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Abstract
Previous studies have demonstrated that stone comminution decreases with increased pulse
repetition frequency as a result of bubble proliferation in the cavitation field of a shock wave
lithotripter (Pishchalnikov et al., 2011). If cavitation nuclei remain in the propagation path of
successive lithotripter pulses, especially in the acoustic coupling cushion of the shock wave
source, they will consume part of the incident wave energy, leading to reduced tensile pressure in
the focal region and thus lower stone comminution efficiency. We introduce a method to remove
cavitation nuclei from the coupling cushion between successive shock exposures using a jet of
degassed water. As a result, pre-focal bubble nuclei lifetime quantified by B-mode ultrasound
imaging was reduced from 7 s to 0.3 s by a jet with an exit velocity of 62 cm/s. Stone
fragmentation (percent mass < 2 mm) after 250 shocks delivered at 1 Hz was enhanced from 22 ±
6% to 33 ± 5% (p = 0.007) in water without interposing tissue mimicking materials. Stone
fragmentation after 500 shocks delivered at 2 Hz was increased from 18 ± 6% to 28 ± 8% (p =
0.04) with an interposing tissue phantom of 8 cm thick. These results demonstrate the critical
influence of cavitation bubbles in the coupling cushion on stone comminution and suggest a
potential strategy to improve the efficacy of contemporary shock wave lithotripters.

1. Introduction
Shock wave lithotripsy (SWL) is the front-line treatment for kidney stone disease, a painful
medical condition that affects more than 10% of the population in the United States (Center-
for-Disease-Control-and-Prevention, 2010). Traditionally, SWL treatment was performed by
placing a patient in a large water tub (e.g., “wet” coupling in the first-generation Dornier
HM3 lithotripter). In contrast, contemporary lithotripters utilize “dry” coupling, in which a
water-filled cushion with a silicone membrane in contact with the patient’s skin is used to
facilitate shock wave transmission into the patient (Neucks et al., 2008). To the best of our
knowledge, there is no consensus regarding the quality control or circulation conditions of
the water inside the cushion of contemporary clinical shock wave lithotripters. Previous
studies have shown that stone comminution is reduced as pulse repetition frequency (PRF)
increases (Greenstein and Matzkin, 1999; Weir et al., 2000; Paterson et al., 2002; Madbouly
et al., 2005; Kato et al., 2006)which may be caused in part by cavitation in the coupling
medium (i.e., both water in the cushion and ultrasound gel between the cushion and patient’s
body).

Cavitation in the coupling media can be initiated at nucleation sites (Apfel, 1984; Sankin
and Teslenko, 2003), which are micro- and nano-meter sized bubbles or gas pockets
stabilized on solid particles or surfaces, by the tensile phase of a lithotripter shock wave
(LSW). Cavitation bubbles continue to expand after the shock wave has passed, gas diffuses
into the expanding bubbles which grow several orders of magnitude in size (Coleman et al.,
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1987; Church, 1989), and eventually the static pressure in the fluid forces the bubbles to
violently collapse. Upon non-spherical collapse and fragmentation these bubbles can
generate a myriad of micron-sized “daughter bubbles” that can serve as nuclei for new
cavitation events induced by subsequent LSWs (Huber et al., 1999; Pishchalnikov et al.,
2011). Typically, the dissolution time of bubbles generated by an incident shock wave is
much longer than the interpulse time of the lithotripter pulses (Sapozhnikov et al., 2002).
Therefore, strong cavitation in the coupling liquid (water) develops within several shocks
(Yong et al., 2011). Moreover, it has been observed that cavitation activity in SWL can be
enhanced substantially at higher PRFs (Zeman et al., 1990). This is because of the influence
of buoyancy and acoustic radiation force on microbubbles and cavitation proliferation in a
quasi-static fluid is negligible when the time between successive shocks is relatively short
(for PRF ≥ 1 Hz).

More importantly, bubbles produced in the coupling cushion of a lithotripter will selectively
transmit the leading compressive component of the LSW while truncating its trailing tensile
component (Voronin et al., 2003; Pishchalnikov et al., 2005). Cavitation in the coupling
fluid consumes part of the incident shock wave energy, especially the tensile component,
and thus greatly reduces cavitation in the focal region surrounding the stone, which is known
to be critical for producing fine fragments (Zhu et al., 2002; Sapozhnikov et al., 2007).
Numerical calculations (Liebler et al., 2006) suggest that the acoustic energy delivered to the
focal region depends on the concentration of cavitation nuclei. Cavitation nuclei can be
temporally deactivated by water degassing or by chemical additives. Chemical additives
(acetic acid) were shown to reduce Harvey’s cavitation nuclei by dissolving mineral
particles (Eisenmenger and Pecha, 2003). Cavitation can also be minimized by a weak
preceding shock wave that diminishes the number of cavitation sites of particles in the focal
volume (Arora et al., 2005). However, bubble proliferation is the dominant factor in
determining cavitation activity after several shocks. If cavitation in the coupling cushion is
related to the decreased stone comminution, then reducing the number or density of
cavitation nuclei in the fluid along the LSW pathway between successive shocks will enable
an increase in shock wave delivery rate without negatively affecting stone comminution.

In this work, we have developed a method to continuously convect the fluid in the coupling
cushion of a lithotripter via a turbulent jet in order to minimize the accumulation of bubble
nuclei along the LSW propagation path during SWL. Using this strategy, we have
demonstrated that the tensile wave of the LSW at the lithotripter focus is better preserved
even at high PRFs and more effective stone comminution can be produced. The implication
of this method of cavitation control to studying tissue injury and improving the efficiency of
SWL will be discussed.

2. Experimental Methods
2.1. Electromagnetic shock wave source and acoustic coupling

A schematic diagram of the experimental setup is shown in figure 1. An experimental
electromagnetic shock wave source with an acoustic lens of 140 mm in focal length was
used. The shock source, mounted in an acrylic tank tilted at an 8 degree angle, was
controlled by a pulse generator (BNC Model 555) to deliver shock waves at a specific PRF
ranging from 0.5 to 3 Hz. A peristaltic pump (Cole Palmer, 77200-60) that generates
intermittent flow was connected to an open port at the center of the shock wave source to
circulate degassed and filtered water into the tank. The pump-generated jet flow was used to
flush and disperse water off the LSW propagation path at a specified flow rate Q.
Throughout the experiments, the pump was used to generate either a puff flow (Nishi et al.,
2008) at Q = 6.5 cm3/s, [Supplemental movie 1] or a turbulent jet [(Landau and Lifshitz,
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1987) page 147] at Q = 15.9 and 35.7 cm3/s [Supplemental movie 2]. The jet flow can be
characterized by the Reynolds number:

(1)

where U = 4Q/πD2 is the jet exit velocity, D = 8.6 mm is the nozzle diameter, and v =
0.9×10−6 m2/s is the kinematic viscosity of water at 25°C. When the Reynolds number
exceeds Re* = 1500, the jet flow becomes turbulent with an open angle of 22 degrees
(Ungate et al., 1975) confirmed by flow visualization. The corresponding flow rate Q* = 9
cm3/s (U* = 15.5 cm/s) can be used to define the transition from puff flow to turbulent flow.

Two different experimental configurations were evaluated. In the first experiment [figure
1(a)], the water jet was released into a water tank representing “wet” coupling. In the second
experiment [figure 1(b)], the jet flow was constrained by a cylindrical acrylic chamber (∅in
= 127 mm) with a 0.5 mm thick silicone rubber membrane (arrow “A”) on top to mimic
“dry” coupling. The jet flow initially propagates vertically followed by deflection downward
and out of the chamber through the holes along its perimeter. In addition, a second chamber
filled with butanediol (1,3-butanediol, Sigma Aldrich), a viscous liquid that has acoustic
properties similar to soft tissue (Granz, 1994) was employed as a tissue phantom above the
coupling chamber. Another silicone membrane was attached to this chamber (arrow “B”) to
separate it from the stone holder. The thickness “H” of the tissue phantom was varied from
50 mm to 80 mm based on the range of skin-to-stone distances observed in patients (Pareek
et al., 2005). The height h (= 140 mm – H) of the water coupling chamber was adjusted
accordingly to maintain the same distance from the shock source aperture to the stone.
Because of higher wave attenuation in butanediol than in water, the lithotripter output
voltage setting was increased when the tissue phantom was employed in order to ensure that
a peak positive pressure (p+) of more than 30 MPa could be delivered to the stone.

2.2. Pressure measurements
The pressure waveforms at the focus of the shockwave source were measured using a fiber
optic probe hydrophone (FOPH-500, RP Acoustics, Leutenbach, Germany), which has been
shown to accurately measure the acoustic field with minimal cavitation induced artifacts
(Smith et al., 2012). In free field, 20 measurements were made at each PRF of 1, 2, or 3 Hz
with or without the jet. Since after the initial 5 shocks cavitation activity along the LSW path
became stable, the average pressure waveform was calculated from the 5th to 20th shocks.
Attenuation in the tissue phantom was measured at 5 mm above the focus to avoid reflection
of the FOPH laser from the silicone rubber membrane. The peak pressure dropped from 40 ±
1 MPa in free field to 34 ± 1 MPa with the 50 mm chamber and to 33 ± 1 MPa with the 80
mm chamber [figure 1(c, d)]. Furthermore, the tensile component of the LSW pulse was
truncated by the tissue phantom compared to that in free field, which is in accordance with
previous observations (Granz, 1994).

2.3. Cavitation assessment
Cavitation activity produced along the LSW propagation path was captured by shadowgraph
imaging using a high-speed camera (Phantom v.7.3, Vision Research, Wayne, NJ) at a
framing rate of 18,000 - 20,000 frames/s and an exposure time of 10 μs. The acquired
images were post-processed off-line in Matlab (R2010b, MathWorks, Natick, MA) and the
cavitation index (Sankin, 2002; Sankin, 2006) was quantified as the area shadowed by
bubbles in a specified region of interest (ROI). Two 40 mm wide ROIs were selected: I)
below the tissue phantom in the water coupling region (−83 mm < z < −53 mm) and II)
above the tissue phantom near the focus (−3 mm < z < +27 mm) with z = 0 mm denoting the
lithotripter focus.
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In addition, cavitation nuclei distribution in the ROI was visualized by B-mode ultrasound
using a SonoSite 180Plus with a 15 mm array transducer (C15/4-2 MHz, SonoSite Inc.,
Bothell, WA), as shown previously by others (Coleman et al., 1995; Tu et al., 2007). Based
on the Minnaert approximation (Minnaert, 1933), the resonant radius a0 of microbubbles in
water that are acoustically detectable at f0 = 2 MHz is:

(2)

The B-mode ultrasound transducer was mounted on the side of the water tank [figure 1(a)]
and positioned to image microbubbles above a0 and below the optical resolution of the high-
speed camera (250 μm / pixel) at a 29.97 frames per second frame rate. The ultrasound
images were recorded to a computer for off-line processing using a video converter
(VideoMate U900, Compro Technology, Inc).

2.4. Stone treatment and statistical analysis
A flat-base stone holder made from a Teflon® tube (∅in = 14 mm, ∅out = 17 mm) was
sealed at one end with a 0.78 mm thick silicone rubber membrane [figure 1(e)]. Cylindrical
stone phantoms (7 mm × 7 mm) made of Bego® powder (BEGO USA, Smithfield, RI) and
water at a 5:2 (Bego powder:water) mixing ratio (Esch et al., 2010) were pre-soaked in
water for 2 hours before experiments [figure 1(e)]. Stones were treated with 250 shocks at
varying PRF rates (1, 2, and 3 Hz) in free field. In the tissue phantom setup, stones were
treated with 250 shocks (H = 50 mm, p+ = 35±1 MPa) and with 500 shocks (H = 80 mm, p+
= 37±1 MPa) both at 2 Hz PRF. The experiments were repeated with and without the
turbulent jet (n = 5 ~ 6). Afterwards, stone fragments were dried in an oven at 40°C for 24
hours and then passed sequentially through a series of sieves of 2 and 2.8 mm mesh sizes
and weighed. Comminution efficiency was determined by the percent mass of fragments less
than 2 mm unless otherwise specified. The two-tailed student t-test was used to calculate p-
values and statistical significance was characterized by p < 0.05 corresponding to a 95%
confidence interval.

3. Results
3.1. Cavitation in free field

Figures 2(a) and 3(a) show representative high-speed images of cavitation bubble clusters in
free field during stone comminution experiments at a PRF = 3 Hz without and with the
turbulent jet (Q = 35.7 cm3/s), respectively. The expansion time of the bubble cluster in both
cases is about 200 μs. In contrast, the collapse time of the bubble cluster is shortened
significantly from 550 μs without the jet to 400 μs with the jet. In addition, the density of
the bubble cluster appears to be reduced by the jet flow. Figure 2(b) and 3(b) show residual
microbubble distribution formed along the LSW propagation path during four consecutive
shocks without and with the jet, respectively. In both cases microbubbles are concentrated
along the lithotripter axis. In the absence of the jet [figure 2(b)], B-mode ultrasound images
recorded during the treatment (i.e., around the 200th shock) reveal a larger microbubble
cluster and longer nuclei lifetime than with the jet [figure 3(b)]. These microbubbles provide
cavitation nuclei for the generation of a new bubble cluster by an ensuing shock wave. The
lifetime of the microbubbles was quantified from the echogenecity in B-mode images
following the last (i.e., 250th) shock. Without the jet, the echogenicity lasted about 7 seconds
[Supplemental movie 3], indicating that the bubble nuclei persisted for a period much longer
than the inter-pulse time between subsequent shocks (i.e., 1 s at 1 Hz PRF). In comparison,
with the jet [figure 3(b)], the echogenicity disappeared within 0.3 s, which is shorter than the
inter-pulse time (i.e., 0.33 s at 3 Hz PRF).
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3.2. Acoustic rectification
To access the effects of cavitation along the propagation path on the lithotripter field,
pressure waveforms were measured at the geometric focus of the shock wave source at
different PRFs and compared with a reference waveform taken at a PRF < 0.05 Hz. In
general the positive peak pressure (p+) of the LSW is neither sensitive to the turbulence nor
to the cavitation and measured 42 ± 2 MPa (mean ± std). In contrast the tensile peak
pressure (p−) and tensile pulse duration (t−) decrease with PRF. The rectification effect
(reduction and shortening of the tensile component) is maximized without the jet [figure 4(a,
c, e)], under which condition p− values are reduced from −8.6 MPa (single shock) to −3.9,
−2.6, and −2.5 MPa at 1, 2 and 3 Hz of PRF, respectively. In addition, t− is shortened from
4.3 μs (single shock) to 3 μs at 1 Hz and 2.6 μs at 2 and 3 Hz. The jet was found to have a
strong effect in preserving the tensile component of the LSW [figure 4(b, d, f)]. For
example, at 1 Hz PRF, p− of −8.0 MPa and t− of 4.3 μs were measured, approaching the
corresponding values (p− = −8.6 MPa and t− = 4.3 μs) from a single shock. This trend
continues at PRFs of 2 and 3 Hz with corresponding values of p− reduced to −6.2 and −5.6
MPa, while t− shortened to 3.6 and 3 μs, respectively. Altogether, these results suggest that
using a jet can regulate acoustic rectification of the tensile component.

3.3. Cavitation with the tissue phantom
The turbulent jet was found to significantly affect the cavitation activities both in the water
coupling chamber and in the focal region. As shown in figure 5(a, c), the jet dramatically
reduces the maximum cavitation index (Cmax) in the water coupling chamber from 3.4 cm2

(without the jet) to 1.2 cm2 (with the jet). This reduction of cavitation in the water coupling
chamber led to a corresponding enhancement of cavitation activity in the focal area from 0.9
cm2 (without the jet) to 2.2 cm2 (with the jet). As shown in figure 5(b) and figure 5(d), the
collapse time of the bubble cluster in the focal region is significantly longer with (~385 μs)
than without (~275 μs) the jet while in contrast, bubble collapse time in the water coupling
chamber is shortened from ~495 μs to ~275 μs by the use of the jet. This inverse correlation
between the bubble activities in the focal region and those in the water coupling chamber
demonstrates the feasibility of using a turbulent jet to control cavitation in the focal region.

The maximum cavitation index Cmax in the coupling chamber was averaged (n = 15 shocks)
for different PRFs and pumping flow rates (Q) [Figure 6(a)]. At PRF = 0.05 Hz, Cmax does
not depend on Q and is equal to 0.17 ± 0.02 cm2 (n = 4, data not shown). As PRF increases,
Cmax generally increases regardless of Q. Particularly without the jet Cmax increases rapidly
and exceeds by three fold the corresponding value of 0.6 cm2 with the jet (at 1 Hz PRF). At
PRF = 3 Hz, Cmax further increases to 3.7 cm2 and remains above 3 cm2, 1.9 cm2, and 1.6
cm2 at flow rates of 6.5 cm3/s, 15.9 cm3/s, and 35.7 cm3/s, respectively. It is worth noting
that the data from the lowest flow rate (6.5 cm3/s) at 2 and 3 Hz converges with results
without the jet. The difference in maximum cavitation index ΔCmax with and without the jet
at different flow rates is shown in figure 6(b). The curve corresponding the lowest flow rate
(Q = 6.5 cm3/s) reaches a distinct peak at 1 Hz. The peak is shifted toward higher PRF
values with pumping rate indicating the critical role of the jet velocity.

3.4. Stone comminution
Stone comminution was obtained at the fastest flow rate, Q = 35.7 cm3/s since it minimizes
cavitation activity in the coupling chamber. As shown in figure 7, stone comminution after
250 shocks in free field is more effective with than without the jet, although in general,
fragmentation efficiency reduces as PRF increases in both cases. At 1 Hz PRF, stone
fragmentation is 22 ± 6% without the jet compared to 33 ± 5% with the jet (p = 0.007).
Similarly, at 2 Hz PRF stone fragmentation is 19 ± 5% without the jet, which is significantly
lower than 26 ± 6% with the jet (p = 0.04). Stone fragmentation is about 23% at 3 Hz both
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without and with the jet. Similar trends are observed for stone fragmentation characterized
by percent mass < 2.8 mm [figure 7, solid symbols].

Although stone fragmentation is reduced with an interposing tissue phantom [figure 8(a)]
compared to the corresponding value in free field [figure 7], fragmentation efficiency can be
improved by using the jet. After 250 shocks, stone fragmentation in the 90-mm coupling
chamber (with 50-mm thick tissue phantom) increased from 14 ± 3% without the jet to 22 ±
7% with the jet (p = 0.03). Similarly, after 500 shocks, stone fragmentation in the 60-mm
coupling chamber (with 80-mm thick tissue phantom) increased from 18 ± 6% without the
jet to 28 ± 8% with the jet (p = 0.04) [figure 8(b)]. Altogether, stone fragmentation results
both in free field and with tissue phantoms have demonstrated the effectiveness of the jet in
enhancing stone fragmentation in the focal region by minimizing pre-focal cavitation.

4. Discussion
Cavitation in the coupling liquid (water) has a significant impact on the pressure waveform,
acoustic energy and stone comminution efficiency produced in the lithotripter focal region.
Even with careful water preparation (degassing and filtering), abundant pre-focal cavitation
can be developed following a few lithotripter pulses. Although only a few bubble nuclei may
exist initially in the coupling cushion prior to SWL, an avalanche of bubbles will be
generated during the subsequent shock wave exposures. As a result, significant amounts of
residual cavitation nuclei persist along the LSW propagation path between successive
shocks, as revealed by B-mode ultrasound imaging [figure 2(b)]. Consequently, shock wave
transmission towards the focal region will be significantly reduced, manifested by the
truncation of the trailing tensile component of the LSW [figure 4], which has also been
shown in previous studies (Pishchalnikov et al., 2005). For this reason, the treatment time in
clinical SWL is practically limited by the pulse delivery rate (i.e. 60 - 120 shocks per
minute) regardless of the lithotripter type (Rassweiler et al., 2011). However, by reducing
the cavitation activity in the coupling cushion, more effective cavitation can be produced in
the focal region, leading to improved stone comminution. The feasibility of this beneficial
strategy has been demonstrated in this study, which provides an alternative to the
conventional approach to improve stone comminution via increasing the output energy of
the lithotripter that will concomitantly elevate the risk of tissue injury.

We have developed a turbulent jet technique in this study to disperse residual cavitation
nuclei along the LSW propagation pathway in the coupling cushion of the shock wave
generator. Furthermore, we have demonstrated that by using a jet with an exit velocity of 62
cm/s the lifetime of bubble nuclei in the coupling water can be reduced from ~ 7 s (without
the jet) to ~ 0.3 s, which is shorter than the interpulse time between successive pulses under
the highest PRF of 2 Hz used clinically (Rassweiler et al., 2011). This substantial reduction
in cavitation activity in the pre-focal region helps to preserve the tensile pressure (p−) of the
LSW delivered to the focal region [figure 4], and thus enhance the cavitation activity in the
focal region and consequently stone comminution [figure 7 and figure 8]. These findings are
supported by previous studies on the effect of cavitation activity in the LSW propagation
path on resultant pressure waveform at the lithotripter focus, obtained both experimentally
(Teslenko et al., 1999; Pishchalnikov et al., 2005) and through numerical model calculations
(Liebler et al., 2006; Krimmel et al., 2010). The growth of cavitation nuclei in the pre-focal
region consumes progressively the acoustic energy associated with the tensile component of
the incident lithotripter pulses as they propagate towards the stone. If sufficient cavitation
bubbles are formed along the pathway during SWL, most of the energy associated with the
tensile pressure of the LSW will be depleted, leading to minimal cavitation activity
produced around the target stone, and thus significantly decreased stone comminution (Zhu
et al., 2002). Based on this understanding, if cavitation activity in the pre-focal region can be
substantially suppressed, more tensile pressure of the LSW will be preserved during
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propagation to reach the stone for better comminution. Our results have demonstrated that
the jet can the effectively reduce the density of cavitation nuclei in the coupling cushion
even at 2 Hz PRF, leading to better preserved tensile pressure and pulse profile of the LSW
delivered to the focus of the lithotripter.

We have further investigated the correlation between cavitation induced in the coupling
cushion and the bubble activities produced in the focal region using tissue mimicking
phantoms. In general, we have observed that the effectiveness of acoustic coupling depends
on the cushion thickness (h), the pulse repetition frequency (PRF), and the jet exit velocity
(U). At a low PRF (< 0.5 Hz), the flow rate is insignificant because cavitation nuclei can be
dissolved and/or removed by a convective flow induced by acoustic radiation force
produced by the incident LSW. However, as PRF increases, a higher flow rate is required to
reduce the concentration of residual bubble nuclei between successive shocks. The
effectiveness of the turbulent jet in removing bubble nuclei can be described by a
dimensionless number Λ = PRF h/U [Table 1], which defines the fluid exchange rate in the
constrained water volume between lithotripter pulses. Indeed, a correlation between Λ and
stone comminution supports the idea that circulating the larger liquid volume in the cushion
optimizes the coupling conditions in the focal area. Therefore, we approximate that a Λ
value less than or equal to 1 (shaded gray in Table 1) corresponds to experimental conditions
that define effective flushing. As Λ becomes greater than 1, stone comminution becomes
less successful as the cavitation nuclei linger between shocks.

Our findings show that suppressing bubble proliferation in the coupling cushion can
improve the effectiveness and efficiency of SWL by enhancing the tensile component of the
LSW delivered to the focal region. Previous studies have demonstrated that step-wise
“ramping up” of the output energy of the lithotripter is an effective treatment strategy to
improve stone comminution (Zhou et al., 2004; Demirci et al., 2007; Lambert et al., 2010).
Furthermore, future lithotripter designs may include a longer focal distance to accommodate
the increasing rate of overweight patients in clinic. However, for slim patients, the cushion
geometry would have to be more inflated than an obese patient to account for the longer
focal distance. All these scenarios suggest the need to control acoustic properties of the
water inside the cushion of future clinical shock wave lithotripters. Using this new water
coupling technique, the energy associated with the tensile component of the LSWs can be
adjusted, introducing a method for controlling cavitation in SWL. Cavitation in the coupling
fluid may also depend on overpressure and water temperature, which warrant further studies.

5. Conclusion
In this study we have investigated the effects of a flushing jet of degassed water along the
lithotripter propagation pathway on cavitation activity in the lithotripter focus and in the
coupling cushion. By varying PRF, cushion thickness, and the pumping flow rate it was
demonstrated that if residual nuclei were removed between successive pulses, the tensile
component of the LSWs delivered to the lithotripter focus could be better preserved with
enhanced stone fragmentation in vitro. Future studies are warranted to assess the effects of
this novel coupling technique on stone comminution and tissue injury in vivo. We
hypothesize that the peak pressure and acoustic pulse energy levels can be lowered at a
faster PRF (e.g., 2 Hz) that possess minimal risk for tissue injury while shortening treatment
time as a result of improved acoustic transmission.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic diagram of the experimental setup showing an electromagnetic shock wave
source with an acoustic lens (focal distance f = 140 mm) in free field (a) and with the
cushion (b). The cushion setup also included a layer of viscous liquid of thickness “H”
between the shock wave source and the stone holder to serve as a tissue phantom. The peak
pressure (p+) and the tensile duration (t−) were measured at the focus “F” in free field (c)
and with the tissue phantom (d; H = 80 mm). A cylindrical stone phantom of 7×7 mm in
diameter and height (e) was placed in a stone holder at the lithotripter focus. Jet flow was
introduced to the setup by pumping degassed water through the central port in the shock
wave source to disperse residual cavitation nuclei along the shock wave path.
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Figure 2.
Representative image sequences of cavitation during stone comminution experiments in free
field (PRF = 3 Hz) without the jet. The shadowgraph high-speed image series (a) were
captured after the 20th shocks using a 10 μs exposure time. The B-mode ultrasound images
(b) were recorded during the experiment (around the 200th shock) to observe nuclei
persistence during subsequent shockwave exposures. Bright rays seen on several B-mode
image frames correspond to the interference produced by the release of lithotripter shock
wave. The lifetime of detectable bubble nuclei is ~7 seconds. The stone holder ∅out = 17
mm) is highlighted in the first frame.
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Figure 3.
Representative image sequences of cavitation during stone comminution experiments in free
field (PRF = 3 Hz) with the jet. The shadowgraph high-speed image series (a) were captured
after the 20th shocks using a 10 μs exposure time. The B-mode ultrasound images (b) were
recorded during the experiment (around the 200th shock) to observe the reduction in nuclei
lifetime along the LSW pathway. Bright rays seen on several B-mode image frames
correspond to the interference produced by the release of lithotripter shock wave. The
lifetime of detectable bubble nuclei is less than 0.3 seconds. The stone holder ∅out = 17
mm) is highlighted in the first frame.
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Figure 4.
Average pressure waveforms (n = 5, dark curves) at different PRFs of 1 (a, b), 2 (c, d), 3 Hz
(e, f) without (a, c, e) and with (b, d, f) the jet in comparison with the average pressure
waveform of single shock waves produced at a low PRF of < 0.05 Hz (n = 5) (light curve).
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Figure 5.
Cavitation index as a function of time in two regions of interest separated by the tissue
mimicking material (i.e., focal ROI-II and pre-focal ROI-I, n=15) produced at a PRF of 2 Hz
without (a, b) and with (c, d) the jet. Pre-focally, cavitation index is higher without (open
circles) than with (open squares) the jet. In the focus, cavitation index is greater with (solid
squares) than without (solid circles) the jet. Representative high-speed shadowgraph images
were captured using a framing rate of ~18,000 frames/second with an exposure time of 10
μs (H = 50 mm).
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Figure 6.
(a) Maximum cavitation index in the cushion (ROI-I) at different PRFs, without (filled
circles) and with the jet at three different pumping flow rates: Q = 6.5 cm3/s (triangles), 15.9
cm3/s (open circles) and 35.7 cm3/s (squares). (b) Difference between maximum cavitation
index (ROI-I) with the jet and without the jet at different PRFs. Error bars represent standard
deviation (n = 25).
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Figure 7.
Stone comminution in free field (p+ = 41 MPa, Q = 35.7 cm3/s) after 250 shocks delivered at
different PRFs. The average values from 6 experiments under each condition are displayed
for percent of fragments < 2.8 mm with (solid circles) and without (open circles) the jet, and
also for percent of fragments < 2.0 mm with (solid squares) and without (open squares) the
jet.
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Figure 8.
Effect of the jet on stone comminution (determined by the percent of fragments < 2.0 mm)
after 250 shocks (a; H = 50 mm, p+ = 37 MPa) and 500 shocks (b; H = 80 mm, p+ = 35
MPa). Both experiments were repeated 6 times using a PRF of 2 Hz and Q = 35.7 cm3/s.
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Table 1

Dimensionless number Λ = PRF h/U for different flow rates and treatment regimes as an indicator of the
effectiveness (Λ ≤ 1, shaded gray) of the jet flow in the water coupling chamber (h = 90 mm).

Q (cm3/s) U (cm/s) Re Λ

0.5 1 Hz 2 Hz 3 Hz

6.5 11 1050 0.51 1.0 2.0 3.1

15.9 27 2580 0.21 0.42 0.85 1.3

35.7 62 5920 0.09 0.19 0.37 0.56
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