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Abstract

Background and Purpose: Effective stone comminution during shockwave lithotripsy (SWL) is dependent on
precise three-dimensional targeting of the shockwave. Respiratory motion, imprecise targeting or shockwave
alignment, and stone movement may compromise treatment efficacy. The purpose of this study was to evaluate
the accuracy of shockwave targeting during SWL treatment and the effect of motion from respiration.
Patients and Methods: Ten patients underwent SWL for the treatment of 13 renal stones. Stones were targeted
fluoroscopically using a Healthtronics Lithotron (five cases) or Dornier Compact Delta II (five cases) shockwave
lithotripter. Shocks were delivered at a rate of 1 to 2 Hz with ramping shockwave energy settings of 14 to 26 kV
or level 1 to 5. After the low energy pretreatment and protective pause, a commercial diagnostic ultrasound (US)
imaging system was used to record images of the stone during active SWL treatment. Shockwave accuracy,
defined as the proportion of shockwaves that resulted in stone motion with shockwave delivery, and respiratory
stone motion were determined by two independent observers who reviewed the ultrasonographic videos.
Results: Mean age was 51 £15 years with 60% men, and mean stone size was 10.5+3.7 mm (range 5-18 mm). A
mean of 2675+ 303 shocks was delivered. Shockwave-induced stone motion was observed with every stone.
Accurate targeting of the stone occurred in 60% *15% of shockwaves.

Conclusions: US imaging during SWL revealed that 40% of shockwaves miss the stone and contribute solely to
tissue injury, primarily from movement with respiration. These data support the need for a device to deliver
shockwaves only when the stone is in target. US imaging provides real-time assessment of stone targeting and
accuracy of shockwave delivery.

Introduction may significantly reduce comminution, and with greater ex-

cursion, as many as 75% of sound waves may miss the stone.®

HOCKWAVE LITHOTRIPSY (SWL) is one of the most com-

monly performed treatments in the United States for pa-
tients with r’lephrolithiasis.l_3 Over the last two decades,
however, there has been a shift from SWL to ureteroscopy for
the management of kidney stones.** Improvements in the
effectiveness of SWL could increase the use of this noninva-
sive therapy.

Effective stone comminution during SWL is dependent on
accurate and precise three-dimensional targeting of the stone
within the focal zone of the lithotripter. Inaccurate targeting,
imprecise shockwave alignment, and stone movement during
treatment may compromise treatment efficacy. Breathing
motion can greatly influence stone targeting. The kidney and
stone may move as much as 50 mm because of respiratory
excursion.”® In vitro studies mimicking respiratory stone
motion have demonstrated that stone motion of only 10 mm

Thus, lithotripters with a smaller focal zone may further ex-
aggerate the effect of respiratory stone motion, while a litho-
tripter with a wider focal zone may offer a better chance of
hitting the stone. In addition, treatment efficacy is lower for
nonanesthetized patients, likely because of additional patient
motion, and thus general anesthesia may be recommended
for SWL.

It has been recognized that SWL may rupture blood vessels,
resulting in intraparenchymal hemorrhage or perinephric
hematomas. Surrounding structures, such as the spleen, liver,
and/or pancreas, may also be injured.'”"'* The acute damage
and renal lesions created by the SWL treatment are dose-
dependent in terms of pulse amplitude and the number of
shockwaves.'>™'® Most patients receive the maximum number
of shockwaves during their SWL, and thus efforts to ensure
precise targeting of the lithotripter focal zone are warranted
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and restriction of the quantity of inaccurate shockwaves de-
livered would be advisable."'* The efficacy of SWL may be
increased by lowering the pulse rate to 60 shocks/min,
ramping the shockwave energy, and appropriate coupling of
the lithotripter head."

Despite these improvements in SWL technique, the pro-
portion of effective shockwaves delivered during a treatment
session has yet to be defined. It is likely that some portion of
the shockwaves delivered miss the target stone entirely but hit
the surrounding tissue. These shockwaves contribute only to
kidney injury with no impact on stone comminution." Thus,
the real-time identification of which soundwaves are targeted
appropriately and when the shockwaves are likely to be
effective might help the clinician to deliver the greatest
number of high-quality shockwaves, perhaps with an overall
decreased number of total shockwaves.

The purpose of this study is to describe the use of ultra-
sound (US) imaging to evaluate the accuracy of shockwave
targeting during SWL treatment and as a real-time feedback
mechanism to evaluate treatment efficacy.

Patients and Methods

We enrolled 10 patients undergoing SWL treatment for
upper tract urolithiasis. After induction of anesthesia, a
Healthtronics Lithotron (five cases) or Dornier Compact
Delta II (five cases) shockwave lithotripter targeted the stones
in three dimensions using fluoroscopy. After the appropriate
low-energy pretreatment with 100 to 200 shockwaves at 1 Hz,
followed by a brief protective pause, lithotripsy was per-
formed at 1 to 2 Hz with increasing of the energy settings from
14 up to a maximum of 26 kV for the Healthtronics Lithotron
and from 1 up to 5 for the Dornier Compact Delta II. Previous
research has demonstrated a similar cross-sectional focal
diameter for these two lithotripters (50mm? vs 47 mm?,
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respectively).”>*' All stone targeting was performed by a
single, experienced SWL technician with surgeon oversight.

A commercial diagnostic US imaging system (Phillips HDI
5000 with a phased array (4-2 MHz) transducer) was used to
visualize the treated kidney and stone, and video imaging
was recorded for later analysis (Fig. 1). Every effort was made
to orient the US probe to maximize imaging of the stone
throughout respiration. Stone motion in the form of oscillation
or jumping was interpreted as an accurate targeting of the
shockwave focal zone onto the stone. This information was
immediately available to the practitioner to determine if
shockwaves were being delivered accurately or if the target-
ing of the SWL machine needed adjustment. Decisions about
treatment, retargeting, and treatment end point were left to
the discretion of the treating physician. US imaging was not
regularly used in this study to determine treatment end point.
A single, experienced sonographer performed all intra-
operative US imaging for this study.

The primary outcome of interest was the proportion of
shockwaves in the recorded session that were delivered to
the stone causing motion, oscillation, or jumping denoting
appropriate targeting of the lithotripter focal zone on the
stone. Patient demographics, characteristics of the stone size
and location, anesthesia type (general, regional, sedation),
respiratory rate, and respiratory-induced distance of stone
movement during the US imaging, and data from the SWL
session were collected. US recordings were reviewed in a
different, nonconsecutive order by two independent ob-
servers, and the accuracy of SWL targeting was determined
by evaluating the proportion of the total shockwaves ob-
served that resulted in stone motion, oscillation, or jumping.
Observers only had access to information about the proce-
dure visible in the video. They did not collaborate, and they
were not trained, although they had some clinical experience
with US imaging.

Inspiration

Lithotripter Array
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FIG.1. Diagram of configuration of shockwave lithotripsy machine and lithotripter array focused on the stone and the position
of the associated ultrasound imager during (A) end expiration. With inspiration (B), the kidney descends with respiratory motion
(arrows), moving the stone out of the lithotripter focus causing inaccurate alignment.
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The overall proportion of accurately targeted shockwaves
(+standard deviation) was determined. Linear regression
analyses were used to evaluate trends in accuracy over time
and the relationship between targeting accuracy and the pa-
tient’s respiratory rate, stone size, anesthesia type, and
shockwave delivery rate during the procedure.

This study received Institutional Review Board approval
(#35261) from the University of Washington School of Medi-
cine, and all patients completed appropriate informed consent.

Results

Ten patients (mean age 51 +15 years) underwent treatment
of 13 kidney stones with 60% male patients (Table 1). Mean
stone size was 10.5+3.7mm (range 5-18 mm), and stones
were most commonly located in the renal pelvis (46%) or
lower pole (38%). All stones were able to be visualized with
ultrasonography, and shockwave-induced stone motion was
visualized in all stones. There was no evidence of cavitation
during our observations.

An average of 2675+303 shocks (range 2100-3000) were
delivered over the SWL session. US imaging was performed
after the pretreatment pause. A total of 71 minutes of ultra-
sonographic recorded video from the 10 treatments was re-
viewed for an average of 7.1 minutes per SWL session
representing 20.4% of the total SWL treatment session. The
interobserver agreement of treatment accuracy was good; the
average difference in calculated accuracy reported between
observers was 5% and never differed by more than 8% for any
individual ultrasonographic video.

The average respiratory-induced stone motion was
1.5+0.3 cm. One SWL was performed with sedation as the
only anesthetic and had the highest respiratory rate (19
breaths/min) and the least respiratory stone movement
(1.0cm); one SWL was performed with the patient partially
paralyzed in addition to general anesthesia and had the
lowest respiratory rate (10 breaths/min) and the highest re-
spiratory stone movement (1.8 cm).

Accurate stone targeting, as interpreted by stone motion
with the delivery of the shockwave, occurred for 60% =+ 15% of
delivered shockwaves. When analyzed chronologically, there
was a nonlinear improvement in accuracy over the study
period. After three cases performed with ultrasonograpphic
monitoring, there was an improvement in average accuracy of
shockwave alignment from 41% *+4% up to 67% +10% accu-
racy (P=0.003, Fig. 2). Using linear regression analyses, there
was a 4.4% (95% confidence interval 2.5-6.3%, P=0.0007)
improvement in SWL accuracy with each case.

In this small study, respiratory rate (P=0.22), stone size
(P=0.06), anesthesia type (P=0.98), and shockwave treatment
rate (P=0.09) during the treatment did not appear to be as-
sociated with the accuracy of delivered shockwaves.

Discussion

To our knowledge, this is the first study to quantify accu-
rate shockwave delivery during SWL in real time. In our study,
40% of shockwaves are inaccurately targeted or otherwise miss
the targeted stone. These shockwaves likely contribute only to
kidney injury with no impact on the efficacy of stone commi-
nution. Stone movement during treatment was able to be vi-
sualized in all cases using diagnostic US imaging in real time. In
our experience, the loss in accuracy of shockwave delivery was
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TaBLE 1. DEMOGRAPHICS, STONE CHARACTERISTICS,
AND SHOCKWAVE LITHOTRIPSY SESSION DETAILS

N=10 patients,

13 stones
Mean age*SD (years) 50£15
(range) (2678 years)
Male (0/0) 60%
Female (%) 40%
Mean body mass index 2916
(kg/m?)+SD
(range) (20-39)
Mean stone size +SD 10.5£3.7 mm
(range) 5-18 mm
Stone location (%)
Renal pelvis 6 (46%)
Upper pole 1 (8%)
Lower pole 5 (38%)
Ureter 1 (8%)
SWL machine
Healthtronics Lithotron 5 (50%2
Focal area (mm?) 50 mm
Dornier Compact Delta II 5 (50%2
Focal area (mm?) 47 mm
SWL treatment
Mean shocks +SD 2675+303
(range) (2100-3000)
Frequency 1-2Hz
Mean duration of delivery of 35+ 6 minutes
shockwaves +SD

Energy settings:
Healthtronics Lithitron (kVp)
Dornier Compact Delta II
Mean respiratory rate+SD

14-26
1-5
13 +£4 breaths/minute

(range) (8-19/minute)
Mean respiratory stone mo- 1.5+0.3cm
tion£SD

US imaging
Average duration of US video 7.1 min
observation
Proportion of SWL treatment 20.4%
evaluated by US monitoring

Accuracy of SWL treatment (%)
Subject 1 38%
Subject 2 46%
Subject 3 40%
Subject 4 56%
Subject 5 65%
Subject 6 71%
Subject 7 58%
Subject 8 72%
Subject 9 65%
Subject 10 85%

Overall£SD 60£15%

SD =standard deviation; SWL =shockwave lithotripsy; US=ultra-
sound.

primarily because of respiratory motion. Regardless of stone
size, during the treatment of every stone, respiratory excursion
was enough to repeatedly move the stone outside the litho-
tripter focal zone, at least for a brief period (Fig. 1). Compared
with previous studies that report up to 5.0 cm of respiratory-
induced stone motion, the stone motion in our study was rather
modest, averaging only 1.5cm, yet this was enough to cause
many shockwaves to miss the stone.
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FIG. 2. Graphic representation of the change in shockwave
lithotripsy (SWL) accuracy over the study period. After the
third study SWL treatment, the average accuracy increased
from 41%+4% up to 67%+10% (P=0.003). SWL=shock-
wave lithotripsy.

Although difficult to objectively capture in this small study,
because providers were allowed immediate feedback about
the lithotripter targeting, we did note some instances in which
the US imaging triggered the treating team to make minor
adjustments of the lithotripter focal zone point to try to opti-
mize targeting. Qualitatively, providers noted that the US
image increased their confidence in SWL targeting and
decreased their urge to repeatedly image the stone using
fluoroscopy. This may partially explain the improvement in
targeting accuracy over the study period.

These findings have important clinical ramifications. Ultra-
sonography could be used in the clinical setting to improve
initial targeting of the lithotripter focal zone. The real-time
identification of effective delivery of accurate shockwaves
might help to improve overall treatment accuracy and might
provide an additional mechanism to prompt the provider to
make minor adjustments to the lithotripter targeting as treat-
ment progressed. In addition, a device or trigger mechanism
designed to actively adjust the focal zone to track and target the
moving stone or only allow shockwave firing when the stone is
on target would ensure that only accurate shockwaves are
delivered. Simply gating SWL delivery to respiration does not
improve SWL results, and thus triggering to the targeted stone
is likely necessary.** Prototype targeting and tracking systems
have demonstrated improvements in in vitro hit rates and stone
breakage of 1.5- to 2-fold.”>" By eliminating or reducing the
shockwaves that likely only contribute to injury, this could
potentially decrease the total number of shockwaves delivered.

SWL causes acute tissue injury that is primarily a hemor-
rhagic lesion, which is dependent on the shockwave dose.'*™'®
Animal studies have demonstrated that hemorrhage occupies
0.3% of the functional renal volume after treatment with 1000
shockwaves, 6.1% after 2000 shockwaves, and 13.8% after
8000 shockwaves.'>'®*” Acute injury may progress to scar
formation in the kidney, and in animal studies, scars from
2000 shockwaves were 10 times larger than from 1000
shockwaves.'” If every shockwave delivered was targeted
perfectly, we might decrease the number of inaccurate
shockwaves and potentially minimize unnecessary kidney
injury without increasing the duration of the procedure.
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We view this as the next step in improving efficacy of SWL.
Future studies are necessary to evaluate if specific anesthesia-
controlled breathing techniques improve accuracy by de-
creasing respiratory-induced motion and if differences in
targeting accuracy translate into different stone-free rates or
other clinically important outcomes. Given the degree of re-
spiratory motion and the size of the cross-sectional focal di-
ameter of most contemporary lithotripters, we suspect that
controlled breathing techniques alone will be insufficient to
improve efficacy to a clinically meaningful degree, but this
remains to be seen.

This study has limitations. Only 20% of the total SWL
procedure was captured in our US imaging. It is possible that
the accuracy at different portions of the procedure would
vary, although we did not identify this in any of our videos.
An experienced SWL technician performed all lithotripter
targeting during the procedures. It is possible that targeting
from other sonographers might vary and that her ability to
capture and display the movement of the stone (or lack of
movement) may have improved over the study period. US
targeting during the procedure required the skill of an expe-
rienced US technologist, and the reproducibility of this step
has not been evaluated.

Given the study size, we were likely underpowered to
rigorously evaluate some of our secondary end points, such as
correlation of shockwave accuracy with the patient’s respi-
ratory rate, stone size, anesthesia type, and shockwave de-
livery rate. It is possible that shockwaves delivered during
respiratory excursion that failed to move the stone might still
exert some effect. Although not formally tested in this study,
we believe that the failure to move the stone is a marker of
the stone not being within the target focal zone, and thus
these soundwaves do not appreciably contribute to stone
comminution.

Overall, this study has demonstrated that a substantial
number of delivered shockwaves miss the stone because of
inaccurate targeting of the shockwave focal zone or stone
movement during treatment. If these shockwaves could be
eliminated, reserved, or redirected onto the stone, it is possible
that the efficacy of SWL could be improved with potentially
less renal injury. This may provide the basis for devices to
control targeting so that shockwaves are only delivered when
the stone is within the focal zone.

Conclusions

Respiratory motion, misalignment, and stone movement
during SWL may lead to as many as 40% of shockwaves
missing the stone entirely. This energy contributes only to
kidney injury, and if these shockwaves could be redirected or
eliminated with a targeting device, SWL efficacy could po-
tentially be improved. US imaging represents a noninvasive
way to provide real-time assessment of shockwave delivery
accuracy.
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