantaneous equilibrium bubble
radius R, normalised against R;, (b) the maximum bubble wall velocity, (c) the
normalised distance between microbubble and clot surface z./d,,, and (d) the
maximum shear stress on the clot surface. Ultrasound pressure amplitude and frequency
were 200 kPa and 0.5 MHz, respectively.

of p, = 200 kPa (decided following a preliminary study) was applied
to ensure stable cavitation. Fig. 4a plots the normalised instantaneous
microbubble equilibrium radius R,, against time for the three values
of R, considered. Larger microbubbles oscillate at a greater amplitude
than smaller ones, although the differences in the degree of oscillation
diminishes with increasing microbubble radius. Larger microbubbles
also oscillate at a higher velocity, as indicated by the plot of the
maximum bubble wall velocity in Fig. 4b. Fig. 4c plots the transient
z-coordinate of the bubble centre (z,) normalised against the standoff
distance, d;,, i.e., Zc/d.;,. A smaller z/d,,, implies that the microbubble
has traversed closer to the clot surface. From Fig. 4c, the farthest
distance travelled was observed for the microbubble with Ry = 1.65 ym,
while microbubbles with R, = 0.55 and 1.10 pm barely travelled from
its original position.

Fig. 5 illustrates the velocity profile of the R, = 1.65 pm microbubble
during the contraction phase of the third acoustic cycle. An anima-
tion of the microbubble oscillation is available in the Supplementary
Material. The microbubble oscillated asymmetrically with a higher
velocity magnitude across the top surface. This resulted in a downward
movement of the microbubble towards the clot as a consequence of
a greater net force across the top surface. This explains the greater
distance travelled by the microbubble (see Fig. 4c). The microbubble
also demonstrated a tendency to transition towards inertial cavitation,
as evident by the partial formation of jet that did not penetrate the
lower surface of the microbubble. In contrast, for microbubbles with
Ry = 0.55 and 1.10 pm, the velocity profile surrounding the blood
during the contraction phase is almost symmetrical (see Supplementary
Material), resulting in an almost uniform hydrodynamic force around
the microbubbles that reduced their translational motion.

To understand how the bubble dynamics affect the clot surface, the
maximum flow-induced shear stress on the clot surface was estimated
and their values plotted against time are shown in Fig. 4d. The largest
microbubble induced the greatest shear stress on the clot surface, which
may be explained by the higher bubble wall velocity and the proximity
of the microbubble (greater translational distance) to the clot surface.
The latter is demonstrable by the increasing peak shear stress (see
Fig. 4d) as the microbubble moves closer to the clot (see Fig. 4c).
Overall, the shear stress due to the oscillation of the R, = 1.65 pm
microbubble was one to three orders of magnitude greater than those
induced by the R, = 0.55 and 1.10 pm microbubbles. These find-
ings suggest that larger microbubbles produce better sonothrombolytic
outcome during stable cavitation.
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t=5.34 s t=5.35 us

(m/s)
A 799

Fig. 5. Velocity profile of blood during contraction phase for microbubble of R,
1.65 pm. Dashed red lines represent the clot surface. White arrows represent the velocity
vectors of blood. Inset: enlarged view of the asymmetric bubble shape that represents
the partial formation of jet.

a. b.
3.0 40
35 0.55pm _ — 110um _— 1.65 um | g
- 30
o 2.0 %'
-] 2
$15 2 20
& €
3
1.0 £
= 10
]
0.5 s
0.0 0 =
0 1 2 3 4 5 6 0.55 um 1.10 um 1.65 um
time (us) Microbubble radius, Ro
C. 11 d. _.30
£ 055
1 X285 ki
@ —1.10pm
0.9 ]
. 220 —1.65um
_:f 0.8 =
$15
Jo7 055 pm 5
06 —1.10pum g 1.0
: £
—1.65pm £
0.5
05 %
=
0.4 0.0
[ 1 2 3 4 5 6 0 1 2 3 4 5 6
time (us) time (us)

Fig. 6. Effects of microbubble radius R, on: (a) the instantaneous equilibrium bubble
radius R,, normalised against R,, (b) the maximum bubble wall velocity, (¢) the
normalised distance between microbubble and clot surface z./d,,, and (d) the
maximum shear stress on the clot surface. Ultrasound pressure amplitude and frequency
were 200 kPa and 0.75 MHz, respectively.

3.1.2. Effects of ultrasound frequency, f

The effects of ultrasound frequency on the bubble dynamics during
stable cavitation were investigated by increasing f to 0.75 MHz [15],
and simulations were repeated for the three bubble radii (R, = 0.55,
1.10, 1.65 pm) and ultrasound pressure amplitude (p, = 200 kPa)
considered in Section 3.1.1. The results obtained are presented in
Fig. 6. Increasing the ultrasound frequency led to smaller oscillation
amplitude but with more frequent oscillations (compare Figs. 4a and
6a). The decrease in oscillation amplitude resulted in a slower bubble
wall velocity (compare Figs. 4b and 6b). Microbubbles oscillating at a
higher frequency also travelled shorter distances than those oscillating
at a lower frequency (compare Figs. 4c and 6¢). As a result, the flow-
induced shear stress on the clot surface was significantly lower at
higher ultrasound frequency (compare Figs. 4d and 6d). An important
parameter during cavitation is the mechanical index (M I), which mea-
sures the ultrasound’s bioeffects. A lower M I value implies a decrease
in the potential for cavitation. The M I can be estimated from the ratio
of the peak negative pressure (MPa) to the square root of ultrasound
frequency (MHz). For the 0.5 and 0.75 MHz ultrasound at 200 kPa,
the M T values were calculated to be 0.28 and 0.23, respectively. This
suggests that increasing the ultrasound frequency, which reduces the
M I, may not be ideal for sonothrombolysis, as the microbubbles tend
to undergo stable cavitation only.
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a. f=0.50 MHz, p,=400 kPa
R(=0.55 um (m/s) Ro=1.10 um (m/s) Ry=1.65 um (m/s)
A 583 A 318 A 268
500 500 500
400 400 400
300 300 300
200 200 200
100 100 100
0 0 0
b. f=0.50 MHz, p,4=500 kPa
R(=0.55 um (m/s) Rp=1.10 um (m/s) (m/s)
A 364 A 271 A 249
350 350 350
300 300 300
250 250 250
200 200 200
150 150 150
100 100 100
50 50 50
0 0 0
€. £0.50 MHz, p,=600 kPa
Ry=0.55pum  (m/s) Ro=1.10pum  (m/s)
A 303 A 262
300 300
250 250
200 200
150 150
100 100
50 50

Fig. 7. Velocity profile of blood at the critical point using microbubble of R, = 0.55,
1.10, and 1.65 um at (a) p, = 400 kPa, (b) p, = 500 kPa, and (c) p, = 600 kPa, using
ultrasound frequency f = 0.5 MHz. Dashed red lines represent the clot surface. White
arrows are the velocity vectors of blood. Black arrows represent the distance travelled
by microbubbles. The initial position of bubble centre is marked by red crosses. Inset:
enlarged view of the jet.

3.2. Inertial cavitation

3.2.1. Effects of microbubble radius, R,

Similar to the study on stable cavitation (see Section 3.1.1), the
effects of microbubble radius during inertial cavitation were examined
for Ry = 0.55, 1.10, and 1.65 pm. Ultrasound pressure amplitude and
frequency were set to p, = 400 kPa and f = 0.5 MHz, respectively. The
higher pressure amplitude was necessary to ensure the microbubbles
undergo inertial cavitation. Contours of the velocity profile at the
critical point, ie., the point just before the microbubble splits, are
illustrated in Fig. 7a for each of the microbubble radius considered. The
presence of the high-speed jet, which is characteristic of microbubbles
undergoing inertial cavitation, can be visualised from the region in
dark red, i.e., the region with the highest velocity, while values of the
maximum jet velocity are summarised in Table 1. Smaller microbubbles
collapse at a higher velocity than larger ones, with the higher jet
velocity suggesting a greater mechanical impact on the clot surface.

The distance travelled by the microbubble from the start of in-
sonation to the critical point is depicted by the black arrows in Fig. 7a,
where the initial position of the microbubble centre is marked by
the red cross. Values of the distance travelled by the microbubble
are presented in Table 1. Larger microbubbles tend to move closer
towards the clot before reaching the critical point. The proximity of
the microbubble to the clot enhances the mechanical impact of the jet
on the clot surface, which is beneficial for sonothrombolysis. However,
larger microbubbles also collapse at a lower velocity and this can be
detrimental to the sonothrombolytic effect. Herein lies a competing
effect between the distance travelled by the microbubble and the jet
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Fig. 8. Shear stress distribution during the maximum shear stress using microbubble
of R, = 0.55, 1.10, and 1.65 um at (a) p, = 400 kPa, (b) p, = 500 kPa, and (c) p,
= 600 kPa, using ultrasound frequency f = 0.5 MHz. Dashed red lines represent the
clot surface. White arrows are the velocity vectors of blood.

velocity for a given microbubble radius. While larger microbubbles can
traverse closer to the clot, its benefit could potentially be negated by
the slower jet velocity.

To understand which effect is more important during sonothrom-
bolysis, the post-collapse flow model developed in Section 2.7 was
employed to estimate the dynamics of blood flow beyond the critical
point and subsequently the induced shear stress on the clot surface. The
magnitude of the maximum jet induced shear stress on the clot surface
is presented in Table 1, and the corresponding shear stress distribution
is illustrated in Fig. 8a. Note that the shear stress values were higher
in Fig. 8 compared to Table 1, as the former corresponds to shear
stress in blood domain just before the clot surface, while the latter
represent the shear stress on the clot surface. Although the 0.55 pm
microbubble had the highest jet velocity, the small jet size meant that it
possessed very low momentum to carry the jet towards the clot surface.
Consequently, most of the energy and momentum dissipated into the
surrounding blood and the jet diminished before reaching the clot.
In contrast, microbubbles with R, = 1.10 and 1.65 pm demonstrated
significantly larger shear stress on the clot surface (~ 600 kPa). This
suggests that the proximity of the microbubble (and hence the jet) to
the clot surface is more important than the magnitude of jet velocity
in enhancing the sonothrombolytic effect. These findings indicate that
microbubbles with R, = 1.10 and 1.65 pm undergoing inertial cavitation
would be the better choice for sonothrombolysis.

3.2.2. Effects of ultrasound pressure, p,

The effects of ultrasound pressure amplitude were investigated by
increasing p, to 500 kPa and simulations were repeated for the three
bubble radii (0.55, 1.1 and 1.65 pm) and ultrasound frequency (0.5
MHz) considered in Section 3.2.1. Contours of the velocity surrounding
the microbubble at the critical point are illustrated in Fig. 7b, while
values of the maximum jet velocity and the distance travelled by the
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Table 1
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Effects of p, on the values of the maximum jet velocity, distance travelled by the microbubble and the maximum shear stress magnitude

obtained for R, = 0.55, 1.10, and 1.65 pm, at f = 0.50 MHz.

Parameter ps = 400 kPa pa = 500 kPa ps = 600 kPa
R, (um) R, (pm) R, (um)
0.55 1.10 1.65 0.55 1.10 1.65 0.55 1.10 1.65
Maximum jet velocity (m/s) 583 318 268 364 271 249 303 262 247
Distance travelled (pm) 1.44 3.93 4.85 3.65 5.32 5.66 5.12 5.77 5.85
Maximum shear stress (kPa) i 593 583 650 629 571 673 573 479
“Not applicable.
a. f=0.50 MHz, p,=500 kPa translational distance are critical in enhancing the sonothrombolytic
R(=0.55 um (m/s) Rp=1.10 um (m/s) R(=1.65 um (m/s) effect.
A 364 A271 00t
350 350 3.2.3. Effects of ultrasound frequency, f
300 | [AEVEZZ. 300 The ultrasound frequency was increased from 0.5 MHz to 0.75 MHz
szg izg and simulations were repeated for the three bubble radii (0.55, 1.1
150 150 and 1.65 pm) and ultrasound pressure amplitude (500 kPa) considered
;go ;go in Section 3.2.2. The corresponding velocity profiles of blood at the
o o critical point are presented in Fig. 9b, where Fig. 9a are reproduced
from Fig. 7b to facilitate visual comparison. Table 2 summarises the
b. f=0.75MHz p,=500kPa values of the maximum jet velocity, the distance travelled by the mi-
Ry=0.55um  (m/s) Ro=1.10pm  (m/s) Ry=1.65pum _  (m/s) crobubble and the maximum shear stress on the clot surface. Contours
A 690 A 437 A 323 of the maximum shear stress on the clot surface may be found in the
li <00 oo - Supplementary Material. Increasing the ultrasound frequency led to a
00 200 b higher jet velocity, but a smaller jet and a shorter distance travelled by
200 400 400 the microbubble. The short distance travelled by the 0.55 and 1.1 pm
300 300 300 microbubble implies that the microbubble is far from the clot surface
igg igg igg such that the jet momentum dissipated to the surrounding blood before
0 o o impinging the clot surface. On the contrary, the 1.65 pm microbubble
generated larger shear stress at higher ultrasound frequency, suggesting
C. f=1.00 MHz, p,4=500 kPa that the increased jet velocity in this case outweighed the shorter dis-
Ry=0.55 pm Ro=1.10pm  (m/s) Ro=1.65um  (m/s) tance travelled by the microbubble. Hence, the selection of the suitable
Aesl A 165 microbubble radius depends greatly on the ultrasound frequency.
At higher frequency of f = 1 MHz, the oscillation of 0.55 pm
Stable ! 600 600 microbubble became stable and no formation of jet was observed.
cavitation igg igg Although high-speed jet was observed in 1.10 pm microbubble, the
200 300 jet did not reach the clot due to the short translational distance.
200 200 Similarly, the short translational distance of 1.65 pm at f = 1 MHz only
;00 100 enabled the jet to barely hit the clot, resulting in a low shear stress
0

Fig. 9. Velocity profile of blood at the critical point using microbubble of R, = 0.55,
1.10, and 1.65 um at (a) f = 0.50 MHz, (b) f = 0.75 MHz, and (c) f = 1.00
MHz, using ultrasound pressure p, = 500 kPa. Dashed red lines represent the clot
surface. White arrows are the velocity vectors of blood. Black arrows represent the
distance travelled by microbubbles. The initial position of bubble centre is marked by
red crosses. Inset: enlarged view of the jet.

microbubble are summarised in Table 1. For a given microbubble
radius, a higher ultrasound pressure led to the formation of a larger
jet and a greater distance travelled by the microbubble, although the
jet velocity decreased. From Table 1 and Fig. 8b, it is evident that
increasing the pressure amplitude to 500 kPa can elevate the shear
stress induced on the clot surface by the 0.55 and 1.10 pm microbubbles.
Since the jet velocity decreases with increasing pressure amplitude, the
increase in shear stress with pressure amplitude is likely due to the
proximity of the microbubbles to the clot surface as a result of the
greater distance travelled at p, = 500 kPa. Interestingly, a decrease in
shear stress was observed for the 1.65 pm microbubble. This suggests
that the reduced jet velocity can eventually lower the impact of the jet
even when the microbubble is sufficiently close to the clot. A similar
observation was obtained when increasing the pressure to p, = 600 kPa
(see Table 1, Fig. 7c, and Fig. 8c). Therefore, both the jet velocity and
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of only 32 kPa. This result indicates that a low frequency ultrasound
is generally more advantageous for increasing the effect of inertial
cavitation during sonothrombolysis.

4. Discussions

Results from the present study demonstrated that larger microbub-
bles insonated at a lower frequency are ideal during stable cavitation
for elevating the shear stress on the clot surface and ultimately im-
prove the sonothrombolytic effect. However, the selection of an opti-
mum combination of parameters for microbubbles undergoing inertial
cavitation is not straightforward. From the results presented in Sec-
tion 3.2, it was not possible to determine whether larger microbubbles,
higher ultrasound pressure or lower ultrasound frequency are ideal for
sonothrombolysis, since their effects on shear stress at the clot surface
depend greatly on their interaction.

From Tables 1 and 2, one may deduce that jet velocity and distance
travelled by the microbubble are governed by the microbubble radius,
pressure amplitude and frequency. An increase in jet velocity is always
accompanied by a decrease in the distance travelled by the microbubble
and vice versa; suggesting a tug-of-war scenario, where the beneficial
impact of higher jet velocity is always competing with the detrimen-
tal effect of a shorter distance travelled. This is unfavourable to the
shear stress when there is a considerable decrease in the translational
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Table 2
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Effects of f on the values of the maximum jet velocity, distance travelled by the microbubble and the maximum shear stress magnitude obtained

for R, = 0.55, 1.10, and 1.65 pm, at p, = 500 kPa.

Parameter f = 0.50 MHz f = 0.75 MHz f = 1.00 MHz

R, (um) R, (um) R, (um)

0.55 1.10 1.65 0.55 1.10 1.65 0.55 1.10 1.65
Maximum jet velocity (m/s) 364 271 249 690 437 323 i 681 465
Distance travelled (pm) 3.65 5.32 5.66 1.13 2.97 3.80 i 1.63 2.37
Maximum shear stress (kPa) 650 629 571 f 251 581 i t 32

“Not applicable.

distance or the jet velocity, following an increase in the value of their
counterpart. As such, one may hypothesise that the maximum shear
stress is attainable only when an equilibrium between the sonothrom-
bolytic effect of jet velocity and translational distance is achieved.
From Table 1, the largest shear stress was obtained for the R, =
0.55 pm microbubble insonated with f = 0.50 MHz and p, = 600 kPa.
However, neither the jet velocity nor the distance travelled by the
microbubble were at their maximum, which lends further credence
to the aforementioned hypothesis. The increase in shear stress due
to the insonation of smaller microbubbles at a certain ultrasound
pressure amplitude and frequency may explain the improvement in
sonothrombolysis when using nanodroplets instead of microbubbles, as
demonstrated recently [36].

Although the insonation of a microbubble with R, = 0.55 pm at f
= 0.50 MHz and p, = 600 kPa yielded the maximum shear stress, this
finding must be interpreted with caution as the bubble dynamics is also
affected by the type of microbubble (i.e., different shell elasticity and
viscosity), the clot permeability and the different ultrasound adminis-
tration methods. Therefore, it may not be straightforward to ascertain
the right balance between the jet velocity and the distance travelled by
the microbubble during actual sonothrombolysis. A potential solution
to this is to overcome the competing effect so that a high jet velocity
can happen without sacrificing the distance between the jet and the clot
surface. This is theoretically possible by positioning the microbubble
closer to the clot surface prior to insonation. Unfortunately, this is
not something that can be controlled during the treatment. Therefore,
a more reliable way is to increase the translational distance of the
microbubble towards the clot prior to the jet formation. Although
this can be achieved by either lowering the ultrasound frequency,
increasing the ultrasound pressure or using a large microbubble (see
Tables 1 and 2), doing so also reduces the jet velocity and weaken the
shear stress on the clot surface.

An attractive alternative to increase the translational distance is to
insonate the microbubbles so that they are about to undergo inertial
cavitation (see Section 3.1.1). Unlike the fully developed jet during
inertial cavitation that splits the microbubble, the partially developed
jet enables the microbubble to travel closer towards the clot due to
the net downward force (see Fig. 5 and animation in Supplementary
Material), while preserving the lifespan of the microbubble. This can
be accomplished by first insonating the microbubble using low am-
plitude ultrasound to allow it to travel close to the clot, before the
amplitude is raised to induce inertial cavitation and hence, complete
the development of the jet. This is open for future investigations.

Recently, Tan et al. [37] developed a macroscale model to inves-
tigate the performance of sonothrombolysis using a forward-viewing
intravascular ultrasound transducer under various conditions and op-
erating parameters. Smaller microbubbles were found to be better for
sonothrombolysis due to weaker acoustic attenuation, which allows
a larger pressure magnitude to reach the clot surface. Their findings
support the results from the present study, where smaller microbubbles
produce higher shear stress on the clot surface when paired with the
correct combination of frequency and pressure. A higher pressure is
also better for sonothrombolysis as it overcomes the attenuation from
the microbubbles [37]. This contradicted the present study, where a
higher pressure may reduce the shear stress on the clot surface due to
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the slower jet velocity (see Table 1). This emphasises the importance
of considering both the macroscale and microscale effects to eluci-
date the complete understanding on the parameter interaction during
sonothrombolysis.

There are a few limitations that must be acknowledged for further
improvements in future investigations. Firstly, the model was devel-
oped in the 2D axisymmetric coordinate system, which allowed the
ultrasound waves to only travel along the z-axis (i.e., the direction
parallel to the axis of symmetry). Consequently, the translation of the
microbubble and the direction of high-speed jet are restricted to the z-
direction. In the actual case, the direction of the ultrasound waves may
not necessary be perpendicular to the surface of the clot. Therefore,
future study should consider a full 3D model to better represent the
conditions of the treatment, although it must be pointed out that doing
so will require substantial computational resources.

Secondly, the present study focused on elucidating the fundamen-
tal understanding on the biomechanical interaction between one mi-
crobubble and the clot surface. In the actual case, multiple microbub-
bles may be present around the clot and the re-radiated pressure field
from the neighbouring microbubbles may influence the dynamics of the
microbubble [24]. Interaction forces exist between the microbubbles,
which can either be attractive or repulsive [38]. It has also been
reported that the high-speed jet tends to point towards the neighbour-
ing microbubble [39], which may reduce or completely render the
effect of jet useless for sonothrombolysis. Therefore, consideration of
multiple microbubbles is necessary in future studies to provide a more
realistic visualisation of acoustic cavitation during the actual treatment.
Nevertheless, the main challenge associated with the simulation of
multiple bubbles is the need of a computationally expensive 3D model
to account for the presence of microbubbles at various locations.

Thirdly, blood was assumed to be incompressible, which can be
problematic when the jet velocity becomes comparable to the speed
of sound in blood, which is approximately 1590 m/s [28]. This was
not an issue in the present study since all the high-speed jets formed
during the first oscillation cycle, where compressibility may not have
been significant [40]. Nevertheless, the compressibility effect may still
be important as it accounts for the substantial energy loss of the mi-
crobubble at the end of the collapse [40]. Therefore, future work should
consider incorporating the compressibility effect in order to generalise
the application of the current model to higher jet velocity and jets
that are formed after multiple oscillation cycles. Lastly, the present
model did not consider the structural deformation of the clot due to
the hydrodynamic forces imparted by the microbubble oscillation. In
addition to being a porous material, blood clot is known for its vis-
coelasticity [41,42] and hyperelasticity [43]. There are a large number
of models that describe the structural properties of clot. However, the
values of these properties depend greatly on the loading configuration,
the magnitude of loading, the rate of loading and even the type of
the model that is used to fit the deformation data [44]. In addition,
most of the existing structural models have not considered the porous
nature of the clot, which makes them inappropriate to be coupled with
the present model. For these reasons, computational modelling of the
clot deformation during sonothrombolysis remains a challenge to be
addressed.
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5. Conclusions

The present study was carried out in an effort to identify how ultra-
sound and microbubble parameters affect the outcome of sonothrom-
bolysis. Using a computational model developed specifically for this
purpose, simulations were carried out for a microbubble undergoing
stable and inertial cavitation during sonothrombolysis treatment. Dur-
ing stable cavitation, the insonation of a large microbubble at low
ultrasound frequency induced the highest shear stress on the clot
surface, which enhances the sonothrombolytic effect. This was found
to be due to the greater distance travelled by the microbubble towards
the clot. On the other hand, the selection of the suitable parameters is
not as intuitive for inertial cavitation, since their effects on elevating
the shear stress depend greatly on the interaction with each other.
Moreover, a strong competing effect was uncovered between the jet
velocity and the distance travelled by the microbubble during inertial
cavitation. In this case, a right balance between the jet velocity and
the translational distance is of paramount importance to maximise
the shear stress on the clot surface. The ability of the computational
model to visualise the bubble behaviour helps to establish a better
understanding of the roles and contributions of stable and inertial
cavitation during sonothrombolysis. The results from the present study
open opportunities for the future optimisation of the treatment, thus
paving the way for actual clinical implementation of sonothrombolysis.
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