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Abstract

Cavitation plays a significant role in the efficacy of stone comminution during shockwave lithotripsy (SWL).
Although cavitation on the surface of urinary stones helps to improve fragmentation, cavitation bubbles along
the propagation path may shield or block subsequent shockwaves (SWs) and potentially induce collateral tissue
damage. Previous in vitro work has shown that applying low-amplitude acoustic waves after each SW can force
bubbles to consolidate and enhance SWL efficacy. In this study, the feasibility of applying acoustic bubble
coalescence (ABC) in vivo was tested. Model stones were percutaneously implanted and treated with 2500
lithotripsy SWs at 120 SW/minute with or without ABC. Comparing the results of stone comminution, a
significant improvement was observed in the stone fragmentation process when ABC was used. Without ABC,
only 25% of the mass of the stone was fragmented to particles <2 mm in size. With ABC, 75% of the mass was
fragmented to particles <2mm in size. These results suggest that ABC can reduce the shielding effect of
residual bubble nuclei, resulting in a more efficient SWL treatment.
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Introduction

ASTRONG RATE DEPENDENCE in the efficacy of stone
comminution for shockwave lithotripsy (SWL) has been
shown by many in vitro,"™ in vivo,” and human studies.®™ It
is hypothesized that a major component of this effect is due to
the presence of cavitation bubbles persisting from shockwave
(SW) to SW that shields or attenuates the amplitude of subse-
quent lithotripter SWs.”™'! At low firing rates, there is sufficient
time for a majority of the bubbles to passively dissolve, while at
high firing rates, the per SW efficacy is significantly reduced
due to persisting bubbles.

The fragmentation of renal calculi by SWL is understood to
be produced through mechanical stresses caused by a combi-
nation of incident SWs and the collapse of cavitation bubbles
on the surface of the urinary stones.'?!3 Although mechanical
stress generated by the incident SW causes the initial disinte-
gration of the stone, cavitation is a necessary component for
efficient fragmentation, and Eatticularly for producing fine
passable fragments (<2 mm)."” The effect of cavitation on the
fragmentation process is thought to be primarily through ero-
sion on the stone surface, but it may also help in the formation

of crack lines through which damage is spread from the surface
into the bulk of the stone. This damage on the surface of the
stone makes the structure weaker and as a result more sus-
ceptible to subsequent SWs.'31°

The growth and collapse lifespan of a cavitation bubble
cloud produced by a lithotripter SW has been shown to be on
the order of 1 millisecond, much shorter than the interval
between SWs at typical lithotripter firing rates of 0.5-2 Hz.
However, the residual micron-sized bubbles following a
cavitation cloud collapse have a longer lifespan on the order
of 1 second and thus a large fraction would be expected to
persist between subsequent SWs, particularly at higher firing
rates.>'®~'® On subsequent pulses, these nuclei absorb energy
from the negative pressure phase of the lithotripter wave-
form, reducing cavitation on the surface of the stone, which in
turn reduces the efficacy of stone comminution.”

In our previous studies, low-amplitude acoustic bursts
were used with in vitro models to actively remove residual
cavitation bubbles through forced coalescence.''**" Sig-
nificant improvement was demonstrated in the comminution
efficacy of SWL at higher rates (120 and 60 SW/minute). In
this study, the feasibility of SWL stone comminution at 120
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SW/minute with acoustic bubble coalescence (ABC) was
evaluated on a porcine model and compared to standard SWL
at the same rate.

Materials and Methods

After IACUC approval, a total of twelve 45-50kg female
pigs were used in this study. Throughout the procedure, the pigs
were anesthetized with 2%-2.5% inhaled isoflurane, while
their vital signs, including body temperature, heart rate, oxygen
saturation, and respiration, were monitored by a Vet/Ox Plus
4800 Vital Signs Monitor (Heska, Loveland, CO). Each pig
was placed prone on a surgical table. Flexible cystoscopy
(Olympus CYF-3) was performed to visualize and cannulate
the right ureter with an access wire. An 8F silicone urinary
catheter was passed partially up the ureter and the balloon
inflated with 5-10 cc saline to produce ureteral occlusion. One
hour later, the animal was repositioned semiprone (left flank
up) and transcutaneous ultrasound (Ultrasonics, Richmond,
Canada) confirmed hydronephrosis. With ultrasound guidance,
percutaneous access was obtained above the 12th rib to enter
the collecting system through an upper pole renal calix. An
angled glide wire was advanced into the collecting system and
manipulated down the ureter, then replaced with an Amplatz
stiff wire, over which sequentially dilation was performed up to
26F and a sheath placed. Through this sheath, endoscopy of the
collecting system was performed using the flexible uretero-
scope. Once the designated lower pole calix (occasionally a
mid-renal calix was used) was identified, the cystoscope was
removed and reloaded with a zero-tip 1.9F wire basket grasping
a 6 mm diameter cylindrical stone. The cystoscope and basket
were passed through the sheath into the collecting system and
navigated into the previously identified lower pole calix where
the stone was released. Any air introduced during implantation
was aspirated with the flexible cystoscope, while flushing de-
gassed water through the ureteral access catheter.

The model stones were cylindrical in shape, 6 mm in di-
ameter, and about 7 mm in height, with an average hydrated
mass of 281.7 mg (std=33.8 mg). The stones were made by a
mixture of BegoStone plaster (BEGO, Smithfield, RI), al-
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bumin (Carolina Biological Supply Co., Burlington, NC),
and water using the method described by Simmons and col-
leagues' formed in an acetal mold. The mass ratio of mixture
was 73% BegoStone, 2.5% albumin, and 24.5% water. Model
stones were formulated to imitate the structural strength of
cysteine composition stones. The stones were stored in de-
gassed water under vacuum for at least 24 hours before use to
minimize any gas incorporated during formation.

After the stone was implanted into the subject and air
evacuated from the collecting system, the access sheath and
wire were removed, and the incision was sealed with super-
glue. The occlusion catheter in the ureter was deflated to
allow urinary drainage and the animal was left to rest for
about 30 minutes before the treatment. The incision was not
part of the subsequent acoustic window for the lithotripsy
treatment. The skin over the targeted area was shaved and
treated with depilatory cream to improve ultrasound cou-
pling. The location of the target was marked on the skin and a
water bolus consisting of a large plastic bag was placed on the
pig over the targeted area. To ensure optimal sound coupling,
the bolus was glued directly to the skin around a 15 cm cutout
hole so that there was no membrane between fluid and skin
(equivalent to an immersion bath). The bolus was filled with
degassed water at room temperature of about 21°C and the
dissolved gas concentration maintained below 10% satura-
tion by continuous recirculation and degassing. A stereotactic
positioning setup was used where a curvilinear imaging array
probe (C4 on P6 scanner; GE Medical Systems, Waukesha,
WI) was positioned with a three-axis motorized system to
target the implanted stone. The imaging probe assembly was
then removed and replaced with the lithotripter head as-
sembly where the focus was aligned to the ultrasound image.

A laboratory electrohydraulic lithotripter (EHL) was used
for all the treatments modeled on the design of Coleman
et al.*? to simulate the acoustic field generated by a Dornier
HM3 (Dornier Medical Systems, Kennesaw, GA). One
modification was that the system used a straight downward
firing configuration to facilitate rapid electrode changes.*>?*
In addition, water was drawn continuously through the head
via small ports at the highest point on the reflector and

FIG. 1. Experiment setup:
the model stone implanted in
the right kidney of the porcine
model is targeted and treated
by a laboratory electrohy-
draulic lithotripter patterned
after Dornier HM3 along with
a separate annular transducer
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FIG. 2. Acoustic pulse sequence for SWL and bubble
coalescing. The SWL rate was 120 SW/minute interleaved
with bubble coalescing pulses applied for duration of 16
millisecond. SW =shockwave; SWL =shockwave lithotripsy.

recirculated into the water bolus to remove any cavitation
bubbles formed by the electrode. The lithotripter was oper-
ated at a firing rate of 120 SW/minute and charging voltage of
20kV, generating SWs with a peak positive pressure (P+) of
34 MPa and a peak negative pressure (P—) of 8 MPa. All EHL
electrodes (HealthTronics, Austin, TX) used in the experi-
ments were preconditioned with 500 break-in shocks at 20kV
and 120 SW/minute the day before usage for maximum
acoustic output. In each treatment, two electrodes were used
to generate a total of 2500 shocks, 1250 uninterrupted shocks
on each of the electrodes (Fig. 1).

ABC sequences were applied during five of the ten ex-
periments interleaved between each SW. The ABC trans-
ducer was constructed in-house, consisting of an annular
array of eight 500kHz transducers, each 50 mm diameter,
surrounding the lithotripter reflector. ABC sequences con-
sisted of alternating tone bursts of two cycles from each
transducer at a pulse repetition rate of 100 kHz and amplitude
of 1 MPa for a total duration of 16 millisecond. The bubble
coalescence pulses were applied after a 10-millisecond delay
to let the initial bubble cloud to grow and collapse first
(Fig. 2) This pulse sequence was designed to provide a rel-
atively uniform unfocused sound field from a ring transducer
geometry similar to the one in our previous in vitro study.'

Posttreatment position of the targeted kidney stone was
confirmed by removing the lithotripter head and reattaching
the GE imaging probe assembly. The subject was then eu-
thanized and the kidney harvested, including a portion of
distal ureter. The kidney was carefully dissected and all stone
fragments remaining in the collecting system were recovered
by flushing with water and further dissection. Collected frag-
ments were filtered through 4, 2, 1, and %2 mm hole size
perforated brass plates. The fragments of each bin size were
dried for 48 hours and then weighed. Three control stones not
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implanted were allowed to dry as well to serve as a correction
factor for the amount of water lost during dehydration. The
mass of the fragments smaller than 0.5 mm was calculated by
subtracting the sum of all the collected fragments from the
initial mass of the stone.

Results

During one of the experiments, the water bolus leaked
requiring the SWL treatment to be stopped. In a second case,
the percutaneous implantation was unsuccessful. After ex-
cluding these two subjects, a total of 10 remained for the final
data set reported in this study, five using normal SWL and
five using SWL with ABC. It should be noted that the position
of the stones during the treatment was not monitored, and
some movement due to respiratory excursion is expected,
however, the posttreatment position of the targeted stone in
the kidney was confirmed by ultrasound imaging to not have
moved significantly for nine treated subjects. In a 10th case,
which used SWL with ABC, a majority of fragments were
observed to have dropped into the renal pelvis. On dissection,
this stone was found to be nearly completely fragmented. The
small variation in the initial mass of the implanted stones was
found to have no statistically significant effect on the efficacy
of stone comminution (z-test, p-value =0.8).

Figure 3 shows typical results for normal SWL treatments
(Fig. 3a, c¢) and when combined with ABC (Fig. 3b, d). Qua-
litatively, the fragmentation was more complete for nearly
every treatment using ABC.

Resulting fragment distributions from all 10 experiments
are summarized in Figure 4. The most striking finding was the
change in distribution of stone fragments larger than 4 mm
when using ABC. While all normal SWL treatments had at
least one remaining fragment larger than 4 mm averaging
65% of the initial stone mass, only one of five treatments
using SWL with ABC had any remnant fragment larger than
4 mm. Looking at a smaller size threshold, the normal SWL
treatment left behind on average 75% of the stone mass in
fragments larger than 2 mm, while the SWL treatment com-
bined with ABC left on average only 25% of the mass larger
than 2 mm (z-test, p-value =0.003).

Discussion

In this study, low pressure acoustic pulses were utilized to
stimulate residual cavitation bubbles to coalesce and clear the
path for subsequent SWs. This occurs through the acoustic
field, inducing size oscillations in the bubbles, and gives rise
to two major forces. The primary Bjerknes force describes the

d
o g ¢ FIG. 3. Typical results
o ,r,_.;. ol from normal SWL treatment
5 U, (a, ¢) and SWL with ABC
T O (b, d). Recovered fragments
S & from treatments with normal
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than treatments with SWL

and ABC (d).
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FIG. 4. Posttreatment stone
fragment distribution normalized to
initial stone mass for normal SWL
and SWL combined with ABC. The
distribution is significantly shifted
toward smaller fragments for SWL
with ABC.
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tendency of bubbles smaller (or larger) than resonant size to
move up (down) a pressure gradient and congregate at
pressure antinodes (or nodes). The secondary Bjerknes force
describes an attractive force between bubbles oscillating in
phase depending on their size and the acoustic field fre-
quency. This secondary Bjerknes force is hypothesized to be
the dominant mechanism bringing the remnant bubbles from
SWL cavitation together to coalesce and clear the propaga-
tion path."*® In general, the degree of coalescence required
for effective clearance of the propagation path to mitigate
effects of bubble shielding is not known. This suggests the
potential for further optimization of acoustic parameters for
ABC for further improvement in fragmentation efficiency.

The SW rate used for this study was 120 SW/minute,
which is a common rate used in clinical SWL. This high rate
was chosen to reduce experiment time and possibly enhance
the difference between study groups. In vitro work' has
shown that a significant, although somewhat reduced, dif-
ference also occurs at 60 SW/minute. The goal in this study
was to understand the barriers to high-rate SWL and consider
methods to alleviate them. Although, this study does not
show that prefocal cavitation and the shielding effect is the
only barrier to high-rate SWL, reducing the population of
prefocal cavitation by means of forced coalescence appears
to improve the efficiency of high-rate SWL significantly.

One of the major differences between distribution of stone
fragments in subjects with and without ABC was the presence
of at least one larger than 4 mm stone fragments in subjects
without ABC. In previous studies, we have shown that
shielding effect reduces the cavitation on the surface of the
stone,” which is a significant factor in producing fine frag-
ments by means of surface erosion and weakening the
structure of stone that makes the further fragmentation to
smaller pieces more probable during subsequent SWs.'>~'
As a result, by removing prefocal cavitation from the prop-
agation path and reducing the shielding effect, it was ex-
pected to see lower amount of large fragments when ABC
was applied.

An additional problem with high-rate SWL is an increased
risk for collateral tissue damage. Cavitation within the kidney
parenchyma is thought to be the source of this damage. It is
possible that ABC with SWL could help reduce this damage
by preventing a proliferation of cavitation bubbles expanding
into the kidney tissue. However, it is also possible that cav-
itation damage could be exacerbated by additional forced
oscillation of bubbles outside the collecting system. A sep-

arate study of tissue damage in SWL with and without ABC
will be required to assess the extent of tissue damage without
the trauma associated with stone implantation.

Related work has shown improvement in stone commi-
nution by interleaving SWL with auxiliary SWs produced by
a piezoelectric annular array SW generator.”**> The auxil-
iary SWs in the mentioned study are of extremely short du-
ration and on the order of 8 MPa pressure timed to arrive right
after the initial collapse of bubble cloud produced by each
lithotripter SW, generating a secondary intensified collapse
near the surface of the stone. It is important to note the sig-
nificant differences in the amplitude and duration of the
acoustic fields used compared to this study. Interestingly, the
acoustic sound sources have a remarkably similar geometry.

Optimal bubble coalescence requires a nonfocused acoustic
field that exposes as much of the propagation path as possible,
where cavitation may occur. Ultrasound-guided lithotripters
with a central access port for imaging are ideally suited for
ABC because the coalescence generator could be a simple
small unfocused transducer. Systems lacking this port (gener-
ally X-ray guided) require a slightly more complex annular
array transducer to generate the coalescence field such as the
device demonstrated in this study, but is still possible without
modification of the SW source.

Conclusions

This study demonstrates the feasibility of utilizing ABC in
enhancing high-rate SWL. The results suggest significant
improvement in the stone fragmentation process when using
bubble coalescence with SWs, which implies that ABC can
mitigate the shielding effect of residual cavitation bubbles
resulting in a more efficient SWL treatment.
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