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ABSTRACT

Background and Purpose: There is strong evidence that cavitation bubble activity contributes to stone break-
age and that shockwave-bubble interactions are involved in the tissue travma associated with shockwave
lithotripsy. Cavitation control may thus be a way to improve lithotripsy.

Materials and Methods: High-speed photography was used to analyze cavitation bubble activity at the sur-
face of artificial and natural kidney stones during exposure to lthotripter shockwaves in vitro.

Results: Nomerous individual bubbles formed on the surfaces of stones, but these bubbles did not remain
independent but rather combined to form clusters. Bubble clusters formed at the proximal and distal ends
and at the sides of stones. Each cluster collapsed to a narrow point of impact. Collapse of the proximal clus-
ter eroded the leading face of the stone, and the collapse of clusters at the sides of stones appeared to con-
tribute to the growth of cracks. Collapse of the distal cluster caused minimal damage.

Conclusion: Cavitation-mediated damage to stones is attributable, not 1o the action of solitary bubbles, but

to the growth and collapse of hubble clusters.

INTRODUCTION

AVITATION PLAYS AN IMPORTANT ROLE in shock-

wave lithotripsy (SWL). There is strong evidence that cay-
itation bubble activity contributes to sione breakage.'"” and re-
cent studies support the idea that shockwave (SW)-buhble
interactions are involved in the tissue trauma that occurs as a
consequence of SW treatment.®1% The fact that cavitation ap-
pears 1o be linked both to stone breakage and to adverse effecs
has fueled interest in determining the precise mechanisms of
bubble action and finding ways to control cavitation.

Several experimental findings help demonstrate the impor-
lance of cavitation in stene comminution. For example, plac-
ing a stone in a viscous medium’™'*1% or covering the proximal
face of the stone with a material that sepazates it from the sur-
rounding fluid ™17 reduces damage. Also. when stopes are
exposed to SWs at an overpressure sufficient o eliminale cav-

itation, they show no surface damage such as erosion or pitting,
and the dose of SWs needed to fracture the stones is substan-
tially increased.>'7 Tn addition, when stones are (reated with
SWs for which the timing of the compressive and tensile com-
ponents of the pressure pulse is reversed (thereby suppressing
covitation), damage is dramatically reduced. 1519

Cavitation control may be a way to improve lithotripsy. Stud-
ies with dual-SW sources have shown that tming of the
Tithotripter pulses can be used to suppress or mtensify cavit-
tion. 1f the second pulse arrives while cavitation bubbles inigi-
ated by the first pulse are growing (—~<JHN psec), the bubble
cycle is interrupted. and bubble coilapse is weak. I, however,
the second pulse arrives as bubbles are jnertially collapsing
{(—250-300 psec), bubble collapse is intensified, and bubble-
mediated damage is increased. An obvious goal is to find con-
ditions that enhance cavitation at the stene, and thus enhance
stone breakage, but suppress cavitation within tissue—making
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SW aeatment more effective and safer. There has been good
progress in this direction,?**2 and work is ongoing to discover
the potential of such strategies. One part of this effort is con-
tinued research to befter characterize the mechanisms of
SWostone interactions to improve understanding of how cavi-
tation bubbles cause damage.

Assessment of the role of cavitation in stone fragmentation
is made difficult by the speed of the events, Shockwive prop-
agation and cavitation bubble dynamics are fast processes, mea-
sured in nanoseconds {e.g., rise time of the shock front) to sev-
eral hundred nicroseconds (e.g.. inertizl bubble collapse). so
some events occur faster than conventional methods of detec-
tion can resolve, Stll, very useful information about cavitation
dynamics has been cbtained even with methods that are limited
to quantitation of the damage produced by bubble collapse. For
exampie, the spatial extent and intensity of cavilation can be
measured using aluminum toil targets. >3 Some temporai fea-
tures of cavitation can be monitored by fiberoptic tansmit-
tance, 2527 and the intensity of cavitution bubble collapse has
been characterized by monitoring senoluminescence 23 Laser
scattering methods*'- have been used to measure the time his-
tories of bubble dynamics, and passive cavitation detection us-
ing single~ or dual-focused hydrophones has been used 1o de-
tect inertial cavitation both i viere and in vivg 22833

High-speed photography has been very useful for under-
standing how cavitation bubbles interact with stones. The first
high-speed photographic observations of cavitation bubbles in
the focus of a lithotripter provided dramatic visual evidence of
the vast numbers of bubbles generated by each pressure pulse
and confirmed the fact that bubbles indeed interact with the
stone * Since this initial report, various modes of high-speed
photography have been wtilized to study bubble activity, One
method of capturing rupid events is to use pulsed-laser strobo-
scopic illumination with a conventional camera. 7553 The
drawback of such a set-up s that enly one frame cun be recorded
per lithotripter pulse. Stroboscopic movies can be made by
changing the laser pulse delay refative to the lithotripter spark
discharge and recording numerous SWs. This approach has
been used effectively to document bubble behavior in the free
field,”” 1o record the response of bubbles in a silicone-tubing
blood vessel phantom,'? and 1o capture simultaneously the SW
stress fronts propagating within epoxy targets and profiles of
the cavitation bubbles at the swiface of these model stones. ™

However, cavitation is not precisely repeatable from SW to
SW 2533 Photographic reconstructions using Lhe stroboscapic
approach give a good estimate of cavitation but do not allow
as extensive an appreciation of the dynamics of bubble activ-
ity as is possible by capturing multiple frames over the course
of a single lithotripter pulse. That is, there is information to be
gained from recording changes in bubble form and position
from moment to moment,

Omne advantage w be gained from this approach is a betler
understanding of bubble interactions in lithotripsy. Almost all
cavitation modeling in lithotripsy considers the behavior of sin-
gle, spherical bubbles that remain symmetrical. ¥ Some pho-
tographic studies have also focused primarily on the behavior
of single bubbles In order to allow comparison with these mod-
els. 13364445 Ry cavitation in lithotripsy involves more than
single bubbles, and this is evident regardiess of the mode of
image captare.'3323:3642 B hble-bubble interactions in the
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form of “bubble clouds™ and “bubble clusters™ have a profound
elfect on cavitation dynamics in other systems. ™99 and it seems
likely that bubble cluster dynamics will prove Lo be important
in lithotripsy as well,”' Indeed, recent computations of bubble
clouds generated by lithotripter pulses™ have shown similarly
dramatic effects, including strong dependence of shock focus-
ing and collapse dynamics on bubble number density.

In the present paper, we report our observations using a high-
speed multiframe camera 1o recond cavitatjon at the surface of
artificial and natural kidney stones in vitro. Sequential frames
were captured 1 document the bubble wctivity generated by sin-
gle SWs. The images show that cavitation at the surface of
stones is in the form of bubble clusters and that vielent cluster
collapse contribules to stene breakage. These descriptive data
should be uselul as mput for numerical modeling of bubble clus-
ter collapse in SWL.

MATERIALS AND METHODS

High-speed camera

Lmages of cavitation bubbles at the surface of artificial and
natural kidney stones were recorded using an Imacon-4068 high-
speed digital camera (DRS Hadland, Tne., Cupertino, CA). With
this imaging system, seven 576 > 385-pixel frames could be
recorded at speeds of up to 100 million frames per second. Tn-
terframe timing was adjustable (minimum 10 nsec). Lighting
was provided by a single high-intensity xenon flash lamp of
1.5-msec duration with 1000 I of stored energy. Triggering was
achieved using a photodiode to detect the light from the
lithotripter spark discharge. Digital images were post-processed
using Adobe Photoshop. Each image was adjusted using Auto
Levels and sharpened using the Unsharp Mask filter (amount =
100%; radius = 4 pixels). More than 300 high-speed sequences
{seven frames each) of bubble behavior at the sugface of stones
were recorded and analyzed by this method.

Lithotripter

Studies were conducted using a research electrohydraulic
lithotripter that produces the same acoustic output as an un-
modified Dormnier HM3 clinical lithotripter (30-nF capacitor),®?
Electrobydraulic lithomipters employ an underwater spark dis-
charge to produce a shock pulse. The spark discharge takes
place at the internal focus (F;) of an ellipsoidal reflector, which
focuses the SW to an external focal point (F,). The ellipscidal
reflector of the research lithotripter had the same dimensions
as that of the Dornier HM3: major haif-axis ¢ = 139 mm and
minor half-axis # = 78 mm. The travel distance of the SW from
the spark to the reflector and on to Fy was 2a = 278 mun. As-
suming the speed of sound in water to be {500 m/sec. the cor-
responding time delay for this travel distance (i.e., spark source
to larget) 1s 185 psec.

The temporal profile of the shock pulse produced by our
lithotripter has been characterized using a calibruted PVDF
membrane hydrophone and consists of a positive spike with a
shock front folowed by a negative tail, all with a total dura-
ton of 4 psec,™ The experiments described in the present
study were performed at a charging potential of 20 kV. Al this
potential, the lithotripter pulse hid o peak positive-pressure am-



BUBBLE CLUSTERS IN SWL

phitude of ~40 MPa and a peak negative-pressure amplitude of
~8§ MPa. The —6-dB zone of the acoustic field of this
lithotripter measured ~ 13 mm wide X ~6 mm axial length.

The lithotripter water tank had an optically clear glass win-
dow on a cylindrical port that extended inward. making it pos-
sible to position the lens of the high-speed camera within 100
mm of Fa. This did not alter the acoustic field, For all experi-
ments. the tark was filled with degassed water softened by ad-
dition of NaHCO; (conductivity ~660 uS/cm). Fittered (100-
pm filter) detonized water was degassed under vacoom in o
closed system for 1 to 2 hours prior 1o placement in the
lithotripter tank. For these experiments, water was held in the
lithotripter for 4 10 6 hours without further degassing, The oxy-
gen content of the water increased during this time from ~3 to
4 ppm at time of filling of the lithotripter to no greater than 5.5
ppm at completion of experiments. Thus, disselved gas and cav-
itation nuclel were never completely removed from the
lithotripter water,

Artificial and natural stones

Two (ypes of artificial stones prepared from gypsum cement
were used. Ultracal 30™ (U-30) gypsum {United States Gyp-
sum Company. Chicago, I1)™ or Portland cement was mixed
with deionized water (U-30 1:1; Portiand 1:3). The mixwre was
pipeted into flat-bottom 96-well polystyrene cell culture plates
(No. 3596: Costar, Cambridge. MA) and allowed (o solidify un-
der water overnight. The plastic was dissolved with chloroform
to release the pellets. The stones were washed thoroughly with
waler and stored under water. The U-30 stones measured ap-
proximutely 6.5 X 7.5 mm. The density. longitudinal, and trans-
verse wave velocities for U-30 stones were p = (1.7 = 0.1) X
10% kg/im¥), o= (3.1 £ 0.3) X 107 mssec, and ¢, = (1.5 =
0.33 X 107nv/sec, respectively, which is in the range found with
natural stones.™ We have used U-30 cylinders previously as
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model stones to assess the damage mechanisms of lithoteipter
SWs 73638 The stones made trom Portland cement measured
approximately 6.5 x [0 mm,

Natural calcium oxalate monohydrate kidney stones were ab-
tained from a urinary stome analytical service (Beck Aralytical
Services, Indianapoiis, INY. Prior to use. these stones were hy-
drated by submersion in water for 10 days. For lithotripsy,
stones were either placed atop a sheet of 4-mil low-density poly-
ethylene or were held by o household rubber band, All image
sequences show bubble activiey generated by a single SW.
Throughout the course of these experiments, numerous record-
ings were made using a given stone, and, typically, the single
SWs were fired minutes apart. In some cases (where specifi-
cally noted), the images capture the cavitation associated with
the last of a series of SW fired al a predetermined rate.

RESULTS

Bubble clusters at the stone surfuce were derived from
individual bubbles

Analysis of sequential frames showed that the development
of bubble clusters was preceded by the formation of individual
bubbles. Figure 1 presents a series of frames in which the first
image shows the stone at 180 usec. just at the time of arrival
of the SW and before bubbles ure visible. At 250 usec (Fig.
1B). the stone is covered by numerous small bubbles. As seen
in subsequent frames, these bubbles grow and aggregate to form
a cluster that overlies most of the surface of the stone. Many
of the individual bubbles seen ewlier are no longer identifiable.
The coalescence ot bubbles—the recrnitment of individual bub-
bles into a cluster——is suggested as wefl (Fig, 1E. F: see also
Figs. 7 and § below) in which movement of the bubble cluster
across the surface of the stone leaves portions of the stone bub-

FIG. 1. Iodividual cavitation bubbles contributing to formation of bubble clusters on surface of artificial stone. This series of
[rames. captured in 70-psec steps, shows cavitation bubble netivity generated by single Hthotripter pulse. Emages focus on distal
third of stone. Axis of SW propagation was nearly vertically upward {see inset), (A) Stone at time of SW arrival but prior to for-
mation of cavitation bubbles. (B) At 70 psec after passage of SW. mumerous individual cavitation bubbles have formed on sur-
face of stone. (C, D} Bubbles have enjarged and begun to coalesce into cluster. Prominent bubble (arcow) is visible at center of
distal surface of stone. (E) Portion of bubble cluster has begun to move from end of stone to lateral surface. (F) Bubbles have
divided into two separate ¢lusters: one possibly single bubble at center of distal end of stone and one (I) forming ring or band
that appears to encircle stone. (G) Both distal bubble and cluster along sides of stone have collapsed.
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ble free. That is. the images give the impression that individ-
vul bubbles have become caught up in the cluster and have
moved from their original position.

Bubble clusters occurred reproducibly across several
regions of the sione

For the majority of experiments, cylindrical stones were used
and were positioned so that their long axis was along (be
acoustic axis of the lithotripter. With this orientation, the stone
presented @ flal proximal end or face, curved sides, and a flat
distal end. The incoming SW thus hit the flat proximal end st
{(Fig. 2A3. With each lithotripter pulse, there was, consistently,
the formation of a population of individual bubbles that then
gave rise to three main bubble clusters: one at the proximal
face, one at the distal end, and one along the sides of the stone.
The bubble cluster at the proximal face (proximal cluster) (Figs.
2 and 3) typically formed an envelope or blister that, as it ex-
panded, extended a8 much as 3 mm from the surface of the
stone. It would ther constricted close to its point of contact with
the stone (Figs. 2F and 3) and took on a “mushroom cloud”
shape. The cluster collapsed 10 a narrow (~2-mmun) point of -
pact near the center of the stone and then rebounded (Fig, 4},
It was this region of the proximal face that, on wreatment with
multiple SWs, showed dimage i the form of a crater or pit
(Fig. 5A). The remainder of the proximal face was relatively
undamaged. Thus, the formation and subsequent collapse of the
bubble cluster at the proximal face of the stone appears to have
invelved the coalescence of numerous individual cavitation
bubbles w form o large single bubble or cluster of bubbles that
coltapsed with dumaging force.

Concurrent with the formation of the proximal bubble clus-
ter, anpother cluster developed at the distal end of the stone (Figs.
1 and 6), and siill another formed along the sides of the stone
(Figs. 7 and 8). The distal cluster was the smallest of the three
in overall area and remained centered atop the distal end of the

o
-

FIG. 2. Bubble cluster formation and collapse on proximal
face of stone. These images, captured in 10-usec steps, show
growth of bubble cluster that consistently formed on leading
face of stone, Two different stones are shown, and images were
recorded using illumination from different points: from side for
images e left column and from back for images in right col-
wmin. With side lighting. stone s light, and bubbles are trans-
parent; with back lighting, stone is dark, and bubbles are
opaque. (A) Stone at time of SW arrival, before cavitation bub-
bles have formed. Arrow shows direction of pulse propagation.
(B~ Formation and growth of cluster over feading face of
stone, With side lighting (left), one can see numerous small
bubbles on surface of stone and caught up by expunding clus-
ter. With back lighting (right), surface of cluster appears rough.
(E) Cluster has now expanded to extend ~3 mm oft surface of
stone. With side lighting (left), one can see that bubble both
overlaps edge of stone and extends up the sides. It is difficult
in either frame 1o resobve individual bubbles within cluster. (F)
Cluster has begun o collapse: it has retracted from sides of
stone and is constricted at its base (arrows). (G) Cluster has
collapsed at center of proxinwl face of stone. Note: Time from
mpact of SW to mitial collapse of proximal clusler was ap-
proximately 600 psec. Cavitation cycle for individual bubbles
in surrounding waler is approximately 300 psec¥203
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stone. This cluster sometimes appeured W be a solitary bubble
{Figs. 1F; 6E, F) that collapsed sooner than the proximai clus-
ter (duration of distal cluster ~400 gsec: proximal cluster ~600
usecy and caused wvery little damage to the distal end of the
stone (Fig, 5B).

The cluster associated with the sides of the stone exhibited
substantial movement as it retacted from he distal end and
over the edge and down the sides of the stone (Figs. 1F, 6C-F,
D, E, 8. E). Following retraction to the side of the stone, this
cluster formed a band or ring that appeared tw extend completely
around the stone {FFigs. |F, 7E, and 8E) and collapsed to o nac-
row line. Although some high-speed camera images (Figs. 1G
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FIG, 3. Details of bubble clusier collapse on proximal face of stone. This series of images shows 15-psec steps beginning 700
psec after spark discharge and therefore corresponds approximately fo interval between panels F and G of Figure 2. Collapse
times of bubble chusters in Figures 2 and 3 difter slightly: this is typical of shot-to-shot varisbility in shock pulse amplitade that
has been documented for electrohydraulic Eilh(vtriplers.z"-33 (A=E) Bubble cluster constricts at its base (black arrows). while dome
or cap gets smaller at slower rate. (Fy Cluster now consists of cap and narrow stalk (white arrow), witl stalk centered over prox-
imal face of stone. (G} Stalk is no longer visible, and only portion of cluster cap remains. Faint shadow between stone and clus-

ler may be debris eroded from stone by impact from collupse of cluster.

and 8G) give the impression that sand was dislodged from the
stone, collapse of this side cluster did not result in erosion or
pitting. Clusters at the side of the stone also appeared to co-
alesce with and contribute to the cluster at the proximal end of
the stone. Figures 2, 9, and 11 show cases where bubbles be-
low the level of the rubber band swept down 1o join the prox-
imal cluster.

The occurrence of o bubble cluster at the side of the stone
was @ consistent feature observed for each SW und did not ap-
pear 1o be influenced by the way in which the stone was held
in the lighotripter. That is. in most experiments, the stones were
held in position by a rubber band. However, clusters did not
consistently develop in contact with the rubber band and. in-
deed, formed on stones that were supported Dy a sheet of low-
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density polyethylene instead of being secured by & rubber band
{Fig. 8).

Cavitation bubble clusters along sides of stones
interacted with fractures

Cracks perpendicular to the SW axis commonly developed
in the target stones during SW treaument (Figs. 9-12). The frac-
ture tine was usually 2 to 3 mm from the distal end and. thas,
in a positon characteristic of fuilure by o spall mecha-
nism.” 0t Cracks appeared (o attract bubble cluster activity.
It may not always have been possible to see fractures in the
recorded images, but when a fracture was observable, it typi-
cally marked the site of collapse of the side cluster. That is,

FIG. 4. Cavitation bubble rebound following cluster collapse on proximal face of stone. Frames were captured in 20-gusec sleps,
and first frame corresponds to approximately the same point in development of proximal bubble cluster as Figare 3C. (A, B
Cluster is collapsing slightly off center, (C) Collapse is nearly complete; just wisp of cluster remains. (D-G) Rebounding clus-
ter grows outward. It is difficult to identify debris that might be carried within cluster. Note: This figure shows last of series of
10 SWs delivered at rate of 5 Hz, Bubble cluster formation, growth, collapse., and rebound were observed regardiess of pulse-
repetition tfrequency.



440

FIG. 5. Cavitation damage to artificial stone. (A) Proximal
surface of U-30 artificial stone treated with 30 SWs delivered
al 20kY, 0.5 Hz. Cavitation bubble cluster activity has created
Z—mm crater centered at proximal end of stone (arrow) (back-
ground grid = 1 nun). (B) Distal end of stone shows very lit-
tle damage. There is ne focus of erosion, as is seen at proximal
end (panel A). Note: Distal ends of U-30 stones are always
somewhat rougher than proximal ends, as distal end is not in
contact with plastic mold used to cast stone,

when a crack was present in the stone, the side cluster devel-
oped along the crack and collapsed into it (Figs. 9 and H)). For
example, Figure 9 shows a stone that has a fracture about 3 mm
from the distal end. In this set of images, the bubble cluster at
the side of the stone formed right on top of the crack (Fig. 9C,
). On collapse. the cluster disappeared into the crack (Fig.
9E1 The same cavitation behavior was seen with other stones
in which cracks developed at different locations along the side
(Figs. 10~-12} Thus, superposition of the cluster over the crack
did not appear to be a coincidence. That is, it did not matter
whether the crack was close to the rubber band (Figs. 10 and
12} or close to the distal end of the stone (Figs. 9 and 1) the
cluster still collapsed at the crack.™ When bubble clusters col-
lapsed inw cracks, il often appeared that the cracks became

IFiG. 6.
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wider (Figs. 9-[1). However, it is not clear from analysis of
the images whether this bubble activity was directly responsi-
ble for widening the gap.

Bubble clusters developed at the surface of natural
kidney stones

The formation of cavitation bubble clusters was not limited
to situations when artificial stones were used as a target, Fig-
wre 12 shows a calcium oxalate monohydrate stone in which o
cluster developed over the side and subsequently collapsed
along the line of a fracture. Also, in these images, there is a
very close correlation between the site of collapse of the side
cluster and the location of cracks that developed in the stone.

DISCUSSION

Theoreticat models of cavitation and SW--bubble interactions
generally assume bubbles to be single, spherical, and relatively
soyall 1338394142
vincingly that such ideal characteristics do not always hold
true, 132204 G observations with high-speed imaging re-
iterate these findings and go on to show in greater detail the
dynamic nature of cavitation bubble activity at the surfuce of
stones. A key observation from the present study is that the cav-
itation bubbles that form under the influence of the tensile phase
of the SW come to lose their identity as solitary bubbles and
merge o formy bubble clusters. In other words, the cavitation
bubbles that form on the surface of stones do not evele inde-
pendently of one another but instead interact as dynamic clus-

but experimental studies have shown con-

ters.

The cavitation we observed o be associated with both arti-
ficial and natural stones was characterized by the formation of
bubbies that grew to cover lurge areas of the stone’s surface,

390us

Cavitation bubble activity at distal third of artificial stone. This is same stone shown in Figure 1 with jllumination from

different angle. Timing of frames is same (Le., 70-psec sieps beginning at 180 usec). (A} This frume, included for reference,
shows stone at time of SW arrival but before cavitation bubbles have developed. (B—I¥} Formation of individual bubbles and
their subsequent growth. Backlighting helps one see boundaries of individual bubbles at edge of stone (arrows) but obscures de-
tail elsewhere, (E, ¥) Bubble cluster atop distat end of stene looks like it may be solitary bubble. At its maximum expansion,
this bubble extends slightly more than I mm above stone surface, This distal bubble cluster thus is much smaller than cluster
that develops at proximal end of seone (see Figs. 2, 3, and 9-11). Structure of this bubble seems very similar to shape attributed
to asymmetric bubble collapse.” {G) Final frame has captured what remains of distal bubble cluster (arrow') as it collapses al cen-

ter ol stone,



FIG. 7. Bubble cluster formation and collapse at sides of artficial stone. This series of images shows upper (distal) half of
stone held in position with rabber band (szen in lower Ieft corner of caclh frame}. Shockwave entered from bottom of stone.
Frames were caplured in 130-usec steps. (A} At time of SW impact but hefore bubbles are visible. (B, C) Formation and en-
largement of bubble cluster that surrounds stone. () Bubble cluster has begun to retract, exposing midportion {asterisk) and dis-
tal edge (white arrow) of stone. (E, F) Cluster now forms narrow ting or band of bubbles (black arrows) 1 to 2 1 below dis-
tal end. () In this final frame, there is very faint dust near line of cluster collapse (white arrow). suggestive of fine debris released
from stone surface.

These large bubbles tended to be itregular in shape. 1t gener-
aily was not possible to determine whether there was a single
ravity of complicated shape or if the cavitation consisted of nu-
merous smaller bubbles. Because the behavior of these bubbles
was quite different from what has been appreciated to charac-
terize individual, spherical cavitation bubbles, we have chosen
to refer to them as “bubble clusters.”™ Some of the original stud-
ies of muliiple cavitation bubbles*®*7-02-6% ysed the term “cav-
ity cluster™ for what is now often referred o as “cloud cavita-
tion.”®* The latrer is typically associated with a large number
of cavitation ubbles that are sufficiently dilute that they do not
interact directly {coalesce}. even though they may produce large
dynunic effects by effectively changing the average properties
and dynamics of the fluid as a whole (i.e., bubbles and liguid).

The present use of the term “cluster” thus is purely descriptive
and iy not necessarily meant to imply any close association with
the phenoemenon of cloud cavitation or its analytical modeling.

Bubble clusters developed consistently in several locations
on the stone surface: al the proximal face, along the sides, and
at the distal end. It is likely that the size and shape of a stone
will influence bubble cluster behavior. and one might expect
bubble dynamics (o change as the stone is progressively bro-
ken into smaller fragments. [n our studies with intact stones,
the largest bubble cluster formed on the proximal face. Because
cavitation bubble expansion is dependent mainly on the ampli-
tude of the tensile phase of the lithotripter SW, bubbles would
be expected to grow largest in the region of highest negative
pressure. Such a region is the area immediately in front of the

¥1G. 8. Bubble cluster formation on astificial stone not held by ligature but rather standing upright atop sheet of low-densiry
polyethylene, demanstrating that formation of bubble cluster at side of stone was not artifact of way stone was heid in lithotripter.
Frames were captured in 150-psec steps. (A) At time of SW arrival. (B=F) Formation of bubble cluster to cover stone surface.
retraction of cluster from midportion (asterisk) and distal end to form narow band of bubbles (black arrow), and collapse of
those bubbles. (G) As in Figure 6G, this image shows dust (white arrow) that may be fine debris coming from stone surface.
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FIG. 9. Bubble cluster collapse along distal spall fracture in artificial stone, pholographed in 140-pusec steps. Stone is held in
place by rubber band. (A) Stone at 190 psec after spark discharge, approximately 10 usec later than initial frames in Figures 1,
2, and 6-8. Bubbles are already visible in surrounding water, aixd some may be present on surface of stone, Transverse crack is
visible ubove rubber band (arrows): this crack was present prior to this shot, (B, C) Bubbles grow on surface of stone and coa-
lesce 1o forny large cluster that stirrounds most of stone. () Crack is visible (arrow) beneath cluster at side of stone. Crack ap-
pears to have widened. Note alse large proximal cluster (arrowhead). (E) Bubble cluster at side of stone has collapsed afong line
of wansverse crack. A vertical crack s now visible as well, and portion of cluster overlies this crack {arrows). Proximal cluster
is retracting toward leading Tace of stone. (F) Crack is now considerably wider. (G) Bubble rebound at proximai [ace of stone
(arrow).

stone. When the pressure pulse impacts the slone, a portion of
its energy is reflected. Because the water—stone interface is an
acoustically hard boundary. the SW will refiect in phase, and
the negutive pressure will be increased by ~60%. Cavitation
may also be more prominent on the proximal fuce of a stone
becuuse cavitation nuclei might be more abundant in this re-
gion. That is. as the proximal face becomes etched and pitted.
these outward-lacing defects would tend fo capture cavitation
8365 The presence of nuclei generated by one pulse could
42,67

nucled,
then promote bubble growth during subsequent SWs.

The bubble clusters that formed in ditferent locations appear
to have contributed to stone breakage in different ways, The
proximal cluster typically cavsed erosion or pitting of the lead-
ing face of the stone. For most stoaes, this damage was promi-
nent. Inaddition to this direct effect, cluster cotlapse at the prox-
imal end of the stone likely generated a secondary SW of
substantial magnitude. Such a SW originating from cluster col-
fapse could produce pressure gradients within the stone that
could contribute to breakage by other mechanisms such as
spall. 153 In related experiments, we have observed that al-

FIG. 10.

Superposition of bubbie clusters on fracture lines is not accidental. These images are of artificial stone in which spill-

type fracture developed low on stone. Bubble cluster still formed along crack and appeared to collupse into it. Steps after panel
are al 140 psec. (A) Prior to the arrival of SW. (B) Bubbles have begun to form on surface of stone and in swrounding water.
(C, D) Growth of bubble cluster that appeurs to surround stone. (E) Bubble ciusters at side of stone and on proximal end (ar-
rows). Side cluster has narrow portion that runs transversely across stone. One cannot see what lies beneath cluster. but this is
position of crack visible in panel . Thus, bubble cluster appears to be collapsing into crack. (F, G) Cluster is gone, and crack
is now visible just above rubber band (arrow).
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FIG. 11, Bubble cluster activity over different regions of stone captured in 100-usec steps after single lithotripter pulse. (A}
Initial frame at 190 psec shows small bubbles on stone surface and in surrounding water. Stone has zlready been damaged by
previous exposure 0 SWs. There is faint fracture about | mm from distat end (arrow), (B=I¥ Bubbics grow and coalesce to form
prominent cluster at proximal ead, smaller cluster at dista) end. and cluster swrrounding midpertion. {E) Bubbles above rubber
band (arrow) are lined up along transverse fracture first visible in pane! A. Proximal cluster is very large. (¥) Proximal cluster
is smaller, having begun fo collapse. (G) Crack near distal end of stone (arrow) has widened. while proximal cluster appears
much smalier—consistent with continuation of collapse or subsequent rebound.

though spall fracture of U-30 stones can occur at high over
pressure sufficient to inhibit cavitation, distal transverse frac-
ture pccurs more readity under conditions that permit cavita-
tion on the proximal face of the stone.'” These high-speed
camera images, which show cluster collapse to be dramatic and
tightly focused at the proximal end of stones, lend support to
the idea of such a refation between cavitation and spall.

Damage to the distal end of the stones was minor compared
with the erosion produced at the proximal end. The bubble clus-
ters that formed on the distal face rarely grew to more than a
millimeter in height and occupied a footprint no more than sev-
eral millimeters in diameter. This compares with proximal ¢lus-
ters that grew to cover, or even overlap, the entire 6.5-mm prox-
imal end of the stone. The shape of the clusters at collapse was
also different at the two ends of the stone: whereas the proxi-
matl cluster typically formed a mushroom shape (see Fig. 2),
the distal cluster sometimes gave the appearance of a single
bubble that collapsed asymmetrically. For example, the se-
quence of frames in Figure 6 shows images that capture the ¢o-
alescence of small bubbles to Torm a distal cluster that, just be-
lore collapse, appears (© contain a vortex. This vortex form: has
previously been deseribed as a characteristic of the asymmet-
ric bubbie collapse that results in focal pitting of metal targets.'
In the present study, however. the effect of such bubbles on the
distal face of the stone was nnremarkable,

The collapse of bubble clusters at the sides of stones may
have contributed 1o the growth of fractures. In many cases, the
direct damage caused by clusters that encircled the stone was
not impressive and appeared o consist of the loss of small
ameounts of sand that were visible as a faint mist of particles
raised oft the surface (e.g.. see Figs. 7G and 8G). In some in-
stances, however, cluster collapse was associated with the
growth of cracks. Tn almost ail cases when a crack way aiready
visible in the stone, the cluster developed and collapsed at that
location (e.g.. see Figs. 9 and [ 1). An existing crack might act
a8 u focus for bubble cluster formation by providing a source

of cavitation nuclei. A crack might physically stabilize cavita-
tion buhbles, 53945 keeping them from being swept away by
fluid motion induced by bubble dynamics elsewhere on the
stope. It has also been suggested that cavitation associated with
a cruck or crevice could produce large tensile stresses during
rebound and thereby contribute to crack growth.®!

These high-speed camera observations do not rule out the
possibility that cavitation was invoived in the initation of new
fractures, Sass and assoctates™ have suggested (his as a poten-
tial mechanism for SW damage o gallstones. The series of im-
ages in Figore 12 (left colurm) shows a close correlation be-
tween the position of claster collapse and the formation of a
crack in a natural stone that does not become obvious until the
next shock wave {Fig. 12, right celumn). Image resolution is a
limitation here. It may be that o microscopic fracture existed
prior to the first SW and did not grow to visible size until the
subsequent shot. What seems most reasonable to conclude is
that, overall, the images demonstrate that bubble clusters are
associated with fractures in stones and that cluster collapse
along the line of u fracture may promote its growth.

Previous studies using high-speed imaging have demon-
strated the formation and collapse of cavitation bubbles at the
surface of natural and artificial stopes, Sass and associates™
used a high-speed camern system capable of capturing sequen-
tal images at 100-gsec steps—comparable to the frame rare we
used for the present stucdy. Some of their observations seem to
corretate well with our findings. For example, they demonstrate
greater bubble activity at the proximai face than elsewhere on
the stone, and they suggest that bubbles appeared to fuse at this
leading face of the stone. However. the images give no indica-
tion of the recruitment of individual bubbles to form aggregates
or clusters and do not show evidence of the dynamic movement
of bubbles across the surface of the stone that characterized
bubble behavior in our experiments. In a recent study, Xi and
Zhong™ used fast-frame photoelastic imaging to caprure cavi-
tation bubble activity on the surface of epoxy model stones.



444

They recorded single frames with each lthotripter pulse and
staggered the shutter delay time in order to build a sequence
over e lifetime of the bubble cycle. These images, with high
contrast and good resolution, show two-dimensional profiles of
bubble growth on the surlace of the blocks. In some sequences,
bubbles enfarge and grow to surround the target, Later frames
show bubbles primarily at the proximal and distal sides. The
images capture profiles in just two dimensions, so it is difficult
o appreciate bubble movement; however, the profiles support
the idea that bubbles coulescr to cover large arcus of the tar-

get.

PISHCHALNIKOV ET AL.

FIG. 12. Cavitation bubble cluster activity on surface of nat-
ural calcium oxalate monohydrate kidney stone. Images were
obtained after two successive SWs (left column = shot number
3; right column = shot number 4} fired several minutes apart
but imaged ai same frame rate (1 30-psec stepsy. Reading down,
one c¢an see progression of bubble activity during one shot.
Reading across, one can compare bubble behavior from one SW
to the next. Note simitarity of size and location of bubble cius-
ters that formed with each of the two SWs. Note also that bub-
ble cluster coilapses along crack that becotes visible after sec-
ond SW and that crack continues to grow after cluster collapse.
(A) Stone at time of arrival of SW. (B, C} Bubble cluster forms
at side of stone, regracts from distal end, and forms band that
appears to extend around stone. (B) Cluster in 4™ shor (right
column) overlies prominent crack (arrow) that is first visible in
nrevious frame {C). (E) Lines of bubble collapse in these two
frames are very similar. For shot 4 (right column), focation of
bubble correlates well with crack visible in surtier frames and
easily seen in panels F and G. In shot 3 (lefi column), no crack
is visible, but cluster (arrow) is collapsing along line that seems
to correlate well with location of fracture that developed dur-
ing shot 4. (F) At time of collapse of proximal cluster (out of
field of view). (G) Crack has widened, and segment of this
crack (arrows) is now visible after cluster collapse,

2

=

CONCLUSIONS

These observations with high-speed imaging lead o several
conclusions about the characteristics of the cavitation associ-
ated with stones and ke role that cavitation bubbles play in
stone fragmentation in SWL. The data show that cavitation bub-
ble activity on the swrface ol stones in virro is dominated by
the formation of bubble clusters. Cluster formation involves the
aggregation of many individual cavitation bubbles. Clusters
grow and shift dramatically, sweeping across the surface of the
stone and collapsing at discrete foci. Separate clusiers develop
over different regions of the stone and contribute o stone break-
age in different ways. The cluster that develops and collapses
at the proximal end of the stone is the fargest and causes promi-
nent pitting at that leading face. Bubble clusters consistently
form also at the distal end of the stone and along the sides.
Cluster formation occurs with natural as well as with artificial
stones. Cracks that develop in a stone attract bubble cluster ac-
tivity, and cavitation along an existing fracture may help such
fractures to grow, Thus, our observations lend further support
te the well-established idea that cavitation contributes to stone
comminution through erosion and pitting and also suggest that
cavitution bubble cluster activity is invoived in the growth of
fractures in stones treated by SWL.
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