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ABSTRACT

Background: Today, the most common method for kidney stone therapy is extra-
corporeal shock wave lithotripsy. Current research is a numerical simulation of kidney
stone fragmentation via ultrasonic shock waves. Most numerical studies in lithotripsy
have been carried out using the elasticity or energy method and neglected the dissipa-
tion phenomenon. In the current study, it is solved by not only the linear acoustics
equation, but also the Westervelt acoustics equation which nonlinearity and dissipation
are involved.

Objective: This study is to compare two methods for simulation of shock wave
lithotripsy, clarifying the effect of shock wave profiles and stones’ material, and inves-
tigating side effects on surrounding tissues.

Material and Methods: Computational study is done using COMSOL Multi-
physics, commercial software based on the finite element method. Nonlinear govern-
ing equations of acoustics, elasticity and bioheat-transfer are coupled and solved.

Results: A decrease in the rise time of shock wave leads to increase the produced
acoustic pressure and enlarge focus region. The shock wave damages kidney tissues in
both linear and nonlinear simulation but the damage due to high temperature is very
negligible compared to the High Intensity Focused Ultrasound (HIFU).

Conclusion: Disaffiliation of wave nonlinearity causes a high incompatibility with
reality. Stone’s material is an important factor, affecting the fragmentation.
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Introduction

idney stone disease is a common problem worldwide with a
prevalence of approximately 10-12% of men and 5-6% of wom-
n in Western countries [1]. Several factors such as genetic, nu-
trition, and geographic and socioeconomic have influences on kidney
stone disease [2]. There are different types of minerals that can form uri-
nary stones and Calcium Oxalate is the most common stone component
[3]. Y Warty et al. [4] analyzed the organic material and declared kidney

stones have a different composition of elements in each layer.
Ultrasonic waves have a variety of applications in medicine, such as
drug delivery, lithotripsy, hyperthermia and diagnostic imaging [5-10].
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Ultrasonic medical applications lead to im-
proving treatment efficiency and decreasing
side effects. In addition, the ultrasonic devices
help to achieve more information in a non-in-
vasive diagnosis process.

There are two main approaches for ultrason-
ic lithotripsy; Shock Wave Lithotripsy (SWL)
machines typically use single-cycle pulses at
a low frequency and high peak pressures. In
contrast, Burst Wave Lithotripsy (BWL) ap-
plies short bursts of focused, sinusoidal ul-
trasonic pulses [11]. Shock wave lithotripsy
remains a popular treatment and is the only
non-invasive lithotripsy in clinical application
since 1980 [12, 13]. The SWL, as an effective
biomedical treatment, is the most common
treatment for kidney stones and also a useful
method for uncomplicated, upper urinary tract
calculi. The shock wave’s effects and cavita-
tion phenomenon are two important mecha-
nisms on kidney stone fragmentation [14]. K.
G. Wang [15] explained the effects of a bubble
in the shock path and fracture behaviors of the
stone using a multiphase fluid-solid coupled
model. Songlin Zhu et al. [16] simulated the
stone fragmentation in the renal pelvis and in-
vestigated the role of stress waves and cavi-
tation in stone comminution for shock-wave
lithotripsy (SWL).

Several researches have been done on litho-
tripsy of kidney stones. Chaussy et al. [17] in-
vestigated the fracture of calculi using focused
shock waves instead of surgery and reduced
the need for surgery with the aid of shock wave
lithotripsy. Xi and zhong [18] investigated the
transient stress fields, produced in stones with
different geometry and size, and the general
pattern of wave propagation using a dynamic
photoelastic imaging technique. Ying Zhang
et al. [19] studied the effect of stone size on the
comminution process and efficiency in SWL.
Dahake and Gracewski [20, 21] developed a
linear elastic model of stress waves within the
stone and studied the spherical and oval mod-
els of stone. Cleveland and Sapozhnikov [22]
applied a linear elasticity model based on the

finite-difference method to study the fragmen-
tation of kidney stone, and determined the lo-
cation of maximum stress. Weinberg and Eritz
[23] numerically studied the fracture of kidney
stones. They compared two shock waves with
the same energy transport and found that the
wave with larger tensile amplitude has more
fracture influence.

Most numerical studies on lithotripsy have
been done by applying the elasticity method or
energy method and neglected the dissipation
phenomenon. In this research, the effects of
ultrasonic waves on the stone and surrounding
tissues are investigated using the non-linear
Westervelt equation. First, the comparison be-
tween the application of linear and nonlinear
waves is provided. Then, the von Mises stress
and deformation in stone, the effect of stone
material and thermal analysis of SWL on the
stone and surrounding tissues are studied.
Thermal analysis asserts information about
side effects and damage on surrounding tissue.

Material and Methods

This computational study is done by COM-
SOL Multiphysics. It is based on the finite ele-
ment method for discretization and solution of
governing. The nature of the problem requires
the combination and coupling of acoustic
wave propagation, elasticity of structure and
biological heat transfer equations. One-way
coupling is employed to couple the acoustics
and structural physics.

Proposed Model

The schematic of the proposed model, kid-
ney stone and surrounding tissues is shown in
Figure 1. Surrounding tissues, including skin,
fat layer, kidney tissue and water, are consid-
ered in the simulation. Space around the stone
is filled with urine [10]. Urine is composed of
95% water [24]. Therefore, water is used for
the surroundings of the stone. Tissues proper-
ties are provided in Table 1.

In all simulations, the material of stone is
Calcium Oxalate Monohydrate (COM). In ad-
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Table 1: Tissue Properties [9, 25- 27]

Speed of Sound Absorp- Specific Heat Thermal
Ti Density  Nonlinearity . . . -
issue Soundc ka/m?) P ter BIA tion Coefficient a Capacity C (J/ Conductivity
Is) p(kg/m3®) Parameter . .
(m (Np/m/MHz) Kg.c°) k (W/m.c®)
Water 1520 1000 5.2 0.025 4180 0.6
Skin 1540 1190 7.87 19.7 3898 0.209
Fat 1476 920 10.28 7 3221.7 0.402
Kidney 1567 1050 74 12 3763 0.53
CcCOoMm
4535 2038 74 164 1524 0.4
Stone

COM: Calcium Oxalate Monohydrate

Table 2: Stone Properties [5, 28]

Density Speed of Young's Modu- Poisson’'s Tensile Strength

Stone (kg/m’) Sound (m/s) lus (GPa) Ratio (MPa)
Calcium Oxalate
Mononydrat o) 20%8 4535 24 51 0333 11
Uric acid 1546 3471 1420 039 24
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where p is the medium density, v, v, v, are
the displacement components along the x, y
and z directions, respectively, ot _, aryy, or_and
(%xy, or_, aryz are the normal and shear stress
components, respectively, and £, fy , f. are the
body-force components. The stress-strain rela-
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Where A and p are the Lam e coefficients.
Westervelt equation
The Westervelt-Lighthill Equation (WLE) is
a nonlinear full-wave equation mostly used to
model acoustic field propagation in nonlinear
thermoviscous fluids. The Westervelt PDE is
as follows:
, 1&p 6&p  p &p
v ¢ or ’ ¢t or pct o (10)

Where p is the acoustic pressure, ¢ is the
speed of sound and p, is the ambient density.

In addition, & and f are the sound diffusivity of
medium and nonlinearity coefficient, respec-
tively, which are defined in Eq. 11

3

C

B
ﬁ=1+g>5=20€? (11).

Elasticity Equation

The linear elasticity equation is applied.
o’u
—=Vs+F (12)
or’ "

Where u is displacement and F, is external
force, solved and added by the acoustic equa-
tion.

Thermal Equation

The Pennes Bioheat Equation is used to cal-
culate the thermal changes and temperature

distribution in tissues.

2,C, % =VkVT +Cyw, (T -T,)+Q,,, (13)

P2

O =200 =a— (14)

pc

After solving the acoustic equation in tis-
sue, heat generation of the ultrasonic waves
(acoustic intensity) can be calculated.

In the Eq. 13, k is the thermal conductivity of
tissue; w, is the flow rate of blood through the
tissue; C, is the specific heat capacity of blood.
Q,,. 1s acoustic intensity, which is equivalent
to the absorbed ultrasonic power in the tissue.
C, and p are specific heat capacity and density
of the tissue, respectively. The perfusion time
in the blood is in order of several thousand
seconds and can be neglected for short period.

In Eq. 14, a is the absorption coefficient; P
and p are acoustic pressure and tissue density,
respectively.

Boundary Conditions
The pressure inlet is applied for the trans-
ducer boundary. Upper, right and left walls are
considered as a perfectly matched layer.
Background (initial) pressure within the en-
tire domain is set to zero and the initial tem-
perature is set to 37 °C.
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Grid Study

In acoustic simulations, considering the or-
der of discretion, the number of meshes usu-
ally should be chosen at least 4 meshes per
wavelength. For the correct resolution in the
focal region and the places where the pressure
gradient is higher such as kidney and stones,
the maximum mesh size is set to A/6 with dis-
crete order of 4 and in other regions A/4 with
discrete order of 2. The number of meshes
depends on the maximum wavelength of the
shock wave.

Mesh independency is studied for Church
impulse profile by three different sizes of
mesh. Trian-gular meshes are used, which the
numbers of elements are 69958, 76887 and
83354, respectively. The pressure variety ver-
sus time at the front of the stone for different
meshes is shown in Figure 2.

As shown in Figure 2, the results for 2" and
3" mesh have a good match. Therefore, the 2™
mesh is applied for simulation.

Validation
Wienberg and Ortiz [23] simulated SWL on
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Figure 2: Acoustic pressure vs. time diagram
for three different sizes of meshes

a domain with constant properties and mea-
sured the pressure through it. Their results are
used for validation. Their proposed model is
depicted in Figure 3a.

To calibrate the simulation, the shock wave
is emitted in a homogeneous elastic media
with 1 MPa of Young’s modulus and 1540
m/s sound velocity. The shock values are set
to 7,=1.1 us, 7,=1.96 us, P=100 MPa and the
wave diagram is measured at 10 and 40 mm.

Wienberg and Ortiz used the energy method
and applied Eq. 15 to consider the dissipation
parameter but we applied the Westervelt

acoustic method with g=47 ¢ =1 2L.
m* MHz

P

damp

=apc,l, 9 (15)

Where o is the damping coefficient; p is
density, C, is the speed of the sound; / is the
longitudinal character of the element and ¥ is
volume traction rate.

The comparison of the current study and the
Wienberg’s results are presented in Figure 3b.

As depicted in Figure 3b, the overall trend
and advent time of waves are similar. The dif-
ference of dissipation consideration leads to
a difference in maximum pressure of the 40
mm data series between the current study and
the Wienberg’s results. At high pressures and
frequencies, it is expected that wave misshape
its initial form due to its nonlinearity, and dis-
torts to a saw blade shape. This point is clearly
specified by comparisons of 40 mm and 10
mm series in our simulation. In contrast, it is
not indicated in the Wienberg’s results. There-
fore, the results of the current study are more
accurate.

Results

Comparison between Westervelt and
elastic (linear) methods

The maximum pressure in the linear method,
which the sound absorption is not considered,
is about 91 MPa, and this parameter in the

J Biomed Phys Eng 2021; 11(6)
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Figure 3: a) The domain of Wienberg and Ortiz study. Biomechanics and modeling in mecha-

nobiology. 2009;8(4):285. [23] b) Comparison of impulses after 10 and 40 mm propagation for
validation

Westervelt method is 28.6 MPa. The wave ar- mm, respectively.

rival time to the stone for both simulations is The acoustic pressure when the wave reach-

28.5 microseconds. In addition, the transverse es and contacts with stone for both methods

wave amplitudes in the linear solution and the are shown in Figure 4.

Westervelt solution are about 10 mm and 20 Pressure profiles of linear and Westervelt
a) b)
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Figure 4: Comparison of linear and nonlinear methods to obtain acoustic pressure when the
wave contacts with stone. a) linear solution b) Westervelt solution.
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method along z-axis are depicted in Figure 5.

As shown in Figure 5, the highest pressure
at the moment of the wave reaching the stone
in linear solution is at Z= 42.2 mm and in a
Westervelt solution is at Z= 45 mm,; this dif-
ference is due to the consideration of nonlin-
earity parameter in the Westervelt method. As
mentioned, because of the consideration of the
dissipation phenomenon, the highest pressure
in the Westervelt method is minor.

The pressure is maximum at the front of the
stone, where the velocity decreases due to
properties changing. High density and high
speed of sound cause to accumulate the pres-
sure at the front of the stone.

Distribution of von Mises stress and stone
deformation for both methods are depicted in
Figure 6.

Figure 6 shows the stress and deformation
for the highest pressure in the stone. The max-
imum pressure occurs at t=35 us, which is the
same in both linear and Westervelt methods.

Distributions of acoustic intensity for both
methods are depicted in Figure 7.

The acoustic wave leads to different levels
of injury in tissue. The destructive thresholds

x10*
0.8

0.6

0.2¢

Pressure (Pa)

-0.2

-0.6.

-0.8

29 us-westervelt
-1 29 ps-linear
0 10 20 30 a0 50 60

Z (mm)

Figure 5: Linear and Westervelt pressure
profiles along the z-axis and inr = 0.

a) b)
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x10° A 1.43x10°
x10°

I4 14
35 12

. ¥ 6.04x10°
)

A 425x10°
_x10°

¥ 6.0ax10° ¥ 3.92x10°

Figure 6: Von Mises stress and deformation
of stone for both simulation methods. a) The
stone von Mises stress in linear simulation
b) The stone von Mises stress in Westervelt
method c) Stone deformation in linear simu-
lation d) Stone deformation in Westervelt
method.

of energy flux (acoustic intensity) on the tis-
sues are given in Table 3.

According to Figure 7 and Table 3, the shock
wave damages surrounding tissues in both
linear and nonlinear simulation, but acoustic
intensity significantly is greater in the linear
method than the nonlinear method. The dam-
aged area, obtained in our results, is in the
focal region and before it, which has good
matching with experimental and medical con-
sequences [23].

Effect of shock profiles

To compare different impulse profiles of
shock waves and study the effect of the rise
and inactivation times on the produced acous-
tic pressure, pressure amplitude is set to 35
MPa. Different impulse profiles are shown in

J Biomed Phys Eng 2021; 11(6)
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Figure 7: Acoustic intensity a) linear simulation b) Westervelt simulation

Table 3: The destructive thresholds of energy flux for biologic effects, due to acoustic waves on

the tissues [29, 30].

Energy Flux (mJ/mm?)

Biologic Effects

The breakdown of endothelial cell structure usually occurs at the inlet of pulse pressure due

0.3 "
to positive pressure
0.22 Changes in subcellular structures especially mitochondria
0.1 Formation of tensile structure in the endothelium
0.045 Internal bleeding
0.007 Damage to Skin
. %10’
Figure 8. 6f — Bailey impulse T
5.5 —— Church impulse 4

As depicted in Figure 8, Church impulse and
Cleveland & Sapozhnikov impulse have simi-
lar rise times. The profile of Bailey impulse
approximately is similar to Colonius impulse.

Acoustics waves propagations through the
stone and tissues are shown in Figure 9 for
Bailey, Church and Energy equivalent Church
impulses.

According to Figures 8 and 9, the acoustic
pressure increases by decreasing the rise time.
Moreover, by reduction of the rise time, the
focal zone becomes larger and as a result, the
fracture occurs in more parts of the stone.
However, enlargement of focal zone damages
to the tissues and causes hematoma in the kid-
ney.

(Pa)

—— Energy equivalent church | |
Cleveland & Sapozhnikov
—— Colonius impulse

t(s)

Figure 8: Comparison of different impulse

profiles.
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Stone material

In this section, Uric acid is utilized as well
as Calcium Oxalate Monohydrate. These two
stones are the most common kidney stones.
Von Mises stress in both stones is depicted in
Figure 10.

As shown in Figure 10, the maximum pres-
sure in Uric acid stone is smaller than Calcium

N/m?
A 1.21x10°
x10°
_gLe

1.2

. o
N (X
40.6

. jjo.4

- jo.2

¥ 1.11x10°

Uric acid

Oxalate Monohydrate but the maximum pres-
sure region is more extensive; thus, it can be
expected with the same acoustics pressure, the
fracture of Uric Acid occurs in a larger area.

Thermal analysis
The thermal simulation of a shock wave is
done for 64 microseconds. The time of shock

N/m?
A 1.43x10°
x10°

14

12

1
~0.8

=06

o4

02

‘ . ¥ 2.92x10°
Calcium Oxalate Monohydrate

Figure 10: Von Mises stress in Calcium Oxalate Monohydrate and Uric acid.
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wave radiation is very short, about 10-20 mi-
croseconds and the frequency of repetition is
1-2 times per second. The maximum produced
power per shock is more than 1 MW. The aver-
age energy per pulse is 10-150 mJ in the focal
region. The temperature distribution is shown
in Figure 11.

As depicted in Figure 11, thermal analysis
shows that the temperature about a few thou-
sandths degrees has risen in stone and no ef-
fect on the tissues.

Discussion

In the current study, the non-linear Westervelt
equation is used to simulate the ultrasonic
shockwave for lithotripsy purposes on Calci-
um Oxalate Monohydrate stone and surround-
ing tissues. In contrast, most numerical stud-
ies in lithotripsy have been carried out using
the elasticity or energy methods and neglected
the dissipation phenomenon. First, the com-
parison between linear and nonlinear waves
is provided. As shown, the highest pressure
decreases by the involvement of the dissipa-

A 37.008

137.008

g 137.007

137.006

137.005

137.004

37.003

7 37.002

37.001

e 37

Figure 11: Temperature distribution in Shock
Wave Lithotripsy (SWL).

tion phenomenon. In fact, the highest pressure
in the Westervelt method is less than the elas-
tic method. By comparing acoustic intensity
with destructive thresholds of energy flux on
the tissues for both methods, it is indicated
that shock wave injures kidney tissue. The
damage and its location have a good match
with experimental and medical consequences
[23]. Then, the different impulse profiles of
shock waves are compared to specify the ef-
fect of the rise and inactivation times on the
produced pressure. As depicted, the produced
pressure increases by decreasing the rise time.
Next, Uric acid is applied as well as Calcium
Oxalate Monohydrate to explain the effect of
stones’ material on the stress and its distribu-
tion. There is a significant difference, which
asserts the stone’s material has a key role in
fragmentation. Finally, the temperature dis-
tribution is obtained by the bioheat equation.
As illustrated, the rise in temperature is mini-
mal in shock wave lithotripsy and the result-
ing damage is very negligible compared to the
HIFU. The difference of emitting time leads to
this variety of damage; thus, that emitting time
is about a few microseconds in fragmentation
of kidney stone but it is a few seconds in the
HIFU.

Conclusion

In this study, the ultrasonic shock waves
Lithotripsy and its effects on surrounding tis-
sues are investigated by coupling and solving
the acoustic wave propagation, elasticity of
structure and biological heat transfer equa-
tions.

To conclude, the following results are ob-
tained:

* The effect of linear and nonlinear wave
consideration is discussed and found that dis-
affiliation of the wave nonlinearity causes a
high incompatibility with reality.

* The shock wave damages surrounding tis-
sues in both linear and nonlinear simulation,
but acoustic intensity significantly is greater in
the linear method than the nonlinear method.
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The damaged area is the focal region and be-
fore it.

* By comparing different impulse profiles of
shock waves, it is stated the produced acoustic
pressure increases by decreasing the rise time.
Moreover, by reduction of the rise time, the
focal zone becomes larger and as a result, the
fracture occurs in more parts of the stone.

* By changing the stone material, it is de-
clared with the same acoustic pressure, the
fracture of Uric Acid occurs in a larger area
than Calcium Oxalate Monohydrate.

* Thermal analysis of shock wave lithotripsy
shows that the temperature variation is mini-
mal and the resulting damage of incremental
temperature is very negligible compared to the
HIFU.
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