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Abstract – The use of focused ultrasound in the head has been
demonstrated to be advantageous for the disruption of the
blood-brain barrier (BBB) in a reversible way. With models
using the finite element method, it is possible to made
approximations of the physical phenomenon to study
separately, and together, the parameters affecting the therapy
with the objective of saving time and economical sources during
the investigation. In this paper, it presented a geometry of
focused ultrasound transducer with a parametric analysis to
find an effective configuration that can cross the BBB
transcranially with reduced effects at the cranium, and that is
able to completely radiate the substantia nigra. The results
indicate that for a rat head, the frequency to obtain a narrow
focus with larger amplitude, enough to cover the substantia
nigra, was 500 kHz. The penetration depth increases for lower
frequencies, but the result is a wider focus that could damage
other brain zones.

Keywords –Finite Element Method, Focused Ultrasound, BloodBrain Barrier, acoustic field, ultrasound pressure, thermal
propagation.

I. INTRODUCTION
Ultrasound has been shown to be an advantageous tool in
the clinical application for the opening of the blood-brain
barrier (BBB) [1]. One of its modalities is the focused
ultrasound (FUS), which allows you to create a focus in a
specific place at a desired distance. The FUS has been
implemented in other areas like in therapy for the
management of benign tumors [2], or for surgery of tissue
removal for the study of changes in their mechanical
properties [3]. FUS has been also proposed to be used to
open the BBB safely with the presence of a skull [4] and
using craniotomies [5]. However, the main problem is the
attenuation of ultrasound by the skull when used
transcranially [6].
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In the area of ultrasound, different studies has been made
about simulation of transducers and tissues, as well as their
behavior [7]. The works carried out in the acoustic area
include the design of transducers that emit an ultrasonic
beam in a localized way to reach a specific desired area like
the substantia nigra [8]. One point to consider is the damage
produced by the thermal effects that occur when the
ultrasonic beam is applied in the tissue for a prolonged time
[9]. These simulations are supported with experiments on
different types of animal models [10]. These jobs often lead
to the same purpose by different methods, achieving the
opening of the BBB [11],[12].
This paper presents the proposal of a focused ultrasound
transducer with characteristics (geometry, diameter,
frequency) that permit to achieve an ultrasonic beam capable
of crossing the skull of a rat model to position a focus on the
substantia nigra. The analysis was made with a frequency
swept using a fixed geometry for achieving the objective of
reaching a specific point without being too invasive,
specifically, reaching the substantia nigra and avoiding
damaging other structures; the heat produced by the
ultrasound was also analyzed to verify no-overheating the
cranium. The final application of the ultrasound for this very
specific region of the brain is beyond the scope of this paper.
II. METHODS
A. Theoretical basis
To understand the ultrasound propagation generated for
the transducer and the thermal effects produced in the
volume, the problem was solved based on the next equations.
The stable and harmonic ultrasound propagation can be
determined with the acoustic wave equation given by
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∇ 2 p + keq2 p = 0

(1)

is the wavenumber
where p is the total pressure and
When the wavenumber is real, the wave equation is only
valid for lineal propagation.
Assuming a harmonic ultrasound generation, the pressure
on the radiator surface can be related to its normal
acceleration [9] using

a0 =

π
j ( ωt + )
ω
2
pe
ρc

(2)

where
is the normal acceleration, is the density of the
material,
is the speed sound of the medium, p is the
amplitude of the pressure on the radiator surface. We can
determine the pressure on the radiator surface from the
acoustic power by using the other equations shown in [9].
The heat propagation can be explained with the Pennes
bioheat thermal equation given by

ρC p

δT
+ ∇ ⋅ ( − k ∇T ) = Q
δt

(3)

is the heat capacity at constant pressure, k the
where
thermal conductivity, T is the initial temperature, Q is the
external heat source. For our case, we can determine Q that is
related to the pressure by

Qext =

α p2
ρc

(4)

The simulation was carried out in two parts. The first one
was planned to analyze the parameters of a transducer to
produce an acceptable focus into the rat head. For this, we
proposed a parametric swept of frequencies to find the value
that allow us to generate an ultrasound distribution that can
cross the rat cranium, using a fixed transducer geometry.
This parametric swept starts at a frequency of 500 kHz and
finish at 3.5 MHz with steps of 100 kHz. The acoustic
pressure distributions were study to determine a transducer
configuration that produces an acceptable focus size to cover
the substantia nigra, with less reverberation between the
transducer and the cranium. The second part of the
simulation was to determine the heat produced 10 W of
power by the transducer configuration found in the first
analysis, based on [9]. For this second part, Eq. (3) was
solved with the FEM under the conditions already detailed.
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 11, which was based on
an analysis of convergence by minimizing the error of the
solution vs the time required to get that solution [9].
Convergence was verified with smaller meshes having an
error of 0.01% between the chosen one and a mesh of 12
elements per wavelength; the time required to solve these
problems with 11 and 12 elements per wavelength was about
3.8 min and 6.3 min, respectively, with negligible
improvement in the quality of the solution. Then, the final
mesh of 11 elements was chosen. In Table 1, the properties
used in each domain for the acoustic and heating simulations
are presented.

where α is the coefficient of acoustic absorption which was
considered the same as attenuation (neglecting scattering).
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 64-GB RAM and 3.00-GHz 4-core
processor; however, for the problem conditions, less
computational resources could be possible. For the FEM
solution, it was implemented a 2D axisymmetric geometry
that consists of a concave transducer very similar to a helmet
that cover great part of the head rat with the purpose to
deliver the energy to the cranium more uniformly with low
power and reduce heating of the skull of the rat (see Fig. 1).
The transducer was made with a radius of 19.5 mm
simulating only the front face of the material with the
purpose to know the focal depth produced by this and the
heating area in the brain tissue and the cortical skull bone.
In Fig. 1, it is also showed every domain of the
simulation. Domain 1 is the medium in which the tissue is
submerged, in this case is water; the domain 2 is the skull
bone of a rat; the domain 3 is the brain. Vertical central
boundary is the symmetry axis, and the curved boundary 4 is
the radiator boundary, i.e. the transducer, with the
determined acceleration of Eq. 2. The rest of the boundaries
were set to have the acoustic impedance of water, to reduce
wave reflections; thermally, those boundaries were set to
36 °C, which was the temperature of the initial conditions
that corresponds to the central temperature of rats.
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Fig. 1 – Geometry of the simulation. Every domain is different: 1.- Water,
2.- Skull bone, 3.- Brain tissue. Boundary 4 represents the transducer.

TABLE 1.- Acoustic and thermal properties of simulated tissue [13][14]
Domain

Attenuation
(Np/m)

Heat
capacity
(J/(kg∙K))

Thermal
conductivity
(W/(m∙K))

Density
(kg/m3)

Water

Speed
of
sound
(m/s)
1500

0

4178

0.60

997

Brain

1546

6

3696

0.49

911

Skull
bone

2814

180

1313

0.32

1908
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The results present both the acoustic propagation and the
heat produced at the best-case scenario of the acoustic
propagation analyzed. It was obtained different propagation
maps that demonstrate the focused pressure inside the brain.
It was required, as the optimal result, the production of a
focus with the enough size to cover the substantia nigra of a
murine model, which should pass through the skull with a
little thermal damage. The ideal result should be a focus with
no increase of temperature, but the actual results should be
close enough to not provoke damages of other brain tissues.

Fig. 2 – Focused pressured map at 500 kHz.

Figure 2 shows the focus generated at 500 kHz. In the
pressure distribution it can be seen a focus with a large
intensity at 20 mm approximately from the center of the
transducer. The other pressure peaks into the head shown in
the figure should be considered important, since they are
produced by other means of focusing, for instance, by the
cranium. However, the pressure levels generated in them are
reduced compared with the focus. The peaks between the
head and the transducer are produced by the reverberations of
the ultrasound after the signal is continuously reflected by the
cranium. However, because the water has a negligible
absorption, those peaks do not produce any heating effect. If
the medium which the ultrasonic beam propagates were
different, more losses would be produced before the energy
arrive to the target zone, which then would provoke the
generated focus being even smaller.
To compare results using different frequencies, the
pressure on the propagation axis was plot in Fig. 3 for three
different cases, all having the same amplitude of acceleration.
The frequency values showed in Fig. 3 are 500 kHz (black
line), 2 MHz (blue line) and 3.5 MHz (red line). From these
graphs, we can see that the focus is narrower when the
frequency increases, but also the pressure at the focus
changes; that is, the area of the focus starts to be larger, so, it
begins to differ from our main objective. This could occur
because of bone reflections that produce reverberations inside
the cranium, increasing hotspots outside the focus. Therefore,
even if the graph shows that increasing the frequency will
also increase the pressure level, the result using higher
frequencies would not be optimal since those do not cover the
entire substantia nigra.
When the frequency is 2 MHz (shown in Fig. 4), the area
of distribution is narrower with respect to lower frequencies;
this means the focus is small and the size would not be

enough to cover the substantia nigra. However, the pressure
amplitude at the focus increase as expected, because the
concentration of the energy in a smaller region. However, this
was not true for 3.5 MHz. As seen in Fig. 3, for a frequency
of 3.5 MHz, the pressure amplitude is smaller than the others,
and the pressure distribution at the focus is narrower. This
occurs because when the frequency grows, it is more difficult
to cross the skull due to the difference of acoustic impedances
and the high attenuation of the ultrasonic beam that it
produces [6]. Selecting a good frequency is important for our
investigation because it will be used to obtain a custom-made
transducer for the experimental work. The generated focus is
adequate for our purposes in both location (depth) and size.
The heat distribution was determined for the more optimal
result obtained in the previous step, which was the simulation
using 500 kHz ultrasound radiation. Figure 5 shows the
contour plot of the temperature generated in the simulated rat
brain. It can be seen how the highest heating rate occurs at the
focus produced by the transducer; however, the heating is
also given, although to a lesser extent, in the skull, where the
ultrasonic beam hits. This effect not produced in other parts
of the cranium could be because the rat cranium is flat in the
upper part of the head, which produced additive ultrasound
reverberations between the cranium and the transducer, which
increase the temperature at that region. However, the final
temperature in the cranium was not importantly large
compared with the temperature at the focus. We can consider
that this transducer geometry effectively helped in decreasing
the damage on the cranium by increasing the radiating area of
the head.

Absolute pressure (Pa)

III. RESULTS AND DISCUSSION

Fig. 3 – Pressure distribution along the symmetric axis of the model. It was
made a parametric swept to obtain these results. The black line represents
the result of 500 kHz, the blue line is the 2 MHz and the red line is the 3.5
MHz.
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the adequate size to effectively cover the substantia nigra.
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