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Abstract—Cavitation is the sudden formation of vapor
bubbles or voids in liquid media and occurs after rapid
changes in pressure as a consequence of mechanical
forces. It is mostly an undesirable phenomenon. Although
the elimination of cavitation is a major topic in the study
of fluid dynamics, its destructive nature could be exploited
for therapeutic applications. Ultrasonic and hydrodynamic
sources are two main origins for generating cavitation. The
purpose of this review is to give the reader a general idea
about the formation of cavitation phenomenon and exist-
ing biomedical applications of ultrasonic and hydrodynamic
cavitation. Because of the high number of the studies on ul-
trasound cavitation in the literature, the main focus of this
review is placed on the lithotripsy techniques, which have
been widely used for the treatment of urinary stones. Ac-
cordingly, cavitation phenomenon and its basic concepts
are presented in Section Il. The significance of the ultra-
sound cavitation in the urinary stone treatment is discussed
in Section Il in detail and hydrodynamic cavitation as an im-
portant alternative for the ultrasound cavitation is included
in Section IV. Finally, side effects of using both ultrasound
and hydrodynamic cavitation in biomedical applications are
presented in Section V.

Index Terms—Cavitation,
shock wave, ultrasound.

histotripsy, hydrodynamic,

|. INTRODUCTION

HE PROPAGATION of an acoustic wave with the fre-
T quency from few tenths of kilohertz to several hundreds of
megahertz refers to the term “ultrasound.” In liquids, the propa-
gation of longitudinal waves causes local oscillatory motions of
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particles around their initial positions, resulting in local changes
in liquid pressure. Depending on the frequency, the level of
acoustical energy and/or pressure can be targeted to the desired
area, thereby enabling the use of ultrasound in therapeutic appli-
cations. Because of its ability to exert localized energy from sur-
face of the skin into soft tissues, ultrasound has attracted much
interest as a noninvasive and targeted therapeutic treatment [1].

According to the exposure conditions such as frequency, pres-
sure, or duration, ultrasound can prompt thermal, acoustic radia-
tion force, and cavitational effects, which are important parame-
ters to improve therapeutic effectiveness of ultrasonic cavitation
in various biomedical applications [2]-[5]. The release of en-
ergy by ultrasound leads to an increase in temperature, and in
biomedicine; this can be increased from the absorption of the ul-
trasound waves by tissue, which could limit direct tissue damage
but could be still sufficient for drug delivery in thermorespon-
sive carrier systems [6], [7]. Acoustic radiation force effects of
ultrasound cause acoustic wave propagation through tissues [8].
This net force tends to push particles away from the ultrasound
transducer, and thus, enhance diffusion of particles into tissue,
which gives an advantage of the use of ultrasound treatment
in solid tumors [2], [3]. Cavitational effects of ultrasound are
provoked by acoustic excitation of microbubbles in the target
tissue, and it is usually used to enhance contrast in diagnos-
tic ultrasound imaging [4], [9], [10]. Because of its safety, low
cost, and easy accessibility, ultrasound imaging has been one
of the most popular medical diagnostic techniques [11]. In this
technique, ultrasound contrast agents (UCA) such as lipid or
polymer shells can be loaded within the microbubble or can be
conjugated directly to the surface of the shell. These microbub-
bles are designed to collapse and release UCA within the target
tissues under ultrasound-induced cavitation [12]-[15]. Today,
there are many commercially available and biodegradable mi-
crobubbles, and importantly, they can be detected and mapped
noninvasively using the conventional B-mode ultrasound [16].
During cavitation phenomenon, microbubbles respond to acous-
tic excitation in two different ways, namely, noninertial (stable)
or inertial (transient) [17]. Noninertial cavitation is the process
in which microbubbles are forced to oscillate linearly or nonlin-
early in size or shape due to several acoustic cycles without col-
lapsing. This behavior of microbubbles has been found to result
in microstreaming, which enables the use of them in ultrasound
drug delivery systems through micropumping of drugs [18],
[19]. Inertial cavitation occurs when pressure becomes large to
initiate unstable bubble growth, resulting in rapid microbubble
collapse, and therefore, tends to generate heat, free radicals,
shock waves, and shear forces [20], [21]. In fact, these physical
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outcomes allowed the efficient use of ultrasonic cavitation for
biomedical purposes.

Hydrodynamic cavitation is another candidate for biomedical
treatment. It is a progressive cycle of vaporization and bubble
generation under low local pressures and bubble implosion fol-
lowing release to a higher pressure environment. It is initiated
with local static pressure reduction below the saturated vapor
pressure of the liquid and subsequent recovery above the vapor
pressure. Similar to inertial ultrasound cavitation, in hydrody-
namic cavitation, bubbles collapse due to rapid successive re-
duction and increase in local static pressure, which leads to a
high-energy outcome, thereby generating highly localized, large
amplitude shock waves. Hydrodynamic cavitating flows could
be initiated using a microchannel and microorifice design. By
using this design, several studies have been successfully shown
the unique properties of hydrodynamic cavitation flow at the mi-
croscale [22]-[26], and it has been considered as an important
alternative to ultrasonic cavitation over the last decade. Due to
its cost effectiveness and energy efficiency, there is a growing
interest in biomedical applications of hydrodynamic cavitation.

Even though biomedical uses of cavitation phenomena are
rapidly increasing, a recent comprehensive review on its physi-
cal and/or biological effects and clinical applications in biomed-
ical sciences is missing in the literature. This review focuses on
recent studies and advances in the use of ultrasound and hydro-
dynamic cavitation in biomedical treatment. Physical properties
and currently available applications are reviewed, and exponen-
tially growing new approaches are discussed. Improved under-
standing of this field is of vital importance and would open a
new area for the development of novel theurapeutic techniques.

Il. CAVITATION PHENOMENON

Cavitation is a direct consequence of static pressure reduc-
tions down to a critical value (vapor pressure), and leads to
the formation of inchoate vapor/gas bubbles (cavitation incep-
tion) or large-scale attached cavities (supercavitation) [27]-[29].
Cavitation is associated with the explosive growth and subse-
quent catastrophic collapse of vapor bubbles. Therefore, it is a
dynamic phenomenon and its occurrence is not restricted to the
fluid medium.

Cavitation occurs when a liquid is subjected to high pres-
sure fluctuations. The pressure drop in ultrasound cavitation is
a consequence of acoustic fields with sufficient intensity, while
low local pressures as a result of constriction in the liquid flow
direction generate hydrodynamic cavitation. The liquid is com-
pressed in positive half cycle of the sound in a small region and
is expanded during its negative half cycle. The generated vapor
bubbles in the positive cycle collapse in the negative half cycle,
and therefore, lead to a shock wave in the liquid as a result of en-
ergy released from the collapse of ultrasound cavitation bubbles.
The additional pressures by the ultrasound cause an augmenta-
tion in the acoustic pressure in cavitation bubbles and make the
collapse, and hence, fragmentation quicker, which is exploited
in the disintegration of stones using ultrasound cavitation. The
generated cavitation bubbles can experience low energy fluctua-
tions as a result of the sound effect, which is called as noninertial
cavitation (stable cavitation). The inertial cavitation (transient
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Fig. 1. Schematic of occurrence of cavitation phenomenon in a flow
restrictive element.

cavitation) starts to form when the bubbles undergo higher en-
ergy fluctuations. There is a threshold depending upon parame-
ters relating to acoustic sound field and bubble behavior, which
determines the incipient of inertial cavitation. The population of
bubbles plays an important role in determination of stable and
transient cavitation. While many applications such as cavitation
erosion, cell killing, and ultrasound shock wave exploit inertial
cavitation, noninertial cavitation may also take place depending
on the bubble population and sound effect. In addition, if the
initial bubble size is small, the bubble growth is affected due
to high surface tension. In the case of the large initial bubble
size, the bubbles growth would not be able to control the energy
released from the collapse of the bubbles [30].

The cavitation phenomenon has been investigated in many
studies with applications in bioengineering, chemical engi-
neering, micropumps, microvalves, and diesel injection en-
gines [31]-[38]. Cavitation number is the basic parameter ac-
counting for the intensity of cavitation

:p—pv
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where p is the local pressure, p is the density, py is the vapor
pressure, and V' is the velocity at the flow restrictive element.
Additionally, the discharge coefficient, which is another signif-
icant parameter in cavitating flows, is defined as the ratio of
the actual discharge to the theoretical discharge and is com-
puted using the mass flow rate and pressure drop. A schematic
of occurrence of cavitation phenomenon is displayed in Fig. 1,
where a recirculation zone is generated as a result of emerging
bubbles in a low-pressure region. Above and below the recircu-
lation zone, vena contracta is formed and causes a decrease in
the cross-sectional area at the constriction.

[ll. URINARY STONE THERAPY USING LITHOTRIPSY AND
ULTRASOUND CAVITATION

Ultrasound cavitation became an important method in dis-
ease therapy because it offers noninvasive and extracorporeal
treatment possibilities. In low-intensity pulsed ultrasound,
a major method, mechanical energy is transcutaneously
transmitted as high-frequency acoustical pressure waves into
biological tissues [39]. Today, this medical technology is an
established, widely applied intervention for enhancing bone
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healing in fractures and nonunions [40], [41]. Sonoporation
is a well-established ultrasound-based phenomenon for drug
delivery, which increases gene uptake into tumor cells. Col-
lapsing bubbles are believed to change the permeability of cell
plasma membrane by creating transient holes, allowing efficient
delivery. Although ultrasound cavitation has various applica-
tions in biomedical sciences, majority of the articles published
in this field is concentrated on its biomedical effects in
urinary stone treatment. Nonfocused ultrasound might result
in hyperthermia in targeted areas and might lead to side
effects, such as nerve and vasculature damage in surrounding
normal tissues. The usage of high-intensity focused ultrasound
(HIFU) or histotripsy methods overcomes these limitations
to a certain extent, leading to precise tissue destruction by
ultrasound cavitation and utilization in thermal ablation of
tumors. Another ultrasound-based noninvasive method is shock
wave lithotripsy (SWL), which offers important advantages
for the treatment of renal and ureteral stones. The targeted
surfaces are successfully destroyed with shock waves with slow
rate resulting to reduced renal injury [42]. Recent studies also
demonstrated successful therapeutic applications of SWL in
orthopedic problems and heart diseases. In this section, recent
studies and advances in SWL and histotripsy will be presented.

A. SWL

It is well known that the SWL provides effective biomedical
treatment particularly for kidney stone fragmentation. Its effects
are based on two fundamental mechanisms, shock wave-related
effects and cavitation phenomenon. Mechanical stresses gen-
erated by SWL lead to stone fragmentation [43]-[48]. Many
researchers proposed new methods to enhance the effectiveness
of SWL by intensifying shock waves. Sass et al. [49] used kidney
stones and gallstones, which were exposed to shock waves, and
reported a two-step process in resulting erosion. They showed
that first slits formed as a result of the interaction between shock
wave and targets, and then, the liquid filled small cracks at the
first step. Second, the collapse with cavitation caused significant
erosion on the surface of stones, and finally, fragmentation took
place. Holmer et al. [50] also showed that acoustic cavitation
and streaming significantly contributed to the disintegration of
stones.

Extracorporeal SWL (ESWL) is a kind of the SWL method,
in which the source of the shock waves is outside the body and
the shock profile of the ESWL impulse can be determined using
a lithotripter device [51], [52]. The main structure of an ESW
lithotripter device includes a shock wave generator, a focusing
device and a system used for locating the stone [53]. There are
three significant sources in ESWL, namely, electrohydraulic,
electromagnetic, and piezoelectric sources. The generation of
ultrasound cavitation and collapse of the bubbles are of great
importance to treat the urinary stones with ESWL. Although ef-
fectiveness and safety of this method in urinary treatments were
proven by many investigations [54]-[59], and its advantages
and/or disadvantages over conventional methods were discussed
in several studies [60], [61], investigators have shown that the
modern lithotripters were highly ineffective compared to the
original devices and might cause severe injury [62].

While ESWL typically works best with stones between
0.4 and 2 cm in diameter, which are located in the kidney,
Wu et al. [63] in a study on the treatment of the renal stones
with a size of 20 mm or bigger on 376 patients reported 64.4%
overall stone-free rate and 70.7% efficiency rate after 3 months.
They claimed that ESWL is the first choice for the stone with
a surface area of 400 mm? and for the bigger ones, successive
treatments are required. On the other hand, ESWL has a lower
rate of success, when stones are located in the ureter. In regards
to the guidelines on urolithiasis of the European Association
of Urology, ESWL is implementable in minimally invasive en-
doscopic modalities to treat stones of the upper urinary tract
in humans [64]-[67]. Success rate of this method could be in-
creased by using a ureteral stent, which allows for easier passage
of the stone by relieving obstruction and through passive dilata-
tion of the ureter. In fact, the results of this method are also
dependent on many factors such as shock wave rate, probe to
sample distance, and pressure profile [68]-[70].

SWL results in fragmentation of stones due to direct impact
imposed by shock waves [71], [72]. Stones, which are frac-
tured with SWL, suffered from dynamic fatigue, squeezing,
spallation, geometric superfocusing, shear-induced failure, and
cavitation damage [73]-[80]. Stresses and tensions were also
generated as a result of the reflection of some waves from the
stone [81]. Coleman er al. [82] studied stresses generated by
shock waves. They revealed that transient echogenicity dramat-
ically increased in kidney tissues under the generated stresses,
when the lithotripters output was augmented above a threshold
magnitude. Based on the review on using shock waves in ortho-
pedic diseases of Haupt [83], this method was suggested as the
most efficient method to treat hypertrophic pseudarthrosis [84]—
[86] and the success rate in tendinopathies was reported to be
approximately 80%. Howle er al. [87] studied shock waves in
the kidney stone treatment under the framework of lithotripsy
and presented an expression for profile of the ESWL impulse

t 7
2Pmax €xp /7 cos <7_2 + g) if 0<t< ng

0 otherwise

)

where 7; and 75 determine the profile of the ESWL impulse.
The effect of generated stresses on stone fragmentation was
considered by many researchers. Sapozhnikov et al. [88] both
numerically and experimentally investigated the effect of cavi-
tation and squeezing on generated stresses with lithotripsy. They
showed that the highest stress values occurred in the location
of stone fracture, and also surface cracks accelerated the com-
minution. They also showed that stone fragmentation was more
pronounced under high stresses for wider high pressure regions.
Another advantage of ESWL, which was proven in many stud-
ies, is the fact that extracorporeal shock wave therapy could af-
fect coronary angiogenesis and enhance treatment of myocardial
ischemia in patients with intense coronary artery disease [89]—
[95]. Hence, this method might have a significant impact on
the treatment of ischemic heart diseases [96]—[99]. On the other
hand, there are studies on this topic that show SWL is not effec-
tive at all by itself but may require stem cells [100]. Although
recent studies show that the stem cells do not tolerate sufficiently

p(t) =
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TABLE |
PRELIMINARY SIGNIFICANT REPORTS IN SWL

Study Strategy Major Findings References
Gallstones in humans An alternative method ~ Using cholecystectomy  Sauerbruch
exposed to SWL of gallstone clearance  impacts on biliary et al. [44]
in adults physiology as an

alternative conservative

treatment for

cholesterol gallstones
Exposure of kidney  Visualization of the Collapse of the Sass et al. [49]

cavitation bubbles as
the most significant
mechanism in the
erosion-Two-step
process in resulting
erosion

destruction on the
targeted surface

stones and gallstones
to shock waves

Kidney stone Surrounded target to Mechanical effects Holmer
exposure to SWL determine the including acoustic etal. [50]
destruction rate cavitation and

streaming effect on

stone fragmentation
Urinary stones Using focused shock Reducing the need for Chaussy
treatment using waves to fracture surgery with the aid of et al. [54]
ESWL calculi instead of SWL

surgery (First report)

Immediate focus on  Using renography Signicant acute renal Kaude
the renal morphology assess renal function in trauma as a result of et al. [66]

after ESWL patients after SWL SWL impose

the inimical situation of the damaged myocardium but they
need some modifications such as applying mesenchymal stem
cells [101] and reproducing cardiac stem cell as an alternative
to the single stem cell [102]. Recent studies have shown that
stem cells fail to adequately engraft and survive in the hostile
environment of the injured myocardium, possibly as a result of
the absence of the proregenerative components of the secretome
(paracrine factors) and/or of neighboring support cells.

The repeated use of SWL in the same patient has been shown
to be correlated with an increase in the amount of phosphate in
the kidney stone [103]. This is a huge issue in light of the large
increase in the number of patients with phosphate stones. There
are some studies showing a correlation between SWL number
and phosphate content of the resulting kidney stone. Williams
et al. [104] attempted to correlate the stone fragmentation rate
with the structure of the internal stone using brushite stones im-
posed to SWL. However, their proposed tomography technology
did not anticipate any correlation between brushite stones break
and SWL. Pramanik ez al. [105] used the ground stone powder
and utilized a three-step extraction method to predict the protein
content in the kidney stone. They showed that brushite and ap-
atite stones contain higher amount of protein in comparison to
the previous studies. In this regard, Kacker et al. [106] investi-
gated the effect of the calcium phosphate stone on the stone-free
rate and found that the higher rate of phosphate contains in the re-
nal stone results in the reduction of the stone-free rate. Moreover,
Evan et al. [107] performed an experiment in pigs showing a rise
inurinary pH as a long-term effect of SWL on kidney function as
well as changes in renal morphology and tubular changes con-
sistent with a dsyfunctioning thick ascending thick limb. Some
important preliminary studies in SWL are presented in Table I.

1) Secondary and Tandem Shock Waves in SWL:
Secondary shock waves are of great importance in treatment
of urinary stones. The implementation of tandem shock waves
and the time of sending the second shock wave play a crucial

role in SWL. In order to intensify the collapse of the cavitation
bubbles, which were produced as a result of the tensile phase
of the shock waves, a second shock wave is sent within some
100 us after the first wave. Cavitation bubbles are nucleated in
the presence of the tensile part of the waves, and bubble col-
lapse near the stone generates secondary shock wave leading
to erosion [108]. Later on, Delacretaz et al. [109] emphasized
that in addition to the ordinary stresses on the stone target, there
are always second shock waves induced by cavitation collapse,
which are more destructive than the initial stresses during SWL.
Sheir et al. [110] investigated twin-pulse (TP) treatment in elim-
inating the kidney stone. They conducted the first prospective
clinical study with the twin-pulse lithotripter on 50 patients,
whose renal stones had the diameters less than 2 cm. The capa-
bility of the tandem shock wave was investigated in other studies
in the literature [111] and [112]. Loske et al. [113] evaluated
the capability of the dual-pulse SWL (tandem shock wave) in
controlling and collapsing the cavitation bubbles, which were
induced by second shock waves. They found that this method
was efficient in intensifying bubble implosion. The comminu-
tion of stones was increased without any tissue damage in in vitro
studies. Loske ef al. [114] tried to enhance cavitation damage
on kidney stone during ESWL by generating shock waves with
time delays of 50 to 950 us in their earlier studies. The fragmen-
tation ratio was increased at 250 and 400 us shock wave delays.
Alvarez et al. [115] used a modified piezoelectric shock wave
generator to produce single-pulse and dual-pulse shock waves
and studied the effect of shock waves on the viability of bac-
teria in solutions. They claimed that tandem shock wave could
inactivate the bacteria, while low-pressure single-pulse did not
have any significant effect on the bacteria. They also found that
tandem shock wave could control bubble growth and prevent
their collapse by sending the second shock wave beforehand.
Furthermore, tandem shock wave could be used to shorten the
SWL process.

The conclusion of the enhancement with strong microjets,
which the second shock wave delivers for tenths of microsec-
onds prior to collapsing the bubbles, was reported in the litera-
ture [116], [117]. Fernandez et al. [118] conducted an in vitro
study to reduce the SWL time using tandem shock waves. They
did their experiments with and without fluid-filled expansion
chambers and observed few variations in stone comminution
for both single and tandem shock waves in the presence of
the fluid field. However, they recorded a significant decrease in
SWL time for tandem shock waves.

Recent studies confirm the strong effect of the focused SWL
on the cancer treatment. Lukes et al. [119] developed a focused
tandem SWL (FTSW) generator in order to provide two suc-
cessive waves with a time delay of 10 us. The waves generated
in this study were at peak positive and tensile pressures of 80
and —80 MPa for first and tandem ones, respectively, while
the time delay was adjusted with a parabolic reflector and the
electrode structure. They reported a remarkable enhancement
of the antitumor effect of chemotherapeutic drugs due to gener-
ation and collapse of cavitation bubbles during FTSW process.
Tandem shock waves boost attention in pharmaceutical industry.
Loske et al. [120] used tandem shock wave (underwater) in order
to transfer filamentous fungi used in generating antibiotics and
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TABLE Il
SUMMARY OF TANDEM SHOCK WAVE STUDIES

Strategy Tandem shock Methodology Outcome Reference
wave significance

Comparison Secondary shock ~ Characterization  Critical impact of ~ Delacretaz
between wave’s superiority of cavitation cavitation on the etal [109]
secondary and  compared to erosion using ESWL
ordinary waves ordinary waves  collapse process to

produce secondary

shock wave
Controlling and  Efficiency of TP Applied No reported tissue Loske
collapsing the  in intensifying the successive shock damage in vitro etal [113]
cavitation bubble implosion waves (tandem) to study during
bubbles induced the targets using  comminution
by TP modified increase

piezoelectric

lithotriptor
Treatment time ~ Cavitation Piezoelectrically  Increase in Loske et al.
reduction during damage generating shock  fragmentation [114]
ESWL by enhancement on  waves with time  ratio for 250 and
enhancing kidney stone delays of 50 to 400 ps shock
fragmentation of 950 s wave delays
the kidney stone
Investigation on  Focus on the Utilizing Tandem shock Alvarez
the raise of effect of shock piezoelectric wave capability in et al. [115]
microorganism ~ waves on the shock wave activating bacteria
death via tandem livability of generator to
shock wave bacteria in produce
generation solution single-pulse and

dual-pulse shock

waves
Decreasing the ~ Significant Use of fluid-filled Variations in stone Fernandez
SWL process decrease in SWL  expansion comminution for  eral. [118]
duration using  time for tandem  chamber to study both single and
tandem shock  shock waves the stone tandem shock
wave via animal fragmentation waves
model Standard for

single-pulse and

tandem

shockwaves
Application of ~ Delay in tumor  Using parabolic ~ Strong interaction Lukes
focused tandem growth with the  reflector (cathode) between firstand et al. [119]
shock waves in  aid of tandem to produce second waves at
cancer treatment shock wave diverging time delay of

cylindrical 8—15us

pressure wave at a

specific point

(focused)
Improvement of Aspergillus niger Using underwater Genetic Loske
DNA transformation shock waves to transformation of  er al. [120]
transformation ~ improvement with transfer filamentous fungi

to fungal cells
using tandem
shock waves

tandem shock filamentous fungi
wave compared to genetically
standard one

is significantly
affected by
acoustic
cavitationyts

proteins. They showed a significant superiority of tandem shock
wave with a delay of 300 us in genetic transformation of fil-
amentous fungi compared to standard shock wave. Numerical
modeling on the secondary shock wave was also taken into ac-
count, and stress and cavitation effects were determined as the
key parameters in the fragmentation of the targeted surfaces dur-
ing tandem shock waves [121]. Some important investigations
on the tandem shock wave are presented in Table II.

2) Pressure Fieldin SWL: Pressure distribution is a very
important parameter in SWL and can affect the performance of
this method in treating urinary stones. Pressure field was studied
in the focal region of SWL in many studies, and the behavior of
generated cavitation bubbles in the focal region as a significant
mechanism in comminution of stones was investigated in some
studies [122]-[124]. Based on these studies, it is proven that

geometrical acoustics and shock dynamics play a crucial role
for predicting the focal region [125], [126]. Shock dynamics
determines the motion of the shock wave without considering
the flow field of the shock [127].

Krimmel et al. [128] studied pressure field in the focal re-
gion of SWL and focused on cavitation formation. They ob-
served in in vitro experiments that secondary produced shocks
depended upon the pulse repetition frequency (PRF) and the
bubble density. They investigated SWL initially in water. They
modeled an electrohydraulic lithotripter and considered it as
the “gold standard” of the shock wave lithotripters. The kidney
stone used in the electrohydraulic lithotripter was placed at the
second focus (F2). Meanwhile, the piezoelectric lithotripter ar-
ray (PLA) was simulated as the piezoelectric lithotripter, and
kidney stone was located at the geometrical focus of the trun-
cated spherical cap. Finally, a machine, which was a wide-focus
and low-amplitude device, was modeled as the electromagnetic
lithotripter. 40 bubbles/cm?, 0.7 mm, and 280—370 1S were esti-
mated as the bubble density, maximum radius, and the recorded
collapse time of the cavitation cloud, respectively. The highest
value was obtained as 5% for the void fraction. Multiple bubbles
postponed the bubble collapse near F2 (second focus) and lead
to a very strong collapse for lower void fractions, and high PRF
had a reverse effect on stone fragmentation, which was in a good
agreement with the other findings in the literature [129]-[131].
In another study, it was found that cavitation was intensified in
the presence of higher PRFs [132]. Lautz ef al. [133] observed
that a decrease in cavitation activity in prefocal region lead to
an increase in cavitation activity in the focal region so that more
effective stone fragmentation took place. Qin et al. [134] stud-
ied the effect of focal width on stone fragmentation and found
that a shock wave lithotripter with a broad focal width having a
low-pressure pick was more efficient than a lithotripter of a high
pick pressure with a narrow focal width in in vitro treatments.
Cleveland et al. [135] founded that the tissues had an important
role in the formation of pressure waves. Their results in measur-
ing the pressure field in pigs showed that waveforms had similar
trends with those measured in water. However, the in vivo case
had a wider domain in comparison to the in vitro case.

Cathignol et al. [136] investigated the effect of the formation
of different pressure pulses on the efficiency of cavitation phe-
nomenon using two different shock pressure-time waveforms.
The shock waves, which were considered, had successive ten-
sile and compressive waves in inverse steps. The direct-mode
pulse reinforced cavitation effects, and overall cavitation col-
lapse had a strong effect on SWL. To have better comminution
of urinary stones during SWL, Sokolov et al. [137] utilized a
dual-pulse lithotripter to amplify cavitation effects. Their sug-
gested method resulted in radial dynamic cavitation patterns.
Cleveland et al. [138] studied the influence of the sound speed
and diameter of the stone on the pressure field inside the stone
and found that the stone diameter and internal structure in-
duced negative peak pressures inside a kidney stone. Chitnis
et al. [139] measured peak pressures on kidney stones for shock
waves induced with acoustic emissions from the collapse of
cavitation bubbles. Their results illustrated that the effect of the
both SWL and cavitation collapse had an important role in the
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fragmentation of kidney stones. ESWL generates microsecond
pulses having 30-150 MPa peak positive pressure and a ten-
sile phase of approximately 20 MPa. The energy released from
this process is often between 100 kHz and 1 MHz [115]. The
acoustic wave in the SWL intensifies the pressure amplitudes
induced by the energy of the ultrasound wave at the targeted
area. The produced pressure is defined as the trust per the focal
area and further generated pressure as a result of the acoustic
wave results in the occurrence of the cavitation bubbles on the
medium [140]. Pressure force induced by ultrasound waves is
affected by variable parameters in the medium such as the size
and the sound speed of the targeted surface and the components
of the medium [138].

Pressure distribution using a piezoelectric array was consid-
ered in the literature to determine the efficiency of SWL. Based
on this approach, Lewin et al. [141] developed a technique,
which focused on the ratio of pick positive pressure (compres-
sional) to pick negative pressure (rarefactional) to control the
cavitation damage and found that reproducible lesions were gen-
erated in animals in the in vivo studies. They used piezoelectric
transducers to generate asymmetrical shock waves, which had
a finite amplitude and produced the following wave in an ap-
plicable time delay in the same focal zone in order to ensure
interaction between waves. In another study, Chitnis ef al. [142]
generated acoustic pressure fields using a piezoelectric array.
Their experimental and numerical results related to pressure
dispensations with interelement delays showed a reasonable
agreement.

3) Cavitation Effects on SWL: Cavitation phenomenon
and bubble collapse were considered as important parameters
in SWL [143]-[151]. The aim of the studies on this field was
to increase the comminution of stones while reducing the tissue
injury [152]. The study of the growth and collapse of the cavi-
tation cloud was taken into account by many researchers in the
focal region [153]-[157].

Delius and his coworkers are one of research groups contribut-
ing to the explanation of the role of cavitation and its biological
consequences in ESWL [158]-[161]. They focused on topics
such as destruction of gallstones and used ESWL in order to
study the behavior of the targeted zones and to investigate the
side effects of ESWL. Since lung bleeding is considered as one
of the significant side effects of the gallestones destruction in in
vivo studies, they applied different pressures between the lung
and the diaphragm of dogs and observed that low shock waves
did not have any important effect on the lung, but higher ones
resulted in beagles bleeding. Williams et al. [162] observed that
gas bubbles existing in the air—fluid interfaces had the poten-
tial for serving as cavitation nuclei and found that even small
bubbles had an important impact on the lysis of red blood cells
during the shock wave exposure. Zhu et al. [163] studied the
effect of the ultrasound cavitation and stress waves on stone
fragmentation. They performed experiments on disintegration
of renal calculi in SWL using degassed water and castor oil
and found that fragmentation in the degassed water had better
results. Fragmentations of 89% and 22% in kidney stones after
200 shocks were achieved in degassed water and castor oil, re-
spectively. The results from the recent studies demonstrated that
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Fig. 2. Schematic of the experimental setup [169]. The setup consists
of an acrylic water tank, an ultrasound generation unit, and a data ac-
quisition unit.

the intensity of bubble collapse was reduced by time reversing
the lithotripsy pulse. The overpressure and time-reversed wave-
form led to a reduction in cavitation activity, and the decrease in
cavitation damage was reported as a result for these applications
in the literature [164]-[167].

The cavitation phenomenon is in a close association with
SWL in the processes of formation and collapse of cavitation
bubbles. While the acoustic aspect of the lithotripsy induces the
cavitation bubbles, cavitation bubbles and clouds dramatically
influence the lithotripsy treatment and the pressure distribution
in the focal region of the SWL. The collapse of the cavitation
bubbles, distance between the applied laser and the targeted
stone, the topology of the targeted stone sample are the most
significant parameters, which were considered in the literature
to control the cavitation phenomenon. Chilibon et al. [168] in-
vestigated the effect of cavitation in SWL focusing on urinary
calculi fragmentation. They claimed that the acoustic term of the
lithotripter had a significant effect on inducing cavitation bub-
bles to target the stone in SWL. Ikeda er al. [169] investigated
cavitation cloud and its effect on the pressure field. They discov-
ered that the control of cavitation collapse had a big potential in
the lithotripsy treatment. They suggested that since the cavita-
tion cloud was the most destructive feature, it had the capability
to concentrate intensive pressure fields in the case of acoustically
induced collapse of the bubbles (see Fig. 2). It was extensively
reported in the literature that the collapse due to cloud cavitation
might generate local pressures having a more dominant effect
than initial waves [170]-[173]. Yoshizawa et al. [174] investi-
gated the effect of the cloud cavitation on HIFU. The energy
released from the cavitation bubble collapse induced by acous-
tic field has the capability of focusing very high pressures. Their
method, which included two steps, namely, high-frequency
ultrasound (15 MHz), and then, low-frequency ultrasound
(100 kHz—1 MHz) with short pulses, offered localization of
cavitating bubbles on the stone. Both of the frequencies were
applied to the stone surface. However, the second one induced
cavitation cloud collapse by generating an oscillating field in the
cavitation bubbles and led to powerful shock waves interior the
cloud. Thus, the bubbles in the vicinity of the center of the cloud
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collapsed, and a high-pressure field was generated, which re-
sulted in fragmentation of the stone. Johnsen et al. [175] con-
centrated on the bubble collapse effect on stone comminution.
The collapse of shock induced, Rayleigh, and free-field cavita-
tion bubbles led to contributions to stone fragmentation. They
recorded high pressures at the stone due to shock-induced col-
lapse and observed a jet near the solid surface due to the collapse
of Rayleigh and free-field cavitation bubble.

The collapse of the shock-induced cavitation bubbles and
their contributions to SWL were extensively reported [176]—
[179]. Johnsen et al. [180] founded that shock-induced collapse
of air bubbles had a considerable effect on damaging the stone in
SWL. Their numerical results were in a good agreement with ex-
perimental observations. They showed that bubble collapse near
the rigid wall raised the wall pressure (wall pressure determines
the damaging power of cavitation bubble collapse), and affected
the stand-off distances in kidney stone erosion. Ultrasound cav-
itation effects are enhanced with delayed second shock waves.
Therefore, the importance of intensifying the effect of cavitation
collapse is of great interest in this field. Pishchalnikov et al. [181]
considered cavitation control as an important mechanism in the
SWL. The formation of single bubbles resulted in clusters in
proximal locations and sides of the stones, and the collapse of
each cluster led to erosion and also helped the crack growth.
Pishchalnikov et al. [182] also proved that stone comminution
was more pronounced with a slow rate shock wave lithotripter.
They used a U-30 stone with an electrohydraulic lithotripter
and showed that the bubble nuclei generated from the stone in-
teracted with later shock waves for the fast rate of SWL. Bubble
growth extracted the energy from the negative pressure field of
the shock wave during the delivery of subsequent shock waves.

Another significant issue in the relation between cavitation
phenomenon and SWL is the distance between the probe and the
targeted area. Fuh ef al. [183] studied the effect of the distance
of laser fiber to stone on the ultrasound cavitation. They stud-
ied the effect of the laser fiber proximity on the fragmentation
of the stone and examined the distance between the laser fiber
and stone target in order to study cavitation bubble behavior.
The diameter of cavitation bubbles was increased at larger dis-
tances between the stone and fiber. The effect of the collapse
of reflected bubbles on rigid bodies was investigated by Calvisi
et al. [184]. They developed a boundary integral method to
study the effect of nonspherical collapse of bubbles influenced
by SWL on the near rigid body. They found that the bubble-wall
distance had a dramatic effect on dynamics of bubbles collapse
in the case of reflection. The results were independent of initial
radius of the bubbles. Iloreta er al. [185] focused on the effect
of the stone topology on cavitation bubbles. They studied bub-
ble dynamics and found that the stone had a strong effect on
bubbles when they were in close distance, and this effect was
negligible when the bubble was far away from the stone. Smith
et al. [186] also performed several in vitro experiments at the
acoustic field of electromagnetic SWL with different fluids in
order to determine the role of cavitation. Their results revealed
that the type of the stone (hard or soft) changed the thresholds
in average peak pressures. Selected studies on the effect of the
cavitation on SWL are gathered in Table III.

TABLE IlI
CAVITATION CONTRIBUTION IN SWL

Strategy Outcome Cavitation Reference
Contribution
Cavitation Even small bubbles affect Gas bubbles Williams et al.
observation in the the lysis of red blood cells [153] [162]
interface
Degassed water and 89% and 22% Ultrasound Zhu et al.
castor oil usage in fragmentations in kidney cavitation [137] [147]
disintegration of stones after 200 shocks in
renal calculi in SWL  degassed water and castor
oil, respectively
Cavitation collapse The capability of cavitation — Cavitation Tkeda
control in lithotripsy cloud to concentrate cloud and etal. [169]
treatment intensive pressure fields. cluster Pishchalnikov
Crack growth in the case of  collapse etal [181]
cluster collapse
Effect of focusing on ~ Wall pressure increase and Collapse of air Johnsen
shock- induce variation in stand-off bubbles et al. [180]
collapse of air distances in presence of
bubbles on stone near wall collapse
damage
Cloud cavitation Very high pressures Cloud Yoshizawa
effect on (HIFU concentration due to energy  cavitation and etal. [174]
released from cavitation collapse

collapse

4) Recent Techniques in SWL to Increase the Stone
Fragmentation and Decrease the Tissue Damage:
Several attempts were made to improve kidney stone comminu-
tion. Although it is important to facilitate stone comminution,
tissue injury must be prevented in SWL. Some experiments
and studies were performed to augment stone fragmentation
and to prevent tissue damage at the same time [187], [188].
Zhou et al. [189] demonstrated that energy released from the
lithotriper in a step-wise way assisted the treatment and yielded
better results in stone fragmentation. Loske et al. [190] in a new
method utilized biofocal and standard ellipsoidal reflectors and
concluded that their setup for treatment of the kidney stone had
a better performance in breaking up kidney stones while reduc-
ing the tissue damage. Zhu et al. [191] used an acoustic diode to
examine the reduction in tissue injury, while the stone comminu-
tion was still taking place. They showed that employing acoustic
diode decreased the maximum compressive pressure, maximum
tensile pressure, and tensile duration of the lithotripter shock.
The tissue injury was significantly reduced after the shock. In the
study of Shrivastava et al. [140], cavitation bubbles generated
from the SWL were capable to quickly collapse with high per-
formance in lithotripters. Increasing the voltage value in ESWL
was thus an effective method to improve the treatment with
SWL. Maloney et al. [192] applied an increasing output voltage
for the SWL instead of constant or decreasing output voltage.
They proposed a low-valued shock wave to prevent the renal and
tissue injury and showed that progressive increase in the SWL
voltage led to more stone fragmentation than that for the constant
and decreasing output voltage cases. Bhojani et al. [193] opti-
mized the treatment parameters and showed that power ramping
with a short pause can improve the stone fragmentation and in-
crease the treatment safety. Moreover, they claimed that bigger
area for the focal field is crucial for the reduction of the renal
tissue injury. Meanwhile, Handa et al. [194] showed that there
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is no need for a pause in the shock wave propagation after the
initial wave in order to achieve a better fragmentation and re-
duced tissue injury. They stated that the SWL depends on its
acoustic and temporal properties, so may differ from lithotripter
to another one. Ikeda et al. [195] attempted to develop a method
on the base of HIFU in order to increase the fragmentation rate
of the kidney stone. By controlling the cavitation activity in
step-wise manner, the effect of the collapse of the generated
bubbles would be utilized in the SWL process.

Eisenmenger [196] proposed a new method to study the frag-
mentation of kidney stones. His suggested technique called
as circumferential quasistatic compression or “squeezing” in-
cluded evanescent waves and initial cleavage surfaces on the
basis of the direction of propagated waves. Artificial stones have
been used in many studies to imitate natural stones [197]-[203].
McAteer et al. [204] used artificial stones (Ultracal-30 gypsum)
to simulate SWL. They concluded that the results showed simi-
lar shock wave rates compared to the studies with real samples.
Both in vitro and in vivo studies showed that the low rate of SWL
transition resulted in an enhancement in the stone fragmenta-
tion [198], [205], [206]. Pishchalnikov et al. [207] observed that
the low value of the shock wave transition resulted in more stone
fragmentation, and cavitation occurring on the path to the stone
had a great impact on stone fragmentation. They also investi-
gated the effect of firing rate on SWL [208]. They found that
the efficiency of SWL in stone fragmentation decreased with
firing rate. They claimed that while negative pressure field was
intensified by increasing the firing rate, the positive pressure
component remained constant. Their results also indicated that
stimulation of cavitation bubbles resulted in a decrease in the
efficiency of SWL.

The use of piezoelectric arrays is another important method
in this field. Fernandez er al. [209] studied the effect of pres-
ence of the fluid on SWL. They focused on stone comminution
when a fluid-filled expansion chamber was used in standard and
tandem SWL. They found that water covering the stone had
a great impact on stone fragmentation in the case of tandem
SWL, which was produced using a piezoelectric lithotripter. A
recent enhancement method in shock wave, lithoclast, was im-
plemented in the treatment of renal calculi [210]. This method
considerably reduced side damage on the tissues using a min-
imal surgery and included a unit control, a hand piece, and a
set of metallic probes. In this method, the pneumatic lithotripter
(lithoclast) and a second ultrasound lithotripter operated at the
same time with the aid of a control unit. This method has the
potential of being used in capillary deterioration, hypertension
(HTN), and other tissue damages [211]-[213]. The advantages
of using lithoclast in the treatment of the urinary stones are
less operation and postoperation time and the decrease in tissue
damage [214]-[220]. Turk et al. [221] assessed the efficiency
of the urolithiasis diagnosis and conservative management in
a study according to EUA guidelines. To detect the renal and
ureteral calculi low-dose computed tomography (CT) was im-
plemented. Low-dose CT contributed to rapid diagnosis. They
showed that medical expulsive therapy is a suitable choice for
stone expulsion. Table IV includes important attempts in the
improvement of the SWL.

TABLE IV
SUMMARY OF STUDIES ON ATTEMPTS FOR IMPROVEMENT IN SWL

Purpose

Method

Outcome

Reference

Investigation on

Reducing the rate of

60 shocks per minute

Pace et al. [69]

the shock wave shock wave for less results in better Madbouly
frequency than 120 shock waves fragmentation with etal [129]
reduction to per min treatment time Kato
increase the reduction et al. [130]
SWL safety Paterson [198]
Utilizing the Characterization of Enhancement of stone Shrivastava
energy released bubble’s collapse to fragmentation and et al. [140]
from cavitation study the effect of the prevention of tissue
collapse in stone  ultrasound cavitation in  injury
fragmentation SWL process
Improving the Employing acoustic Significant reduction in Zhou
impact of diode tissue injury etal [189]
cavitation on accompanying stone
stone fragmentation raise
comminution
To quantitatively ~ Circumferential Enhancement in Eisenmenger
validate the quasistatic Fragmentation of [196]
binary compression or kidney stones-
fragmentation by ~ “squeezing” Observation of first
quasistatic cleavage surfaces
squeezing parallel or

perpendicular to the

wave bombardment
Enhancing the Increasing the wave Raising the shocks Weir
stone frequency with the aid quantity applied on et al. [205]
fragmentation of spark-gap lithotrip target by increasing the
with altering the shock wave frequency
shock wave from 60 to 117 per
frequency minute
Assessment of Piezoelectric arrays Beside the fluid-filled Fernandez
the significance usage to produce chamber, tandem shock et al. [209]
of chamber filled  tandem shock wave wave is necessary for
with water on the the successful
fragmentation fragmentation
ratio
Introducing an Lithoclast use in SWL Less operation and Schulze
alternative for post- operation time etal [214]
standard Denstedt
endoscopic et al. [215]
lithotriptors
Investigation on using the hands-free in ~ Enhancing the Kuo
the efficiency of vitro testing system to penetration time with et al. [216]
the lithoclast evaluate the stone raising the pneumatic

fragmentation frequency or ultrasonic

power
Study on the ultrasound and Significant Haupt
combination of pneumatic lithotripsy enhancement in the etal. [219]
ultrasound and efficiency of the
pneumatic combined system and
lithotripsy reduction in the

treatment time
Introducing a Using lithoclast and Acceptable Hofmann
new lithotripter ultrasound device to fragmentation ratio in et al. [220]

to increase the
fragmentation
ratio

produce the new
generation lithotripter

spite of the various
composition of the
stone

5) Numerical Studies on SWL Treatment: The pro-
cess of SWL and formation and collapse of cavitation bub-
bles occur within few seconds. Computer modeling was per-
formed to simulate such processes [222], [223]. Simulations
of lithotripters were widely considered with the emergence of
advanced computational methods especially for homogeneous
fluids [224], [225].

In addition to experimental investigations, the collapse of
cloud cavitation was taken into account from a numerical point
of view in the literature [226]. Bubble formation as a first step
of the cavitation phenomenon was mostly considered using
the Reyleigh—Plesset equation in the literature [227]. Mihradi
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et al. [228] utilized the continuous finite-element method, and
numerically studied the pulse duration of ESWL under the ef-
fect of stress elds. They assessed the effect of the pulse duration
and also acoustic field on stress evolution inside the stone and
reported their significant effect on the location of maxima of
the reflected tensile stresses. The interaction between cavitation
bubbles and pressure pulse in stone fragmentation was taken
into account in some studies. Klaseboer et al. [229] numerically
studied the dynamic interaction of the generated pressure pulse
with oscillating cavitation bubbles near the stone. They showed
that medium size bubbles led to better collapse with the largest
jet impingement, while the duration of the collapse was almost
equal to the shock wave compressive pulse period. Their re-
sults illustrated that the interaction between pressure pulse and
cavitation bubbles caused stone fragmentation. They also inves-
tigated the interaction between a single bubble and shock wave
lithotripter. Their computational study confirmed that medium-
sized bubbles resulted in a severe collapse and high jet velocity,
when the collapse time was approximately equal to the shock
wave compressive pulse period.

Tham et al. [230] numerically studied modified SWL and
showed that both modified and conventional shock waves for
direct stress waves resulted in a similar effect on stone fragmen-
tation. Their modification included the bubble collapse intensi-
fication using modified single and secondary shock wave pulses.
They found that a small period of tandem pulses produced better
stone fragmentation than the single pulse lithotripsy. Weinberg
etal. [231] performed 2-D and 3-D simulations of kidney stones
exposed to SWL. They modeled oscillating cavitation bubbles
and studied their effects on the distribution of shock waves on the
stone. Pressure field generated by shock wave impulse played a
significant role in stone fragmentation at first steps.

The effect of the microjet produced with cavitation bub-
ble collapse on the tissue injury was also considered. Freund
et al. [232] numerically studied the interaction between the
produced jet generated by bubble collapse and viscous fluid to
measure its effect on tissue injury, while SWL was implemented.
They found that the bubbly liquid jet formed after the collapse
of the cavitation bubbles was not able to penetrate to simulated
viscous fluid having the same property as the tissue. They also
showed that larger tissue viscosity significantly decreased pen-
etration length of the jet into the tissue. Jamaloddin et al. [233]
studied far-field acoustic emission generated by cavitation col-
lapse. They numerically estimated far-field acoustic emissions
using the Kirchhoff and Fowcs William—Hawkings (FW-H) for-
mulations. Their method had the capability of extracting far-field
emissions characteristics observed in clinical treatment. Coralic
et al. [234] employed a high-order finite-volume scheme to
simulate cavitation bubbles exposed to SWL and studied the
behavior of the already existing bubbles in a deformable ves-
sel. Their results showed that pressure and deformation had the
highest magnitude for the largest volumetric restriction of the
bubbles. Duryea et al. [235] focused on behavior of the remnant
cavitation bubbles, which affected shock waves at high rates.
They developed a model to remove the persistent bubbles by
employing a low-frequency acoustic pulse in order to influence
their coalescence. They observed that stone fragmentation was

accelerated, when the remnant bubbles were successfully re-
moved at higher rates. This was also in agreement with the
reduction of bubble excitation captured with optical measure-
ments. Another topic attracting the scientific community is reso-
nant scattering modeling. Owen et al. [236] numerically studied
the capability of resonant scattering in SWL to identify the dif-
ference between the unscathed and fragmented stones. They
proved that it was possible to measure the fracture of the stone
using frequency analysis.

6) Acoustic Effect of SWL: The acoustic effect of the
SWL is significant in fragmentation of urinary stones. There are
several parameters influencing acoustic field of SWL, namely,
energy density and far-field emission. Detection of cavitation
phenomenon as a crucial source of acoustic effect is of great
importance [237]. Cleveland [238] investigated the acoustic field
of waves generated with SWL. He focused on the effect of
physical phenomena on SWL such as sound, distortion, and
diffraction. His results illustrated that high rate of shock waves
clogged the subsequent wave propagation.

Leighton et al. [239] developed a passive device that could
measure acoustic signals spread from the targeted body after
SWL. Their device had the capability of predicting the stone
location and the efficacy of SWL. The device also delivered a
real-time feedback of the effectiveness of each shock to the op-
erator. They could monitor the progress of stone fragmentation
under the effect of acoustic cavitation. Loske et al. [240] stud-
ied energy density and its effect on stone fragmentation. In their
study, the most significant parameter in stone fragmentation
was the energy density. Leighton ef al. [241] numerically stud-
ied far-field acoustic emissions, which were generated by cav-
itation bubbles during SWL and developed the free-Lagrange
method to measure the interaction among bubbles as a func-
tion of their separation. They reported vibrational trends of the
bubble—bubble interaction with respect to those of single bub-
bles in SWL.

Alibakhshi et al. [242] fabricated piezopolymer-based hy-
drophone arrays in order to measure acoustic field in SWL.
They used such arrays to weight the effect of shot-to-shot vari-
ability of the spark discharge on generated acoustic field and
recorded its main influence on the location of the produced
acoustic field. Lu et al. [243] focused on the occurrence of the
twinkling artifact (TA) during Doppler ultrasound imaging of
kidney stones. They found that the captured random viability
among the acoustic signals produced TA, but not electronic sig-
nal capture.

B. Histotripsy

Histotripsy is considered as a unique ultrasound method for
improving the mechanical fragmentation of stones. It is an in-
vasive method to shorten the time of tissue erosion based on
ultrasound cavitation. It generates cavitation cloud with le-
sion production under the effect of high-pressure pulses. In
this method, pressure field in the low acoustic cycles induces
the cavitation cloud formation distributing the bubbles [244],
[245]. The most significant advantage of this method is offering
controllable fragmentation of the tissue in the presence of
the bubble cloud [246]-[248]. There are many studies fo-
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cusing on tissue erosion using focused ultrasound (FUS) at
high intensity [249]-[251] and short duration [252]-[257] for
prostate [258]-[263] and uterus [264], [265]. Moreover, the role
of cavitation in HIFU histotripsy was investigated in many stud-
ies and the therapeutic applications of HIFU were discussed in
the literature [266]—-[270].

Duryea et al. [271] studied the effect of histotripsy on the
erosion of urinary calculi as a pulsed FUS method in which
the cavitation activity could be controlled. They claimed that
histotripsy might be a subsidiary method for SWL. It could
accelerate stone fragmentation and could generate fine debris.
The Ultracal-30 gypsum cement was sonicated for 5 min to
investigate the efficiency of histotripsy in this study. The cav-
itation activity was observed to reveal the interaction between
the model damage and histotripsy. The real time via B-mode ul-
trasound imaging was used to identify the ultrasound effect on
stone fragmentation (see Fig. 3). Duerya et al. [272] also studied
the significance of the presence of cavitation phenomenon from
a point of view of histotripsy. They found that stone fragmenta-
tion was increased due to cavitation collapse, when histotripsy
controlled cavitation was present after SWL. Fragmentation of
the stone exposed to SWL was accelerated, when controlled cav-
itation was present before SWL. Wang et al. [273] considered
histotripsy as a potential method to generate cavitation seeds
and tried to remove the cavitation memory in order to establish
a method to fragment the stone with fewer pulses. They im-
plemented this approach by removing the cavitation memory in
a way that the consecutive pulses were augmented. The stone
communition was increased, when cavitation memory removal
was successfully performed. The same authors also developed
a method in focal region in order to generate more lesions in
pulsed cavitation ultrasound therapy or histotripsy [274].

Schade et al. [275] carried out a study on capability of his-
totripsy in prostatic urethra homogenization and focused on the
pulse number and PRF. They recorded an increasing rate for
ureteral disintegration, while the histotripsy PRF was gradually
increased at a constant dose of pulse rate. Roberts et al. [276]

TABLE V
SUMMARY OF STUDIES ON HYDRODYNAMIC CAVITATION IN BIOMEDICAL
APPLICATIONS

Method Target Effect Reference
Rayleigh-type Soft tissue made of Preventation of Palanker
hydrodynamic CAM tissue damage using et al. [280]
simulation of concave endoprobes

interaction between

bubbles and tissue

Bubbly cavitating Kidney chalk Significant reduction Kosar
flow effect on cell specimens and in cell livability etal. [282]
cultures cancerous cells. Hydrodynamic

cavitation

exposure on

target area
Considerable erosion  Perk ef al. [283]
rate in an optimum
probe- specimen
distance
Hydrodynamic
cavitation as an
alternative to
ultrasound cavitation
in treatments

Hydrodynamic
cavitation exposure
on target area

Kidney stone
samples

Prostate cells and
BPH tissue

Hydrodynamic
cavitation exposure
on target area

Itah et al. [284]

involving BPH

tissues.
Hydrodynamic Lysozyme structure No irreversible effect Turkoz
cavitation exposure No deactivation et al. [285]

on target area

investigated the effect of histotripsy after the treatment from a
local and systematic point of view. Their in vivo experiments
were performed on ten male dogs. The after treatment behavior
was investigated using transrectal ultrasound. The histotripsy
generated prostate debulking in all experiments. Lin ef al. [277]
studied histotripsy from a different aspect and measured the peak
negative pressure for a high amount of cavitation cloud. They
considered a dense cavitation cloud induced by supra-intrinsic
threshold pulses and concluded that the generated lesion in-
creased under the effect of increasing peak negative pressure.

IV. ALTERNATIVE FOR ULTRASOUND CAVITATION:
HYDRODYNAMIC CAVITATION

While hydrodynamic cavitation has been extensively studied
in applications involving hydromachinery, potential biomedical
applications were recently considered as an emerging research
area particularly in microscale. Although ultrasound cavitation
is very popular in disease therapeutics, side effects caused by
ultrasound cavitation motivated researchers to seek for differ-
ent, local, and efficient methods, such as hydrodynamic cav-
itation (see Table V). In a very early study, Rooney [278],
[279] founded that hydrodynamic cavitation had the capability
of generating high-intensity jet flows, which could be used in
order to fragment stone and damage the tissues. Then, Palanker
et al. [280] used a 2-D Rayleigh-type hydrodynamic simulation
in order to study the interaction between a jet containing bub-
bles and a soft tissue made of chorioallantoic membrane (CAM).
They tried to avoid generating cavitation bubbles, which might
cause considerable damage to tissues using concave endoprobes.
Their results were obtained under the condition of a maximum
velocity of 80 m/s and tissue distance up to 1.4 mm. They indi-
cated that concave endoprobes could be used to prevent tissue
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damage by slowing down the bubble back boundary diffusion.
Toytman et al. [281] investigated hydrodynamic interactions
among simultaneous cavitation bubbles originating from multi-
ple laser foci, which are widely used in ophthalmologic surgery.
If multiple cavitation bubbles were produced at once, with a
target tissue trapped between them, cutting efficiency was en-
hanced. Focusing problem by a series of pulses could be solved.

Different from previous studies, experimental setup that was
used in the study of Kosar et al. [282] did not include any
moving part, and their experiments were carried out at various
inlet pressures while visualizing bubbly cavitating flow patterns
(see Fig. 4). The authors studied the impact of released bubbles
on kidney chalk specimens and two different leukemia cells.
On chalk specimens, they observed that the penetration in the
chalk medium increased with time. The distance between the
microprobe and the specimen was an important parameter. The
penetration depth was larger for closer distances due to stronger
bubble specimen surface interactions. The interaction between
emerging bubbles (from the microprobe) and the chalk surface
caused significant erosion and created rough local spots on the
surface leading to augmented roughness on chalk surfaces. The
findings implied that the erosion resulting from the exposure
to bubbly cavitation was produced by micrometer-size bubbles
rather than the shear effect of the liquid flow. Moreover, the
authors measured the size of the eroded stone debris and max-
imum debris size was found to be 50 pm. On the other hand,
the data of Kosar et al. [282] with leukemia cells showed that
after bubbly cavitation exposure cancer cells died as a result
of two different mechanisms: 1) first effect was seen shortly
after exposure in which most of the cells lost their membrane
integrity and 2) second effect was the late effect on cell survival.
Although the short-term effects of cavitation caused a form of
cell injury following with premature cell death due to the me-
chanical forces of cavitation, the late effects might be controlled
by a programmed cell-death mechanism.

As an extended study, Perk er al. [283] assessed the capabil-
ity and applicability of the hydrodynamic cavitation method for
kidney stone treatment utilizing 18 kidney stone samples made
of calcium oxalate. The authors used phosphate buffered saline
(PBS) solution as the working fluid. At a cavitation number of
0.017 and a probe to specimen distance of 1 mm, their exper-
iments resulted in an erosion rate of 0.31 mg/min. By using a
similar experimental design in the study of Itah et al. [284],
the authors investigated the destructive effects of hydrodynamic
cavitation on prostate cancer cells and benign prostatic hyper-
plasia (BPH) tissues as well [284]. Here, the detailed molecular
mechanisms hydrodynamic cavitation effect were also analyzed
using prostate cancer cells. The microorifice was a polyether
ether ketone with an inner diameter of 147 pm, while the pres-
sure at the inlet was varied from 50 to 150 psi for cell culture
experiments, and the physiological solution was PBS. The re-
sults on prostate cancer cells PC-3 and DU-145 exposed to hy-
drodynamic cavitation showed the destructive effect of bubbly
cavitation in a pressure- and time-dependent manner. There was
a further increase in dead cells after 24 h since the cavitation
exposure. There was no evidence of the activation of apop-
totic programmed cell death, shown by the analysis of nuclear
changes, caspase activation, PARP cleavage, sub-G1 fraction
cells, and DNA laddering. Additionally, activation of other type
of programmed cell death, autophagy, was also not observed.
These results indicated that hydrodynamic cavitation damaged
prostate cancer cells instantly and pulverized cells upon expo-
sure. Moreover, the authors proved significant damage and pene-
trating effect of hydrodynamic cavitation to exposed BPH tissue
specimen compared to the noncavitating conditions, which sug-
gests that hydrodynamic cavitation could be a viable alternative
in BPH tissue treatment. Similar experimental setup was used
to show the effect of hydrodynamic cavitation on protein struc-
ture [285]. In this study, the authors had chosen Hen egg-white
lysozyme as a protein model. Via biochemical and biophysi-
cal methods, they found that hydrodynamic cavitation had no
significant effect on lysozyme structure and function. The au-
thors revealed a reversible change of hydrodynamic diameter
and bioactivity outside the cavitation regime. Their results sug-
gested that side effects of the application due to local protein
damage is expected to be minimal. Studies on hydrodynamic
cavitation in biomedical treatment are summarized in Table V.

V. SIDE EFFECTS AND LIMITATIONS IN BIOMEDICAL USE OF
ULTRASOUND AND HYDRODYNAMIC CAVITATION

Ultrasound cavitation treatment of cells or tissues was re-
ported to have several side effects in various systems. At a
cellular level, cell death either resulting in instant cell ly-
sis or in the induction of programmed cell death is the main
outcome of ultrasonic cavitation treatment. Cell membrane
disruption followed by induction of apoptotic cell death was
detected after administration of low-intensity ultrasound cavi-
tation in leukemic cells [286]—[288]. Similarly, in vitro applica-
tion of high-frequency ultrasound has also been shown to lead
to irreversible cellular damage via apoptotic programmed cell
death [289]. Activation of programmed cell-death mechanism
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by ultrasonic cavitation was revealed in various human [290],
[291] and murine [292] cancer cells.

In addition to cellular damage, the cavitation phenomenon
induced by shock waves caused serious injuries in organs of the
body. Brujan [293] reviewed the effects of cavitation bubbles in
the cardiovascular application of ultrasound and laser surgery
as well as the effects of cavitation in mechanical heart valves.
He indicated that the interaction between cavitation bubbles
and tissue during pulsed laser surgery caused damage to sur-
rounding tissues. The author also emphasized on the effects of
bubbles collapse resulting in the generation of shock waves,
high-velocity liquid jets, free radical species, and strong shear
forces, which might damage the nearby tissues during cardio-
vascular application of ultrasonic cavitation.

Although the most commonly used technique, SWL, has a
good success rate for kidney stone treatment in adults [294]-
[296], there are many studies reporting the side effects of SWL.
Its destructive effects result in intensification of stone malady
due to several shock wave lithotripsies [297]-[300], HTN in-
ception [301], [302], tissue injury [303], [304], hematoma for-
mation [305], [306], scar formation [307]-[310], diabetes [311],
nephron, and blood vessel injury [312]-[315]. Furthermore, vas-
cular damages were also observed in a wide range in in vitro
experiments [316]. Denburg et al. [317] tried to evaluate the oc-
currence rate of arterial HTN and/or chronic kidney disease dur-
ing the ESWL and ureteroscopy treatment on the patients with
urolithiasis. They showed that a particular case with urolithi-
asis has a risk ratio for HTN in comparison to cases without
urolithiasis.

Recker et al. [318] investigated vulnerable parts of the body
exposed to the effects of shock waves and found that critical
intrarenal hematomas were one of the most serious harmful out-
comes. Shock waves indirectly stimulated the sciatic nerves, and
its consequences were studied by Schelling et al. [319]. They
found that cavitation caused significant pain during ESWL. In-
duced shear stress [320] and hydrostatic tension [321] were
considered as factors affecting kidney injury in prefocal region.
Howard et al. [322] demonstrated in an in vitro study that bub-
ble collapse had the ability to devastate thin membranes. Their
results showed that the energy of implosion of bubbles pro-
duced heat-induced free radicals, which could damage nearby
cells and tissues. Al-Awadi et al. [323] studied the effect of the
antioxidation on renal injury. They performed a clinical study
to determine how antioxidants could decrease short-term dam-
age of the SWL treatment. Their experiments focused on three
groups of patients: patients not taking any antioxidants (con-
trol group) and the other two groups taking different amounts
of antioxidants capsules, “Nature Made R.” Blood and urine
samples were gathered during various periods before and after
ESWL. The serum albumin amount measured in the group tak-
ing antioxidants was higher in comparison to the control group.
Their results proved that free radicals were produced during
treatment, and antioxidants reduced renal injury in blood gen-
erated after ESWL administration. Aksoy et al. [324] focused
on the effect of SWL on plasma and malondialdehyde (MDA)
concentrations and found that this method led to disruption in
the renal capillary, which led to renal ischemia-reperfusion (I/R)

TABLE VI

SUMMARY OF STUDIES ON SWL SIDE EFFECTS

Observation

Side Effects
Considered

Reference

In vitro experiments

Renal function observation
under SWL

In vitro functional outcome of

ESWL

Renal calculi observation
under SWL

Renal and proximal ureteral
stones under SWL
In vitro observation of renal
calculi under SWL

In vitro experiments
Vulnerable organs
observation under SWL

Sciatic nerves exposure to
SWL

Prefocal region observation in

SWL

HTN inception
Tissue injury

Hematoma formation

Scar formation

Diabetes

Nephron and blood
vessel injury
Vascular defects
Intrarenal hematomas

Sciatic nerves

Hydrostatic tension
and shear stress

Janetschek er al. [301]
Barbosa er al. [302]
Connors et al. [303]
Deng et al. [304]

Fainas et al. [305]
Krishnamurthi

et al. [306]

Morris et al. [307] Koga
et al. [308] Lechevallier
et al. [309] Newman
etal. [310]

Krambeck et al. [311]

McAteer et al. [312]
Handa et al. [313] Evan
et al. [314] Brewer
etal. [315]

Shao et al. [316]
Recker et al. [318]

Schelling et al. [319]
Sturtevant et al. [320]

Bailey et al. [164] Zhong
etal. [321]

Plasma and malondialdehyde Renal Aksoy et al. [324]
(MDA) concentrations ischemia-reperfusion
observation under SWL (I/R) injury.

TABLE VI

MECHANISMS OF STONE FRAGMENTATION IN SWL

Mechanism

Advantage and

Disadvantage

Implementation

Reference

Tear and shear
forces

Quasi-static
Squeezing
Dynamic

Squeezing

Cavitation

Spallation

Restricted to small
area target
observation

Restricted to large
area target
observation

High accuracy in
numerical simulation
analysis

Privilege in stone
fragmentation and
shock wave exposure

Restricted to small
area target
observation

Occurrence of pressure
drop and front and
distal surface pressure
variation

Occurrence of pressure
gradient in squeezing
of the stone

Squeezing waves effect
on the shear waves
generated at the stone
corner

Pressure drop
occurrence in low
static pressure and
negative pressure wave
generation

High tension level
generation at distal
surface of the stone

Chaussy [43]

Eisenmenger [196]

Sapozhnikov
et al. [88]

Crum [108]

Zhong et al. [117]

injury. They also claimed that erythrocyte glucose-6-phosphate
dehydrogenase and its catalystic function were considerably
reduced one hour after SWL treatment in comparison to the ini-
tial values. Clark ef al. [325] reported that the pretreatment of
low-energy SWL in kidney stone treatment could considerably
decrease the renal oxidative stress generated by SWL and also
inflammation prior to the actual high-energy shock wave. Benyi
et al. [326] proposed a method, in which a randomized investi-
gation was applied to several patients, and a calcium antagonist
(nifedipine) and also a xanthine oxidase inhibitor (allopurinal)
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were examined on high-energy renal function. They tried to re-
duce renal damage induced by SWL and found that calcium
antagonist could affect the urine rate of albumin in patients
exposed to SWL.

Despite the increasing potential of hydrodynamic cavitation,
its clinical application has also some limitations. In vivo ap-
plications might only be possible through the integration of a
cavitation tube system into an endoscopy device. This system
may require a flow tube in order to generate negative pressure,
and the treatment could only be performed in tissues, where the
tip of the device can be positioned. Precise manipulation of the
endoscopic probe in the body is another critical point. The en-
doscopy device should allow the application of hydrodynamic
cavitation in a localized and targeted manner. Table VI summa-
rizes SWL side effects reported in the literature, while impor-
tant mechanisms of stone fragmentation in SWL are gathered
in Table VIL

VI. CONCLUDING REMARKS

In this review, the advances in ultrasonic and hydrodynamic
cavitation and their biomedical applications were discussed.
Studies from the earliest steps to very recent investigations were
included so that a comprehensive review was provided. SWL,
tandem, and secondary shock wave were considered, and the
most significant findings focusing on these topics were pre-
sented in detail. Since the pressure field occupies a very vital
area in the ultrasound cavitation and has a significant parameter
in the SWL method, it was taken into account in detail. Al-
though most of the investigations regarding ESWL were carried
out experimentally, numerical studies were also considered in
order to add a numerical perspective to the review. Historipsy
and hydrodynamic cavitation, which have been recently imple-
mented as alternatives, were other important subsections of the
review.

The data in the literature emphasize on the importance of
cavitation phenomenon generated by both ultrasonic and hy-
drodynamic sources and its potential applications in biomedical
sciences. Today, the clinical use and efficacy of ultrasound cav-
itation are well established, particularly in urinary stones treat-
ment. Alternatively, hydrodynamic cavitation has been recently
considered as an emerging research area in biomedical applica-
tions, and its efficacy on cell disruption, water disinfection, and
urinary stones treatment is proven in in vitro studies. However, as
discussed previously, in vivo implementation of hydrodynamic
cavitation has some limitations, and its clinical use is still not
available. Therefore, further investigations are needed to better
characterize the physical properties, bubble dynamics, and the
effects of bubble collapse on tissue or organ system. More pre-
cise definition of optimum surgical conditions in hydrodynamic
cavitation procedure is required for preventing undesirable con-
sequences. On top of all these, hydrodynamic cavitation should
also be tested in other areas such as drug delivery or diagnosis
to reveal full potential of this technique. Overall, it is likely
that hydrodynamic cavitation offers a substantial promise for
biomedical applications.

[1]

[2]
[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

REFERENCES

J. J. Escobar-Chavez, I. M. Rodriguez-Cruz, and C. L. Dominguez-
Delgado, Chemical and Physical Enhancers for Transdermal Drug De-
livery, Rijeka, Croatia: INTECH Open Access Publisher, 2012. [Online].
Available: http://www.intechopen.com/books/pharmacology/chemical-
and-physical-enhancers-for-transdermal-drug-delivery

D. Dalecki, “Mechanical bioeffects of ultrasound,” Annu. Rev. Biomed.
Eng., vol. 6, pp. 229-248, 2004.

K. Ferrara, “Driving delivery vehicles with ultrasound,” Adv. Drug Del.
Rev., vol. 60, no. 10, pp. 1097-1102, 2008.

M. Okita, J. Nakano, H. Kataoka, J. Sakamoto, T. Origuchi, and
T. Yoshimura, “Effects of therapeutic ultrasound on joint mobility and
collagen fibril arrangement in the endomysium of immobilized rat
soleus muscle,” Ultrasound Med. Biol., vol. 35, no. 2, pp. 237-244,
2009.

A. Bonde, V. Tischler, S. Kumar, A. Soltermann, and R. Schwendener,
“Intratumoral macrophages contribute to epithelial-mesenchymal transi-
tion in solid tumors,” BMC Cancer, vol. 12, no. 1, 35, 2012.

S. Dromi et al., “Pulsed-high intensity focused ultrasound and low
temperature—sensitive liposomes for enhanced targeted drug delivery
and antitumor effect,” Clin. Cancer Res., vol. 13, no. 9, pp. 2722-2727,
2007.

C.C.Coussios and R. A. Roy, “Applications of acoustics and cavitation to
noninvasive therapy and drug delivery,” Annu. Rev. Fluid Mech., vol. 40,
pp. 395-420, 2008.

P. Dayton, A. Klibanov, G. Brandenburger, and K. Ferrara, “Acoustic
radiation force in vivo: A mechanism to assist targeting of microbubbles,”
Ultrasound Med. Biol., vol. 25, no. 8, pp. 1195-1201, 1999.

K. D. Watson et al., “Ultrasound increases nanoparticle delivery by re-
ducing intratumoral pressure and increasing transport in epithelial and
epithelial-mesenchymal transition tumors,” Cancer Res., vol. 72, no. 6,
pp. 1485-1493,2012.

C. Yeh, “Ultrasound microbubble contrast agents for diagnostic and ther-
apeutic applications: Current status and future design,” Chang Gung
Med. J., vol. 35, no. 2, pp. 125-139, 2012.

E. P. Stride and C. C. Coussios, “Cavitation and contrast: The use of
bubbles in ultrasound imaging and therapy,” Proc. Institution Mech.
Eng., H, J. Eng. Med., vol. 224, no. 2, pp. 171-191, 2010.

A. van Wamel, A. Bouakaz, B. Bernard, F. ten Cate, and N. de Jong,
“Radionuclide tumour therapy with ultrasound contrast microbubbles,”
Ultrasonics, vol. 42, no. 1, pp. 903-906, 2004.

N. Rapoport, Z. Gao, and A. Kennedy, “Multifunctional nanoparticles
for combining ultrasonic tumor imaging and targeted chemotherapy,”
J. Nat. Cancer Instit., vol. 99, no. 14, pp. 1095-1106, 2007.

A. L. Klibanov, T. I. Shevchenko, B. I. Raju, R. Seip, and C. T. Chin,
“Ultrasound-triggered release of materials entrapped in microbubble—
liposome constructs: A tool for targeted drug delivery,” J. Controlled
Release, vol. 148, no. 1, pp. 13-17, 2010.

T. J. Mason, “Therapeutic ultrasound an overview,” Ultrasonics
Sonochem., vol. 18, no. 4, pp. 847-852, 2011.

M. D. Paola, F. Chiriaco, G. Soloperto, F. Conversano, and S. Casciaro,
“Echographic imaging of tumoral cells through novel nanosystems for
image diagnosis,” World J. Radiol., vol. 6, no. 7, pp. 459—470, 2014.

S. Datta et al., “Correlation of cavitation with ultrasound enhancement
of thrombolysis,” Ultrasound Med. Biol., vol. 32, no. 8, pp. 1257-1267,
2006.

E. C. Everbach and C. W. Francis, “Cavitational mechanisms in
ultrasound-accelerated thrombolysis at 1 MHz,” Ultrasound Med. Biol.,
vol. 26, no. 7, pp. 1153-1160, 2000.

P. Tho, R. Manasseh, and A. Ooi, “Cavitation microstreaming patterns in
single and multiple bubble systems,” J. Fluid Mech., vol. 576, pp. 191—
233,2007.

E. A. Brujan, T. Ikeda, and Y. Matsumoto, “Jet formation and shock
wave emission during collapse of ultrasound-induced cavitation bub-
bles and their role in the therapeutic applications of high-intensity fo-
cused ultrasound,” Phys. Med. Biol., vol. 50, no. 20, pp. 4797-809,
2005.

M. de Saint Victor, C. Crake, C. C. Coussios, and E. Stride, “Properties,
characteristics and applications of microbubbles for sonothrombolysis,”
Expert Opinion Drug Del., vol. 11, no. 2, pp. 187-209, 2014.

C. Mishra and Y. Peles, “Flow visualization of cavitating flows through a
rectangular slot micro-orifice ingrained in a microchannel,” Phys. Fluids,
vol. 17, no. 11, 113602, 2005.



GHORBANI et al.: REVIEW ON LITHOTRIPSY AND CAVITATION IN URINARY STONE THERAPY

277

[23]

[24]

[25]

[26]

[27]

[28]
[29]
[30]

[31]

[32]
[33]

[34]

[35]
[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

C. Mishraa and Y. Peles, “Size scale effects on cavitating flows through
microorifices entrenched in rectangular microchannels,” J. Microelec-
tromech. Syst., vol. 14, no. 5, pp. 987-999, 2005.

C. Mishra and Y. Peless, “An experimental investigation of hydro-
dynamic cavitation in micro-venturis,” Phys. Fluids, vol. 18, no. 10,
pp- 103603-103607, 2006.

C. Mishra and Y. Peles, “Cavitation in flow through a micro-orifice inside
asilicon microchannel,” Phys. Fluids, vol. 17,no. 1, pp. 013601-013615,
2005.

B. Schneider et al., “Cavitation enhanced heat transfer in microchannels,”
J. Heat Transfer, vol. 128, no. 12, pp. 1293-1301, 2006.

L. Rayleigh, “VIII. On the pressure developed in a liquid during the
collapse of a spherical cavity,” Philosoph. Mag., vol. 34, no. 200, pp. 94—
98, 1917.

M. S. Plesset, “The dynamics of cavitation bubbles,” J. Appl. Mech.,
vol. 16, pp. 277-282, 1949.

R. E. A. Arndt, “Cavitation in fluid machinery and hydraulic structures,”
Annu. Rev. Fluid Mech., vol. 13, no. 1, pp. 273-326, 1981.

T. Leighton, “The principles of cavitation,” in Ultrasound in Food Pro-
cessing. New York, NY, USA: Springer, 1995, p. 151.

Y. Yan and R. B. Thorpe, “Flow regime transitions due to cavitation
in the flow through an orifice,” Int. J. Multiphase Flow, vol. 16, no. 6,
pp- 1023-1045, 1990.

J. P. Tullis, “Choking and supercavitating valves,” J. Hydraulics Division,
vol. 97, no. 12, pp. 1931-1945, 1971.

J. P. Tullis and R. Govindarajan, “Cavitation and size scale effects for
orifices,” J. Hydraulics Division, vol. 99, no. 3, pp. 417-430, 1973.

F. Numachi, M. Yamabe, and R. Oba, “Cavitation effect on the discharge
coefficient of the sharp-edged orifice plate,” J. Fluids Eng., vol. 82, no. 1,
pp. 1-6, 1960.

H. Q. Li et al., “Fabrication of a high frequency piezoelectric mi-
crovalve,” Sens. Actuators A, Phys., vol. 111, no. 1, pp. 51-56, 2004.
D.J. LaserandJ. G. Santiago, “A review of micropumps,” J. Micromech.
Microeng., vol. 14, no. 6, pp. R35-R64, 2004.

W. H. Nurick, “Orifice cavitation and its effect on spray mixing,”
J. Fluids Eng., vol. 98, no. 4, pp. 681-687, 1976.

V. S. Moholkar, P. S. Kumar, and A. B. Pandit, “Hydrodynamic cavitation
for sonochemical effects,” Ultrasonics Sonochem., vol. 6, no. 1, pp. 53—
65, 1999.

L. Qin, P. Fok, H. Lu, S. Shi, Y. Leng, and K. Leung, “Low intensity
pulsed ultrasound increases the matrix hardness of the healing tissues
at bone-tendon insertiona partial patellectomy model in rabbits,” Clin.
Biomech., vol. 21, no. 4, pp. 387-394, 2006.

H. El-Mowafi and M. Mohsen, “The effect of low-intensity pulsed ul-
trasound on callus maturation in tibial distraction osteogenesis,” Int.
Orthopaedics, vol. 29, no. 2, pp. 121-124, 2005.

S. R. Angle, K. Sena, D. R. Sumner, and A. S. Virdi, “Osteogenic dif-
ferentiation of rat bone marrow stromal cells by various intensities of
low-intensity pulsed ultrasound,” Ultrasonics, vol. 51, no. 3, pp. 281—
288, 2011.

J. E. Lingeman, J. A. McAteer, E. Gnessin, and A. P. Evan, “Shock wave
lithotripsy: Advances in technology and technique,” Nature Rev. Urol.,
vol. 6, no. 12, pp. 660-670, 2009.

C. Chaussy, E. Schmidt, and D. Jocham, “Extracorporeal shock wave
lithotripsy: A new aspect in the treatment of kidney stones,” in Current
Status of Clinical Organ Transplantation. New York, NY, USA: Springer,
1984, pp. 305-317.

T. Sauerbruch et al., “Fragmentation of all stones in humans by extracor-
poreal shock-wave treatment,” in Hepatology, vol. 5, no. 5. Philadelphia,
PA, USA: WB Saunders, 1985, pp. 977-977.

S. R. Khan, R. L. Hackett, and B. Finlayson, “Morphology of urinary
stone particles resulting from ESWL treatment,” J. Urol., vol. 136, no. 6,
pp. 1367-1372, 1986.

T. Sauerbruch et al., “Fragmentation of gallstones by extracorporeal
shock waves,” New Eng. J. Med., vol. 314, no. 13, pp. 818-822,
1986.

J. P. Whelan and B. Finlayson, “An experimental model for the systematic
investigation of stone fracture by extracorporeal shock wave lithotripsy,”
J. Urol., vol. 140, no. 2, pp. 395-400, 1988.

M. Delius, W. Brendel, and G. Heine, “A mechanism of gallstone de-
struction by extracorporeal shock waves,” Naturwissenschaften, vol. 75,
no. 4, pp. 200-201, 1988.

W. Sass et al., “The mechanisms of stone disintegration by shock waves,”
Ultrasound Med. Biol., vol. 17, no. 3, pp. 239-243, 1991.

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

N. G. Holmer et al., “On the mechanism of kidney stone disintegration
by acoustic shock waves,” Ultrasound Med. Biol., vol. 17, no. 5, pp. 479—
489, 1991.

M. Thiel, M. Nieswand, and M. Dorffel, “Review: The use of shock
waves in medicine-a tool of the modern or: An overview of basic physi-
cal principles, history and research,” Minimally Invasive Therapy Allied
Technol., vol. 9, no. 3-4, pp. 247-253, 2000.

0. Wess, “Physikalische grundlagen der extrakorporalen stoBwellenther-
apie,” J. fiir Mineralstoffwechsel, vol. 11, no. 4, pp. 7-18, 2004.

A. P. Evan and L. R. Willis, “Extracorporeal shock wave lithotripsy:
Complications,” Smith’s Textbook on Endourology. Shelton, CT, USA:
PMPH-USA, 2007, pp. 353-365.

C. H. Chaussy, W. Brendel, and E. Schmiedt, “Extracorporeally induced
destruction of kidney stones by shock waves,” Lancet, vol. 316, no. 8207,
pp. 1265-1268, 1980.

K. Sanca, S. Kiipei, N. Sarica, O. Gogiis, S. Kihg, and S. Saribas,
“Long-term follow-up of renal morphology and function in children after
lithotripsy,” Urologia Internationalis, vol. 54, no. 2, pp. 95-98, 1995.
C. Chaussy and G. Fuchs, “Extracorporeal shock wave lithotripsy: The
evolution of a revolution,” Der Urologe. Ausg. A, vol. 28, no. 3, pp. 126—
129, 1989.

K. T.Perry, N. D. Smith, A. C. Weiser, H. M. User, S. D. Kundu, and R. B.
Nadler, “The efficacy and safety of synchronous bilateral extracorporeal
shock wave lithotripsy,” J. Urol., vol. 164, no. 3, pp. 644-647, 2000.

C. Chaussy and E. Schmiedt, “Shock wave treatment for stones in the
upper urinary tract,” Urologic Clin. North Amer., vol. 10, no. 4, pp. 743—
750, 1983.

K. Kerbl, J. Rehman, J. Landman, D. Lee, C. Sundaram, and R. V.
Clayman, “Current management of urolithiasis: Progress or regress?”
J. Endourol., vol. 16, no. 5, pp. 281-288, 2002.

J. J. Rassweiler et al., “Shock wave technology and application: An
update,” Eur. Urol., vol. 59, no. 5, pp. 784-796, 2011.

J. Rassweiler and P. Alken, “ESWL °90 state of the art. limita-
tions and future trends of shock-wave lithotripsy,” Urological Res.,
vol. 18, no. 1, pp. S13-S23, 1990. [Online]. Available: http://dx.doi.org/
10.1007/BF00301523

S.CD,Jr, L. JC,D. AW et al., “Comparative effectiveness of shock wave
lithotripsy and ureteroscopy for treating patients with kidney stones,”
JAMA Surg., vol. 149, no. 7, pp. 648-653, 2014. [Online]. Available:
http://dx.doi.org/10.1001/jamasurg.2014.336

H. Wu, J. Wang, J. Lu, Y. Wang, and Z. Niu, “Treatment of renal stones 20
mm with extracorporeal shock wave lithotripsy,” Urologia Int., vol. 96,
no. 6, pp. 99-105, 2016.

M. S. Pearle et al., “Prospective, randomized trial comparing shock wave
lithotripsy and ureteroscopy for lower pole caliceal calculi 1 cm or less,”
J. Urol., vol. 173, no. 6, pp. 2005-2009, 2005.

D. L. Clark, B. A. Connors, A. P. Evan, R. K. Handa, and S. Gao, “Effect
of shock wave number on renal oxidative stress and inflammation,” BJU
Int., vol. 107, no. 2, pp. 318-322, 2011.

J. V. Kaude, C. M. Williams, M. R. Millner, K. N. Scott, and B. Fin-
layson, “Renal morphology and function immediately after extracor-
poreal shock-wave lithotripsy,” Amer. J. Roentgenol., vol. 145, no. 2,
pp. 305-313, 1985.

P. L. Steinberg, S. Williams, and D. M. Hoenig, “Adjuncts to improve
outcomes of shock wave lithotripsy,” Current Urol. Rep., vol. 11, no. 2,
pp. 93-97, 2010.

J. Chacko, M. Moore, N. Sankey, and P. S. Chandhoke, “Does a
slower treatment rate impact the efficacy of extracorporeal shock wave
lithotripsy for solitary kidney or ureteral stones?”” J. Urol., vol. 175, no. 4,
pp. 1370-1374, 2006.

K. T. Pace, D. Ghiculete, M. Harju, and R. J. D. A. Honey, “Shock wave
lithotripsy at 60 or 120 shocks per minute: A randomized, double-blind
trial,” J. Urol., vol. 174, no. 2, pp. 595-599, 2005.

F. Fernandez, A. Dominguez, E. Castafio, and A. M. Loske, “Out-of-
focus low pressure pulse pretreatment to the whole kidney to reduce
renal injury during shockwave lithotripsy: An in vivo study using a
rabbit model,” J. Endourol., vol. 27, no. 6, pp. 774-782, 2013.

E. Yilmaz, A. Haciislamoglu, U. Kisa, O. Dogan, E. Yuvanc, and
E. Batislam, “Ways in which SWL affects oxidant/antioxidant balance,”
Urolithiasis, vol. 41, no. 2, pp. 137-141, 2013.

H. Aksoy, Y. Aksoy, H. Turhan, S. Keles, T. Ziypak, and 1. Ozbey, “The
effect of shock wave lithotripsy on nitric oxide and malondialdehyde
levels in plasma and urine samples,” Cell Biochem. Function, vol. 25,
no. 5, pp. 533-536, 2007.



278

IEEE REVIEWS IN BIOMEDICAL ENGINEERING, VOL. 9, 2016

[73]

[74]

[75]

[76]

(77]

[78]

[791

[80]

[81]

[82]

[83]

[84]

[85]

[86]

(871

[88]

[89]

[90]

(911

[92]

[93]

[94]

[95]

[96]

M. Lokhandwalla and B. Sturtevant, “Fracture mechanics model of stone
comminution in ESWL and implications for tissue damage,” Phys. Med.
Biol., vol. 45, no. 7, pp. 1923-1940, 2000.

C. J. Chuong, P. Zhong, H. J. Arnott, and G. M. Preminger, “Stone
damage modes during piezoelectric shock wave delivery,” in Shock Wave
Lithotripsy 2, New York, NY, USA: Springer, 1989, pp. 103-106.

N. Vakil, S. M. Gracewski, and E. C. Everbach, “Relationship of
model stone properties to fragmentation mechanisms during lithotripsy,”
J. Lithotripsy Stone Disease, vol. 3, no. 4, pp. 304-310, 1991.

P. Lubock, “The physics and mechanics of lithotripters,” Digestive Dis-
eases Sci., vol. 34, no. 7, pp. 999-1005, 1989.

G. Dahake and S. M. Gracewski, “Finite difference predictions of P-
SV wave propagation inside submerged solids. II. Effect of geometry,”
J. Acoustical Soc. Amer., vol. 102, no. 4, pp. 2138-2145, 1997.

S. M. Gracewski, G. Dahake, Z. Ding, S. J. Burns, and E. C. Everbach,
“Internal stress wave measurements in solids subjected to lithotripter
pulses,” J. Acoustical Soc. Amer., vol. 94, no. 2, pp. 652-661, 1993.

A. Philipp and W. Lauterborn, “Cavitation erosion by single laser-
produced bubbles,” J. Fluid Mech., vol. 361, pp. 75-116, 1998.

P. Zhong, C. J. Chuong, and G. M. Preminger, “Propagation of shock
waves in elastic solids caused by cavitation microjet impact. II: Applica-
tion in extracorporeal shock wave lithotripsy,” J. Acoustical Soc. Amer.,
vol. 94, no. 1, pp. 29-36, 1993.

R. O. Cleveland and O. A. Sapozhnikov, “Modeling elastic wave prop-
agation in kidney stones with application to shock wave lithotripsy,”
J. Acoustical Soc. Amer., vol. 118, no. 4, pp. 2667-2676, 2005.

A. J. Coleman, T. Kodama, M. J. Choi, T. Adams, and J. E. Saun-
ders, “The cavitation threshold of human tissue exposed to 0.2-MHz
pulsed ultrasound: Preliminary measurements based on a study of clin-
ical lithotripsy,” Ultrasound Med. Biol., vol. 21, no. 3, pp. 405-417,
1995.

G. Haupt, “Use of extracorporeal shock waves in the treatment of
pseudarthrosis, tendinopathy and other orthopedic diseases,” J. Urol.,
vol. 158, no. 1, pp. 4-11, 1997.

F. S. Wang, C. J. Wang, H. J. Huang, H. Chung, R. F. Chen, and K. D.
Yang, “Physical shock wave mediates membrane hyperpolarization and
ras activation for osteogenesis in human bone marrow stromal cells,”
Biochem. Biophys. Res. Commun., vol. 287, no. 3, pp. 648-655, 2001.
F. S. Wang, K. D. Yang, R. F. Chen, C. J. Wang, and S. M. Sheen-
Chen, “Extracorporeal shock wave promotes growth and differentiation
of bone-marrow stromal cells towards osteoprogenitors associated with
induction of tgf-31,” J. Bone Joint Surg., Brit. Volume, vol. 84, no. 3,
pp. 457-461, 2002.

R. Dorotka, B. Kubista, K. D. Schatz, and K. Trieb, “Effects of extra-
corporeal shock waves on human articular chondrocytes and ovine bone
marrow stromal cells in vitro,” Archives Orthopaedic Trauma Surg.,
vol. 123, no. 7, pp. 345-348, 2003.

L. Howle, D. G. Schaeffer, M. Shearer, and P. Zhong, “Lithotripsy: The
treatment of kidney stones with shock waves,” SIAM Rev., vol. 40, no. 2,
pp. 356-371, 1998.

0. A. Sapozhnikov, A. D. Maxwell, B. MacConaghy, and M. R. Bailey,
“A mechanistic analysis of stone fracture in lithotripsy,” J. Acoustical
Soc. Amer:, vol. 121, no. 2, pp. 1190-1202, 2007.

K. Ito, Y. Fukumoto, and H. Shimokawa, “Extracorporeal shock wave
therapy as a new and non-invasive angiogenic strategy,” Tohoku J. Exp.
Med., vol. 219, no. 1, pp. 1-9, 2009.

Y. Kikuchi et al., “Double-blind and placebo-controlled study of the
effectiveness and safety of extracorporeal cardiac shock wave therapy
for severe angina pectoris,” Circulation J., vol. 74, no. 3, pp. 589-591,
2010.

Y. A. Vasyuk et al., “Initial clinical experience with extracorporeal shock
wave therapy in treatment of ischemic heart failure,” Congestive Heart
Failure, vol. 16, no. 5, pp. 226-230, 2010.

A. A. Khattab et al., “Extracorporeal cardiac shock wave therapy: First
experience in the everyday practice for treatment of chronic refractory
angina pectoris,” Int. J. Cardiol., vol. 121, no. 1, pp. 84-85, 2007.

Y. Fukumoto et al., “Extracorporeal cardiac shock wave therapy ame-
liorates myocardial ischemia in patients with severe coronary artery dis-
ease,” Coronary Artery Disease, vol. 17, no. 1, pp. 6370, 2006.

Y. Wang et al., “Cardiac shock wave therapy reduces angina and improves
myocardial function in patients with refractory coronary artery disease,”
Clin. Cardiol., vol. 33, no. 11, pp. 693-699, 2010.

S. Wann and H. Balkhy, “Evaluation of patients after coronary artery
bypass grafting,” Cardiol. Rev., vol. 17, no. 4, pp. 176-180, 2009.

L. Hilton, “Study shows shock wave therapy helps heal various skin
lesions,” Dermatol. Times, vol. 26, no. 9, pp. 28-29, 2005.

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

B.J.S. Steinberg, C. Alexander, M. Stojadinovic, L. E. Elster, G. Peoples,
and C. E. Attinger, “Feature: Is there a role for ESWT in wound care?”
Podiatry Today, vol. 19, no. 7, pp. 62-8, 2006.

S.-M. Liang, K.-F. Zheng, J.-J. Yan, R.-R. Wan, and C.-Y. Wen, “Animal
study on lysing adipose tissues by shock waves,” J. Med. Biol. Eng.,
vol. 30, no. 3, pp. 145-151, 2010.

H. Shimokawa, K. Ito, Y. Fukumoto, and S. Yasuda, “Extracorporeal
cardiac shock wave therapy for ischemic heart disease,” Shock Waves,
vol. 17, no. 6, pp. 449455, 2008.

R. Mingliang, Z. Bo, and W. Zhengguo, “Stem cells for cardiac repair:
Status, mechanisms, and new strategies,” Stem Cells Int., vol. 2011,
pp- 310928-1-310928-8, 2011.

C. Gallina, V. Turinetto, and C. Giachino, “A new paradigm in cardiac
regeneration: The mesenchymal stem cell secretome,” Stem Cells Int.,
vol. 2015, pp. 765846-1-765846-10, 2015.

L. M. Popescu, E. T. Fertig, and M. Gherghiceanu, “Reaching out:
Junctions between cardiac telocytes and cardiac stem cells in culture,”
J. Cellular Mol. Med., vol. 20, no. 2, pp. 370-380, 2016. [Online]. Avail-
able: http://dx.doi.org/10.1111/jcmm.12719

J. H. Parks, F. L. Coe, A. P. Evan, and E. M. Worcester, “Urine ph in
renal calcium stone formers who do and do not increase stone phosphate
content with time,” Nephrol. Dialysis Transplantation, vol. 24, no. 1,
pp. 130-136, 2009.

J. C. W.Ir. et al., “Fragility of brushite stones in shock wave lithotripsy:
Absence of correlation with computerized tomography visible struc-
ture,” J. Urol., vol. 188, no. 3, pp. 996-1001, 2012. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0022534712036543
R. Pramanik, J. R. Asplin, M. E. Jackson, and J. C. Williams, “Protein
content of human apatite and brushite kidney stones: Significant cor-
relation with morphologic measures,” Urological Res., vol. 36, no. 5,
pp. 251-258, 2008.

R. Kacker, J. J. Meeks, L. Zhao, and R. B. Nadler, “Decreased stone-free
rates after percutaneous nephrolithotomy for high calcium phosphate
composition kidney stones,” J. Urol., vol. 180, no. 3, pp. 958-960, 2008.
A.P.Evan, F. L. Coe, B. A. Connors, R. K. Handa, J. E. Lingeman, and
E. M. Worcester, “Mechanism by which shock wave lithotripsy can pro-
mote formation of human calcium phosphate stones,” Amer. J. Physiol.,
Renal Physiol., vol. 308, no. 8, pp. F938-F949, 2015.

L. A. Crum, “Cavitation microjets as a contributory mechanism for renal
calculi disintegration in ESWL,” J. Urol., vol. 140, no. 6, pp. 1587-1590,
1988.

G. Delacretaz, K. Rink, G. Pittomvils, J. Lafaut, H. Vandeursen, and
R. Boving, “Importance of the implosion of ESWL-induced cavitation
bubbles,” Ultrasound Med. Biol., vol. 21, no. 1, pp. 97-103, 1995.

K. Z. Sheir, T. A. El-Diasty, and A. M. Ismail, “Evaluation of a syn-
chronous twin-pulse technique for shock wave lithotripsy: The first
prospective clinical study,” BJU Int., vol. 95, no. 3, pp. 389-393, 2005.
G. Canseco, M. de Icaza-Herrera, F. Fernandez, and A. M. Loske, “Modi-
fied shock waves for extracorporeal shock wave lithotripsy: A simulation
based on the Gilmore formulation,” Ultrasonics, vol. 51, no. 7, pp. 803—
810, 2011.

A. M. Loske, J. Campos-Guillen, F. Ferndndez, and E. Castafio-Tostado,
“Enhanced shock wave-assisted transformation of Escherichia coli,” Ul-
trasound Med. Biol., vol. 37, no. 3, pp. 502-510, 2011.

A. M. Loske, F. Fernandez, H. Zendejas, M. Paredes, and E. Castafio-
Tostado, “Dual pulse shock wave lithotripsy: In vitro and in vivo study,”
J. Urol., vol. 174, no. 6, pp. 2388-2392, 2005.

A. M. Loske, F. E. Prieto, F. Fernandez, and J. van Cauwelaert, “Tandem
shock wave cavitation enhancement for extracorporeal lithotripsy,” Phys.
Med. Biol., vol. 47, no. 22, pp. 3945-3957, 2002.

U. M. Alvarez, A. Ramirez, F. Fernandez, A. Méndez, and A. M. Loske,
“The influence of single-pulse and tandem shock waves on bacteria,”
Shock Waves, vol. 17, no. 6, pp. 441-447, 2008.

X. Xi and P. Zhong, “Improvement of stone fragmentation during shock-
wave lithotripsy using a combined EH/PEAA shock-wave generator? In
vitro experiments,” Ultrasound Med. Biol., vol. 26, no. 3, pp. 457-467,
2000.

P. Zhong, X. Xi, S. Zhu, F. H. Cocks, and G. M. Preminger, “Recent
developments in SWL physics research,” J. Endourol., vol. 13, no. 9,
pp. 611-617, 1999.

F. Fernandez, G. Fernandez, and A. M. Loske, “Treatment time reduction
using tandem shockwaves for lithotripsy: An in vivo study,” J. Endourol.,
vol. 23, no. 8, pp. 1247-1253, 2009.

P. Lukes et al., “Focused tandem shock waves in water and their potential
application in cancer treatment,” Shock Waves, vol. 24, no. 1, pp. 51-57,
2013.



GHORBANI et al.: REVIEW ON LITHOTRIPSY AND CAVITATION IN URINARY STONE THERAPY

279

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

A. M. Loske, F. Fernndez, D. Magaa-Ortz, N. Coconi-Linares, E. Ortz-
Vzquez, and M. A. Gmez-Lim, “Tandem shock waves to enhance ge-
netic transformation of Aspergillus niger,” Ultrasonics, vol. 54, no. 6,
pp. 1656-1662, 2014.

M. de Icaza-Herrera, F. Fernndez, and A. M. Loske, “Combined short and
long-delay tandem shock waves to improve shock wave lithotripsy ac-
cording to the Gilmore—Akulichev theory,” Ultrasonics, vol. 58, pp. 53—
59, 2015.

V. Teslenko, G. Sankin, and A. Drozhzhin, “Luminescence in water and
glycerin in the field of spherically focused and plane shock-acoustic
waves,” Combustion, Explosion Shock Waves, vol. 35, no. 6, pp. 717—
720, 1999.

Y. A. Pishchalnikov, O. A. Sapozhnikov, M. R. Bailey, I. V. Pishchal-
nikova, J. C. Williams Jr, and J. A. McAteer, “Cavitation selectively
reduces the negative-pressure phase of lithotripter shock pulses,” Acous-
tics Res. Lett. Online, vol. 6, no. 4, pp. 280-286, 2005.

M. Liebler, T. Dreyer, and R. E. Riedlinger, “Modeling of interaction
between therapeutic ultrasound propagation and cavitation bubbles,” Ul-
trasonics, vol. 44, pp. e319—-e324, 2006.

M. F. Hamilton, “Transient axial solution for the reflection of a spherical
wave from a concave ellipsoidal mirror,” J. Acoustical Soc. Amer., vol. 93,
no. 3, pp. 1256-1266, 1993.

J. Cates and B. Sturtevant, “Shock wave focusing using geometri-
cal shock dynamics,” Phys. Fluids, vol. 9, no. 10, pp. 3058-3068,
1997.

J. Best, “A generalisation of the theory of geometrical shock dynamics,”
Shock Waves, vol. 1, no. 4, pp. 251-273, 1991.

J. Krimmel, T. Colonius, and M. Tanguay, “Simulation of the effects
of cavitation and anatomy in the shock path of model lithotripters,”
Urological Res., vol. 38, no. 6, pp. 505-518, 2010.

K. Madbouly, A. M. El-Tiraifi, M. Seida, S. R. El-Faqih, R. Atassi, and
R. F. Talic, “Slow versus fast shock wave lithotripsy rate for urolithiasis:
A prospective randomized study,” J. Urol., vol. 173, no. 1, pp. 127-130,
2005.

Y. Kato, S. Yamaguchi, J. Hori, M. Okuyama, and H. Kakizaki, “Im-
provement of stone comminution by slow delivery rate of shock waves
in extracorporeal lithotripsy,” Int. J. Urol., vol. 13, no. 12, pp. 1461-1465,
2006.

A. Greenstein and H. Matzkin, “Does the rate of extracorporeal shock
wave delivery affect stone fragmentation?” Urology, vol. 54, no. 3,
pp- 430432, 1999.

R. Zeman, W. Davros, B. Garra, and S. Horii, “Cavitation effects during
lithotripsy. Part I. Results of in vitro experiments.” Radiology, vol. 177,
no. 1, pp. 157-161, 1990.

J. Lautz, G. Sankin, and P. Zhong, “Turbulent water coupling in shock
wave lithotripsy,” Phys. Med. Biol., vol. 58, no. 3, pp. 735-748, 2013.
J. Qin, W. N. Simmons, G. Sankin, and P. Zhong, “Effect of lithotripter
focal width on stone comminution in shock wave lithotripsy,” J. Acous-
tical Soc. Amer., vol. 127, no. 4, pp. 2635-2645, 2010.

R. O. Cleveland, D. A. Lifshitz, B. A. Connors, A. P. Evan, L. R. Willis,
and L. A. Crum, “In vivo pressure measurements of lithotripsy shock
waves in pigs,” Ultrasound Med. Biol., vol. 24, no. 2, pp. 293-306,
1998.

D. Cathignol, J. Tavakkoli, A. Birer, and A. Arefiev, “Comparison be-
tween the effects of cavitation induced by two different pressure-time
shock waveform pulses,” IEEE Trans. Ultrason., Ferroelectr., Freq. Con-
trol, vol. 45, no. 3, pp. 788-799, May 1998.

D. L. Sokolov, M. R. Bailey, and L. A. Crum, “Use of a dual-pulse
lithotripter to generate a localized and intensified cavitation field,”
J. Acoustical Soc. Amer., vol. 110, no. 3, pp. 1685-1695, 2001.

R. O. Cleveland and J. S. Tello, “Effect of the diameter and the sound
speed of a kidney stone on the acoustic field induced by shock waves,”
Acoustics Res. Lett. Online, vol. 5, no. 2, pp. 37-43, 2004.

P. V. Chitnis and R. O. Cleveland, “Quantitative measurements of acous-
tic emissions from cavitation at the surface of a stone in response to
a lithotripter shock wave,” J. Acoustical Soc. Amer., vol. 119, no. 4,
pp. 1929-1932, 2006.

S. Shrivastava et al., “Stone fragmentation by ultrasound,” Bull. Mater.
Sci., vol. 27, no. 4, pp. 383-385, 2004.

P. A. Lewin, J.-Y. Chapelon, J.-L. Mestas, A. Birer, and D. Cathignol, “A
novel method to control p+/p-ratio of the shock wave pulses used in the
extracorporeal piezoelectric lithotripsy (EPL),” Ultrasound Med. Biol.,
vol. 16, no. 5, pp. 473488, 1990.

P. V. Chitnis, P. E. Barbone, and R. O. Cleveland, “Customization of
the acoustic field produced by a piezoelectric array through interele-
ment delays,” J. Acoustical Soc. Amer., vol. 123, no. 6, pp. 4174-4185,
2008.

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

T. Leighton, “From seas to surgeries, from babbling brooks to baby scans:
The acoustics of gas bubbles in liquids,” Int. J. Modern Phys., B, vol. 18,
no. 25, pp. 3267-3314, 2004.

K. Rink, G. Delacretaz, G. Pittomvils, R. Boving, and J. Lafaut, “Inci-
dence of cavitation in the fragmentation process of extracorporeal shock
wave lithotriptors,” Appl. Phys. Lett., vol. 64, no. 19, pp. 2596-2598,
1994.

C. C. Church, “A theoretical study of cavitation generated by an ex-
tracorporeal shock wave lithotripter,” J. Acoustical Soc. Amer., vol. 86,
no. 1, pp. 215-227, 1989.

M. Carnell, R. Alcock, and D. Emmony, “Optical imaging of shock
waves produced by a high-energy electromagnetic transducer,” Phys.
Med. Biol., vol. 38, no. 11, pp. 1575-1588, 1993.

S. Zhu and P. Zhong, “Shock wave—inertial microbubble interaction: A
theoretical study based on the Gilmore formulation for bubble dynamics,”
J. Acoustical Soc. Amer., vol. 106, no. 5, pp. 3024-3033, 1999.

F. R. Gilmore, “The growth or collapse of a spherical bubble in a viscous
compressible liquid,” Hydrodynamics Laboratory, California Institute of
Technology, Report 26-4, 1952.

P. Zhong, F. H. Cocks, I. Cioanta, and G. M. Preminger, “Controlled,
forced collapse of cavitation bubbles for improved stone fragmentation
during shock wave lithotripsy,” J. Urol., vol. 158, no. 6, pp. 2323-2328,
1997.

M. Choi, A. Coleman, and J. Saunders, “The influence of fluid prop-
erties and pulse amplitude on bubble dynamics in the field of a shock
wave lithotripter,” Phys. Med. Biol., vol. 38, no. 11, pp. 1561-1573,
1993.

S. Yoshizawa, T. Ikeda, S. Takagi, and Y. Matsumoto, “Nonlinear ultra-
sound propagation in a spherical bubble cloud,” in Proc. IEEE Ultrason-
ics Symp., 2004, pp. 886-889.

T. J. Matula, P. R. Hilmo, B. D. Storey, and A. J. Szeri, “Radial response
of individual bubbles subjected to shock wave lithotripsy pulses in vitro,”
Phys. Fluids, vol. 14, no. 3, pp. 913-921, 2002.

A. J. Coleman, J. E. Saunders, L. A. Crum, and M. Dyson, “Acoustic
cavitation generated by an extracorporeal shockwave lithotripter,” Ultra-
sound Med. Biol., vol. 13, no. 2, pp. 69-76, 1987.

A. Coleman, M. Choi, J. Saunders, and T. Leighton, “Acoustic emission
and sonoluminescence due to cavitation at the beam focus of an electro-
hydraulic shock wave lithotripter,” Ultrasound Med. Biol., vol. 18, no. 3,
pp. 267-281, 1992.

P. Zhong, 1. Cioanta, F. H. Cocks, and G. M. Preminger, “Inertial
cavitation and associated acoustic emission produced during electro-
hydraulic shock wave lithotripsy,” J. Acoustical Soc. Amer., vol. 101,
no. 5, pp. 2940-2950, 1997.

M. R. Bailey, D. T. Blackstock, R. O. Cleveland, and L. A. Crum,
“Comparison of electrohydraulic lithotripters with rigid and pressure-
release ellipsoidal reflectors. I. Acoustic fields,” J. Acoustical Soc. Amer.,
vol. 104, no. 4, pp. 2517-2524, 1998.

P. Huber et al., “Control of cavitation activity by different shockwave
pulsing regimes,” Phys. Med. Biol., vol. 44, no. 6, pp. 1427-1437, 1999.
M. Delius, G. Enders, G. Heine, J. Stark, K. Remberger, and W. Brendel,
“Biological effects of shock waves: Lung hemorrhage by shock waves
in dogspressure dependence,” Ultrasound Med. Biol., vol. 13, no. 2,
pp. 61-67, 1987.

M. Sackmann et al., “Extracorporeal shock-wave lithotripsy of gall-
stones without general anesthesia: First clinical experience,” Ann. Inter-
nal Med., vol. 107, no. 3, pp. 347-348, 1987.

M. Delius, G. Enders, Z. Xuan, H.-G. Liebich, and W. Brendel, “Bio-
logical effects of shock waves: Kidney damage by shock waves in dogs-
dose dependence,” Ultrasound Med. Biol., vol. 14, no. 2, pp. 117-122,
1988.

M. Sackmann et al., “Shock-wave lithotripsy of gallbladder stones,” New
Eng. J. Med., vol. 318, no. 7, pp. 393-397, 1988.

J. C. Williams et al., “Effect of macroscopic air bubbles on cell lysis by
shock wave lithotripsy in vitro,” Ultrasound Med. Biol., vol. 25, no. 3,
pp. 473479, 1999.

S. Zhu, F. H. Cocks, G. M. Preminger, and P. Zhong, “The role
of stress waves and cavitation in stone comminution in shock wave
lithotripsy,” Ultrasound Med. Biol., vol. 28, no. 5, pp. 661-671,
2002.

M. R. Bailey et al., “Cavitation in shock wave lithotripsy: The critical
role of bubble activity in stone breakage and kidney trauma,” in Proc.
1IEEE Symp. Ultrason., vol. 1, 2003, pp. 724-727.

A. P. Evan et al, “Kidney damage and renal functional changes
are minimized by waveform control that suppresses cavitation in
shock wave lithotripsy,” J. Urol., vol. 168, no. 4, pp. 1556-1562,
2002.



280

IEEE REVIEWS IN BIOMEDICAL ENGINEERING, VOL. 9, 2016

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]
[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

J. A. McAteer et al., “SWL cavitation damage in vitro: Pressurization
unmasks a differential response of foil targets and isolated cells,” in Proc.
16th Int. Congr. Acoustics 135th Meeting Acoustical Soc. Amer., vol. 3,
1998, pp. 2497-2498.

O. A. Sapozhnikov et al., “Effect of overpressure and pulse repetition
frequency on cavitation in shock wave lithotripsy,” J. Acoustical Soc.
Amer., vol. 112, no. 3, pp. 1183-1195, 2002.

1. Chilibon, M. Wevers, J. Lafaut, and L. Baert, “Cavitation role in
extracorporeal shock wave lithotripsy,” J. Optoelectron. Adv. Mater.,
vol. 8, no. 1, pp. 235-237, 2006.

T. Ikeda et al., “Cloud cavitation control for lithotripsy using high inten-
sity focused ultrasound,” Ultrasound Med. Biol., vol. 32, no. 9, pp. 1383—
1397, 2006.

D. A. Lifshitz, J. C. Williams, B. Sturtevant, B. A. Connors, A. P. Evan,
and J. A. McAteer, “Quantitation of shock wave cavitation damage in
vitro,” Ultrasound Med. Biol., vol. 23, no. 3, pp. 461-471, 1997.

P. M. Blomgren, B. A. Connors, J. E. Lingeman, L. R. Willis, and
A. P. Evan, “Quantitation of shock wave lithotripsy-induced lesion in
small and large pig kidneys,” Anatomical Rec., vol. 249, no. 3, pp. 341—
348, 1997.

A.P.Evan,L.R. Willis,J. E. Lingeman, and J. A. McAteer, “Renal trauma
and the risk of long-term complications in shock wave lithotripsy,”
Nephron, vol. 78, no. 1, pp. 1-8, 1998.

A. Coleman and J. Saunders, “A review of the physical properties and
biological effects of the high amplitude acoustic fields used in extracor-
poreal lithotripsy,” Ultrasonics, vol. 31, no. 2, pp. 75-89, 1993.

S. Yoshizawa, T. Ikeda, A. Ito, R. Ota, S. Takagi, and Y. Matsumoto,
“High intensity focused ultrasound lithotripsy with cavitating microbub-
bles,” Med. Biol. Eng. Comput., vol. 47, no. 8, pp. 851-860, 2009.

E. Johnsen, T. Colonius, W. Kreider, and M. R. Bailey, “Non-spherical
collapse of an air bubble subjected to a lithotripter pulse,” in Proc. ASME
Int. Mech. Eng. Congr. Expo., 2007, pp. 285-294.

E. Johnsen and T. Colonius, “Numerical simulations of non-spherical
bubble collapse,” J. Fluid Mech., vol. 629, pp. 231-262, 2009.

E. Johnsen, “Numerical simulations of non-spherical bubble collapse:
With applications to shockwave lithotripsy,” Ph.D. dissertation, Califor-
nia Institute of Technology, Pasadena, CA, USA, 2008.

T. Leighton, The Acoustic Bubble. New York, NY, USA: Academic,
2012.

J. Dear and J. Field, “A study of the collapse of arrays of cavities,”
J. Fluid Mech., vol. 190, pp. 409-425, 1988.

E. Johnsen and T. Colonius, “Shock-induced collapse of a gas bubble
in shockwave lithotripsy,” J. Acoustical Soc. Amer., vol. 124, no. 4,
pp. 2011-2020, 2008.

Y. A. Pishchalnikov et al., “Cavitation bubble cluster activity in the
breakage of kidney stones by lithotripter shockwaves,” J. Endourol.,
vol. 17, no. 7, pp. 435-446, 2003.

Y. A. Pishchalnikov, J. A. McAteer, J. C. Williams Jr, I. V. Pishchal-
nikova, and R. J. Vonderhaar, “Why stones break better at slow shock-
wave rates than at fast rates: In vitro study with a research electrohy-
draulic lithotripter,” J. Endourol., vol. 20, no. 8, pp. 537-541, 2006.

E. Fuh er al., “The effect of frequency doubled double pulse Nd: YAG
laser fiber proximity to the target stone on transient cavitation and acous-
tic emission,” J. Urol., vol. 177, no. 4, pp. 1542—1545, 2007.

M. Calvisi, J. Iloreta, and A. Szeri, “Dynamics of bubbles near a rigid
surface subjected to a lithotripter shock wave. Part 2. Reflected shock
intensifies non-spherical cavitation collapse,” J. Fluid Mech., vol. 616,
pp. 63-97, 2008.

J. Tloreta, N. Fung, and A. Szeri, “Dynamics of bubbles near a rigid
surface subjected to a lithotripter shock wave. Part 1. Consequences
of interference between incident and reflected waves,” J. Fluid Mech.,
vol. 616, pp. 43-61, 2008.

N. Smith and P. Zhong, “Stone comminution correlates with the aver-
age peak pressure incident on a stone during shock wave lithotripsy,”
J. Biomechan., vol. 45, no. 15, pp. 2520-2525, 2012.

D. Demirci, M. Sofikerim, E. Yalgin, O. Ekmekcioglu, I. Giilmez, and
M. Karacagil, “Comparison of conventional and step-wise shockwave
lithotripsy in management of urinary calculi,” J. Endourol., vol. 21,
no. 12, pp. 1407-1410, 2007.

E. H. Lambert, R. Walsh, M. W. Moreno, and M. Gupta, “Effect of
escalating versus fixed voltage treatment on stone comminution and
renal injury during extracorporeal shock wave lithotripsy: A prospective
randomized trial,” J. Urol., vol. 183, no. 2, pp. 580-584, 2010.

Y. Zhou, F. H. Cocks, G. M. Preminger, and P. Zhong, “The effect
of treatment strategy on stone comminution efficiency in shock wave
lithotripsy,” J. Urol., vol. 172, no. 1, pp. 349-354, 2004.

[190]

[191]

[192]

[193]

[194]

[195]

[196]
[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

A. M. Loske, F. E. Prieto, J. Gutierrez, H. Zendejas, A. Saita, and
E. Velez Gomez, “Evaluation of a bifocal reflector on a clinical
lithotripter,” J. Endourol., vol. 18, no. 1, pp. 7-16, 2004.

S. Zhu, T. Dreyer, M. Liebler, R. Riedlinger, G. M. Preminger, and
P. Zhong, “Reduction of tissue injury in shock-wave lithotripsy by using
an acoustic diode,” Ultrasound Med. Biol., vol. 30, no. 5, pp. 675-682,
2004.

M. E. Maloney et al., “Progressive increase of lithotripter output produces
better in-vivo stone comminution,” J. Endourol., vol. 20, no. 9, pp. 603—
606, 2006.

N. Bhojani and J. E. Lingeman, “Shockwave lithotripsynew concepts and
optimizing treatment parameters,” Urologic Clinics North Amer., vol. 40,
no. 1, pp. 59-66, 2013.

R. K. Handa, J. A. McAteer, B. A. Connors, Z. Liu, J. E. Lingeman, and
A. P. Evan, “Optimising an escalating shockwave amplitude treatment
strategy to protect the kidney from injury during shockwave lithotripsy,”
BJU Int., vol. 110, no. 11c, pp. E1041-E1047, 2012.

T. Ikeda, S. Yoshizawa, N. Koizumi, M. Mitsuishi, and Y. Matsumoto,
“Focused Ultrasound and Lithotripsy,” in Therapeutic Ultrasound.
Cham, Switzerland: Springer, 2016, pp. 113-129.

W. Eisenmenger, “The mechanisms of stone fragmentation in ESWL,”
Ultrasound Med. Biol., vol. 27, no. 5, pp. 683-693, 2001.

R. L. Kuo et al., “In vitro assessment of ultrasonic lithotriptors,” J. Urol.,
vol. 170, no. 4, pp. 1101-1104, 2003.

R. F. Paterson et al., “Stone fragmentation during shock wave lithotripsy
is improved by slowing the shock wave rate: Studies with a new animal
model,” J. Urol., vol. 168, no. 5, pp. 2211-2215, 2002.

O. A. Sapozhnikov, L. A. Trusov, N. R. Owen, M. R. Bailey, and R. O.
Cleveland, “Detecting fragmentation of kidney stones in lithotripsy by
means of shock wave scattering,” in Proc. 5th Int. Symp. Therapeutic
Ultrasound, vol. 829, no. 1, 2006, pp. 308-312.

J. A. McAteer et al., “Evidence that cavitation and spall contribute to
stone failure in an animal model of kidney stone fragmentation by shock
wave lithotripsy (SWL),” in Proc 17th Int. Congr. Acoustics, vol. 7,2002,
pp- 202-203.

A. Mota, J. Knap, and M. Ortiz, “Three-dimensional fracture and frag-
mentation of artificial kidney stones,” J. Phys., vol. 46, no. 1, pp. 299—
303, 2006.

Y. A. Pishchalnikov, J. A. McAteer, R. J. VonDerHaar, I. V. Pishchal-
nikova, and J. C. Williams, “The characteristics of broad and narrow
focal zone lithotripters,” in Proc. 2nd Int. Urolithiasis Research Symp.,
vol. 1049, no. 1, 2008, pp. 238-242.

K. Ramaswamy et al., “Targeted microbubbles: A novel application for
the treatment of kidney stones,” BJU Int., vol. 116, pp. 9-16, 2015.

J. A. McAteer et al., “Ultracal-30 gypsum artificial stones for research on
the mechanisms of stone breakage in shock wave lithotripsy,” Urological
Res., vol. 33, no. 6, pp. 429-434, 2005.

M. J. Weir, N. Tariq, and R. J. D’A. Honey, “Shockwave frequency
affects fragmentation in a kidney stone model,” J. Endourol., vol. 14,
no. 7, pp. 547-550, 2000.

A. Greenstein, M. Sofer, and H. Matzkin, “Efficacy of the duet lithotripter
using two energy sources for stone fragmentation by shockwaves: An in
vitro study,” J. Endourol., vol. 18, no. 10, pp. 942-945, 2004.

Y. A. Pishchalnikov, M. M. Kaehr, and J. A. McAteer, “Influence of
pulse repetition rate on cavitation at the surface of an object targeted by
lithotripter shock waves,” in Proc. ASME Int. Mech. Eng. Congr. Expo.,
2007, pp. 191-200.

Y. A. Pishchalnikov, J. A. McAteer, and J. C. Williams Jr, “Effect of
firing rate on the performance of shock wave lithotriptors,” BJU Int.,
vol. 102, no. 11, pp. 1681-1686, 2008.

F. Fernandez, G. Ferndndez, and A. M. Loske, “The importance of an
expansion chamber during standard and tandem extracorporeal shock
wave lithotripsy,” J. Endourol., vol. 23, no. 4, pp. 693-697, 2009.

A. Caballero and J. Molinari, “Finite element simulations of kidney
stones fragmentation by direct impact: Tool geometry and multiple im-
pacts,” Int. J. Eng. Sci., vol. 48, no. 3, pp. 253-264, 2010.

F. Briimmer, T. Brauner, and D. F. Hiilser, “Biological effects of shock
waves,” World J. Urol., vol. 8, no. 4, pp. 224-232, 1990.

R. B. Dyer et al., “Magnetic resonance imaging evaluation of immediate
and intermediate changes in kidneys treated with extracorporeal shock
wave lithotripsy,” in Shock Wave Lithotripsy 2, New York, NY, USA:
Springer, 1989, pp. 203-205.

G. Seitz, D. Neisius, N. Wernert, and T. Gebhardt, “Pathological-
anatomical alterations of human kidneys following extracorporeal piezo-
electric shock-wave lithotripsy,” J. Lithotripsy Stone Disease, vol. 3,
no. 2, pp. 165-175, 1991.



GHORBANI et al.: REVIEW ON LITHOTRIPSY AND CAVITATION IN URINARY STONE THERAPY

281

[214]

[215]

[216]
[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

H. Schulze, G. Haupt, M. Piergiovanni, M. Wisard, W. Von Nieder-
hausern, and T. Senge, “The Swiss lithoclast: A new device for endo-
scopic stone disintegration,” J. Urol., vol. 149, no. 1, pp. 1518, 1993.
J. Denstedt, P. Eberwein, and R. Singh, “The Swiss lithoclast: A new
device for intracorporeal lithotripsy,” J. Urol., vol. 148, no. 3 Pt 2,
pp. 1088-1090, 1992.

R. L. Kuo et al., “In vitro assessment of lithoclast ultra intracorporeal
lithotripter,” J. Endourol., vol. 18, no. 2, pp. 153-156, 2004.

A. Terai et al., “Intracorporeal lithotripsy with the Swiss lithoclast,” Int.
J. Urol., vol. 3, no. 3, pp. 184-186, 1996.

A. Hamid, M. SaleemWani, and B. Wazir, “Intracorporeal lithotripsy
for ureteral calculi using Swiss lithoclast: Skims experience,” JK Sci. J.
Med. Educ Res., vol. 7, no. 4, pp. 195-198, 2005.

G. Haupt, N. Sabrodina, M. Orlovski, A. Haupt, V. Krupin, and U.
Engelmann, “Rapid communication: Endoscopic lithotripsy with a new
device combining ultrasound and lithoclast,” J. Endourol., vol. 15, no. 9,
pp. 929-935, 2001.

R. Hofmann, P. Olbert, J. Weber, S. Wille, and Z. Varga, “Clinical expe-
rience with a new ultrasonic and lithoclast combination for percutaneous
litholapaxy,” BJU Int., vol. 90, no. 1, pp. 16—19, 2002.

C. Turk et al., “EAU guidelines on diagnosis and conservative manage-
ment of urolithiasis,” Eur. Urol., vol. 69, no. 3, pp. 468-474, 2016.

Z. Ding and S. Gracewski, “The behaviour of a gas cavity impacted by
a weak or strong shock wave,” J. Fluid Mech., vol. 309, pp. 183-209,
1996.

J. B. Freund, “Suppression of shocked-bubble expansion due to tissue
confinement with application to shock-wave lithotripsy,” J. Acoustical
Soc. Amer., vol. 123, no. 5, pp. 2867-2874, 2008.

J. 1. Tloreta, Y. Zhou, G. N. Sankin, P. Zhong, and A.J. Szeri, “Assessment
of shock wave lithotripters via cavitation potential,” Phys. Fluids, vol. 19,
no. 8, 086103, 2007.

M. Tanguay, “Computation of bubbly cavitating flow in shock wave
lithotripsy,” Ph.D. dissertation, California Institute of Technology,
Pasadena, CA, USA, 2004.

M. Arora, L. Junge, and C. Ohl, “Cavitation cluster dynamics in shock-
wave lithotripsy: Part 1. Free field,” Ultrasound Med. Biol., vol. 31, no. 6,
pp. 827-839, 2005.

M. Tanguay and T. Colonius, “Progress in modeling and simulation of
shock wave lithotripsy (SWL),” presented at the 5th Int. Symp. Cavita-
tion, Osaka, Japan, 2003.

S. Mihradi, H. Homma, and Y. Kanto, “Numerical analysis of kidney
stone fragmentation by short pulse impingement,” JSME Int. J., A, Solid
Mech. Mater. Eng., vol. 47, no. 4, pp. 581-590, 2004.

E. Klaseboer et al., “Interaction of lithotripter shockwaves with single
inertial cavitation bubbles,” J. Fluid Mech., vol. 593, pp. 33-56, 2007.
L.-M. Tham, H. P. Lee, and C. Lu, “Enhanced kidney stone fragmenta-
tion by short delay tandem conventional and modified lithotriptor shock
waves: A numerical analysis,” J. Urol., vol. 178, no. 1, pp. 314-319,
2007.

K. Weinberg and M. Ortiz, “Kidney damage in extracorporeal shock
wave lithotripsy: A numerical approach for different shock profiles,”
Biomech. Modeling Mechanobiol., vol. 8, no. 4, pp. 285-299, 2009.

J. Freund, R. Shukla, and A. Evan, “Shock-induced bubble jetting into a
viscous fluid with application to tissue injury in shock-wave lithotripsy,”
J. Acoustical Soc. Amer., vol. 126, no. 5, pp. 2746-2756, 2009.

A. Jamaluddin, G. Ball, C. Turangan, and T. Leighton, “The collapse of
single bubbles and approximation of the far-field acoustic emissions for
cavitation induced by shock wave lithotripsy,” J. Fluid Mech., vol. 677,
pp. 305-341, 2011.

V. Coralic and T. Colonius, “Shock-induced collapse of a bubble inside
a deformable vessel,” Eur. J. Mech.-B/Fluids, vol. 40, pp. 64-74, 2013.
A. P. Duryea, W. W. Roberts, C. A. Cain, H. A. Tamaddoni, and T. L.
Hall, “Acoustic bubble removal to enhance SWL efficacy at high shock
rate: An in vitro study,” J. Endourol., vol. 28, no. 1, pp. 90-95, 2014.
N. R. Owen, M. R. Bailey, L. A. Crum, O. A. Sapozhnikov, and L. A.
Trusov, “The use of resonant scattering to identify stone fracture in shock
wave lithotripsy,” J. Acoustical Soc. Amer., vol. 121, no. 1, pp. EL41—
ELA47, 2007.

W. Lauterborn, “Numerical investigation of nonlinear oscillations of gas
bubbles in liquids,” J. Acoustical Soc. Amer., vol. 59, no. 2, pp. 283-293,
1976.

R. O. Cleveland, “The acoustics of shock wave lithotripsy,” in Proc. Ist
Annu. Int. Urolithiasis Res. Symp., vol. 900, no. 1, 2007, pp. 311-316.
T. Leighton et al., “A passive acoustic device for real-time monitoring of
the efficacy of shockwave lithotripsy treatment,” Ultrasound Med. Biol.,
vol. 34, no. 10, pp. 1651-1665, 2008.

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

A. M. Loske, “The role of energy density and acoustic cavitation in shock
wave lithotripsy,” Ultrasonics, vol. 50, no. 2, pp. 300-305, 2010.

T. Leighton, C. Turangan, A. Jamaluddin, G. Ball, and P. White, “Predic-
tion of far-field acoustic emissions from cavitation clouds during shock
wave lithotripsy for development of a clinical device,” Proc. Roy. Soc.
London A, Math., Phys. Eng. Sci., vol. 469, no. 2150, pp. 20120538-1—
20120538-21, 2013.

M. A. Alibakhshi, J. M. Kracht, R. O. Cleveland, E. Filoux, and J.
A. Ketterling, “Single-shot measurements of the acoustic field of an
electrohydraulic lithotripter using a hydrophone array,” J. Acoustical
Soc. Amer., vol. 133, no. 5, pp. 3176-3185, 2013.

W. Lu, O. A. Sapozhnikov, M. R. Bailey, P. J. Kaczkowski, and
L. A. Crum, “Evidence for trapped surface bubbles as the cause for
the twinkling artifact in ultrasound imaging,” Ultrasound Med. Biol.,
vol. 39, no. 6, pp. 1026-1038, 2013.

Z.Xu, G. Owens, D. Gordon, C. Cain, and A. Ludomirsky, “Noninvasive
creation of an atrial septal defect by histotripsy in a canine model,”
Circulation, vol. 121, no. 6, pp. 742-749, 2010.

G. E. Owens et al., “Therapeutic ultrasound to noninvasively create
intracardiac communications in an intact animal model,” Catheterization
Cardiovascular Interventions, vol. 77, no. 4, pp. 580-588, 2011.

W. W. Roberts, “Focused ultrasound ablation of renal and prostate cancer:
Current technology and future directions,” Urologic Oncol., vol. 23,
no. 5, pp. 367-371, 2005.

A. M. Lake, T. L. Hall, K. Kieran, J. B. Fowlkes, C. A. Cain, and W.
W. Roberts, “Histotripsy: Minimally invasive technology for prostatic
tissue ablation in an in vivo canine model,” Urology, vol. 72, no. 3,
pp. 682-686, 2008.

K.-W. Lin et al., “Histotripsy beyond the intrinsic cavitation thresh-
old using very short ultrasound pulses: Microtripsy,” [EEE Trans.
Ultrason., Ferroelectr, Freq. Control, vol. 61, no. 2, pp. 251-265,
Feb. 2014.

J. W.Jenne, “Non-invasive transcranial brain ablation with high-intensity
focused ultrasound,” Front. Neurol. Neurosci., vol. 36, pp. 94-105,
2015.

Z. Xu, J. B. Fowlkes, E. D. Rothman, A. M. Levin, and C. A. Cain,
“Controlled ultrasound tissue erosion: The role of dynamic interaction
between insonation and microbubble activity,” J. Acoustical Soc. Amer.,
vol. 117, no. 1, pp. 424-435, 2005.

A. P. Duryea et al., “In vitro comminution of model renal calculi using
histotripsy,” IEEE Trans. Ultrason., Ferroelectr., Freq. Control, vol. 58,
no. 5, pp. 971-980, May 2011.

Z. Xu et al., “Controlled ultrasound tissue erosion,” IEEE Trans. Ul-
trason., Ferroelectr., Freq. Control, vol. 51, no. 6, pp. 726-736, Jun.
2004.

Z. Xu, J. B. Fowlkes, A. Ludomirsky, and C. A. Cain, “Investigation
of intensity thresholds for ultrasound tissue erosion,” Ultrasound Med.
Biol., vol. 31, no. 12, pp. 1673-1682, 2005.

J. E. Parsons, C. A. Cain, G. D. Abrams, and J. B. Fowlkes, “Pulsed
cavitational ultrasound therapy for controlled tissue homogenization,”
Ultrasound Med. Biol., vol. 32, no. 1, pp. 115-129, 2006.

Z. Xu, T. L. Hall, J. B. Fowlkes, and C. A. Cain, “Effects of acous-
tic parameters on bubble cloud dynamics in ultrasound tissue erosion
(histotripsy),” J. Acoustical Soc. Amer., vol. 122, no. 1, pp. 229-236,
2007.

D. L. Miller and J. Song, “Tumor growth reduction and dna transfer by
cavitation-enhanced high-intensity focused ultrasound in vivo,” Ultra-
sound Med. Biol., vol. 29, no. 6, pp. 887-893, 2003.

K. Kieran et al., “Refining histotripsy: Defining the parameter space for
the creation of nonthermal lesions with high intensity, pulsed focused
ultrasound of the in vitro kidney,” J. Urol., vol. 178, no. 2, pp. 672-676,
2007.

N. Styn, T. L. Hall, J. B. Fowlkes, C. A. Cain, and W. W. Roberts,
“Histotripsy homogenization of the prostate: Thresholds for cavitation
damage of periprostatic structures,” J. Endourol., vol. 25,1n0.9, pp. 1531—
1535,2011.

S. Madersbacher, M. Pedevilla, L. Vingers, M. Susani, and M. Marberger,
“Effect of high-intensity focused ultrasound on human prostate cancer
in vivo,” Cancer Res., vol. 55, no. 15, pp. 3346-3351, 1995.

C. R. Hempel, T. L. Hall, C. A. Cain, J. B. Fowlkes, Z. Xu, and
W. W. Roberts, “Histotripsy fractionation of prostate tissue: Local ef-
fects and systemic response in a canine model,” J. Urol., vol. 185, no. 4,
pp. 1484-1489, 2011.

G. R. Schade et al., “Histotripsy focal ablation of implanted prostate
tumor in an ace-1 canine cancer model,” J. Urology, vol. 188, no. 5,
pp. 1957-1964, 2012.



282

IEEE REVIEWS IN BIOMEDICAL ENGINEERING, VOL. 9, 2016

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]
[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[287]

T. L. Hall, C. R. Hempel, K. Wojno, Z. Xu, C. A. Cain, and W. W.
Roberts, “Histotripsy of the prostate: Dose effects in a chronic canine
model,” Urology, vol. 74, no. 4, pp. 932-937, 2009.

T. Uchida, M. Muramoto, H. Kyunou, M. Iwamura, S. Egawa, and
K. Koshiba, “Clinical outcome of high-intensity focused ultrasound
for treating benign prostatic hyperplasia: Preliminary report,” Urology,
vol. 52, no. 1, pp. 66-71, 1998.

J. Chapelon, J. Margonari, F. Vernier, F. Gorry, R. Ecochard, and A. Gelet,
“In vivo effects of high-intensity ultrasound on prostatic adenocarcinoma
dunning r3327,” Cancer Res., vol. 52, no. 22, pp. 6353-6357, 1992.

A. Sibille et al., “Characterization of extracorporeal ablation of normal
and tumor-bearing liver tissue by high intensity focused ultrasound,”
Ultrasound Med. Biol., vol. 19, no. 9, pp. 803-813, 1993.

E. Brujan, “The role of cavitation microjets in the therapeutic applications
of ultrasound,” Ultrasound Med. Biol., vol. 30, no. 3, pp. 381-387, 2004.
C. Coussios, C. Farny, G. Ter Haar, and R. Roy, “Role of acoustic
cavitation in the delivery and monitoring of cancer treatment by high-
intensity focused ultrasound (HIFU),” Int. J. Hyperthermia, vol.23,1n0.2,
pp. 105-120, 2007.

E. Brujan, T. Ikeda, and Y. Matsumoto, “On the pressure of cavitation
bubbles,” Exp. Thermal Fluid Sci., vol. 32, no. 5, pp. 1188-1191, 2008.
E. Brujan, T. Ikeda, K. Yoshinaka, and Y. Matsumoto, “The final stage of
the collapse of a cloud of bubbles close to a rigid boundary,” Ultrason.
Sonochem., vol. 18, no. 1, pp. 59-64, 2011.

E. Brujan, T. Ikeda, and Y. Matsumoto, “Shock wave emission from a
cloud of bubbles,” Soft Matter, vol. 8, no. 21, pp. 5777-5783, 2012.

A. P. Duryea, T. L. Hall, A. D. Maxwell, Z. Xu, C. A. Cain, and
W. W. Roberts, “Histotripsy erosion of model urinary calculi,” J. En-
dourol., vol. 25, no. 2, pp. 341-344, 2011.

A. Duryea, W. Roberts, C. Cain, and T. Hall, “Controlled cavitation to
augment SWL stone subdivision: Mechanistic insights in-vitro,” in Proc.
IEEE Int. Ultrason. Symp., 2012, pp. 2603-2606.

T.-Y. Wang, Z. Xu, T. L. Hall, J. B. Fowlkes, and C. A. Cain, “An effi-
cient treatment strategy for histotripsy by removing cavitation memory,”
Ultrasound Med. Biol., vol. 38, no. 5, pp. 753-766, 2012.

T.-Y. Wang et al., “Active focal zone sharpening for high-precision treat-
ment using histotripsy,” IEEE Trans. Ultrason., Ferroelectr., Freq. Con-
trol, vol. 58, no. 2, pp. 305-315, Feb. 2011.

G. R. Schade, N. R. Styn, K. A. Ives, T. L. Hall, and W. W. Roberts,
“Prostate histotripsy: Evaluation of prostatic urethral treatment parame-
ters in a canine model,” BJU Int., vol. 113, no. 3, pp. 498-503, 2014.
W. W. Roberts, D. Teofilovic, R. C. Jahnke, J. Patri, J. M. Risdahl, and
J. A. Bertolina, “Histotripsy of the prostate using a commercial system
in a canine model,” J. Urol., vol. 191, no. 3, pp. 860-865, 2014.

K.-W. Lin et al., “Histotripsy beyond the intrinsic cavitation threshold
using very short ultrasound pulses: Microtripsy,” IEEE Trans. Ultrason.,
Ferroelectr., Freq. Control, vol. 61, no. 2, pp. 251-265, Feb. 2014.

J. A. Rooney, “Hydrodynamic shearing of biological cells,” J. Biol.
Phys., vol. 2, no. 1, pp. 2640, 1974.

J. A. Roney, “Shear as a mechanism for sonically induced biological
effects,” J. Acoustical Soc. Amer., vol. 52, no. 6B, pp. 1718-1724, 1972.
D. Palanker, A. Vankov, J. Miller, M. Friedman, and M. Strauss, ‘“Pre-
vention of tissue damage by water jet during cavitation,” J. Appl. Phys.,
vol. 94, no. 4, pp. 2654-2661, 2003.

I. Toytman, A. Silbergleit, D. Simanovski, and D. Palanker, “Multifo-
cal laser surgery: Cutting enhancement by hydrodynamic interactions
between cavitation bubbles,” Phys. Rev. E, vol. 82, no. 4, 046313, 2010.
A. Kosar et al., “Bubbly cavitating flow generation and investigation of
its erosional nature for biomedical applications,” IEEE Trans. Biomed.
Eng., vol. 58, no. 5, pp. 1337-1346, May 2011.

0. Y. Perk, M. Sesen, D. Gozuacik, and A. Kosar, “Kidney stone erosion
by micro scale hydrodynamic cavitation and consequent kidney stone
treatment,” Ann. Biomed. Eng., vol. 40, no. 9, pp. 1895-1902, 2012.

Z. Itah et al., “Hydrodynamic cavitation kills prostate cells and ablates
benign prostatic hyperplasia tissue,” Exp. Biol. Med., vol. 238, pp. 1242—
1250, 2013.

B. K. Tiirkoz, A. Zakhariouta, M. Sesen, A. Taralp, and A. Kosar, “Re-
versibility of functional and structural changes of lysozyme subjected to
hydrodynamic flow,” J. Nanotechnol. Eng. Med., vol. 3, no. 1, 01106,
2012.

H. Ashush et al., “Apoptosis induction of human myeloid leukemic cells
by ultrasound exposure,” Cancer Res., vol. 60, no. 4, pp. 1014-1020,
2000.

L. B. Feril et al., “Apoptosis induced by the sonomechanical effects of
low intensity pulsed ultrasound in a human leukemia cell line,” Cancer
Lett., vol. 221, no. 2, pp. 145-152, 2005.

[288]

[289]

[290]

[291]

[292]

[293]
[294]
[295]

[296]

[297]

[298]

[299]

[300]

[301]

[302]

[303]

[304]

[305]

[306]

[307]

[308]

[309]

[310]

L. Lagneaux et al., “Ultrasonic low-energy treatment: A novel approach
to induce apoptosis in human leukemic cells,” Exp. Hematol., vol. 30,
no. 11, pp. 1293-1301, 2002.

N. Vykhodtseva, N. Mcdannold, H. Martin, R. T. Bronson, and
K. Hynynen, “Apoptosis in ultrasound-produced threshold lesions in
the rabbit brain,” Ultrasound Med. Biol., vol. 27, no. 1, pp. 111-117,
2001.

F. Firestein, L. A. Rozenszajn, L. Shemesh-Darvish, R. Elimelech,
J. Radnay, and U. Rosenschein, “Induction of apoptosis by ultrasound
application in human malignant lymphoid cells,” Ann. New York Acad.
Sci., vol. 1010, no. 1, pp. 163-166, 2003.

P. Wang, A. W. Leung, and C. Xu, “Low-intensity ultrasound-induced
cellular destruction and autophagy of nasopharyngeal carcinoma cells,”
Exp. Therapeutic Med., vol. 2, no. 5, pp. 849-852, 2011.

X. Wang et al., “Role of autophagy in sonodynamic therapy-induced cy-
totoxicity in s180 cells,” Ultrasound Med. Biol.,vol. 36,no. 11, pp. 1933—
1946, 2010.

E.-A. Brujan, “Cardiovascular cavitation,” Med. Eng. Phys., vol. 31,
no. 7, pp. 742-751, 2009.

C. C. Wen and S. Y. Nakada, “Treatment selection and outcomes: Renal
calculi,” Urologic Clin. North Amer:, vol. 34, no. 3, pp. 409419, 2007.
D. J. Galvin and M. S. Pearle, “The contemporary management of renal
and ureteric calculi,” BJU Int., vol. 98, no. 6, pp. 1283-1288, 2006.

M. J. Semins, B. J. Trock, and B. R. Matlaga, “The effect of shock wave
rate on the outcome of shock wave lithotripsy: A meta-analysis,” J. Urol.,
vol. 179, no. 1, pp. 194-197, 2008.

C. Chaussy, E. Schmiedt, D. Jocham, W. Brendel, B. Forssmann, and
V. Walther, “First clinical experience with extracorporeally induced de-
struction of kidney stones by shock waves,” J. Urol., vol. 127, no. 3,
pp. 417-420, 1982.

S. A. Brown, R. Munver, F. C. Delvecchio, R. L. Kuo, P. Zhong, and
G. M. Preminger, “Microdialysis assessment of shock wave lithotripsy-
induced renal injury,” Urology, vol. 56, no. 3, pp. 364-368, 2000.

L. R. Willis, A. P. Evan, B. A. Connors, P. Blomgren, N. S. Fineberg,
and J. E. Lingeman, “Relationship between kidney size, renal injury,
and renal impairment induced by shock wave lithotripsy,” J. Am. Soc.
Nephrol., vol. 10, no. 8, pp. 1753-1762, 1999.

J. H. Parks, E. M. Worcester, F. L. Coe, A. P. Evan, and J. E. Linge-
man, “Clinical implications of abundant calcium phosphatein routinely
analyzed kidney stones,” Kidney Int., vol. 66, no. 2, pp. 777-785, 2004.
G. Janetschek, F. Frauscher, R. Knapp, G. Hofle, R. Peschel, and
G. Bartsch, “New onset hypertension after extracorporeal shock wave
lithotripsy: Age related incidence and prediction by intrarenal resistive
index,” J. Urol., vol. 158, no. 2, pp. 346-351, 1997.

P. V. Barbosa, A. A. Makhlouf, D. Thorner, R. Ugarte, and M. Monga,
“Shock wave lithotripsy associated with greater prevalence of hyperten-
sion,” Urology, vol. 78, no. 1, pp. 22-25, 2011.

B. A. Connors, A. P. Evan, L. R. Willis, P. M. Blomgren, J. E. Lingeman,
and N. S. Fineberg, “The effect of discharge voltage on renal injury and
impairment caused by lithotripsy in the pig,” J. Amer. Soc. Nephrol.,
vol. 11, no. 2, pp. 310-318, 2000.

Y.-L. Deng, D.-Z. Luo, and H.-G. Chen, “Effects of high-energy shock
waves on testes of Wistar rats,” J. Endourol., vol. 7, no. 5, pp. 383-386,
Oct. 1993.

F. R. Orozco, P. J. Iglesias, H. J. Massarrah, G. J. Mancebo, and
E. E. Perez-Castro, “Renal hematoma after extracorporeal shockwave
lithotripsy in a series of 324 consecutive sessions with the DOLI-
s lithotripter: Incidents, characteristics, multifactorial analysis and re-
view,” Archivos Espanoles De Urologia, vol. 61, no. 8, pp. 889-914,
2008.

V. Krishnamurthi and S. B. Streem, “Long-term radiographic and
functional outcome of extracorporeal shock wave lithotripsy induced
perirenal hematomas,” J. Urol., vol. 154, no. 5, pp. 1673-1675,
1995.

J. S. Morris et al., “A comparison of renal damage induced by varying
modes of shock wave generation,” J. Urol., vol. 145, no. 4, pp. 864-867,
1991.

H. Koga, K. Matsuoka, S. Noda, and T. Yamashita, “Cumulative renal
damage in dogs by repeated treatment with extracorporeal shock waves,”
Int. J. Urol., vol. 3, no. 2, pp. 134-140, 1996.

E. Lechevallier, S. Siles, J. Ortega, and C. Coulange, “Comparison by
SPECT of renal scars after extracorporeal shock wave lithotripsy and
percutaneous nephrolithotomy,” J. Endourol., vol. 7, no. 6, pp. 465-467,
1993.

R. Newman et al., “Pathologic effects of ESWL on canine renal tissue,”
Urology, vol. 29, no. 2, pp. 194-200, 1987.



GHORBANI et al.: REVIEW ON LITHOTRIPSY AND CAVITATION IN URINARY STONE THERAPY 283

[311] A. E. Krambeck, M. T. Gettman, A. L. Rohlinger, C. M. Lohse,
D. E. Patterson, and J. W. Segura, “Diabetes mellitus and hypertension
associated with shock wave lithotripsy of renal and proximal ureteral
stones at 19 years of followup,” J. Urol., vol. 175, no. 5, pp. 1742-1747,
2006.

J. A. McAteer and A. P. Evan, “The acute and long-term adverse effects
of shock wave lithotripsy,” Semin. Nephrol., vol. 28, no. 2, pp. 200-213,
2008.

R. K. Handa and A. P. Evan, “A chronic outcome of shock wave
lithotripsy is parenchymal fibrosis,” Urological Res., vol. 38, no. 4,
pp. 301-305, 2010.

A. Evan and J. McAteer, “Q-effects of shock wave lithotripsy,” in Kidney
Stones: Medical and Surgical Management, F. L. Coe, M. J. Favus, C. Y.
C. Pak, J. H. Parks, and G. M. Preminger, Eds. Philadelphia, PA, USA:
Lippincott-Raven, 1996, ch. 23, pp. 549-560.

S. L. Brewer, A. A. Atala, D. M. Ackerman, and G. S. Steinbock, “Shock
wave lithotripsy damage in human cadaver kidneys,” J. Endourol., vol. 2,
no. 4, pp. 333-339, 1988.

Y. Shao, B. A. Connors, A. P. Evan, L. R. Willis, D. A. Lifshitz, and
J. E. Lingeman, “Morphological changes induced in the pig kidney by
extracorporeal shock wave lithotripsy: Nephron injury,” Anat. Rec. A,
Discov. Mol., Cell., Evol. Biol., vol. 275, no. 1, pp. 979-989, 2003.

M. Denburg et al., “Assessing the risk of incident hypertension and
chronic kidney disease after exposure to shock wave lithotripsy and
ureteroscopy,” Kidney Int., vol. 89, no. 1, pp. 185-192, 2016.

F. Recker, A. Bex, W. Hofmann, G. Uhlschmid, and R. Tscholl, “Patho-
genesis and shock wave rate dependence of intrarenal injury from extra-
corporeal lithotripsy,” J. Endourol., vol. 6, no. 3, pp. 199-204, 1992.

G. Schelling, M. Delius, M. Gschwender, P. Grafe, and S. Gambihler,
“Extracorporeal shock waves stimulate frog sciatic nerves indirectly via
a cavitation-mediated mechanism,” Biophys. J., vol. 66, no. 1, pp. 133—
140, 1994.

B. Sturtevant and M. Lokhandwalla, “Biomechanical effects of ESWL
shock waves,” J. Acoustical Soc. Amer., vol. 103, no. 5, pp. 3037-3038,
1998.

P. Zhong, Y. Zhou, and S. Zhu, “Dynamics of bubble oscillation in con-
strained media and mechanisms of vessel rupture in SWL,” Ultrasound
Med. Biol., vol. 27, no. 1, pp. 119-134, 2001.

D. Howard and B. Sturtevant, “In vitro study of the mechanical effects of
shock-wave lithotripsy,” Ultrasound Med. Biol., vol. 23, no. 7, pp. 1107—
1122, 1997.

K. A. Al-Awadi et al., “Treatment of renal calculi by lithotripsy: Minimiz-
ing short-term shock wave induced renal damage by using antioxidants,”
Urological Res., vol. 36, no. 1, pp. 51-60, 2008.

Y. Aksoy, 1. Malkoc, A. F. Atmaca, H. Aksoy, K. Altinkaynak, and
F. Akcay, “The effects of extracorporeal shock wave lithotripsy on an-
tioxidant enzymes in erythrocytes,” Cell Biochem. Function, vol. 24,
no. 5, pp. 467-469, 2006.

D. L. Clark, B. A. Connors, R. K. Handa, and A. P. Evan, ‘“Pretreatment
with low-energy shock waves reduces the renal oxidative stress and
inflammation caused by high-energy shock wave lithotripsy,” Urological
Res., vol. 39, no. 6, pp. 437-442, 2011.

L. Benyi, Z. Weizheng, and L. Puyun, “Protective effects of nifedipine
and allopurinol on high energy shock wave induced acute changes of
renal function,” J. Urol., vol. 153, no. 3, pp. 596-598, 1995.

[312]

[313]

[314]

[315]

[316]

[317]

[318]

[319]

[320]

[321]

[322]

[323]

[324]

[325]

[326]

Morteza Ghorbani received the B.S. degree in
mechanical engineering from the Islamic Azad
University of Tabriz, Tabriz, Iran, in 2009, and the
M.S. degree in mechanical engineering (energy
conversion) from the Islamic Azad University of
Takestan, Takestan, Iran, in 2011. He is currently
working toward the Ph.D. degree at Sabanci Uni-
versity, Istanbul, Turkey, under the supervision of
Associate Prof. A. Kosar.

Prior to beginning the Ph.D. program, he
worked as a Research Assistant at Tabriz Uni-
versity, Tabriz. His research interest include cavitation, multiphase flows
in micro channels, flow regimes in nozzles and study on diesel engines,
primary breakup, and spray characteristics.

Ozlem Oral received the B.S. degree from the
Faculty of Science, Department of Biology, Ege
University, Izmir, Turkey, in 2002, and the Ph.D.
degree from the Department of Material and
Life Science, Kumamoto University, Kumamoto,
Japan, in 2008.

She is currently working as a Researcher
in the Nanotechnology Research and Applica-
tion Center, Sabanci University, Istanbul, Turkey.
Her research interests include molecular mech-
anism of rare human genetic disease, molecular
cell-death mechanism of human diseases (cancer, Alzheimer’s, Parkin-
son’s, etc.) drug delivery research with biodegradable nanoparticles, and
biomedical applications of medical devices.

Sinan Ekici received the graduate degree from
the Hacettepe University School of Medicine,
Ankara, Turkey, in 1995, where he also received
the urology specialist degree from the Depart-
ment of Urology, in 2000.

He is a Professor in the Department of Urol-
ogy, Hisar Intercontinental Hospital, Umraniye,
Turkey. He worked as a Clinical Observer in
Memorial Sloan Kettering Cancer Center, New
York, NY, USA, and as a Research and Clinical
Fellow in the Department of Urooncology, Miami
University School of Medicine, Miami, FL, USA. His research interests
include uro-oncology, endoscopic urology, cancer biology, and gene ther-
apy of urological cancers.

Devrim Gozuacik received the Medical Doctor
(M.D.) degree in 1995 from Hacettepe Medical
Faculty, Ankara, Turkey, the D.E.A. degree in
biochemistry from Ecole Polytechnique, Paris,
France, and the Ph.D. degree in molecular cell
biology in 2001, from Paris XI University and
Pasteur Institute, Paris, France.

He is an Associate Professor in the Molec-
ular Biology, Genetics and Bioengineering and
Bioengineering Program at Sabanci University,
Istanbul, Turkey. Before joining Sabanci in 2006,
he was as a Post-Doctoral Researcher with the Weizmann Institute of
Science (2001-2006) on cancer biology. His current research inter-
ests include cellular death and stress responses including autophagy
in health and disease, RNA interference therapies, and nanodrugs.

Dr. Gozuacik is a Board Member of the International Cell Death Soci-
ety and the Editor of Autophagy (Taylor & Franics). He has received the
EMBO Strategical Development and Installation Grant, Turkish Academy
of Sciences GEBIP Award, IKU Prof. Dr Onder Oztunal Science Award,
and TGC Sedat Simavi Health Sciences Award.

Ali Kosar received the B.S. degree in mechani-
cal engineering from Bogazici (Bosphorus) Uni-
versity, Istanbul, Turkey, and the graduate de-
gree from the Department of Mechanical Engi-
neering, Rensselaer Polytechnic Institute, Troy,
NY, USA, where he also received the M.S. and
Ph.D. degrees.

He is currently a faculty member at Sabanci
University, Istanbul, Turkey. His research inter-
ests include micro/nanoscale heat transfer and
fluid flow, boiling heat transfer, and cavitation.
The results of his research have already generated more than 60 pub-
lished/accepted journal research articles in prestigious journals.

Dr. Kosar received the most significant prestigious awards for fac-
ulty in Turkey, namely, the Turkish Academy of Sciences Outstanding
Young Investigator Award and TUBITAK (The Scientific and Technolog-
ical Research Council of Turkey) Incentive Award, in 2011 and 2012,
respectively.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


