
Chin. Phys. B Vol. 26, No. 2 (2017) 024301

Study on shock wave-induced cavitation bubbles dissolution process∗
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This study investigated dissolution processes of cavitation bubbles generated during in vivo shock wave (SW)-induced
treatments. Both active cavitation detection (ACD) and the B-mode imaging technique were applied to measure the dis-
solution procedure of biSpheres contrast agent bubbles by in vitro experiments. Besides, the simulation of SW-induced
cavitation bubbles dissolution behaviors detected by the B-mode imaging system during in vivo SW treatments, including
extracorporeal shock wave lithotripsy (ESWL) and extracorporeal shock wave therapy (ESWT), were carried out based on
calculating the integrated scattering cross-section of dissolving gas bubbles with employing gas bubble dissolution equa-
tions and Gaussian bubble size distribution. The results showed that (i) B-mode imaging technology is an effective tool to
monitor the temporal evolution of cavitation bubbles dissolution procedures after the SW pulses ceased, which is important
for evaluation and controlling the cavitation activity generated during subsequent SW treatments within a treatment period;
(ii) the characteristics of the bubbles, such as the bubble size distribution and gas diffusion, can be estimated by simulating
the experimental data properly.
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1. Introduction
High intensity focused ultrasound (HIFU) is widely ap-

plied as a non-invasive technique in clinical diagnose and
therapy, including hemostasis, thrombolysis, shock wave
(SW) treatments, ultrasonic drug delivery, and lately in
treatment for painful conditions.[1–5] Taking advantage of
the non-invasive, small, well-circumscribed thermal lesion,
extracorporeal shock wave lithotripsy (ESWL) has been
widely applied for stone disease treatments in the past few
decades.[3,6–8] Despite these impressive therapeutic effects,
there is non-ignorable evidence that ESWL causes tissue in-
jury, such as hematomas, hematuria, renal and perirenal hem-
orrhage, and kidney enlargement.[9,10] Including the above tis-
sue damage caused by cavitation, bubbles formed in the prop-
agation path scatter and absorb much of the acoustical en-
ergy before it reaches the target area. Furthermore, it also
changes the focal zone location in the target tissue.[11] Many
efforts have been made to control the cavitation in SW-induced
treatments.[6,12–15] It is reported that the bubble cavitation
could be suppressed by a small overpressure or slow pulse
repetition frequency during ESWL.[12,13] Evan et al. pointed
out that kidney damage and renal functional changes could
be minimized by waveform control that reduces cavitation in

shock wave lithotripsy (SWL).[6] Zhong and Zhou developed
an in-situ pulse superposition technique to suppress large in-
traluminal bubble expansion without weakening the curative
effect.[14,15]

Although primary cavitation excited by SWs is crucial
to the stone comminution, the residual daughter bubbles ac-
companying the collapse of cavitation bubbles also play an
important role.[7,16–19] These residual daughter bubbles can
persist from one shock to the next, in the order of one
second.[18] On one hand, these bubbles will attenuate the am-
plitude of the next SW and delay the time for the SW to reach
the stone,[13,19] which leads to weakening stone comminu-
tion efficiency. The influence is more significant at higher
pulse-repetition frequency (PRF), as less time is available for
residual daughter bubbles to passively dissolve between se-
quent SWs. In order to enhance the comminution efficiency,
Duryea et al. developed an active residual bubble removal
method.[20,21] They suggested that adjusting the cavitation en-
vironment can improve comminution efficiency when PRF is
at a high rate. On the other hand, residual bubbles may also act
as nuclei that can be excited by subsequent pulses. Therefore,
the residual bubbles may improve the therapeutic effect,[7] or
cause further tissue damage. Therefore, it may be favorable
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to achieve an optimal SW treatment[7,13,22] by adjusting the
dissolving process of residual cavitation bubbles between two
sequent SWs.

It is known that free gas bubbles present in a liquid are
usually unstable, which means they will tend to dissolve due
to the external pressure generated by surface tension that will
force the gas out of the bubble into solution in the liquid.
Epstein and Plesset developed equations that can be used to
calculate the expected lifetime of an air bubble in an un-
bounded liquid.[23] Effects have been done to observe the
UCA dissolution process by the ACD system during in vitro
experiments.[24] However, the dissolution process of gas bub-
bles generated in vivo is not yet well known. Therefore, we
intended to investigate the dissolution processes of cavitation
bubbles generated during in vivo SW treatments. The general
hypotheses tested in this study were: (i) B-mode imaging is
an effective technique to monitor the dissolution procedure of
cavitation bubbles; and (ii) the cavitation bubble dissolution
procedure detected by B-mode ultrasound can be simulated
based on the calculation of scattering cross-section with em-
ploying gas bubble dissolution equations and Gaussian bubble
size distribution. Firstly, in vitro experiments were conducted
to monitor the dissolution process of biSpheres contrast agent
bubbles using both the single-transducer ACD system and B-
mode ultrasound imaging system. To verify the efficiency of
the B-mode imaging system, its collected signals were com-
pared with the signals detected by the ACD system, which had
been proved to be capable of detecting microbubbles destruc-
tion and the subsequent dissolution process.[24] Furthermore,
the normalized decay curves of hyperechoic regions measured
by the B-mode imaging system[25] during both in vivo ESWL
treatments of pig kidneys and in vivo ESWT treatments of
plantar fasciitis. The results showed that monitoring bubble
dissolution procedures using B-mode imaging could provide
a better understanding of the temporal evolution of cavitation
bubbles after SW pulses ceased in vivo. In addition, the char-
acteristics of cavitation bubbles, such as the bubble size distri-
bution and gas diffusion, can be estimated by simulating the
experimental data properly.

2. Theory
The purpose of this paper was to simulate the cavita-

tion bubble dissolution process detected after SW treatments
in ESWL and ESWT. Because the experimental data were
collected using B-mode ultrasound, the simulation should be
based on the calculation of the backscattering cross-section.
Furthermore, the simulation should also include the effects
of bubble size distribution, because the detected signals in-
volved the scattering from a distribution of bubbles. There-
fore, the final simulation should incorporate the changing ra-
dius of the dissolving bubbles, R(t), into the scattering cross-

section equations, taking into account the bubble size distribu-
tion. Chen et al.[24] performed just this type of analysis using
standard ACD in an in vitro setting by monitoring the destruc-
tion of ultrasound contrast agents (UCA) microbubbles. The
results were quite good, and thus we will use their simulation
and analysis techniques for our purposes.

2.1. Bubble dissolution

It is known in an in vivo setting, bubble dissolution is
complicated because they can be stabilized by other surfaces
or coatings, or they might move because of blood flow, or there
might be bubble-bubble interactions. We will simplify the pro-
cess by assuming that the dissolution is from an unbounded
liquid, without interactions. We hypothesize that discrepan-
cies between the simulations and data are most probably due
to the effects mentioned. The dissolution rate of a gas bubble
in liquid can be calculated by the following equation:[23]
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where τ = 2Mσ/RGT , t is time, C∞ is the concentration of
dissolved gas in solution, C0 is the saturation concentration of
dissolved gas, and M is the molecular weight of gas.

Other parameters are defined in Table 1. The initial bub-
ble radius condition used in the calculation was R0, which cor-
responded to the equilibrium bubble radius at t=0.

2.2. Calculation of bubble scattering cross-section

Once we know the size of a bubble at any time, we can
then calculate its scattering cross section as a function of time
based on the assumption of the scattering from small particles
with the wavelength λ � R:[27]
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Viscosity damping constant
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e
, (7)
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where ae is the equilibrium bubble radius, ω is the frequency,
ω0 is the resonance frequency, and p0 is the hydrostatic pres-
sure. Other parameters are listed in Table 1.

With a scaling factor, the square root of the scattering
cross section can be used to simulate the expected scattering
amplitude vs. time that we would see on a B-mode image.

2.3. Size distribution of bubbles

During ESWL or ESWT treatment, bubble ‘clusters’ are
generated by shock wave pulses, rather than single bubbles.
The size distribution of these bubbles is not homogeneous. For
simplicity, a Gaussian function[24] with mean radius of R0 and
standard deviation of SD will be employed to cavitation bub-
ble size distribution W (R0):

W (R0) =
1√

2π(SD)
exp
[
− (RR−R0)

2

2(SD)2

]
, (8)

where RR is in range of radii.
The bubble size distribution was considered as a weight-

ing factor when the scattering cross section was calculated.
Thus, the final simulated scattering cross-section for a distri-
bution of bubbles is given by:

σs(R0) =W (R0)σs. (9)

2.4. Best fitting standard

We hypothesized that the measured bubble dissolution
curves could be simulated by calculating the backscattering
cross-sections, while employing the bubble dissolution equa-
tion and assuming a Gaussian size distribution. Three un-
known parameters were chosen for the simulation: R0, SD,
and DA, while assuming other parameters to be constant (See
Table 1). Minimum standard deviation of error (SDE) evalua-
tion was applied to determine the best fitting result.

Table 1. Notations used for bubble dissolution calculation.

Variable Parameter Simulation value

DA diffusion constant of air 2×10−9 m2/s
LA Ostwald coefficient of air 1.71×10−2

RG gas constant 8.314 J/mole·K
T temperature 300 K
σ surface tension 0.07275 N/m
ρg gas density 1.161 kg/m3

ηL liquid shear viscosity, from Church et al., 1995[26] 0.001 Pa·s
ρL density of a Newtonian liquid 103 kg/m
Cp heat capacity at constant pressure, from CRC handbook 240.67
Kg thermal conductivity, from CRC handbook, for air at 300 K and 1 atm 0.00626
c acoustic velocity in the liquid 1500 m/s
γ gas adiabatic constant 1.07

3. In vitro UCA bubble dissolution detected by
ACD and B-mode systems

3.1. Material and methods

3.1.1. Ultrasound contrast agents

For the in vitro experiments, we used ultrasound contrast
agents as the starting point because they have a well-defined
size distribution. That is, we know a priori pretty much what
the initial bubble size distribution will be. The ultrasound con-
trast agent used in this study was biSpheres (Point Biomedical,
San Carlos, CA). BiSpheres is an experimental contrast agent
with air enclosed by an inner polymer and an outer albumin
shell. The biSpheres preparations were provided in powder
form, and were reconstituted with distilled water before use
according to the manufacturer’s recommended protocol. Ac-
cording to the manufacturer’s data, the mean diameter of bi-
Spheres is 40 µm, and there are approximately 5× 108 mi-
crobubbles/ml for biSpheres.

3.1.2. Experimental setup

Figure 1 shows the diagram of the experimental setup
used in this study. The in vitro experiments were performed in
a 16.5×12.5×12.5 cm3 acrylic tank filled with deionized, fil-
tered water, which was left overnight to achieve an equilibrium
gas saturation concentration. A 5-MHz single-element ACD
transducer was mounted onto one side of the tank, and a B-
mode probe (L38, Sonosite 180, Bothell, WA) was attached to
the quadrature sidewall with ultrasonic gel applied to provide
good acoustic coupling. The scanning plane of the B-mode
imager overlapped with the focal region of the ACD trans-
ducer. A pipette bulb was used to contain the sample UCA
suspension and placed in the co-focal region of the B-mode
probe and the 5-MHz transducer. The scanner imaged from
the top of the pipette bulb.

The 5-MHz transducer was driven by a pulse-receiver
(5072, Panametrics, Waltham, MA, USA) whose output sig-
nal was triggered by the function generator (33120A, Hewlett
Packard, Loveland, CO). The ACD interrogating pulses
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(10 cycles, 5 MHz, PRF = 5 kHz) with low amplitude were
sent to detect the bubble dissolution. Relative high PRF
(5 kHz) and low amplitude (about 20 kPa) which was def-
initely lower than the cavitation threshold were applied to
ensure that the bubbles remained relatively stationary over
short time scales. Then the echoes scattering by bubbles were
recorded continuously using the sequence mode of the oscil-
loscope (LC 334 AM, Lecroy, Chestnut Ridge, NY). The de-
tected waveforms were digitized by the oscilloscope at a res-
olution of 40 ns/pt. The hold-off interval of the interrogat-
ing pulses was adjusted to ensure the data collecting time was
long enough to observe the entire bubble dissolution process.
The whole process for recording one ACD waveform lasted
about 0.029 s, including sending interrogating pulses, receiv-
ing scattering signals, and recording and saving them into the
computer. A total of 1452 20-µs-long ACD waveforms were
detected and stored for every sample.

function
generator pulse receiver

oscilloscope

computer

B mode

B mode probe
imager

ACD
transducer

pipette bulb

Fig. 1. Diagram of the experimental setup.

The bubble dissolution processes were also imaged using
the B-mode system at a frame rate of 30 frames/s. The B-mode
movies were digitized through a digital video converter (Px-
AV100U, Plextor Inc., Fremont, CA), before being transferred
to the computer. All the recorded ACD signals and B-mode
movies were stored in PC computers, subsequently processed
offline by the MatLab program (Math Works, Natick, MA).

3.1.3. Image processing method

The areas of the hyperechoic regions in the B-mode im-
ages were quantified after image processing had been done by
MatLab programs (Mathworks, Natick, MA). The image pro-
cessing method is the same as the one described in our previ-
ous work.[16] Briefly, the area of the hyperechoic region was
detected and quantified in terms of pixels by an image bina-
rization method. Then, the images were processed frame by
frame to observe the temporal evolution of the hyperechoic
regions.

3.2. Experimental results

This in vitro study was designed to verify the feasibil-
ity of monitoring the bubble dissolution process with B-mode

ultrasound, by comparing the signals detected using B-model
ultrasound with that obtained from ACD system.

Before the experiments, 1 ml of biSpheres bubbles was
withdrawn and diluted immediately in 1000 ml of distilled wa-
ter. For every study, only 1 ml of diluted suspension was in-
jected to the pipette bulb using a syringe with an 18-gauge nee-
dle. Because the original concentration of biSpheres is about
5×108 microbubbles/ml, ∼ 5×105 microbubbles were there-
fore presented in the pipette bulb.

Interrogating pulses were sent by the 5-MHz ACD trans-
ducer to detect the presence of UCA microbubbles. The
amount of bubbles was quantified according to the amplitude
of the backscattered interrogating signal. Meanwhile, the bub-
ble dissolution process was also monitored using B-mode ul-
trasound. The time-varying bubble numbers were assumed to
be proportional to the area quantification of the hyperechoic
spots recorded in the B-mode movies. Both the ACD and B-
mode data collection were stopped simultaneously, when al-
most all the bright bubble echoes disappeared in the B-mode
image. Five replicate experiments were performed and the
data were averaged. In order to compare the results obtained
with these two systems, all the signals were normalized to the
corresponding maximum value. Then, the experimental data
were simulated according to the scattering cross-section cal-
culation with 3 fitting parameters (e.g., mean radius of bubbles
R0, standard deviation of bubble size distribution SD and gas
diffusion constant DA). The best fitting standard was applied
to achieve the minimum standard deviation of error.
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Fig. 2. Comparison between the ACD and B-mode experimental data,
and the simulation results for the experimental data. (a) Comparison be-
tween the experimental data and the simulation results. The experimen-
tal data could be best fitted with the following parameter sets: the mean
diameter of bubbles R0 = 15 µm, the standard deviation of bubbles dis-
tribution SD = 4 µm, and the diffusion constant DA = 2.5×10−9 m2/s.
(b) The bubble size distribution.
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The results were shown in Fig. 2. The normalized ex-
perimental data obtained from the B-mode and ACD systems
show good consistency, which prove that the B-mode system
is an effective tool to quantify the bubble behaviors. It is also
shown in the figure that the dissolution curves, which were ob-
tained with both ACD and B-mode systems, agree very well
with simulation results. The best fitting parameters for the
simulation result were selected as: mean diameter of bubbles
R0 = 15 µm, the standard deviation of bubbles distribution
SD = 4 µm, and the diffusion constant DA = 2.5×10−9 m2/s.

4. In vivo SW-induced cavitation bubble dissolu-
tion monitored by B-mode system

4.1. ESWL studies

The in vitro studies demonstrated that bubble dissolu-
tion processes could be quantitatively detected using B-mode
imaging, because the measurements of bubble numbers should
be proportional to the area quantification of the hyperechoic
regions in the B-mode images. In our previous work, we
demonstrated in vivo that SW-induced cavitation bubbles indi-
cated by echogenic regions in B-mode images would dissipate
gradually after ceasing the SW pulses, which indicated the dis-
solution of cavitation bubbles.[16] In the present work, these
dissolution procedures observed during in vivo ESWL studies
were further investigated by adopting the decay portions of the
temporal evolution curves in Figs. 5(b) and 5c of Ref. [16]. In
their experiment, SW-induced cavitation in a pig kidney was
mapped by the B-mode imaging system, and the echo areas,
which indicated the cavitation activities were processed and
plotted versus time, which formed temporal evolution curves
of cavitation bubbles. In our work, the time origin (t = 0 s)
was defined as the point at which the SW pulses stopped in the
figures. For the purpose of simulation, all of the decay curves
were normalized to their peak values. The simulation results
for the cavitation bubble dissolution processes are illustrated
in Figs. 3 and 4. In Fig. 3, when the lithotripter was operating
at a charging voltage = 24 kV and a PRF = 2 Hz, SW-induced
cavitation bubbles dissolved within approximately 15 s. The
experimental data can be fitted with the simulated dissolu-
tion curve with the parameter set of R0 = 35 µm, the stan-
dard deviation of bubbles distribution SD = 10 µm, and the
diffusion constant DA = 5× 10−7 m2/s. However, close to
the ‘tail’ of the bubble dissolution process, the experimental
data do not follow the simulation curve, which continues to
trend downward. The experimental and simulated bubble dis-
solution curves are plotted in Fig. 4, for the cavitation bubbles
generated by the SW pulses with a 24-kV charging voltage and
a 0.5-Hz PRF. The experimental result was simulated by set-
ting R0 = 20 µm, SD = 8 µm, and the DA = 2.5×10−7 m2/s.
Unlike Fig. 3, the experiment dissolution curve in Fig. 4 was

fitted very well with the simulation result, even for the times
in the range of 10 s–25 s.
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Fig. 3. Experimental data and simulation result for the dissolution of
cavitation bubbles generated during an ESWL pig experiment with the
lithotripter charging voltage = 24 kV and using a PRF of 2 Hz. (a)
The experimental bubble dissolution curve and the simulation results.
The experimental data could be best fitted with the selected parameter
sets: the mean diameter of bubbles R0 = 35 µm, the standard devia-
tion of bubbles distribution SD = 10 µm, and the diffusion constant
DA = 5×10−7 m2/s. (b) The bubble size distribution.
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Fig. 4. Experimental data and simulation result for the dissolution of
cavitation bubbles generated during an ESWL pig experiment with the
lithotripter charging voltage = 24 kV and using a PRF of 0.5 Hz. (a)
The experimental bubble dissolution curve and the simulation results.
The experimental data could be best fitted with the selected parame-
ter sets: the mean diameter of bubbles R0 = 20 µm, the standard de-
viation of bubbles distribution SD = 8 µm, and the diffusion constant
DA = 2.5×10−7 m2/s. (b) The bubble size distribution.

4.2. ESWT studies
4.2.1. Data acquisition for ESWT

The B-mode images shown in Fig. 5 were taken during
the ESWT treatment of plantar fascilitis by using a FDA ap-
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proved device (Dornier Epos Ultra, American Kidney Stone
Management, Inc. Germany). The Epos machine incorpo-
rates an ultrasound imaging system to visualize the plantar
fascia and align the shock wave focus. The entire treatment
lasted about 20 min, and short-duration ultrasound movies
were downloaded to a laptop before, during, and immediately
after treatment for off-line image analysis. Figure 5 shows
two still frames: one was taken before a procedure started
(Fig. 5(a)); another was taken near the end of the procedure
(about 20 min later). The circles represent identical ROIs and
the cursors represent the focus (Fig. 5(b)). The hyperechoic re-
gion observable in Fig. 5(b) is consistent with the appearance
of cavitation bubbles. These B-mode movies were recorded
to a PC at a frame rate of 30 frames/s, then, post-processed to
quantify the area of cavitation bubbles as a function of time,
based on the analysis of the characteristics of the hyperechoic
regions.

(a) (b)

Fig. 5. B-mode images taken in patients during ESWT (plantar fasciitis
treatment): (a) before the treatment; (b) near the end of the treatment.

4.2.2. Experimental results

The B-mode movies taken during the ESWT treatments
were analyzed using the same method that was applied to the
in vivo ESWL data. The areas of hyperechoic regions were
quantified in terms of pixels, then, were plotted as a function
of time in Fig. 6. The figure shows that SW-induced cavitation
bubbles grew progressively with delivered SW pulses. Then,
the bubble dissolution procedure could be observed as the de-
cay of the hyperechoic region areas.
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Fig. 6. The temporal evolution of the SW-induced cavitation bubbles
during ESWT.

In detail, the dissolution procedure of induced cavitation
bubbles during ESWT was investigated after normalizing the

decay portion of the temporal evolution curve of the hyper-
echoic region measurements for the ESWT studies, as de-
scribed in the ESWL studies. The time origin (t = 0 s) was
defined as the point at which the SW pulses stopped (viz.,
marked by the dash line in Fig. 6 that indicates the end of
SWs). Figure 7 illustrates the measured bubble dissolution
curve and the simulation result for the clinical ESWT study.
The figure shows that the simulation result is in reasonable
agreement with the experimental data. The best fitting param-
eters obtained for the ESWT data were: R0 = 12.5 µm, the
standard deviation of bubbles distribution SD = 7 µm, and the
diffusion constant DA = 3×10−8 m2/s.
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Fig. 7. Experimental data and simulation result for the dissolution of
cavitation bubbles generated during clinical ESWT. (a) The experimen-
tal bubble dissolution curve and the simulation results. The experimen-
tal data could be best fitted with the selected parameter sets: the mean
diameter of bubbles R0 = 12.5 µm, the standard deviation of bubbles
distribution SD= 7 µm, and the diffusion constant DA = 3×10−8 m2/s.
(b) The bubble size distribution.

5. Discussion
It was proved that the single-transducer ACD system was

capable of detecting UCA microbubble destruction and the
subsequent dissolution process.[24] Here, the dissolution of bi-
Spheres bubbles was observed in vitro using both ACD and
B-mode imaging. The comparison result (Fig. 2) showed that
the normalized signals detected by these two systems were in
good agreement, which suggested that B-mode imaging was
as effective as the single-transducer ACD system. The exper-
imental data were also simulated based on integrated calcu-
lation of the scattering cross-section. By setting three fitting
parameters (viz., the mean radius of bubbles [R0], the standard
deviation of bubble size distribution [SD], and the gas diffu-
sion constant [DA]), we assumed that the best simulation re-
sult would be obtained when the SDE achieved the minimum
value. The results showed that the experimental results for
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both two systems could be best simulated with R0 = 15 µm,
SD = 4 µm, and DA = 2.5×10−9 m2/s.

Although the results showed that the experimental results
could be simulated very well with appropriate fitting param-
eters, it was of interest to determine if the simulation result
was or was not unique, because there were so many param-
eters involved in the simulation. Figure 8 illustrates the dis-
solution curve detected by the B-mode system and two sim-
ulation curves obtained while using different parameter sets.
The SDEs of these two simulation results were both within
the range of (1+ 5%) × SDEmin. Obviously, similar fitting
results could be achieved by introducing different parameter
sets. For example, if a larger bubble (e.g., R0 = 26 µm) was
assumed and the diffusion constant DA increased correspond-
ingly (e.g., 10 e−9), the simulated decay curve looked approx-
imately the same as the others. So, how can one determine
which simulation result is correct? We should notice that,
in Fig. 8, one of the two simulation curves assumed a much
bigger bubble and much higher diffusion constant. The air
diffusion constant in water under standard conditions (25 ◦C,
1 atm, 1 atm = 1.01325×105 Pa) is 2.4× 10−9 m2/s. There-
fore, it is applicable to achieve best simulation by adopting
the fitting parameters (e.g., R0 = 15 µm, SD = 4 µm, and
DA = 2.5× 10−9 m2/s) that can generate the minimum SDE.
Thus, with the best fitting approach, we could at least get a
relatively accurate estimation for the bubble size distribution
and the diffusion constant. The parameter SD which presents
the deviation of bubble size helps to get the better estimation,
although it might not affect the trend of simulation.
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Fig. 8. The dissolution curve measured by B-mode ultrasound. Similar
simulation results can be obtained while using different parameter sets.

The above discussion suggests that it is possible to esti-
mate the bubble size distribution and gas diffusion constant by
simulating the experimental data properly. Thus, we would
like to estimate the size distribution of the cavitation bub-
bles generated during in vivo SW studies by applying this
method to the in vivo ESWL and ESWT data. Figure 3 shows
that, for the ESWL experiment with 2-Hz PRF, the best fit-
ting parameters were R0 = 35 µm, SD = 10 µm, and DA =

5× 10−7 m2/s. At 0.5-Hz PRF, the fitting results obtained
for the ESWL study (Fig. 4) were R0 = 20 µm, SD = 8 µm,
and the DA = 2.5× 10−7 m2/s. Figure 7 illustrates that the
best fitting parameters for the ESWT data were R0 = 12.5 µm,
SD = 7 µm, and DA = 3×10−8 m2/s. Church[28] and Sapozh-
nilov et al.[22] have modeled the dynamic behaviors of the
SW-induced cavitation bubbles. Their calculation showed that
SW pulses would drive these bubbles into a dramatic growth
and collapse followed by a slow dissolution of the bubbles.
They also reported that the calculated initial equilibrium ra-
dius of the dissolving cavitation bubble in water is ∼ 30 µm,
which was at the same order as our estimated bubble equilib-
rium radius. The maximum diffusion constant for O2 satu-
rated in whole blood could refer to the order of 10−5. Because
the dissolved O2 concentration in kidney or capillaries could
change with conditions, the estimated diffusion constants ob-
tained here are considered to be in a reasonable range, which is
greater than 10−9 (air diffusion constant in water) and smaller
than 10−5 (O2 diffusion constant in whole blood).

The best fitting results for the ESWL pig kidney studies
(see Figs. 3 and 4) indicate that, at t = 0 s, larger equilibrium
diameters of cavitation bubbles were detected by B-mode ul-
trasound at PRF = 2 Hz. This observation could result from
bubble coalescence and is consistent with the results reported
in previous literatures.[16,22,29,30] First of all, we have to men-
tion that, due to the slow frame rate of the B-model ultrasound,
the R0 discussed in the current dissolution studies were the
equilibrium sizes of residual bubbles after SW pulses. These
residual bubbles might be formed by coalescence of small bub-
bles, which has been observed and described in the optical in-
vestigations of Postema et al.[29,30] They found that two bub-
bles will come into contact more quickly if their distance is
short. Sapozhnikov et al.[22] reported that denser cavitation
bubble clouds with larger radii could be observed with the use
of higher PRFs. Tu et al. also reported similar phenomenon
in the ESWL studies based on B-mode imaging quantification
analyses.[16] Therefore, it can be postulated that the bubble
clouds will be denser when generated at higher PRF, which
means more bubbles will be generated with shorter adjacent
distance, which would promote bubble coalescence. As a re-
sult, the residual bubbles with larger equilibrium radius were
generated eventually by the SWs with 2-Hz PRF.

Another interesting point we want to point out here is
that, for the experimental data of in vivo ESWL at 2-Hz-PRF
and ESWT, the tails of the experimental dissolution curves do
not follow the simulation results that trend downward continu-
ously. Previous researchers have reported that cavitation bub-
ble nuclei can be stabilized in tissue against dissolution.[31–34]

The main possible mechanisms of bubble stabilization have
been proposed as: (i) small spherical gas bubbles could be
stabilized by a layer of surface-active materials; essentially
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shrinking bubbles might be stabilized by a continuous sur-
face formed by molecules;[33] and (ii) cavitation bubble nu-
clei could be prevented from dissolution if they form inside
a crevice.[34] The experimental data tends to approach some
stationary minimum values finally, which implied that some
forms of “bubble stabilization” might be involved in the dis-
solution procedure, especially close to the end of the process.
However, the experimental data of in vivo ESWL at 0.5-Hz-
PRF met the simulation result pretty well. As mentioned in
the researches of Postema et al.,[29,30] sound pressure could
drive two bubbles into each other, furthermore, if the distance
between two bubbles gets shorter, they may come into contact
with each other faster. Meanwhile, larger and more densely
populated cavitation bubble clouds were observed in SWL at
higher PRF,[22] which in turn had shorter distance between
bubbles. By their studies, one could conclude that there were
less cavitation events and little residual bubbles at slower PRF.
Therefore, the dissolution process at slower PRF (e.g., 0.5 Hz)
followed the simulation results better than higher PRF (e.g.,
2 Hz).

6. Conclusion
This study investigated dissolution processes of cavita-

tion bubbles generated during in vivo SW -induced treatments.
Firstly, the feasibility of detecting the bubble dissolution pro-
cess based on the B-mode imaging technique was confirmed
by comparing with the ACD system in the in vitro experi-
ments. Secondly, the SW-induced cavitation bubbles disso-
lution processes were detected by the B-mode imaging sys-
tem during in vivo SW treatments (ESWL and ESWT). Fi-
nally, the dissolution processes were simulated to study the
characteristics and behaviors of the residual bubbles. The re-
sults showed that (I) B-mode imaging technology is an effec-
tive tool to monitor the temporal evolution of cavitation bub-
bles dissolution procedures after the SW pulses ceased, which
is important for evaluation and controlling the cavitation activ-
ity generated during subsequent SW treatments within a treat-
ment period; (II) the cavitation bubble dissolution procedure
detected by B-mode ultrasound can be simulated based on the
calculation of the scattering cross-section with employing gas
bubble dissolution equations and Gaussian bubble size dis-
tribution; (III) the characteristics of the bubbles, such as the
bubble size distribution and gas diffusion, can be estimated
by simulating the experimental data properly. In summary,
this study showed the promising future of estimating the size
distribution of SW-induced cavitation bubbles and other in-
volved coefficients, by simulating the bubble dissolution pro-
cedures. This work should be helpful for understanding the
time-varying SW-induced cavitation activity, which is impor-

tant for controlling the effects of SW treatments. Furthermore,
it may provide a possible method to achieve an optimal SW
treatment of minimizing tissue injury without compromising
the therapeutic effect by adjusting the dissolving process of
residual cavitation bubbles between two sequent SWs.
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