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ABSTRACT: High-intensity focused ultrasound is a non-invasive method and provides many
therapeutic applications for physicians. One of the ways to increase the efficiency of High-intensity
focused ultrasound is using a Levovist contrast agent, which consists of microbubbles. In the present
study, we calculate the pressure field due to the High-intensity focused ultrasound using the Helmholtz
equation for linear ultrasonic wave propagation. Using the Keller-Miksis equation, we calculate the
thermal effects caused by microbubble injection after determining the acoustic pressure. The Pennes

bioheat transfer equation is used for studying the tissue temperature distribution. The simulation results  Keywords:

show that in the presence of a microbubble under the influence of a High-intensity focused ultrasound o o4 oo oo

pressure field, increasing the applied frequency and power increases the value of heat sources caused L
. I . . . . . Biological tissue
by the microbubble oscillation. An increase in the temperature of biological tissue can be observed after
the injection of microbubbles. Within the pressure range of 2.54 MPa, the tissue temperature at the

focal point, for the case where the microbubble with the initial radius of 50 um is injected, increases by

Microbubble dynamics
Thermal ablation

8.28 C . Meanwhile, if a microbubble with an initial radius of 50 micrometers is injected, there is a  Numerical simulation
further increase in the tissue temperature by 57.72%. In the absence of microbubbles, the corresponding

temperature rise is only 5.42 “C' for the same operating conditions. Finally, the Arrhenius model shows

that the microbubbles with different initial radii increase the ablated tissue volume by about 38%.

1- Introduction

High-Intensity Focused Ultrasound (HIFU) plays a very
important role in the development of engineering processes
and medical treatment methods. Today, these waves are
widely used in urinary and biliary tract stone breaking,
medical imaging, oxidation reaction intensification, enzyme
activity control, industrial cleaning, etc. [1].

In medicine, the concept of the ideal treatment of tumor
cancers means the complete removal of the tumor without
damaging the normal and healthy tissue structure around the
tumor. HIFU treatment is a non-invasive surgical method with
the privilege of reducing the recovery period after treatment
and the patients can return to their normal life sooner.

One of the possible strategies to optimize the HIFU treatment
is the use of ultrasound contrast agents for the thermal ablation
of tumors. These materials increase the conversion rate of
acoustic energy into heat during the HIFU treatment. The
microbubbles have gained increasing popularity as potential
agents for the treatment of solid tumors with the help of HIFU
due to the special feature of changing their shape and radius
size caused by the induced acoustic pressure [2].

*Corresponding author’s email: gheidari@modares.ac.ir

In a study by Stewart et al. [3], 55 women who had uterine
fibroid tumors were treated with HIFU with an acoustic
intensity of 500 to 700 W-cm™ and the thermal effect of
HIFU on the tumor was investigated. The results of this study
showed that tissue necrosis occurs beyond the tumor area.
This study determined the importance of HIFU simulation in
its prediction and controllability.

Aswin et al. [4] in 2019, using a 3D numerical model,
investigated the effects of injecting microbubbles in the
vicinity of the tumor by considering the interaction between
the microbubble cloud and the non-linear HIFU field using
Navier-Stokes compressible equations on a fixed grid. In this
research, it was found that among the thermal mechanisms for
microbubbles, the viscous dissipation caused by microbubble
fluctuations has the main role in the temperature increase.

In the present study, the HIFU radiation to the tissue and the
interaction of this field with the microbubble caused by the
Levovist injection on the volume of tissue necrosis have been
investigated. using the common range of power and frequency
of the transducer in clinical and therapeutic applications, the
effect of the injected microbubble size and the change of its
radius on the generated heat have been studied. Finally, the
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Fig. 1. The computational domain including the biologi-
cal tissue, the ultrasound transducer, and the area of the
microbubbles’ injection.

effect of microbubble contrast agent injection on the increase
in temperature and the volume of ablated tissue caused by
HIFU has been analyzed.

2- Governing Equations

In order to simulate the microbubble-enhanced HIFU, the
Helmbholtz Eq. (1), Keller-Miksis Eq. (2), Pennes bioheat (3),
and Arrhenius model (4) have been used. The equations are

as follows: [5-7]
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Where p is the density of the tissue, p is the acoustic driving
pressure, @ is the angular frequency of the acoustic source,
c, is the speed of sound in the tissue R is the microbubble

wall radius, R is the microbubble wall velocity, R is the
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Fig. 2. The HIFU pressure distribution in the biological
tissue where the transducer is set at 1 MHz and 5 W
operating conditions.

microbubble wall acceleration, C is the heat capacity, k£ is
the thermal conductivity, e, is the blood perfusionrate, T is
the tissue temperature, O, , is the metabolic heat generation,
and Q,, is the volumetric heat generation. Also, «, is the
damage index, 4, is the pre-exponential factor, £, is the
activation energy, R is the molar gas constant.

u

3- Problem Definition and Numerical Solution Method

In the present study, in order to solve the governing
equations of the microbubble-enhanced HIFU ablation, a
numerical approach based on the simulation using COMSOL
Multiphysics and FORTRAN software packages have been
used. In order to accurately solve the governing equations
of HIFU propagation in the biological tissue, the acoustic
wavelength criterion has been applied. Accordingly, after
checking the mesh independence, 142593 triangular elements
of the second order have been used. To simulate the problem,
the computational field schematic is shown in Fig. 1.

4- Result and Discussion

Through the governing equations, the HIFU pressure field
within the computational domain for an applied frequency of
1 MHz and a power of 5 W has been calculated, which is
shown in Fig. 2. As expected, the HIFU waves are focused
in the target area and the maximum acoustic pressure occurs
at the focal area. In order to study the effect of microbubble
injection on the increase in the temperature of the focal region,
according to Fig. 8, the temperature increase of the biological
tissue is shown for three conditions without microbubble and
in the presence of microbubble with 2 and 50 pum initial radii.
The results at the focal point are reported at 3 MHz and 5 W
for 20 seconds of irradiation and 30 seconds of the cooling
process.

As mentioned, the aim of the present study is to investigate
the volume of tissue ablation through the interaction of HIFU
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Fig. 3. A temperature increase of biological tissue with
respect to time for 20 seconds of irradiation and 30 sec-
onds of the cooling process at the focal point in work-
ing conditions of 3 MHz and 1 W.

waves with microbubbles. Table 1 is related to the thermal
ablation with microbubble injection with an initial radius of
2 um. According to this table, in the applied conditions of
1, 2, and 3 MHz and 10 W, the thermal sources caused by
viscosity and secondary acoustic radiation due to microbubble
oscillations increase the volume of tissue necrosis in the tumor
area by 96.17, 38.53 and 38.55%, respectively, compared to
the absence of microbubble.
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Fig. 1. Geometry of the biological tissue, the ultrasound transducer, and the area of the
microbubbles injection
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Table 1. The values of parameters used in the simulation of HIFU, microbubble dynamics, bioheat, and
thermal ablation physics
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Fig. 3. Acoustic pressure variations on the axial direction with S different grid sizes and Magnification
of the focal domain for the study of grid independence
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Fig. 4. Meshing of the present study with a total of 142593 elements (a) Mesh size, (b) Computational grid
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Fig. 5. Validation of HIFU field (a) The comparison of the normalized pressure profiles of the present study by
O'Neil's [48] exact solution and Diaz et al. [1] numerical simulation. (b) Computational model for temperature rise
at the focal point as a function of time compared to the results of Huang et al. [13].
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Fig. 6. Comparison of the simulated heat source by a single microbubble when exposed to 1 MHz HIFU at 2.8 MPa
focal pressure amplitude as a function of microbubble initial radius and tissue viscosity with the results of ref. [32].
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Fig. 7. Acoustic field distribution in the case where the transducer is set at 1 MHz and 5 W operating conditions. (a)
HIFU pressure distribution in biological tissue (b) HIFU intensity distribution in biological tissue.
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Table 2. The maximum pressure and intensity of HIFU in different working frequency and power
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Fig. 8. Temperature increase of biological tissue with respect to time for 20 seconds of irradiation and 30 seconds of

the cooling process. The right side is the focal point, and the left side is the § point in working conditions (a) and

2 T v T 4
— —Rg=2 (um)
1.8 A ~—- Ro=50 (Um) 1
AR v
£ — Wi i
1.6F ////, \\\\\\ Without Microbubble | |
L \\\'\
1.4F s R 1 =
/A ANRY (%]
1y AR =
1.2+ /”411 "~.\\\ 1 b
1y RN x
,f’;f AN @
1r 74 NN 5
7/ RN H
0.8} /;4’ AN | 8
: /i 2T g
/i "\:.,\:"-.,__ O
oef S=xy F
4
0.4F / .
i
0.2} /’ E
o . L L L
0 10 0_. 30 40 50
Time (s)
<
10 T T T T
— —Re=2 (um)
~—- Ro=50 (m)
N . .
L ~ Without Microbubble | |
7/
g
6F &
2
I
2
o
at 8
§
2
oL ]
0 \ L . \
0 10 . 30 40 50
Time (s)
S
16 T T T !
— —Ro=2 (m)
141 ~—- Ro=50 (Um) E
— Without Microbubble
12F b
S )
NS S
10F AN 1 3
RN 8
N «
Q.\\\ @
8t \‘“Q:\ E E
N g
i o
6L ‘-‘??;;;‘_\ ] o
Ny E
fid
a4k i
ok i
o . | .
0 10 0_. 30 40 50
Time (s)

3

14

12

10f /

T T T

— —Rg=2 (um)
—- Rg=50 (um)
— Without Microbubble

70

° Time (s) 30
l

60}
50H
/
I
401
30f

20,

10} /

.
\
\
\
\
\
JENN S

=
e

— —Rp=2 (m)
~—- Rg=50 {um)
~ Without Microbubble

\
\
\
\
—

\

100

90r
80 ,
70
60
50t
a0}
30}

20}

10} /

— —Rg=2 (um)
—- Rg=50 (Um)

~ Without Microbubble

10

0_. 30
Time (s)

e

)J')hlio\ gl Yo (5)9((3)9}3,&:&979&‘9& (b)g(c) c}.?).hlio‘ﬂgﬁ:lg ] (y)g(&‘)d)wh“)ﬁs)b ﬂ

(b) 1 W and 3 MHz, (¢) and (d) 5 W and 2 MHz and (e) and (f) 10 W and 1 MHz.
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Fig. 9. The temperature damage contour in the microbubble injection area at the applied frequency
and power of 2 MHz and 10 W at different times (a) # =0s,(b) ¢ =5s,(c)t =20s,and (d) # =50s.

Yo g giln il 4 by 4ol Yo oS 590 & Caslodd L3yl 4ot
Ok Sl d bgrye a5 Y Joao gl cunl €l (gilucSis auls 4l
(SFRBLY oV sla S 85 453 el el Gl e 525
Sdp0dl el B Yo il le; cide 3 «lg 8 5 Y sla ey cos
D s 5 5ynl8e ¥ Jlasl Lylpds 15 & Canalls 4 1l 5,05 3535 JolS
S sgbglen Dhign o Egh (S2sS sl o 3 ()l sl Sy
sl o plall cel Cly Ve 4 )5 g Q) cal jasuis
VoV o Glagils b )0 o pl & (Gl 2900 4Bl ol )p
1505 S el cSn st o VAT 5 VIAE /XD ol s 3 yalSa
2905 542 JalS > ol £98 oloj o o] g ol gl
byl s 5l 5395 Ao yd FF/OV Clg Ve g g 5,080 Y ()8 blyds )0
Clag S BuF spax > Gl Gl 4 bepe ¥ g

GBSy oS wad o s Jodo opl ol 109,800 ¥ gddgl glas b
015325 4l ) (53008l g8y (Bl iolog S o >
FlBa ¥ 5V 8 bulid > COlog S plug le)S Ol cov

O Flesl bolyd o (Jads ol oll o051 5g5 50 @lg & (lgi 5o

Ol )lad b I coxs g shile GG I e 458 ) 45 0l e
am3 e 5 Ty sigln L 5] ey 4 B 55 G S ot il
i o ooy P L Ll sl i ply (53,008 Gl oS
& U5 5 6 sgbplan 33,5 BEuS y iSly o 8l 5
4 odbdll (S50l oz il ol adl Ve b e o odnlive
oud gad Bl pgile b (o ()3 o unSo o o FIVY
Ol g it )5 (o )18 (bl 2y90 4B O loj Bl Jlil
L L1335 o o sile i 4l Vel 43,8 o5l e
e b Gyl JUsl sy Sgjle pelul gl de @ ¥ Sl gl
S5 )3 45 dany oo caSie yia oo VIAT 4y g 0 jiy (SS9 (542U

Caolodds yasuie A

359 Sye b1 sl Gl 5 oly Wb sadlba jglaias

logjlodsnd | lasgoome «dly Sl plalup p Clog S oy
g oo gt cilise s dw sl o] @l & Culad S g0
O JIY Jglir Gullas yiog S B 9 ¥ (gadgl glad b Ol g S 32,5

O oy 40 (S00dl sanb pres e Jodo pl 5o lodds o ypd

yova



SlegSee 32,55 09 g (9l S (Gdender I Jols (I3l lie ¥ Jgs>

Table 3. The amount of ablated tissue resulting from HIFU thermal source without microbubble injection

V,, (mm") £ (5) 9, (%) P (W) f (MHz)
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Table 4. The amount of ablated tissue resulting from HIFU thermal source by microbubble injection with an

initial radius of 2 pm

V., (mm) t"(s) 6, (%) P(W) f (MHz)
_ - <\-- \
[++A /AN Voo 0 )
\iia -IY® Veo Ve
_ - <\-- \
AN AR Voo N Y
ARIE [+0 Voo \e.
_ _ <\ \
-1%) -7 Ve b ¥
\YIEY A Voo \e

wleyS Sl cod jee5 sl )3 (530l gs8y (ISl < piog Sie
D)l 3529 Sly 8 g )3 e ¥ ) lulyd 5 plicls oy
e ¥ (6 lps ) el cdl pze (Jyte opl polul
depg s 5l jieS Mo pd /A5 &S sl Mo D WY/FR il lg Ve g
bl it 20)d TYINY 5 g )Sue ¥ sl gl b Olog S
Wl g gloj O Jgdo plely rizen sl Olag)Sen g
Voadb 5l g b ol 0 ey <8l oS aherd SiST

el (6t See

yovy

OB g ca il b ol clhdade iy Ve g FlKe ¥ o Y
4 998 Al D (S3yecdl we il el gl (Sge
Clo gy By5 ooh bl iy Aoy YAIOD 4 YA/OY AF/NY
st Glog S b o > ()l ol ST Gloj iz o Cuslors
sl g cwlaslh gals Cla on a4 Cund wouwore J8
Sl Lol mls 150 Jodo calons cuwl Jlod 395 SelS
) 5 25 o3Iy oy Sam B sedg) £l by Sl Sm ppis 53
Y eyl glad b oling oo 5 clls alie 15 e ol Jpie



oy Seo 00 sadgl £lasd b Sling S (3,5 | sl tle 5 (shouta Jf ol (53,0058 ol B Jpan

Table 5. The amount of ablated tissue resulting from HIFU thermal source by microbubble injection with an
initial radius of 50 pm

s F) 0 (%) n(w) 7 (M)
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