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Shock waves are commonly used in the field of urology. They have two phases, positive and negative, and the bubble generation
is roughly classified into acoustic cavitation (AC) and laser-induced cavitation (LIC). We evaluated the occurrence of cavitation, its
duration, the area of interest, and the maximal diameter of the cavitation bubbles. Changes in AC occurred at 0.2 ms with the high-
est number of bubbles and disappeared at 0.6 ms. The bubble size was 2 mm in diameter. Changes in LIC bubbles were observed
in three pulse modes. The short pulse showed an initial bubble starting at 0.005 ms, which reached its largest size at 0.4 to 0.6 ms.
The long pulse showed an initial bubble starting at 0.005 ms, which reached its largest size at 0.4 ms with the formation of an ad-
ditional lagena-shaped bubble at 0.6 ms. The distance mode of MOSES showed two signal peaks with the formation of two con-
secutive bubbles at 0.2 and 0.6 ms. The main difference in the laser beams between the long-pulse and the MOSES modes was the
continuity and the peak power of the laser beam. The diameters parallel to the laser direction were 6.8, 8.6, and 9.7 mm at 1, 2, and
3 J, respectively, in the short pulse. While the cavitation bubbles rupture, ejectile force occurs in numerous directions, transmitting
high enough energy to break the targets. Cavitation bubbles should be regarded as energy and the mediators of energy for stone
fragmentation and tissue destruction.

Keywords: Acoustic waves; ESWL (Extracorporeal Shockwave Lithotripsy); Laser-induced shockwave lithotripsy; Lasers, solid-state;
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INTRODUCTION

Typically, shock waves have specific physical character-
istics such as nonlinearity, high peak pressure with low ten-
sile amplitude, and a short rise of time and duration. Shock
waves have a positive phase with direct mechanical forces
and a negative phase with cavitation bubbles, which subse-

quently rupture very quickly, generating additional waves [1]

Cavitation bubbles are traditionally associated with
erosion damage [2] to ship propellers or hydraulic turboma-
chinery [3] and with biomedical applications [4] in lithotripsy
[5] or microfluidics [6] The most commonly used cavitation
methods in liquids in the urologic field are acoustic cavita-
tion (AC) and laser-induced cavitation (LIC). AC is a phe-
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Fig. 1. (A) Formation of acoustic cavitation. The static pressure of a liquid is reduced to below its vapor pressure, leading to the formation of small
vapor-filled cavities in the liquid (Revised from Franc and Michel. Fundamentals of cavitation. 2006;76 [7] with permission of Springer Nature). (B)
Bubble formation, implosion, and oscillation (Revised from Izadifar et al. J Med Biol Eng 2019;39:259-76 [8] with permission of Springer Nature). (C)
Water absorption coefficient of the common mid-infrared laser wavelengths including thulium and holmium lasers (Revised from Fried and Irby.

Nat Rev Urol 2018;15:563-73 [9] with permission of Springer Nature).

nomenon in which the static pressure of a liquid is reduced
to below its vapor pressure, leading to the formation of
small vapor-filled cavities in the liquid. Second, LIC is the
formation of a bubble through the decomposition of water.
The bubbles are created from thermal energy generated by
pulsed laser fiber light absorbed by the water medium (Fig. 1)
(791

When we consider biomedical applications, AC is mainly
used in extracorporeal shock wave lithotripsy treatment,
extracorporeal shock wave therapy, and high-intensity fo-
cused ultrasound (HIFU). LIC is primarily used in laser
prostatectomy treatment, retrograde intrarenal surgery, and
percutaneous nephrolithotomy. The energy transmitted by
cavitation can destroy tissue, burst urinary stones [5], reduce
inflammation [10], and alleviate pain [11]
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1. Mechanism of the shock wave generator and
the laser-induced generator

1) Shock wave generator (Rifle, HNT Medical,

Seoul, Korea)

Shock waves lower the pressure below the vapor pres-
sure of the fluid and create AC. Apart from the electrohy-
draulic type, electromagnetic shock wave generators employ
a solenoid electromagnetic coil and use an acoustic lens
or parabolic reflector to focus cylindrical or planar shock
waves, respectively. The capacitor discharging voltage is
level 5 of 18 kV, respectively. The positive peak pressure (P+)
of the shock wave, the negative peak pressure (P-), and the
energy flux density are shown in Table 1

https://doi.org/10.4111/icu.20220059
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Table 1. Maximum positive pressure (P+), maximum negative pressure
(P-), and energy flux density (EFD) at the electromagnetic-type shock
wave focus measured with an optical hydrophone®

Pulse length
(us)
5 27.786+0.687 -14.381+0.125 0.478+0.004 7.833+0.098
Values are presented as meanzxstandard deviation.
*:N=3. Variables measured at level 5. Optical hydrophone HPO-690
(Onda).

Level P+ (MPa) P- (MPa) EFD (mJ/mm?)

2) Laser-induced generator (MOSES Pulse 120H,
Lumenis, Yokneam, Israel)

When laser emission occurs, the energy is absorbed
into the water. As a result, it induces transient cavitation
bubbles and acoustic emission around laser-heated micropar-
ticles. Cavitation bubbles are known to occur within <05 ns
after they are heated by the laser pulse [12] The laser power
setting used for this study ranged from 05 to 3 J, and the
maximal power of the output in the full width at half maxi-
mum is shown in Table 2.

2. Understanding pulse shaping and the
occurrence of cavitation bubbles

Recently, pulse shaping has been actively used in laser
treatment to modify the duration of the laser pulse or to
generate complex pulses. The pulse-shaping technique was
introduced as the MOSES technique or the virtual basket in
the field of urology, and it can also modify the occurrence of
cavitation bubbles. When cavitation bubbles are modified by
MOSES technology, the second bubble goes through the first
big bubble [13] This technique is related to the formation
of cavitation bubbles, which is fundamental to understand-
ing the use of shock waves in various fields. Therefore, this
study will describe how cavitation bubbles are generated
by the two methods of AC and LIC and the similarities and
the differences in the physical characteristics as part I of
therapeutic ultrasound in urology. The characteristics of the
cavitation bubbles modified by pulse shaping are described
in other sections.

HOW TO MEASURE THE CAVITATION
BUBBLES

1. How to measure cavitation bubbles

The properties of the shock waves and cavitation bub-
bles produced by the generators were evaluated by using a
high-intensity broadband fiber optical hydrophone (HPO-690,
Onda Corp, Sunnyvale, CA, USA), a passive cavitation detec-
tor (PCD, PA1263, Precision Acoustics Ltd, Dorchester, UK),

Investig Clin Urol 2022;63:385-393.
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Table 2. Measured power (W) with the photodetector using the laser
power setting®

Mode Pmax(W)  FWHM (us) in::gsfgl‘;::?a)
Short 12.62+0.79 144.89+4.26 1.73£0.12
Long 5.00+0.29 506.97+15.91 1.81+0.09
MOSES (distance)

1st pulse 13.11+1.73 48.56+4.70 1.77+0.07
2nd pulse 10.62+1.02 121.83+15.02

Values are presented as meanzxstandard deviation.
FWHM, full width at half maximum.
“N=10. Photodetector PDA10D2 (Thorlabs).

a high-speed camera (VEO710, Vision Research, Wayne, Nd,
USA), and a photodetector (PDA10D2, Thorlabs, Newton, NdJ,
USA). The optical hydrophone measured the acoustic pres-
sure of AC and LIC, whereas the PCD with 4.6- and 05-MHz
transducers evaluated the time-dependent changes in wave-
patterned laser power and the pressure of the cavitation
bubbles at the highest point of pressure (P+) with different
AC and LIC sensors (Fig. 2). We evaluated the acoustic pres-
sure induced by the laser from a distance, the distance at
which the laser would not break the sensor. In addition, we
acquired lateral images of the water tank with a high-speed
camera (VEO710, Vision Research) to capture the dynamic
features of the cavitation bubbles and the tip of the laser
fiber. The camera captures at a rate of 7,500 images per
second in full format and 200,000 images at a resolution of
128x128 pixels (128%64 pixels at 360,000 images). We evaluat-
ed the occurrence of cavitation, the duration, the area of in-
terest, and the maximal diameter of the cavitation bubbles.

2. Acquisition of phantom gel pictures

Pictures of the phantom gel and the resulting gel dam-
age induced by the cavitation bubbles were taken after
shock wave transmission by use of an EOS 5D Mark III
DSLR camera (Canon, Tokyo, Japan).

THE CHANGES IN CAVITATION BUBBLES

1. Characteristics of cavitation bubbles

The changes in cavitation bubbles induced by AC are
shown in Fig. 3. The bubbles occurred in greatest number
at around 166 ps (time to reach the focus of the shockwave)
and disappeared at about 06 ms. The bubbles were approxi-
mately 2 mm in diameter. A higher number of cavitation
bubbles was seen at the higher energy setting of the genera-
tor (data not shown). The hydrophone signal shown as a red
line in Fig. 3 indicates the initial pressure peak and the first
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Fig. 2. Schematic block diagram of the experimental setup. (A) Acoustic cavitation generator. (B) Laser-induced cavitation generator. LT-V9-15
(GsVitec, Bad Soden-Salmiinster, Germany), HDO6104A (LeCroy, New York, NY, USA), Rifle (HNT Medical, Seoul, Korea). PCD, passive cavitation de-

tector; TTL, transistor-transistor logic.
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collapse period. The big bubbles started to rupture at around
02 ms and multiple second peaks of pressure were seen at
about 06 ms, indicating the second collapse period of the big
and small bubbles. The PCD signal shown by the blue line
just before 04 ms in Fig. 3 shows the voltage change in the
second peak due to the collapse of the big bubbles. Multiple
cavitation bubbles occurred right after shock wave trans-
mission, as shown in Fig. 4. The ejective force generated by
numerous bubbles can destroy targets such as urinary cal-
culi, prostate muscle, and vascular structures.

The changes in LIC bubbles are shown in Fig. 5. (1) The
high-speed camera detected an initial bubble starting at
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tic bubbles according to the shock wave
generator setting with the 360,000 FPS
and the shock wave acoustic pressure.
Note: At level 5 (capacitor discharging
voltage: 18 kV), the cross mark in the
center of the first image is the tip of the
optical hydrophone tip located at the
focal point. T+, from trigger.

about 0005 ms and becoming largest at about 04 to 06 ms at
an energy of 2 J in the short-pulse mode. The photodetector
recognized the first peak (red line) of the laser beam power,
and the PCD signals measured the voltage change indicat-
ing the collapse of the first big bubble and several consecu-
tive small bubbles. (2) The long pulse showed the initial
bubble starting at about 0.005 ms and becoming the larg-
est at about 04 ms with continuous laser emission and the
formation of an additional lagena-shaped bubble at about
06 ms. This lagena-shaped bubble was oriented toward the
direction of the laser. The intensity of the bubble was high-
est before visible bubbles started to expand in size and was

https://doi.org/10.4111/icu.20220059
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Fig. 4. Phantom gel damage induced by
the cavitation bubbles generated by the
shock wave generator. EM, electromag-
netic shock wave generator.
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Fig. 5. Bubbles detected by the high-speed camera (A) and the syn-
chronized time-dependent laser beam power (red line) and passive
cavitation detector (PCD) signal (blue line) (B). (a) short mode, (b) long
mode, (c) MOSES distance. Fl, from first image.
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maintained for 0.3 to 04 ms, after which the intensity start-
ed to decrease at about 06 ms. Then, the initial big bubble
started to rupture. The PCD noted the voltage change when
the rupture of the bubbles occurred at about 09 and 1.2 ms.
Additional changes in voltage and pressure were detected
when the small bubbles started to expand and rupture at
the same time right after the rupture of the first big bubble.
(3) The distance mode of MOSES showed two photodetector
signal peaks from the formation of two consecutive bubbles
at about 02 and 06 ms. The main difference between the la-
ser beam long-pulse and the MOSES modes at 02 and 06 ms
was the continuity and the peak power of the laser beam.
The interrupted laser beam of the MOSES mode generated
a high peak power and the multiple, separated groups of
bubbles ruptured at approximately 0.8 and 11 ms.

2. Pulse shaping and cavitation bubbles

The size of LIC bubbles can differ according to the la-
ser power, as shown in Fig. 6. The longitudinal diameters
parallel to the laser direction were about 6.8, 86, and 9.7
mm at laser powers of 1, 2, and 3 J, respectively. When the
MOSES contact and distance modes were compared, the
initial bubbles were maintained for about 0650 and 800 ms,
respectively. The pulse-shaped second bubble started to eject
through the initial big bubble in the direction of the laser
390
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Fig. 6. (A) Differences in laser-induced
cavitation bubble size according to a
laser setting of 200,000 FPS. Formation
of cavitation bubbles using MOSES
technology in the contact mode (B) and
distance mode (C). Fl, from first image.

at approximately 0330 to 0500 ms and disappeared at about
10 to 1.2 ms. These findings indicate that the total mainte-
nance time of the initial big bubbles can differ. The initial
big bubble was largest in the short-pulse mode and smallest
in the MOSES mode, although the total transmitted energy
was the same.

DISCUSSION

1. What are the differences between the bubbles
in acoustic cavitation and laser-induced
cavitation?

Cavitation is the key information fundamental to un-
derstanding the treatment mechanisms of therapeutic
ultrasound in various urologic disorders, including benign
prostatic hyperplasia, prostate cancer, kidney tumor, erectile
dysfunction, and urinary calculi. Here we attempted to show
how cavitation bubbles are generated in the AC and LIC
techniques. Both methods had similarities in energy trans-
mission in water, the subsequent bubble formation, and the
mechanism of the ejective force in destroying the targets
when the bubbles ruptured. Both methods showed random
waterjet ejection energies when the bubbles ruptured.

However, differences were observed between AC and
LIC, such as the number of cavitation bubbles, their direc-

https://doi.org/10.4111/icu.20220059
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tionality, the size and shape of the bubbles, and the effect
on the targets. AC is based on the change of liquid pressure
to vapor pressure, and LIC is based on the decomposition of
water by energy transmitted from the laser. AC can be ac-
celerated by cavitation seeds of dissolved gas nuclei, whereas
LIC cannot. When used in lithotripsy, AC does not produce
substantial changes in temperature. When AC bubbles rup-
ture violently, physical effects such as shock wave emissions,
microjets, turbulence formation, and shear forces may be
generated in the water. However, LIC generates a substan-
tial amount of heat, and the target-oriented photothermal
ablation seems to have a pivotal role in breaking urinary
stones and destroying human tissue.

2. Cavitation bubbles in acoustic cavitation

Our findings demonstrated that AC bubbles occurred
about 30 ps after shock wave transmission and disappeared
in about 0.6 ms. The shape of the bubbles was almost round,
and the waterjet could be found when the bubbles ruptured.
The size of the bubbles was about 2 mm, and numerous
bubbles were found within the focal zone. The shock waves
in extracorporeal shock wave lithotripsy carry energy with
changes in water pressure and create numerous AC bubbles
simultaneously. Because the shock waves are focused on a
target by the semi-ellipsoid reflector in the electrohydraulic
machine or the acoustic lens or parabolic reflector in the
electromagnetic machine, the change in pressure increases
around the target in the water. While the cavitation bubbles
rupture, an ejectile force is exerted in numerous directions,
and this transmits energy high enough to disrupt urinary
stones. Although we still do not know the proportion of pres-
sure change or the sum of the ejectile forces for efficient
stone fragmentation, cavitation bubbles are regarded as en-
ergy and the mediators of energy for stone fragmentation.

A single shock wave normally transmits destructive
energy from cavitation bubbles for about 06 ms, and the
numerous bubbles generated consequently destroy the tar-
gets. The PCD signal at about 04 ms in this study showed
a voltage change in the second peak by the collapse of the
big bubbles. Although the high-speed camera showed the
rupture of the big bubbles at about 06 ms, the PCD voltage
change at this time was minimal. This finding might be due
to the signal cancellation effect because of the random di-
rection of the AC, and it is possible that the temporal over-
lap of the cavitation bubbles could minimize the effect on
the targets. Theoretically, 1,666 (1 s/0.6 ms) shock waves can
be transmitted to the target without overlapping the cavita-
tion bubbles. However, previous studies showed the superior
efficacy of delivering 60 shock waves per minute compared

Investig Clin Urol 2022;63:385-393.
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with 90 or 120 shock waves per minute. Therefore, the effect
on the target can be affected by many factors, including the
electrical charging time of the generator, the direction of the
ejective force during bubble rupture, and overlapping of the
cavitation bubbles.

3. Cavitation bubbles in laser-induced cavitation

The shock waves induced by laser emission were main-
tained for about 11 to 1.2 ms, and repetitive laser emis-
sions generated multiple LIC bubbles. The pulse-repetition
frequency of the Ho:YAG laser used in clinical practice
for stone fragmentation ranges from 10 to 80 Hz, and the
frequency of the thulium fiber laser extends to several
thousand Hz. The bubbles seem to be helpful in breaking
the stones by producing ejectile forces, and several previous
investigations showed that cavitation plays a pivotal role
in stone dusting and energy delivery [13]14] Still, we do not
know the role of photothermal ablation and the sum of the
ejectile forces of LIC bubbles, and further investigation is
needed to clarify this.

LIC bubbles normally occur 0005 ms after laser emission
and expand in size until about 06 ms. They usually rupture
at about 0.8 to 10 ms for the first time according to the pulse
shape and the laser transmission. We found lagena-shaped
bubbles, the maximal size of which reached 9 mm. A single
bubble could be formed by a single laser emission. Pulse-
shaping technology demonstrates higher efficacy of stone
fragmentation with less retropulsion and better targeting
than the conventional single mode of short- or long-pulse
duration [15], and better destruction of the targets can be
expected. Further investigations of pulse formation, modu-
lation of the maximal pulse power, and irrigation control
techniques are necessary to enhance the surgical outcomes
of patients undergoing stone fragmentation.

4. Clinical meaning of the cavitation bubbles in
the field of urology

When we understand how therapeutic ultrasound works

in lithotripsy, we can recognize the similarities and differ-
ences across the treatment modalities used in other urol-
ogy fields such as HIFU, low-intensity shock wave therapy
(LISWT), and ultrasound lithotripsy used in endoscopic pro-
cedures.

(1) The mechanism of HIFU devices is referred to as
ultrasonic ablation, and it mostly relies on ultrasonic
heating under continuous or long-pulse irradiation
[16]. A piezoelectric transducer is used as the HIFU
source, and a transducer or lens in front of a trans-
ducer focuses the energy onto the target [17]

www.icurology.org 391
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(2) Because it improves angiogenesis by inducing micro-
trauma with repetitive shear stress on penile tissue,
LISWT is being applied to treat erectile dysfunction
[18,19]. Although the impulsive wave of LISWT is
often referred to as a shock wave and the acoustic
property differs from the shock waves in lithotripsy,
cavitation bubbles are produced by an impulse wave
from a metallic shock wave transmitter [20]. The
main difference between the shock waves of LISWT
and focused ultrasound in the area of lithotripsy is
that acoustic fields are seen just in front of the shock
wave transmitter with a diameter of 15 mm, and the
energy can be used on superficial layers of human
tissue such as muscles beneath the skin or corporal
tissues beneath penile skin.

(3) The generator used in ultrasonic lithotripsy gener-
ates electricity, which excites a piezoelectric crystal
vibrating at a specific frequency, generating an
acoustic wave of 23 to 25 kHz The ultrasonic waves
generated are transmitted to the stone to cause
fragmentation. Because of the heat generated, this
technology is being used only for percutaneous neph-
rolithotomy. Several devices combining constant ul-
trasonic energy with ballistic shock wave energy or
an electromagnetic impactor with ultrasonic energy
and suction are used for large renal stones.

5. Limitations of the present study

First, this study was based on the analysis of a single-
energy shock wave burst or laser emission. Numerous shock
waves and the overlapping effect of AC can produce differ-
ent outcomes regarding the safety of the tissue surrounding
the target. Second, we could not include LIC results accord-
ing to different laser settings. However, we analyzed typical
findings, which are essential to understanding the basic
principles of LIC.

CONCLUSIONS

According to our investigations, AC and LIC cavitation
bubbles should be regarded as energy and the mediators of
energy for stone fragmentation and tissue destruction in
the urologic field. Although numerous shock waves and the
overlapping effect of AC can produce stone fragmentation
and tissue destruction, the result is acceptable in treating
urinary calculi. Better destruction of the targets can be ex-
pected with the development of the pulseshaping technology
of LIC.
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