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Abstract

Introduction: Burst wave lithotripsy is an experimental technology to noninvasively fragment kidney stones
with focused bursts of ultrasound (US). This study evaluated the safety and effectiveness of specific lithotripsy
parameters in a porcine model of nephrolithiasis.
Methods: A 6- to 7-mm human kidney stone was surgically implanted in each kidney of three pigs. A burst wave
lithotripsy US transducer with an inline US imager was coupled to the flank and the lithotripter focus was aligned
with the stone. Each stone was exposed to burst wave lithotripsy at 6.5 to 7 MPa focal pressure for 30 minutes
under real-time image guidance. After treatment, the kidneys were removed for gross, histologic, and MRI
assessment. Stone fragments were retrieved from the kidney to determine the mass comminuted to pieces <2 mm.
Results: On average, 87% of the stone mass was reduced to fragments <2 mm. In three of five treatments, stones
were completely comminuted to <2-mm fragments. In two of five treatments, stones were partially disin-
tegrated, but larger fragments remained. One stone was not treated because no suitable acoustic window was
identified. No injury was detected through gross, histologic, or MRI examination in the parenchymal tissue,
although petechial damage and surface erosion were identified on the urothelium of the collecting system
limited to the area around the stone.
Conclusion: Burst wave lithotripsy can consistently produce stone fragments small enough to spontaneously
pass by transcutaneous administration of US pulses. The data suggest that such exposures produce minimal
injury to the kidney and urinary tract.
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Introduction

Burst wave lithotripsy (BWL) is an experimental
modality that administers focused ultrasound (US) pul-

ses to noninvasively break urinary tract stones. Whereas
shock wave lithotripsy (SWL) delivers waves with a single
compression/tension cycle1 to fragment a stone, BWL can
effectively disintegrate natural and artificial calculi in vitro
using multicycle sinusoidal pulses. Characteristically, the
size of fragments generated during BWL is controlled by the
US frequency2 and therefore BWL may reliably generate
fragments small enough to asymptomatically and spontane-
ously pass through the urinary tract.

In previous experiments, a range of BWL exposures were
delivered to porcine kidneys to assess for potential renal in-
jury.3 At higher pressure amplitudes, hemorrhagic injury
similar to that observed in SWL sometimes occurred.4,5 It was
further demonstrated that the occurrence of renal injury cor-
relates with the onset of sustained cavitation in the renal pa-
renchyma, a phenomenon detected by real-time US imaging
that suggests a role of cavitation in injury similar to SWL.

Based on these results, exposure parameters were identi-
fied that caused minimal renal injury, but were sufficient to
disintegrate stones in vitro. The present study sought to assess
stone fragmentation effectiveness and potential renal injury
using these parameters in a pig model.
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Methods

BWL system hardware

BWL exposures were delivered by a custom therapy
transducer powered by an electric pulse generator developed
in our laboratory. The transducer has an aperture of 85 mm
and a central opening of 40 · 36 mm to accommodate a co-
axially aligned imaging probe. The BWL transducer had a
focal distance of 100 mm, creating an ellipsoidal focal vol-
ume with -6 dB dimensions of 60 mm along the acoustic axis
and 6 mm transverse to the axis. The transducer was operated
at 350 kHz to deliver 20-cycle pulses at a pulse repetition rate
of 10 Hz, representing a duty factor of 0.057%.

A commercial US imager (Vivid E95 with M5Sc probe;
GE Healthcare, Wauwatosa, WI) was used for targeting and
real-time monitoring with B-mode and color Doppler imag-
ing. Color Doppler is specifically useful for enhancing signal-
to-noise ratios related to cavitation (both twinkling from the
stone and cavitation elsewhere).6–8 Imaging was not syn-
chronized with the BWL system, but minimal interference
was present because of the low therapy duty factor. Imaging
was recorded by screen capture to a computer.

Porcine model

All procedures were approved by the University of Wa-
shington’s Institutional Animal Care and Use Committee.
Three female pigs weighing 70 to 80 kg each were used to
assess stone fragmentation and renal injury from BWL. This
pig model has a similar size and renal anatomy as humans and
has been used in research on injury related to SWL and
BWL.9 On the day of the study, animals were sedated with
4 mg/kg tiletamine/zolazepam (Telazol; Zoetis, Parsippany,
NJ) and maintained under a surgical plane of anesthesia with
isoflurane. All animals were instrumented to monitor the
heart rate, ECG, blood oxygen saturation, and temperature.

The abdomen of the animal was depilated and washed.
A midline abdominal incision was made and a single human
stone (6–7 mm) with a primary composition of calcium ox-
alate monohydrate was inserted into the renal pelvis or a
calyx of each kidney through a small incision in the proximal
ureter. Care was taken to avoid introducing air into the col-
lecting space during insertion. Each stone was immersed in
water for ‡1 week before implantation. Stone composition
was predetermined by spectroscopic analysis, and all stones
used were from a single patient. Before implantation, each
stone was measured, weighed (wet), and photographed. After
insertion, the incision in the proximal ureter was sutured closed,
and the ureter lumen was partially constricted (*50%) using a
suture to prevent loss of stone fragments. Although ureteral
constriction may increase fluid in the kidneys, which can pro-
mote stone breakage,10 no distention of the collecting space
was noted. The location of the stone was variable; some stones
were exposed in the renal pelvis with surrounding urine and
some in calices with no surrounding fluid apparent on imaging.
The abdominal cavity was filled with degassed saline to dis-
place air and the abdominal incision was closed.

BWL treatment protocol

Stones were first imaged to determine a suitable acoustic
window for BWL that would avoid obstacles, including ribs
or bowel. A bath containing *10 L of degassed water was

prepared for acoustic coupling. The bath consisted of a plastic
container with a hole in the bottom, lined by a 38-lm low-
density polyethylene membrane. The skin was prepared by
first wetting it with degassed water containing 1% isopropyl
alcohol, then applying a layer of US gel that had been
centrifuged to remove larger air bubbles. Degassed water was
used to wet the surface of the gel layer before the coupling
container was placed. The container was then filled with
water, and air bubbles visible in the gel between the mem-
brane and skin were removed. The therapy transducer and
imaging probe were submerged in the water bath, held in
place by a flexible mechanical arm.

US imaging was employed before exposure to align the
focus with the stone and assess the acoustic window. Re-
spiratory motion was present, but a targeting position could
generally be achieved where the stone was in focus *75% of
the time or more. The transducer was rotated over a range of
180� about its axis to identify a clear acoustic window over
the entire tissue path for the therapy transducer. All treat-
ments involved BWL exposures lasting 30 minutes, delivered
in 10-minute intervals. At the 10- and 20-minute marks, ex-
posure was briefly paused to allow for realignment if neces-
sary. This exposure regime was chosen to be similar to an
SWL procedure, where retargeting is occasionally performed
under fluoroscopic guidance. All treatments began by deliv-
ering BWL pulses at an output corresponding to focal peak
negative pressure of 7 MPa measured in a free field. US im-
aging was monitored for cavitation occurring in the water bath
or kidney parenchyma. Two signatures were used to detect
cavitation: dynamic hyperechoic activity in the tissue with B-
mode imaging3 and twinkling artifacts indicative of bubbles
using color Doppler.6 If detected, treatment was paused for 60
seconds and then continued. If cavitation was still apparent,
the output level was reduced to peak negative pressure of
6.5 MPa. Cavitation in the urine space around the stone on US
imaging was considered normal (Supplementary Video S1).

Following treatment of both kidneys, the animal was eu-
thanized. The midline abdominal incision was reopened for
gross evaluation of the kidney and abdominal cavity in the
acoustic path. The ureters as well as renal arteries and veins
were ligated and kidneys were removed. The exteriors of the
excised kidneys were cleaned, examined, and photographed,
then transported for MRI within 2 hours. After MRI, kidneys
were bivalved for recovery of stone fragments and gross
examination of the collecting space. Within 3 hours after
treatment, kidneys were fixed in 10% neutral buffered for-
malin for histopathological evaluation.

Recovered fragments were sieved through serial mesh
filters. All stone pieces that passed through a 2-mm sieve
were considered fully comminuted. Remaining larger frag-
ments were weighed wet and compared with the original
stone weight to determine the fraction of mass disintegrated
for each stone. Image analysis of the fragment size distri-
bution was conducted from photographs converted to bi-
nary images by thresholding using Otsu’s method.11 The
equivalent diameter of each fragment was calculated from the
area as Deq¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 · area=p

p
.

Histologic characterization of renal lesions

Tissue samples were taken from the location where the
stone was targeted based on US imaging and processed for
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histological evaluation. During the preparation for histolog-
ical processing, the kidney was evaluated for signs of tissue
injury within the parenchyma. Serial sections were stained
with a hematoxylin and eosin stain and periodic acid–Schiff
stain.12 A blinded examination of slides was performed by an
expert in SWL kidney injury ( J.C. Williams Jr.).

MRI of excised kidneys

MRI techniques have been recently developed to quantify
hemorrhagic injury to kidneys related to lithotripsy.3,13

Ex vivo MRI was performed on all treated kidneys. Turbo
spin-echo (TSE) T1-weighted (recycle time [TR]/echo time
[TE] = 633/23 ms) and T2-weighted (TR/TE = 7990/75 ms)
imaging, as well as gradient-echo-based susceptibility-
weighted (TR/TE = 14.7/20.8 ms) imaging, was performed
using a 3-Tesla MRI scanner (Ingenia; Philips Healthcare,
Best, The Netherlands). T1-weighted and T2-weighted TSE
imaging sequences were performed with 156-lm in-plane
resolution and 1-mm slice thickness; susceptibility-weighted
imaging was performed with 450-lm in-plane resolution and
2-mm slice thickness.

Each slice was evaluated for injury within the parenchyma,
as described previously.3 Susceptibility-weighted imaging and
additional T1-weighted (TR/TE = 178/2.4 ms, flip angle = 3�)
gradient-echo imaging were conducted to first identify injured
regions and examine sample positions. TSE T1-weighted and
T2-weighted images were compared with correlate injured
regions within the kidney.

Results

Stones were implanted in all six kidneys. However, treat-
ment was administered in only five kidneys because the
acoustic window was too small to ensure delivery of energy
in one case. The remaining five underwent 30 minutes of
BWL exposure. The skin-to-stone depth ranged between 5.4
and 6.1 cm. During exposure, cavitation was observed on
B-mode US in the urine around each stone. In two cases,
cavitation was also observed in kidney tissue at treatments of
7 MPa (Table 1). In one case, treatment was resumed at
7 MPa and no further cavitation was detected. In the other
case, after reducing the pressure amplitude to 6.5 MPa, no
tissue cavitation was observed.

An average 87% (minimum 58%) of the mass was com-
minuted to fragments <2 mm in the five treatments (Table 1).
In three of the five experiments, the stone was completely
disintegrated (Table 1). In the remaining two experiments
(which included the two largest stones by mass), fragments
>2 mm were present post-BWL (Fig. 1). In one case, this was
represented by a large remaining stone fragment (*6 · 3 mm),
while in the other, two 2.5- to 3-mm fragments were present
after treatment. Many fragments in the range of *1 to 2 mm
were recovered in each treatment (Figs. 1 and 2), and fine dust
too small to collect was also present.

Gross examination of kidneys revealed minor petechial
hemorrhage to the urothelium in the collecting space imme-
diately surrounding the area containing a majority of the
stone fragments (Fig. 3). No bleeding, hematoma, or other
injury was observed on the capsular surfaces of any kidney.

Table 1. Stone Dimensions and Weights Before Implantation and After Treatment

Stone
Initial mass

(mg) Size (mm)
Remaining mass

>2 mm (mg)
Remaining mass

>4 mm (mg)
% Fragmented

<2 mm
% Fragmented

<4 mm

1a 74 6 · 3 · 3 0 0 100 100
2 82 7 · 5 · 4 0 0 100 100
3 124 7 · 7 · 5 52 52 58 58
4 60 6 · 3 · 3 0 0 100 100
5a 162 7 · 5 · 5 38 0 77 100
Average 100 – 37 18 – 22 10 – 21 87 – 17 92 – 17

aCavitation in tissue occurred during treatment.

FIG. 1. Photographs of all stones before implantation (top) and fragments extracted after 30-minute BWL exposures
(bottom). BWL = burst wave lithotripsy.
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No indications of damage to the skin overlying the treatment
site or intervening tissues were observed upon inspection.

Histology showed damage to the collecting space mucosa
around the stone (Fig. 4). Damage ranged from epithelial
sloughing with small focal hemorrhagic spots to larger
hemorrhagic regions extending through the full thickness of
the lamina propria. Damage was limited to an area similar to
the width of the US focus and stone (*1 cm diameter). No
damage in the renal parenchyma was observed by histology
for any experiment. MRI likewise indicated no discernable
injury in fresh and fixed kidney parenchyma. Stone fragments
were visible on MRI within the collecting space (Fig. 5).

Discussion

BWL has been previously investigated in vitro for stone
fragmentation and in vivo for tissue injury to kidneys without
stones.2,3 The present study describes a first demonstration
treating renal stones with BWL in an animal model. BWL
may be a useful first-line technology for fragmenting urinary

stones and has several potential benefits, including predict-
able and consistent fragment sizes, effectiveness for a variety
of stone types, and low-pressure amplitudes that limit kidney
injury.

In this study, we found that BWL fragmented all treated
stones with an average of 87% of the stone mass reduced to
<2-mm fragments and three of five stones completely com-
minuted. We used a 350-kHz transducer, which primarily
generated fragments from submillimeter dust to 2 mm. One
treatment did not comminute a large piece of the original
stone representing 42% of the mass, while the other incom-
plete treatment left two *3-mm fragments. These cases also
contained the largest stones by mass, and BWL appears to
proceed at a linear rate of stone fragmentation,14 indicating
that larger stones may require extended treatment for a set of
parameters. It is also possible that these portions of the stones
were not targeted throughout the entire treatment, under-
scoring a need for effective monitoring of treatment endpoint.

We found injury to the kidney only in the immediate vi-
cinity of the stone, limited to surface layers of the collecting
system. This superficial injury did not extend to parenchymal
tissues as MRI analysis and histology did not reveal any
morphological anomalies to kidney parenchyma in the treat-
ment path. The MRI method utilized high-resolution scans of
the kidney as previously validated for detection and quantifi-
cation of hemorrhagic renal injury in both SWL13 and BWL.3

Cavitation in tissue was detected in two treatments, but was
brief (<65 seconds); resolved with our countermeasures; and
did not translate to any attributable parenchymal injury. This
compelling result suggests that US imaging feedback to detect
cavitation may help prevent injury by allowing the operator to
temporarily pause and adjust the treatment parameters to spare
renal tissue. However, further functional studies are needed to
determine whether BWL has any reversible or irreversible
impact on renal function. We cannot rule out the possibility
that the two kidneys treated after a preceding contralateral
treatment benefitted from a pretreatment protective effect,
thought to occur through vasoconstriction in SWL.15

The porcine model has been employed in numerous studies
of SWL-induced injury,9,16 but the effectiveness of litho-
tripters is usually evaluated in vitro. However, our experi-
ments suggest that many in vitro studies do not replicate
important factors for stone breakage in vivo, including urine

FIG. 2. Distribution of sizes for 211 fragments recovered
from the five treatments, as calculated by image analysis.
Nearly all fragments have <2 mm equivalent diameter.

FIG. 3. Typical gross appearance
(left, anterior, and center, posterior)
of a freshly excised kidney exposed
to 30-minute BWL treatment,
showing no apparent injury to the
capsular surface, but petechial in-
jury to the urothelium (circular
outline in right image), in the vi-
cinity of stone fragments. The scale
bar in the right image is 1 cm.
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gas concentration and fluid confinement.17 As such, we felt it
important to develop a porcine model using human stones
without altering the collecting system or renal parenchyma.
While this model allowed consistent stone treatment and
injury evaluation, there are ways in which it does not repli-
cate a clinical scenario. Pigs have a large rib cage that extends
further inferior than humans and limits the acoustic window.

Pig kidneys are also partially intraperitoneal and thus the
impact of intestine is more problematic than would be ex-
pected in humans. To address this issue, we carefully checked
the acoustic window using US imaging to ensure that these
structures did not overlap the converging focused therapy
beam. Artifacts in the US image were valuable indications of
acoustic obstruction, and in one case, we chose not to treat a
stone because no suitable window was identified. We also
limited the stones to a size that is clinically relevant, but no
larger than the focal beam, and limited them to a single
composition, although one that is considered more difficult to
fragment in SWL.18 In humans, stone compositions have
varying fragility and will require different doses to fragment.
In preliminary in vivo experiments developing the animal
model, we similarly found variability in stone fragmentation
and identified stone composition as a potential cause. By
careful control of factors affecting therapy delivery, we have
been able to demonstrate consistent stone fragmentation.

Some challenges remain in translating the methods here to
clinical use. We chose a 30-minute treatment based on pre-
liminary in vitro and in vivo data. We chose 6- to 7-mm stones
as these are clinically relevant and similar to the specific
transducer focal width; simulations and data suggest that a
focus broader than the stone is more effective in achieving
comminution with SWL.19 More research is needed to de-
termine an appropriate BWL exposure time based on stone
size and composition. In addition, the skin-to-stone distance
is a known predictor of SWL outcomes,20 which could have
effects on targeting and delivery of the US to the target stone
in larger patients. Even in the present model, it can be diffi-
cult to identify and target all fragments of the stone as well as
define a clear endpoint solely through two-dimensional US
imaging, although preliminary data suggest that ultrasonic
propulsion can separate a group of fragments to differentiate
intact and disintegrated stones.21 This challenge may explain
the difficulty achieving complete comminution in two stones.
Our coupling method, which allowed visual inspection for
bubbles, may also not be practical in a modern clinical set-
ting. It is more likely that a clinical BWL transducer would be
coupled either directly or by a water bolus to the patient’s
skin.

FIG. 4. Hematoxylin and eosin histology slide showing a
section distal to an exposed stone in the kidney. The bottom
slide is a magnified view of the area outlined in the top slide.
Focal mucosal injury is observed in the location of treatment
(arrowheads), extending to the lamina propria of the wall,
but not into the renal parenchyma.

FIG. 5. MRI appearance of renal
tissue in freshly excised kidneys.
(a–c) Sample image slices show
locations of stone fragments
(arrowheads), but no apparent
hemorrhagic injury using the
T1-weighted TSE image (a),
T2-weighted TSE image (b), and
susceptibility-weighted image (c).
Scale bar = 1 cm. TSE = turbo
spin-echo.

BURST WAVE LITHOTRIPSY IN A PIG MODEL 791



Conclusion

We developed and implemented an animal model to per-
form clinical simulation of BWL to noninvasively fragment
kidney stones. The results indicate that BWL can produce
consistent fragmentation of urinary stones of a clinically
relevant size in the kidney while avoiding detectable injury to
functional renal tissue.
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