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Abstract

Purpose: Burst wave lithotripsy (BWL) is a transcutaneous technique with potential to safely and effectively
fragment renal stones. Preclinical investigations of BWL require the assessment of potential renal injury. This
study evaluates the capabilities of real-time ultrasound and MRI to detect and evaluate BWL injury that was
induced in porcine kidneys.
Materials and Methods: Ten kidneys from five female farm pigs were treated with either a 170 or 335 kHz
BWL transducer using variable treatment parameters and monitored in real-time with ultrasound. Eight kidneys
were perfusion fixed and scanned with a 3-Tesla MRI scanner (T1-weighted, T2-weighted, and susceptibility-
weighted imaging), followed by processing via an established histomorphometric technique for injury quan-
tification. In addition, two kidneys were separately evaluated for histologic characterization of injury quality.
Results: Observed B-mode hyperechoes on ultrasound consistent with cavitation predicted the presence of
BWL-induced renal injury with a sensitivity and specificity of 100% in comparison to the histomorphometric
technique. Similarly, MRI detected renal injury with a sensitivity of 90% and specificity of 100% and was able
to identify the scale of lesion volumes. The injuries purposefully generated with BWL were histologically
similar to those formed by shock wave lithotripsy.
Conclusions: BWL-induced renal injury can be detected with a high degree of sensitivity and specificity by
real-time ultrasound and post-treatment ex vivo MRI. No injury occurred in this study without cavitation
detected on ultrasound. Such capabilities for injury detection and lesion volume quantification on MRI can be
used for preclinical testing of BWL.
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Introduction

Burst wave lithotripsy (BWL) is a method for trans-
cutaneously fragmenting renal stones under investiga-

tion at the University of Washington.1 BWL uses short,
broadly focused bursts of ultrasound (US) at lower pressure
amplitudes than extracorporeal shock wave lithotripsy
(SWL) to fragment stones. In vitro studies of BWL demon-
strated efficacy at fragmenting natural and artificial calculi.1

Fragment size was found to be predictable and was regu-
lated by altering the US frequency. Due to the low-pressure

amplitudes and the ability to control fragment size, BWL has
significant potential advantages over SWL in the manage-
ment of renal stones. Demonstrating safety with exposure to
renal parenchyma is a critical step in the development of this
technology for clinical use.

The purpose of this study was to develop imaging tech-
niques for assessing BWL-induced renal injury in a porcine
model. Tissues were treated at a variety of treatment pa-
rameters with therapeutic efficacy, including parameters in-
tended to elicit renal parenchymal injury. We assessed the
ability of real-time US imaging to detect injury during BWL
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treatments. In addition, we employed an established histo-
morphometric technique developed to quantify hemorrhagic
renal injury in SWL and used it to determine the ability of
MRI to detect and quantify injury.2

Materials and Methods

Animal model

All protocols and procedures were approved by the Uni-
versity of Washington’s Institutional Animal Care and Use
Committee. Five female pigs weighing 55 to 60 kg each were
used to assess renal injury from BWL. The pig model has
similar size and renal anatomy to humans, and has been used
in research for evaluation of injury caused by SWL.2 Each
animal received general anesthesia induced with 4 mg/kg
telazol and maintained with isoflurane. Cardiopulmonary
function was monitored. Due to geometric constraints of
available BWL transducers as well as a desire to deliver re-
peatable, known pressures to targeted sites, intra-abdominal
treatments were performed. Animals were placed supine and
a mid-line incision was made to gain access to the kidneys.
The abdominal cavity was filled with degassed phosphate-
buffered saline solution before coupling the BWL treatment
probe directly to the anterior surface of the exposed renal
capsule for treatment. The animals were euthanized follow-
ing treatment; the eight kidneys were perfusion fixed with
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for
MRI and histomorphometric analysis. Two kidneys were
prepared for histological characterization of injury using
hematoxylin and eosin (H&E) staining.

BWL exposure and US imaging

BWL treatment was administered with a custom, low
frequency transducer (170 or 335 kHz) to produce a broadly
focused US beam with dimensions comparable to those used
in SWL. Each transducer had a coupling cone filled with
degassed water with an acoustic window made from a sili-
cone rubber membrane, which was gently pressed against the
kidney capsule. An in-line US imaging probe (P7-4 or P4-2;
Philips Healthcare, Bothell, WA) and a research US imager
(V-1; Verasonics, Kirkland, WA) were used to align the
BWL transducer focus with the targeted position in the
kidney. Real-time B-mode US images were monitored to
detect cavitation within the renal parenchyma. Cavitation
was identified visually as an area of dynamic hyperechoic
activity within the kidney parenchyma or collecting space
that appeared during exposure (Supplementary Movie S1;
Supplementary Data are available online at www.liebertpub
.com/end).3

Each kidney was treated in three sites: upper, middle, and
lower poles, which were identified using US visualization of
the renal pelvis as a landmark. BWL exposures up to 30
minutes were delivered using bursts with amplitudes from 5.8
to 8.1 MPa with a pulse length of 10 cycles at 170 kHz or 20
cycles at 335 kHz. A burst repetition rate of 40 Hz was used
for all treatments at 335 kHz; for several treatments at
170 kHz, a burst repetition rate of 200 Hz was used. Treat-
ments were monitored using B-mode US. Cavitation was
expected to cause renal injury, so the exposure durations with
cavitation detected by US were varied to permit assessment
of injury evolution.

Magnetic resonance imaging

All kidneys were perfusion fixed in situ before being sur-
gically removed for ex vivo MRI. T1-weighted (recycle delay
time [TR]/echo time [TE] = 633/23 ms), T2-weighted (TR/
TE = 7990/75 ms), and susceptibility-weighted (TR/TE = 14.7/
20.8 ms) imaging was performed using a 3-Tesla MRI scanner
(Achieva; Philips Healthcare, Best, The Netherlands). T1-
weighted and T2-weighted turbo spin echo sequences were
compared to correlate injured regions. A gradient echo-based
sequence was used for susceptibility-weighted imaging to
identify micro-hemorrhagic areas. Gradient echo T1-weighted
(TE/TE = 178/2.4 ms, flip angle = 3�) imaging was conducted
to identify injured regions and to examine sample positions. T1-
weighted and T2-weighted 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 MRI was evaluated by three reviewers, blinded to the
BWL treatment parameters. A site was considered injured if
two or more reviewers agreed. Injured regions were best visu-
alized with T2-weighted images, which were used to calcu-
late hemorrhagic injury volume. Susceptibility-weighted and
T1-weighted images were used to help confirm the presence or
absence of a lesion. Functional renal volume was reconstructed
in software (Amira 3D; FEI, Hillsboro, OR) by manually iden-
tifying the renal parenchyma and excluding sinus structures on
each slice of the T2-weighted images. Hemorrhagic injury was
calculated as a percentage of functional renal volume where
injury involved the parenchyma, and a total renal volume when
hemorrhage included sinus structures. Sensitivity and specificity
were determined by comparison to histomorphometric assess-
ment as the gold standard for identifying renal injury.

Histomorphometric tissue analysis

The volume resolution using histomorphometric analysis
is 0.1% of functional renal volume. Following MRI, kidneys
were sent to Indiana University School of Medicine for his-
tomorphometric analysis.2 In brief, following perfusion fix-
ation and MRI scanning, the renal vasculature was cast with
yellow Microfil (Flow Tech, Inc., Carver, MA). The kidneys
were dehydrated in serial ethanol (30, 100%) and chloroform
(100%) solutions. Each kidney was then infiltrated with
paraffin (Shandon Hypercenter XP; Thermo Fisher Scientific,
Waltham, MA) and serially sectioned with 40 lm slice
thickness using a sliding microtome (American Optical No.
860). A digital image of the sectioned surface of the kidney
was obtained every 120 lm. Renal sinus regions were man-
ually marked on each image slice to enable subtraction from
the total renal area to calculate functional volume of the renal
parenchyma. Hemorrhagic lesions were identified on digital
images and quantified by pixel color (Adobe Photoshop CS6,
13.0.6; Adobe Systems, Inc., San Jose, CA).

Histologic characterization of renal lesions

Two perfusion fixed kidneys were grossly cut into thirds to
analyze each treatment site, and axial segments were processed
for histological analysis. Five-micron sections were taken ev-
ery 1 mm and stained with H&E. Sections were imaged in an
upright microscope and evaluated for evidence of hemorrhage
and mechanical disruption to determine the nature of the injury.
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Results

Detection of injury

Cavitation was observed in real-time on B-mode US as an
area of dynamic hyperechogenicity (Supplementary Movie S1)
that occurred suddenly in the collecting space and kidney pa-
renchyma during the treatment. Cavitation often did not appear

until several seconds or even minutes into treatment. This de-
tection was then compared to histomorphometric and MRI an-
alyses obtained from fixed kidneys (Fig. 1). As indicated in
Figure 1, hemorrhagic injury appears as dark purple/black in
histomorphometric images (Fig. 1a). From MRI, injured regions
appear hypointense on T2-weighted and susceptibility-weighted
images (Fig. 1c, d); although injury sites were detectable on

FIG. 1. A comparison of injury visualization for the same kidney specimen in a histomorphometric image (a), and in
images using three different MRI sequences: T1-weighted (b), T2-weighted (c), and susceptibility-weighted (d). Images
were obtained from Kidney 2, with injury site 2-M (Fig. 3 and Table 1) denoted by a red arrow. Scale bars represent 1 cm.

FIG. 2. Histomophometric
image slices (top row) and
corresponding T2-weighted
images (bottom row) with
injury sites denoted by red
arrows. Following the iden-
tification of treatment sites
described in Fig. 3, left pan-
els show injury site 2-M n;
middle panels show injury
sites 3-U and 3-L; and right
panels show images from
kidney 8, in which no hem-
orrhagic injury occurred.
Scale bars represent 1 cm.
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T1-weighted images (Fig.1b), the relative intensitychangeswere
variable. Susceptibility-weighted images appear to detect hem-
orrhage with the highest sensitivity, but overestimate the hem-
orrhagic volumes and lack anatomical detail.4 Figure 2 shows
examples of the identification of large, small, and nonexistent
injury in both histomorphometric and T2-weighted images.

BWL treatments were applied to 21 sites in 8 kidneys, with
3 sites serving as negative (untreated) controls. Exposure
durations ranged from 5 to 21 minutes (Table 1 and Fig. 3).
Of 21 sites treated with BWL, 10 (47.6%) had evidence of
provoked hemorrhagic injury on histomorphometric analysis
with the remaining 11 sites having no identifiable injury.
Figure 3 shows the incidence and duration of cavitation on B-
mode US and identification of injury on histomorphometric
analysis and MRI. The sensitivity and specificity for US
cavitation for identifying injury were both 100%. MRI was
able to identify 9 of the 10 sites with hemorrhagic injury
(sensitivity 90%) with no false positives (specificity 100%).
Of the 11 sites where no injury was detected, exposure du-
rations varied from 10 to 21 minutes, with focal pressure
amplitudes from 6.5 to 8.1 MPa. These exposure parameters
are within the range of those where cavitation and injury were
observed (Table 1).

Volumetric quantification of injury
by histomorphometric analysis and magnetic
resonance imaging

Hemorrhagic injury sites and markers of renal anatomy
were identified in 2D MRI image slices and integrated to
estimate 3D volumes (Fig. 4). Table 1 shows comparison of
the hemorrhagic injury volume as measured on histomor-
phometric analysis and T2-weighted MRI. For the eight sites
treated at 335 kHz with identifiable injury, the lesion size
determined by histomorphometric analysis was £0.1% of
functional renal volume. On T2-weighted MRI, correspond-
ing lesion volumes were also £0.1% of functional renal
volume with a maximal detected injury of 0.07%. The re-
maining two lesions with larger measurable injuries were
treated with the 170 kHz transducer (1-M, 2-M). Both tech-
niques for injury quantification yielded lesion sizes 1.9% to

Table 1. Injury Volume Per Treatment Site

Injury sitea
Transducer

frequency (kHz)
Total exposure

(minutes)

US hyperecho duration
(No. of BWL
pulses/103)

MRI injury
volume (%)b

Morphometric
injury volume (%)b,c

Focal
pressure
(MPa)d

1-M 170 5.0 30.0 1.90 2.5 6.5
2-M 170 17.0 37.0 2.40 5.2 6.5
3-U 335 13.3 7.8 0.03 <0.1 6.3–8.1
3-L 335 14.0 2.6 0.07 <0.1 7.3–8.1
4-U 335 12.0 0.8 0 <0.1 7.3–8.1
5-U 335 15.1 2.0 0.03 <0.1 6.6–8.1
6-U 335 12.0 4.0 0.03 <0.1 5.8–8.1
6-L 335 8.3 11.0 <0.01 <0.1 6.6–8.1
7-U 335 11.0 2.4 0.01 <0.1 5.8–8.1
7-L 335 10.7 0.8 0.07 <0.1 6.6–8.1

aClassified by kidney number in conjunction with U, M, or L to indicate upper pole, mid-pole, and lower-pole sites, respectively.
bAll injury volumes reported as percent of functional renal volume, which excludes renal sinus structures.
cThe minimum quantitative resolution of the histomorphometric technique is 0.1%.
dBWL output pressure or pressure range where dynamic hyperechogenicity was observed on B mode US.
BWL = burst wave lithotripsy; US = ultrasound.
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FIG. 3. Detection of renal injury with morphometric and
MRI. Each site is defined by a kidney number from 1 to 8 and
‘‘U,’’ ‘‘M,’’ or ‘‘L’’ to denote upper, mid, or lower pole, re-
spectively. The duration of cavitation activity observed on B-
mode US images is listed for each site (‘‘–’’ indicates no BWL
exposure). BWL = burst wave lithotripsy; US = ultrasound.
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5.2% of functional renal volume, though the MRI estimates
were 24% and 53% smaller.

Histologic characterization of renal lesions

Two kidneys were analyzed for histologic characterization
of lesions. One site served as a negative control, two sites were
treated at 170 kHz, and three sites were treated at 335 kHz. The
injuries generated were histologically similar to those formed
with SWL. Injury generated by both transducers showed evi-
dence of intraparenchymal hemorrhage, with qualitative in-
juries including focal tubular injury/destruction and focal
cellular fragmentation and necrosis (Fig. 5).

Discussion

BWL is an emerging technology for the treatment of renal
stones; it has been demonstrated to fragment stones in vitro
using relatively low-pressure bursts delivered at a fast rate.
Because BWL uses US acoustic energy to break stones, there
is potential to cause renal injury comparable to SWL.5 In
SWL, quantifying renal injury is time consuming, technically
challenging, and tissue destructive.2 Accordingly, preclinical
and clinical evaluation of BWL will be greatly aided by the

establishment of noninvasive, reproducible methods of injury
detection and evaluation.

This study demonstrated that cavitation produced during
BWL is observed as a region of dynamic hyperechogenicity
on B-mode US.3,6–8 No injury occurred in this study without
cavitation detected on US. This result suggests US should
serve as a real-time method to monitor for cavitation to
prevent renal injury during BWL treatment. If cavitation is
detected the user could pause the treatment to allow the
cavitation bubbles to clear before further treatment at the
same or a reduced output level. This strategy will require
prospective validation.

MRI evaluation of fixed ex vivo kidneys detected injury
with a high degree of sensitivity and specificity. Only a single
injured region seen on histomorphometric analysis was not
initially seen on MRI (site 4-U). At this site, injury was
missed on MRI because of the site’s proximity to a renal cyst,
but upon retrospective evaluation the hemorrhage was iden-
tified. Despite deliberate exposure of tissues to sustained
cavitation during BWL treatment exposures, most of the
acute hemorrhagic injury in this study was <0.1% functional
renal volume on histomorphometric and MRI analyses. Al-
though the small numbers do not allow a robust statistical
comparison of lesion volumes for the two techniques, values

FIG. 4. Example of image segmentation to enable volumetric injury quantification of functional renal tissue. The two
images at left show a raw T2-weighted image slice and the same image segmented to define areas representing functional
tissue (yellow lines), renal sinus (red lines), and hemorrhagic injury in functional tissue (blue lines). A three-dimensional
reconstruction of these volumes is presented at right. Scale bar represents 1 cm.

FIG. 5. H&E-stained sections showing an example of the typical histological injury produced with the 335 kHz BWL
transducer. At low magnification (left frame, scale bar represents 1 cm), a small area of injury is observed within the
parenchyma. At increased magnification (right image, scale bar represents 250 lm) there is evidence of intraparenchymal
bleeding (H), with qualitative injuries including focal tubular injury/destruction (T) and focal cellular fragmentation and
necrosis (*). H&E, hematoxylin and eosin.
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were similar with a relative underestimation of lesion size
on MRI for the two largest lesions. This discrepancy may be
due to differences in the determination of the renal sinus
volume and functional renal volume, unequal dehydration and
shrinkage of the injury lesion compared to the renal paren-
chyma, or fundamental differences in the detection of hemor-
rhage between the two techniques. Regardless, MRI detected
even very low levels of acute hemorrhagic injury. In context,
MRI is a natural alternative for rapid quantification of hem-
orrhage9 and is being actively investigated for quantifying
hemorrhagic renal injury caused by SWL10 and for injury
characterization and quantification in other mechanical US
therapies, such as histotripsy.11,12

The histologic pattern of renal injury for BWL was similar
to what has been described in SWL-mediated injury.13 He-
morrhagic renal injury from SWL is hypothesized to be
mediated through small vessel injury from cavitation.2,14,15

Shock waves can result in cavitation bubbles that grow and
collapse with each pulse, causing mechanical trauma in their
immediate vicinity.16 Similarly, our results are consistent
with the interpretation that the amount of hemorrhagic injury
was primarily determined by the number of affected vessels
and the extent of injury for each. In particular, sizable injury
was only detected for the two exposures at 170 kHz, for
which the persistence and evolution of cavitation activity
occurred over more BWL pulses (Table 1). Some lesions in
our study show evidence of tissue homogenization, a char-
acteristic of injury caused by certain shock wave lithotrip-
ters.17,18 Thermal injury with BWL is unlikely due to the
low frequency and spatial-peak temporal-average intensity
(£16.5 W/cm2 in this study) in comparison to high-intensity
focused US and similar technologies.1

This study was not designed to assess BWL injury under
clinical treatment parameters as we often allowed cavitation
to persist to better characterize the injury. However, the focal
pressure amplitude and total energy delivered in these ex-
periments are comparable to those used to reliably fracture
stones in vitro.1 Even when cavitation was observed and the
treatment was allowed to progress with cavitation, the vol-
ume of acute injury with the 335 kHz probe was <0.1% of
functional renal volume. This level of injury represents the
resolution of the histomorphometric technique and is unlikely
to be clinically significant. BWL transducers with higher
frequencies—335 kHz and above—have the additional ben-
efit of producing smaller stone fragments during lithotripsy.
Consequently, future efficacy and injury studies will pri-
marily focus on transducers in the higher frequency range.1,19

This study has several limitations. First, a limited
sample size and variable treatment parameters were used.
However, the presented data do demonstrate the utility of
US imaging and MRI for identifying and assessing hem-
orrhagic injury induced by BWL, Histologic assessment of
injury was only performed on a small subset of kidneys
and treatment sites, though the histologic characteristics
were consistent. Second, the implementation of BWL treat-
ment delivery did not address physiological considerations
relevant to injury: the treatment probe was placed directly on
the kidney via laparotomy, and sequential exposures were
delivered to multiple sites in each kidney, potentially affect-
ing renal blood flow and injury progression.20 However, with
the exception of the two cases using the 170 kHz transducer,
the volume of injury was uniformly small. For this reason

probe handling and treatment sequence had negligible impact
on lesion size.

Despite these limitations, this study demonstrated that US
can be used as a real-time method to monitor for injury during
BWL. MRI also provided excellent sensitivity to detect even
small areas of acute hemorrhagic injury and offers a viable
alternative to histomorphometric analysis.

Conclusion

BWL is an emerging technology for the treatment of renal
stones. Real-time US monitoring during BWL therapy allows
detection of cavitation related to injury. This might allow the user
to alter treatment to minimize or prevent renal injury. MRI also
provides an alternative method to detect and quantify injury in a
noninvasive manner. The combination of real-time assessment
of cavitation on US and quantification of renal injury on MRI
provides a framework for future preclinical testing of BWL.
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