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Abstract – The acoustic cavitation during the application of
ultrasound has been witnessed with their effect in different
media. For clinical applications, it has been showed as an
undesired effect. The use of Finite Element Method has been
related to computational solutions for solving problems of real
life for clinical problems or therapeutic uses. This paper
presents a simulation made with the Finite Element Method for
the acoustic and thermal analysis in muscle and a blood vessel
with a transducer of 20 mm of radius, for the comparison of
behavior between both tissues and their possible relation with
the acoustic cavitation phenomenon. The result obtained shows
the map acoustic pressure distribution with a higher pressure in
the blood vessel than the muscular tissue, and a temperature
increase lower than 7 °C from the initial temperature (37.5 °C)
in the blood vessel. This work was made as an approximation of
our main goal of study of acoustic cavitation.

Keywords – Acoustic pressure, Finite Element Method, Focused
Ultrasound, Thermal distribution.

I. INTRODUCTION
Ultrasound has been proved as an effective tool in the
application of therapeutic application [1][2]. The use of
ultrasound in a focused way have been allowed to produce a
considerable damage only in a specific area [3]. One of the
applications in the las years has been the opening of the
blood-Brain Barrier (BBB) in a reversible way with low
produced in surrounding tissue [4]–[7]. During the
application of ultrasound has been presented the phenomenon
of acoustic cavitation [8]. This phenomenon has been
undesired for some investigation groups due to the
uncontrolled damage generate in tissue [9]. Other groups
have been tried to be controlled for the understanding and the
improvement in the use of the ultrasound techniques
[10][11].
The use of computational systems for the simulations of
tissue during ultrasound applications has been done in past
years [12]. Using the Finite Element Method for solving
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mathematical problems in real life problems aboard different
topics such as the use of transducer that positioned a focus in
a specific area [13], to approach an estimation of tissue
damaged in tissue. This damage generated is accompanied to
temperature increases studies due to the acoustic power
generated by the transducers [14]. Although these
computational tools have been helping for the solution of
different phenomena, the acoustic cavitation effect has been
very difficult to simulate [15]; some studies are focused in
the behavior of a bubble [16], or approximations of what the
phenomenon could be approached to the reality [17]. These
types of simulations are often pending to the experimentation
for the validation of simulated results obtained, that is the
reason for called an approximation [18].
In this paper is presented a computerized simulation of a
focused transducer that generates a focus in a simulated
muscle tissue with a blood vessel in it. The transducer is able
to generate the focus in the vessel and the muscle with the
purpose to determine the acoustic pressure generated in both
tissues. Also, is presented the thermal distribution generated
from the acoustic pressure generated by the transducer. This
study will support the main study of acoustic cavitation that
is developed by our investigation group.

II. METHODS
A. Theoretical basis
To understand the propagation of the ultrasound and the
thermal effect in tissue, the solutions were solved by the
differential equations of acoustic propagation and heat
propagation. The acoustic power of the FUS transducer can
be related to his radiation forced proportioned by [19]:
=
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where
is the speed of sound, is the work frequency of
the transducer. The value is given by =
, where is
the aperture radius, and is the focal length. The ultrasonic
propagation can be explained by the acoustic wave equation,
that is related to its normal acceleration given by [20]:
=
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where
is the normal acceleration, is the density of the
material, is the speed of sound, and p is the pressure of the
radiator. The heat propagation studied can be explained with
the Pennes bioheat thermal equation given by:
!
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where is the density of the medium,
is the heat capacity
at constant pressure, ' is the thermal conductivity, ! is the
initial temperature, and ) is the external heat source. The
external heat source can be determined from the pressure
generated by:
*
(4)
)=
where

is the acoustic absorption coefficient.

B. Finite element analysis
For solving the main differential equations presented, the
simulation was made with the Finite Element Method (FEM)
using COMSOL Multiphysics (COMSOL Inc., Sweden) on a
workstation with 32-GB RAM and 3.20-GHz 4-core
processor.
For the FEM solution, it was implemented a 2D geometry
that consists of a concave transducer of 20 mm of radius,
immersed in a tank filled with water that works as a
transmission medium. This water tank, which contains the
tissue sample, was made with similar properties to the
laboratory, to avoid acoustic rebounds between the
transducer and the medium. Inside the tank, it is placed a
smooth muscle phantom of 12 mm per side, which contains a
blood vessel. This vessel has a diameter of 3 mm [21] and the
same size in length as the phantom (see Fig. 1). The
transducer was made with similar parameters of dimensions
of a real transducer that has been studied in the past [22].
Also, the geometry proposed will help for the studies of
acoustic pressure and soft tissue heating that will be
explained later.
In the Fig. 1, it is also showed every domain of the
simulation. Domain 1 represents the medium in which the
tissue is submerged, in this case is water; the domain 2 is the
muscle, and domain 3 is the blood vessel; the curve boundary
represented with the red color is the radiator boundary of the
transducer. The boundaries marked with blue were set to
match the acoustic impedance of water to reduce reflections
produced by the transducer boundary. For thermal purposes,
those same boundaries were set to an initial condition
temperature of 37.5 °C.

The simulation was carried out in two parts. The first part
consists in a frequency analysis to study the acoustic
emission of the transducer and analyze the acoustic pressure
behavior generated. The main interest of this was observe the
focus and the acoustic pressure produced in the muscle and
the blood vessel. In the specific case of the model, the blood
vessel contains blood in a stationary moment. Other
components of erythrocytes do not affect the simulation as it
were taken with the same properties and are not included in
the model. The study in this first step was made in a
bandwidth of frequencies starting in 100 kHz and finishing at
3 MHz, with steps of 100 kHz. The focus generated from the
best-case should has the size to cover part of both tissues but
narrow enough to escape to undesired areas of the
simulation.
The second part consists in the thermal distribution
generated by the acoustic pressure produced at the beast-case
of work frequency by the transducer. Since there is not a
maximum temperature estimated, it is expected that the
reached temperature does not create considerable damage in
both, muscular tissue, and blood vessel. The study was made
as a time dependent analysis during 60 seconds with steps of
0.5 seconds. The results obtained from acoustic pressure and
tissue heating could be a studied as a first approximation
with the acoustic cavitation effect studied by our
investigation group.
The mesh applied in the model was established according
to the wavelength (λ) of the materials of the model. The
wavelength obtained was divided by 7 as a minimum and 5 as
a max value, which has proved to be a good mesh for
acoustical problems [23]; convergence was verified with
smaller meshes having an error of 0.01% between the chosen
one and a mesh of 12 elements per wavelength. For the
materials added to the geometry, table 1 shows the properties
applied at every domain for both acoustic and heating studies.

Fig. 1 – Geometry of the simulation. Every domain represents a different
material of element of the model: 1 is the transmission medium, 2 represents
the muscle tissue, and 3 is the blood vessel. The blue boundaries are the
water tank, and the red boundary represents the face of the transducer.

TABLE 1.- Acoustic and thermal properties of simulated tissue [24][25]
Domain

Attenuation
(Np/m)

Water

Speed
of
sound
(m/s)
1500.00

Heat
capacity
(J/(kg∙K))

Thermal
conductivity
(W/(m∙K))

Density
(kg/m3)

0

4178.00

0.60

997.00

Muscle

1575.00

7.11

3241.00

0.49

1090.00

Blood

1578.20

7.02

3212.00

0.46

1055.00

in both tissues could be considered reversible due to do not
reach a higher temperature of 45 °C.

III. RESULTS AND DISCUSSION
The results obtained from de model explained before present
the acoustic pressure generated in two different media by a
concave transducer and the thermal distribution with the
temperature increases reached in the sample of tissue
designed.
In fig. 2 it is showed the acoustic pressure generated by
the transducer in the medium and the phantom with the blood
vessel in it at a frequency of 2 MHz. The transducer was
positioned in a way that the focus aboard enough area of both
tissues. However, due to the characteristic in the acoustic
properties of the materials, the focus was “stronger” in the
blood vessel. Still counting with this displacement, the
acoustic pressure still aboard part of the muscular tissue what
would allow us to compare the pressure in both tissues.
For the case of the muscular tissue was 1.4 kPa, and in
the blood vessel was of 1.8 kPa. The acoustic pressure
generated in any medium will produce the acoustic cavitation
effect. Although it is difficult to simulate the cavitation
effect, we could assume that the higher acoustic pressure
generated could produce a major effect for the phenomenon,
for our results the higher acoustic produced was in the blood
vessel. If we took this to an experimental work, the easiest
detection on the phenomenon would be in this area, using
specific equipment.
For the main goal of our investigation group, which is the
study of the acoustic cavitation during the opening of the
blood-brain barrier, this could be presented as an
approximation for the behavior of the phenomenon in blood
vessels. Also, if we improve the properties or other elements
in the components of the model the result could be different
due to other media included in the composition of a real
organ or tissue, the presence of erythrocytes or the flow of
blood in the vessel. The presence of the wall also was
omitted due to the high pressure generated would break it
due to their physical characteristics. Even mentioned that,
and as it was mentioned before, simulate the phenomenon
has been very difficult, so it can be concluded that the
obtaining of different values of acoustic pressure it can be
inferred that at higher acoustic pressure, it would be higher
the presence of the phenomenon.
In the study of the second step, the thermal distribution is
showed in Fig. 3. The heating of the tissue was performed
according with the acoustic pressure generated in the first
step, explained before. The initial temperature of the tissue
was 37.5 °C, and the maximum increase obtained was less
than 7 °C during the time of application, mostly in the blood
vessel than the muscle due to the location of the focus
generated. These results showed us that the damage produce

Fig. 2 – Acoustic pressure generated by the transducer at a frequency of 2
MHz.

Fig. 3 – Heating pattern obtained from the acoustic pressure generated
before.

If we compare the results simulated obtained with
application in experimental application [26][27],the
temperature increase does not perform irreversible damage.
For our purposes, temperature increases showed in the
simulation, although could have an impact in the
phenomenon, could not be the most important factor to
consider due to the nature in which the cavitation acoustic
presents. Even so, the result obtained (about heating pattern)
shows a temperature increase interesting with the low
damaged produced. In the same way, the results obtained,
being an approximation with the acoustic cavitation effect, is
not validated yet in a complete form. The road to validation

would include the use of experimental equipment with the
specifications that were described previously in past sections.
[6]

IV. CONCLUSIONS
The objective of this paper was to present a computational
model of a focused concave transducer able to generate a
focus in a specific area. This area abord in the simulated
tissue sample a portion of smooth muscle and other of the
vessel. The results and discussion section mentioned the
graphs and data obtained from the transducer simulation able
to generate a focus able enough to cover both parts of the
sample modeled tissue. The acoustic pressure generated of
the focus in the muscle was lower (1.4 kPa) than the
produced in the blood vessel (1.8 kPa). Previous results [28],
it has been obtained a stable percentage value of probability
for acoustic cavitation been determined. Comparing with the
results obtained in pressure emitted could be difficult due to
the differences of transducers employed in both cases.
With the acoustic map produced, it was determined a
maximum temperature increase of 7 °C from the initial
temperature (37.5 °C) at the vessel and a maximum increase
of 4°C in the muscle, due to the localization of the focus. As
an approximation, the results could be considered favorable,
pending of experimental validation. These acoustic pressure
and heating distribution generated in the tissue could work as
a tool for the understanding part of the total reach from the
acoustic cavitation phenomenon, which is the main objective
of investigation by our investigation group. For experimental
application in the future, it will start with the instrumental
application for the validation of results, that is beyond this
paper.
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