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Abstract

Purpose: Although cavitation during laser lithotripsy (LL) contributes to the Moses effect, the impact of cav-
itation on stone damage is less clear. Using different laser settings, we investigate the role of cavitation bubbles
in energy delivery and stone damage.
Materials and Methods: The role of cavitation in laser energy delivery was characterized by using photode-
tector measurements synced with high-speed imaging for laser pulses of varying durations. BegoStone samples
were treated with the laser fiber oriented perpendicularly in contact with the stone in water or in air to assess the
impact of cavitation on crater formation. Crater volume and geometry were quantified by using optical coher-
ence tomography. Further, the role of cavitation in stone damage was elucidated by treatment in water with the
fiber oriented parallel to the stone surface and by photoelastic imaging.
Results: Longer pulse durations resulted in higher energy delivery but smaller craters. Stones treated in water
resulted in greater volume, wider yet shallower craters compared with those treated in air. Stones treated with
the parallel fiber showed crater formation after 15 pulses, confirmed by high-speed imaging of the bubble
collapse with the resultant stress field captured by photoelastic imaging.
Conclusions: Despite improved energy delivery, the longer pulse mode produced smaller crater volume,
suggesting additional processes secondary to photothermal ablation are involved in stone damage. Our critical
observations of the difference in stone damage treated in water vs in air, combined with the crater formation by
parallel fiber, suggest that cavitation is a contributor to stone damage during LL.
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Introduction

The majority of patients with symptomatic renal and
ureteral calculi are currently managed with endourolo-

gic techniques. The Holmium (Ho):YAG laser has been the
clinical gold standard for intracorporeal laser lithotripsy (LL)
over the past two decades.1 Recent advances in LL technol-
ogies offer a variety of treatment modes to improve frag-
mentation efficiency. In particular, pulse width modulation
has been extensively studied as a means to reduce stone
retropulsion and fiber burn back but has demonstrated mixed
results in stone fragmentation efficiency.2–5

Stone fragmentation during long pulse, solid-state Ho:YAG
LL has been traditionally described as a photothermal process
of laser absorption by the stone leading to ablation, and by
water pockets in the stone leading to thermal expansion and

mechanical stress fields.6–9 During LL, absorption of each
laser pulse causes rapid vaporization of fluid at the fiber tip,
leading to the formation of an elongated vapor channel (i.e.,
the Moses effect) that has primarily been considered as an
efficient means for energy delivery to the stone.6,10–13

In this study, we investigate the impact of the LL-
generated bubbles on stone fragmentation. The laser pulse
duration directly affects the bubble geometry and dynamics,
both of which impact ablation mechanisms. For Ho:YAG
lasers used in clinical urology, the long pulse duration
(>100 lsec) produces an elongated bubble with a weak
shockwave emission, which has been presumed to cause
negligible damage.6,14 However, prior work has also dem-
onstrated that the collapse of cavitation bubbles near a solid
boundary can produce a water jet toward the solid boundary,
which may contribute to stone damage during LL.6,15–18
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We investigate the possibility of water jet impact from
the asymmetric bubble collapse on stone damage during LL
with and without the contribution of photothermal ablation.
Our results suggest that the current understanding of LL as a
dominant photothermal ablation process needs to be aug-
mented by the additional role of LL-generated asymmetric
bubble collapse with jet impact as a potential contributing
factor to stone damage.

Materials and Methods

Pulse energy analysis in air and in water
at 4 mm standoff distance

Three pulse modes of different pulse durations from a
clinical holmium laser lithotripter (H Solvo 35-watt laser;
Dornier MedTech) were investigated in this study at 0.8 J
energy setting: (1) Fragmenting Mode with a full width
at half maximum (FWHM) pulse duration &75 lsec, (2)
Standard Mode—FWHM &150 lsec, and (3) Advanced
Mode—FWHM &200 lsec. All the experiments were
conducted with the same laser delivery fiber (Dornier Sin-
gleFlex 400, NA = 0.26, 365 lm core diameter, 430 lm fiber
diameter). The pulse FWHM were calculated from the
temporal pulse power profile measured in air by using an
InGaAs photodetector (PDA10D; Thorlabs, Newton, NJ).

Power measurements were additionally collected in water
by directing the laser pulse into a light guide (at a standoff
distance [SD] of 4 mm) that transmitted the light to the
photodetector outside of the water tank (Fig. 1a). These
measurements were synced with video images captured by a
high-speed camera (Phantom v7.3; Vision Research,
Wayne, NJ) operating at 40,000 frames per second to cor-
relate bubble dynamics with resultant energy transmission.
Pulse energies were quantified by integrating the raw power
profiles over time, and the mean relative pulse energies
(n = 30) were compared between modes in air and water to

determine the effects of the bubble on energy delivery in
water. Statistical analysis was performed by using t-tests
(a = 0.05, p < 0.05).

Damage assessment of wet BegoStone samples
treated in water and in air

The damage efficiency was determined by treating Bego-
Stone samples (BEGO USA, Lincoln, RI), a common kidney
stone phantom with similar mechanical properties to human
calculi.19,20 BegoStone samples (50 · 50 mm lateral dimen-
sion, 5 mm thickness) were prepared at a 5:2 powder to water
ratio and cured on an orbital shaker, and they were subse-
quently soaked in water for 24 hours before the experiment.
This protocol localized air pockets and impurities at the center
of the sample, allowing us to carry out stone damage experi-
ments on the uniform peripheral area with minimal voids to
improve consistency in damage assessment. The samples were
polished to prepare a flat surface and fixed in position in a
water tank during treatment with the laser lithotripter. The
water tank is sufficiently large to ensure that the ambient water
temperature near the stone surface does not vary drastically
during the experiment (Supplementary Fig. S1).

The fiber was aligned perpendicularly (laser incident an-
gle: 0�) and manually lowered to be in contact with the Be-
goStone surface. The delivery fiber attached to a strain gauge
that would deflect when the fiber contacted the sample surface,
and its reading was used to accurately set the fiber’s axial po-
sition for each experiment (Fig. 1b). The stone samples were
treated with a varying number of pulses (1–100 pulses, n = 5) at
an output setting of 0.8 J and 10 Hz with the delivery fiber fixed
in place. A customized user interface provided by Dornier was
utilized to precisely control the number of pulses delivered per
pedal hold.

High-speed videos were captured during the treatment, in
which a light guide collecting the scattered laser light from

FIG. 1. Benchtop setup
for (a) energy delivery mea-
surements synced with high-
speed imaging of bubble
dynamics at the fiber tip, and
BegoStone crater damage
experiments with laser fiber
aligned either (b) perpendic-
ular or (c) in parallel to the
stone surface.
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the sample to a photodetector was used to trigger the camera
from the first pulse. A digital time delay generator (BNC 565;
Berkeley Nucleonics Corporation) was then used to trigger
the camera to capture the cavitation event produced by each
subsequent pulse from which the maximum bubble size was
quantified. In addition, several human COM stones were cold
mounted in an epoxy resin and polished before treatment by
using Standard mode in water to verify the damage results
obtained from BegoStone samples.

Stone damage was quantified by using optical coherence to-
mography (OCT), (OQ Labscope; Lumedica, Durham, NC).
A custom software was developed in MATLAB (MathWorks,
Natwick, MA) to map the depth of the stone surface and segment
the crater region resulting from LL treatment. The volume,
maximum depth, and area of the surface profile were quantified
for each crater region. To investigate the effects of LL-induced
bubble on stone damage, the experimental procedure was re-
peated in air with BegoStone and COM stone samples pre-
soaked in water overnight. By treating the water-saturated stones
in air, optical absorption by the intermediate fluid was removed,
thus eliminating the damage contribution from the LL-induced
bubbles while isolating the photothermal ablation effect within
the sample. Cavitation-induced damage was analyzed by com-
paring the resultant craters from treatment in air vs in water.

Parallel fiber experiments for assessing effects
of cavitation on stone damage

A set of experiments were conducted in both water and air
with the fiber tip oriented parallel (laser incident angle: 90�)
to the stone surface with the bottom of the fiber at a SD of
0.5, 1, and 2 mm (Fig. 1c). This orientation minimized light
absorption by the stone and reduced the contribution of
photothermal damage. Thus, parallel fiber experiments con-
ducted in water isolated the damage caused by LL-generated
cavitation whereas the experiments conducted in air served as
a negative control (no photothermal or cavitation-induced
damage). The stones were treated by using Standard mode
(0.8 J, 10 Hz). After treatment of 1 to 100 pulses, the resultant
crater volumes were quantified with OCT.

Stress fields resulting from LL bubble collapse were ana-
lyzed by using a previously developed photoelastic imaging
system that has been used extensively to study transient stress
fields.21,22 Briefly, a photoelastic sample under stress be-
comes birefringent and causes a relative phase shift between
the two polarization components of an incident light beam
propagating along the two principal stress directions in the
material. When combined outside the sample, the transmitted
beam creates an interference fringe patterns that encode the
transient stress field produced by a shock wave or jet impact
from asymmetric bubble collapse, which can be captured by a
high-speed camera. For illustration purpose, the laser fiber
was oriented either perpendicular or parallel to a polyure-
thane block (PSM-4) at SD = 1–2 mm to avoid direct thermal
damage of the material, and the transient stress fields pro-
duced in the block were recorded over the duration of bubble
expansion and collapse after a single laser pulse.

Results

Pulse energy analysis

The normalized power profile over time for each pulse
mode as measured in air and water is shown in Figure 2a–c.

The corresponding high-speed image of the LL-generated
bubble in water is shown above the graph. For all pulse
modes, as the vapor bubble expands in water (thus shortening
the distance between the tip of the bubble and the light guide
or a stone surface), the energy transmission will increase
gradually, reaching a peak between 150 and 200 lsec. In
contrast, with minimal absorption of the Ho:YAG laser in air,
the energy transmission will build up more rapidly with a
peak achieved between 20 and 150 lsec. Further, no statis-
tical differences were observed in relative pulse energies for
the three treatment modes measured in air. However, a sta-
tistically significant increase in the energy delivered was
observed in water for longer pulse durations (Fig. 2d–g).

OCT analysis of crater volume and geometry

Perpendicular fiber orientation. For all treatment modes in
water, crater volumes increased drastically over the first 10 to
15 laser pulses before plateauing after about 20 pulses (Fig. 3a).
During this treatment period, a similar increase and plateau in
the LL bubble size was observed along with a transition in
bubble dynamics from a small and flat pancake-shaped bubble
to a round and large hemispherical bubble (Fig. 4).

The resultant crater volumes were higher for shorter pulse
modes than those produced by longer pulse modes. Com-
parison of the crater profile area and depth (Fig. 3b, c) sug-
gests that the larger crater volume in the shorter pulse mode
was predominantly caused by the widening of the craters,
whereas the average crater depths were comparable among
different modes after 100 laser pulses. These differences
along with the evolution of the crater over pulse number are
displayed in the OCT reconstruction of representative crater
volumes in Figure 5a–c. Further, the treatment of COM stones
with standard mode pulses resulted in similar trends in dam-
age progression with pulse number, whereas the plateaued
crater volume and depth were found to be larger for COM
stones than for BegoStone samples (Fig. 3a–c).

In addition, as a reference the crater volumes and geometry
produced by a single pulse are shown in Supplementary
Figure S2. However, the high variability in the pulse energy
due to a feedback system for energy normalization within the
lithotripter might increase uncertainty of these results.

In comparison to the stone damage produced in water,
craters for BegoStones and COM stones treated with the same
pulse modes in air exhibited dissimilar damage characteris-
tics (Fig. 3d–f). In particular, crater volumes were lower for
wet stones treated in air for all pulse modes. In addition, the
crater depth for stones treated in water had a sharp plateau
at *0.8 mm (Fig. 3b), whereas the crater depth for stones
treated in air were deeper and still increasing after 100 laser
pulses (Fig. 3e). On the other hand, the crater profile for
stones treated in air were narrower compared with those for
stones treated in water (Fig. 3f). These differences can be
appreciated visually in the OCT reconstruction of represen-
tative BegoStone crater volumes for each pulse mode after
treatment of 100 pulses (Fig. 5d–f). The ratio in crater vol-
ume and geometry between samples treated in water and air is
shown in Supplementary Figure S3.

Parallel fiber orientation. The OCT reconstruction of the
BegoStone surface after treatment in water with the parallel
fiber exhibited a distinct crater pattern at each fiber SD from
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the stone. At SD = 0.5 mm, one crater was observed beneath
the fiber tip and three craters *1 mm away. At SD = 1.0 mm,
a similar crater pattern was produced with a lateral extension
of the crater beneath the fiber. At SD = 2.0 mm, only in a single
crater located beneath the fiber tip was observed (Fig. 6a).

High-speed imaging sequences of the LL bubble expan-
sion and collapse were captured from both the side- and top
view (Fig. 6b). Because of the significant elongation during
expansion, the bubble collapsed asymmetrically and faster
along the axial direction toward the fiber tip, breaking the
bubble volume into two side lobes (SD = 0.5 mm) or leading
to the formation of toroidal bubbles (SD = 1.0 mm) that col-
lapsed afterward at a lateral distance from the fiber axis. The
positions of the resultant craters correlated with the spots of

bubble collapse, as confirmed by the dust plume ejected from
the stone surface (see frames at 650 lsec in Fig. 6b). In ad-
dition, no craters were observed when treating the stone with
a parallel fiber in air within the SD range of 0.5 to 2 mm,
further suggesting that all the craters produced in water were
caused by cavitation bubble collapse.

As shown in Figure 6c, crater damage was initiated after
about 15 pulses and increased progressively thereafter toward
100 pulses for all SDs, which is in distinct contrast to the
damage plateau produced by the perpendicular fiber orientation,
in which a dominant photothermal effect is anticipated initially.
The crater volume was found to increase from SD = 0.5 mm to
1.0 mm and then drop at 2.0 mm, indicating the existence of an
optimal SD for cavitation-generated surface erosion. After 100

FIG. 2. Still frames from high-speed video of bubble expansion and collapse (corresponding time in microseconds shown
in blue) for (a) fragmenting, (b) standard, and (c) advanced pulse modes (2 mm scale bar and red arrow marking fiber tip
location in the 0 lsec frame). Plot of the normalized pulse power is shown below from photodetector measurements in air
(red) and in water (blue) that were synced with the video frames above. The mean pulse power profiles for each mode and
the relative energies between treatment modes measured in air (d, e, respectively) and through a light guide offset from the
LL fiber by 4 mm in water (f, g, respectively). (*p < 0.05). LL = laser lithotripsy.
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pulses, a mean crater volume of 0.513 mm3 was measured at
SD = 1.0 mm, which corresponds to about 82.7% of the crater
volume produced by the fiber in perpendicular orientation after
the same number of pulses (Fig. 6d). Finally, photoelastic im-
aging demonstrated the generation of localized stress fields
where the LL-induced bubble collapsed onto the substrate sur-
face with the fiber oriented either perpendicular or parallel to the
substrate (Fig. 6e, f).

Discussion

During Ho:YAG LL, rapid vaporization of fluid at the la-
ser fiber tip results in the formation of an elongated vapor
bubble, known as the Moses effect, which is convention-
ally believed to facilitate energy delivery and thus pro-
mote thermal ablation of the stone. Although the impact of
pulse settings on stone retropulsion and treatment outcomes

FIG. 3. Quantitative OCT
analysis BegoStone and
COM stone craters after LL
treatment with the perpen-
dicular fiber in contact with
the stone surface (0.8 J and
10 Hz) in water (e) and in air
(d–f) for 3 laser pulse modes
from 1 to 100 pulses. Crater
volume (e, d), depth (b, e),
and surface profile area (c, f)
are plotted on equivalent
y-axis scales across treat-
ment in water and air for
comparison along with the
logarithmic fits (dotted
lines). OCT = optical
coherence tomography.
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has been previously investigated,11,23 the contribution of the
bubble to stone damage is poorly understood. In this work, we
present striking evidence supporting a direct contribution
of LL-induced bubble collapse as a secondary mechanism
of stone damage that occurs in conjunction with the dominant
photothermal mechanism widely recognized in the litera-
ture.6,7 This new finding suggests that future development of
laser technology and pulse modulation strategy should con-
sider optimization of bubble dynamics during LL to improve
stone fragmentation.

Photodetector measurements demonstrate that the vapor
bubble will improve energy delivery to the stone surface
for longer pulse modes because a greater proportion of the
laser pulse is transmitted to the stone after the formation of

the vapor bubble (Fig. 2). This finding is consistent with
the basis of ‘‘Moses� Technology’’ (Lumenis, Yokneam,
Israel), whereby a portion of the pulse energy is delivered
after the formation of the vapor bubble, giving rise to
improved energy delivery and an increase in photothermal
damage.11,13,23,24 In the perpendicular fiber experiments,
the MOSES effect is anticipated to improve energy de-
livery to the stone as the crater forms and the fiber-stone
distance increases. However, despite the higher energy
delivery, stone damage and crater depth were not improved
for the longer pulse modes after 15 pulses (Fig. 3). This
observation is consistent with previous studies that dem-
onstrated either no improvement or less stone damage with
longer pulses.2–4,23,25

FIG. 4. (a) Representative high-speed imaging sequences of bubble dynamics by the standard mode pulses (scale bar =
2 mm, yellow arrow indicates fiber tip position). The lateral (blue arrow) and axial (red arrow) widths of the bubble
(as marked in Pulse 1 at 200 lsec) were quantified for analysis. High-speed imaging analysis of bubble size for varying
pulse number for (b) fragmenting, (c) standard, and (d) advanced modes operated at 0.8 J and 10 Hz.
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A careful evaluation of the crater volume change with pulse
number (Fig. 3a) suggests a multiphase process of stone damage
during LL: from (1) an initial rapidly growing phase (1 to 10
pulses) in which photothermal effect may be dominant, to (2) a
transition phase (10 to 40 pulses) in which cavitation-induced
damage may become progressively important, to eventually (3)
the plateau phase (40 and beyond) in which continued delivery
of the laser energy yields a diminished return in stone damage.
Specifically, in the transition phase when the crater depth (and
thus the fiber-stone distance) increased rapidly to >0.5 mm after
the initial 10 pulses (Fig. 3b), more laser energy is absorbed by
the intermediate fluid with a concomitant increase in bubble size
(Fig. 4b) and as a result, less energy is delivered to the target
stone. Thereafter, damage craters slowly reached a plateau in-
dependent of the pulse modes (Fig. 3b). A similar trend in pla-
teauing damage with increasing pulse number was also observed
recently by Aldoukhi et al.26

In comparison, without significant laser energy loss due to
bubble formation, the damage craters produced in wet stone
samples treated in air showed progressively increasing crater
depth (Fig. 3e), with similar yet narrow surface profile areas
among different pulse modes (Fig. 3f). This is in distinct con-
trast to damage craters for stones treated in water that plateaued
in crater depth (Fig. 3b) yet exhibited broader surface profile
areas with high variation between pulse modes (Fig. 3c).

The variation in crater geometry between stones treated in
air vs in water suggests that cavitation plays a significant role in
the widening of craters. In particular, the shorter (i.e., frag-
menting) pulse mode with its high peak power (Fig. 2d) was
found to produce larger bubbles (Fig. 4b–d) and resulted in
greater crater surface profile areas and crater volume than its
counterpart longer (i.e., standard and advanced) pulse modes
(Fig. 3a, c). It is likely that higher laser energy absorption in the
intermediate fluid by the shorter pulse mode will result in a
larger cavitation bubble and thus greater stress concentration
and erosion damage produced on the stone surface by the

asymmetric collapse of the bubble with microjet impact.27

Overall, we hypothesize that photothermal ablation and mi-
croexplosion mechanisms play a dominant role in controlling
the crater depth whereas cavitation bubble collapse contributes
significantly to the broadening of the crater surface area and
thus damage volume. Future studies are warranted to further
dissect this complex process.

Moreover, the contribution of cavitation to stone dam-
age in LL is demonstrated unambiguously by the results
from the parallel fiber experiments in water. At sufficiently
large SD (‡0.5 mm), no photothermal damage was pro-
duced by treating wet stones in air whereas significant
crater formation with damage pattern consistent with
bubble collapse was produced in water (Fig. 6). Although
some photothermal damage might be anticipated in treat-
ment with a parallel fiber due to potential lensing effect
from the vapor bubble, this highly dynamic process is
unlikely to generate the reproducible crater patterns ob-
served in the experiments.

More importantly, as the SD increased from 0.5 to 1.0 and
further to 2.0 mm, the crater damage would first increase and
then drop in contradiction to the expectation from photo-
thermal ablation mechanism. Further, detectable crater dam-
age was only observed after about 15 to 20 pulses, indicating
that repeated bombardments from the microjet impact of
bubble collapse are required to initiate cavitation damage. This
feature is in contrast to the immediate stone damage produced
by photothermal ablation when the fiber was placed perpen-
dicularly in contact with the stone surface. In addition, the
crater depth produced by cavitation erosion in parallel fiber
orientation was shallower, yet with greater surface profile area
(accumulated from multiple spots of toroidal bubble collapse)
than the counterpart produced by photothermal ablation in
combination with cavitation damage in the perpendicular fiber
orientation (Fig. 6a). The trajectory in crater volume
vs pulse number curves also varies drastically between these 2

FIG. 5. (a–c) Examples of OCT 3D reconstruction of characteristic crater evolution for LL treatment of BegoStone
samples after different pulses and (d–f) for comparison of damage crater profiles produced after 100 pulses in water vs in air
using the three pulse modes operated at 0.8 J and 10 Hz.
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fiber orientations, with 1 plateauing after 20 pulses (i.e., per-
pendicular) and the other increasing steadily up to 100 pulses
(i.e., parallel). Altogether, these new observations suggest that
although photothermal damage is a dominant mechanism for
stone damage in fragmentation mode at 0.8 J pulse energy,
secondary cavitation effects can contribute significantly to the
overall stone fragmentation process during LL. At the high
pulse energy levels used in the fragmenting mode, the most

efficient treatment is produced by placing the fiber perpen-
dicular and in close proximity to the stone. It should be noted
that the parallel fiber orientation is inadvisable for clinical LL
in general due to the risk of tissue damage, except in inevitable
cases during pop-dusting.

Asymmetric bubble collapse near a solid boundary is well
known to cause the formation of a fluid jet toward the solid
boundary (Supplementary Fig. S4).6,15–18 Pressure transient

FIG. 6. (a) Three representative examples of OCT reconstruction of BegoStone sample surface after treatment with the
parallel fiber at each of the three different SDs and using the perpendicular fiber in contact with the stone surface (black
arrows indicate the fiber location, 1 mm scalebar). (b) Side- and top view of the bubble expansion and collapse. Yellow
arrow indicates dust plume after the collapse of the bubble, and the time from the start of the pulse is shown in blue.
(c) Cavitation-induced crater volumes over 100 pulses of parallel fiber treatment and (d) comparison of the crater volume
after 100 pulses. The crater volume for equivalent treatment with a perpendicular fiber is shown for comparison (red).
Photoelastic imaging for treatment with the fiber (e) perpendicular and (f) parallel to the substrate surface (corresponding
time in microseconds shown in white). Fringes in the photoelastic images suggest that stress fields are produced by the
bubble collapse. SD = standoff distance.
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measurements did not detect a shockwave emission at the
initial expansion, yet weak pressure pulses of increasing
magnitude with shorter pulse width were detected during the
collapse of the elongated bubble and its subsequent rebound
(Supplementary Figs. S5 and S6).

Jet impact with resultant water hammer pressure created by
the asymmetric bubble collapse is a complex process that is
highly dependent on the bubble size, geometry, and proximity
of the bubble to the stone surface.28–30 The parallel fiber ex-
periments demonstrate that the degree of cavitation damage is
highly dependent on the fiber tip-stone separation distance and
can be optimized only within a tight range. This offers an
explanation to previous parallel fiber experiments that pro-
duced minimal damage,6 and to the discrepancies in previous
studies that have reported both improvements and reduction in
stone damage with increasing SDs for varying pulse modes
and energies,6,23,31 Further systematic studies are needed to
better understand cavitation-induced stone damage in LL as a
function of both the laser pulse parameters and SD.

Some of the previous studies comparing Ho:YAG LL
fragmentation of COM stones in water and air have shown
higher mass loss for samples treated in air,6,7 whereas others
found no significant difference using BegoStones.32 The dis-
crepancies between previous studies and our results may
be caused by the differences in the experimental setup and
treatment protocols. For example, the fiber was scanned to
maintain contact with the sample during treatment in the
previous studies, which reduced the laser absorption by the
fluid and at each spot on the sample, thus diminishing the cu-
mulative effects of cavitation damage from repeated treatment
in the same region as shown in the parallel fiber experiments.

Nevertheless, our observation of damage plateau highlights
the importance of continuous repositioning of the fiber to
maintain proper contact with the stone surface. With the advent
of modern holmium lithotripters that offer high-frequency
treatment modes (>80 Hz), a plateau in damage may occur in
only a fraction of a second, which would require the develop-
ment of automated schemes to optimize fiber scanning speed
for improved fragmentation efficiency during LL.33 It is also
important to note, with the increased number of pulses fired in
high-frequency ‘‘dusting’’ modes, the total cavitation events
will greatly increase during a single LL procedure, which may
further accentuate the effects of cavitation on stone damage.

As with all benchtop models, the current study is limited in
simulating clinical conditions. Primarily, the fixed sample
model neglects the effect of stone retropulsion on damage
efficiency and introduces confounding factors such as debris
shielding, which may absorb a portion of the laser energy and
thereby lower fragmentation as observed during SWL.34 In
addition, the experiments were performed in an open tank,
whereas an enclosed system, such as in the ureter or kidney
calix, may alter the bubble dynamics.

In addition, the optical properties of BegoStones compared
with kidney stones are not well characterized. Although
spectroscopic measurements have previously been obtained
on artificial and human kidney stones, they do not represent
the optical absorption coefficients of the stone materials.35,36

As observed in this study, COM stones craters were deeper
and larger craters compared with BegoStones, suggesting
higher optical absorption. Thus, the degree in which cavita-
tion plays a role in stone damage may vary with human
kidney stones of various compositions.

To address these limitations, future studies may be per-
formed in a ureter or kidney model using human stones to
determine how cavitation affects stone retropulsion and frag-
mentation and overall treatment efficiency. The pulse widths in
this study were limited by the capability of the clinical lithotripter
used. Further studies may investigate the cavitation damage
produced in Hol:YAG lithotripsy at long pulses (>500lsec).
Finally, this study utilized high-energy (0.8 J) pulses in the LL
‘‘fragmentation’’ regime. Additional studies may investigate the
damage induced by cavitation at lower pulse energies (0.2 J) to
investigate the extent of cavitation-induced damage in the LL
‘‘dusting’’ regime and the contribution of cavitation to the
characteristic differences in stone fragment sizes in these two
treatment regimes.37 These additional experiments may further
elucidate the best potential avenue of pulse mode optimization to
improve treatment efficiency during clinical LL.

Conclusions

Cavitation bubble dynamics represent a complex process
that contributes significantly to the clinical efficacy of LL.
Although recent LL technologies have included develop-
ments to improve stone fragmentation, the basic understand-
ing of the role of cavitation during treatment has remained
relatively stagnant.

This study presents new findings on how the LL bubble
affects the efficiency of stone fragmentation during treatment
and may constitute a secondary mechanism of stone damage,
in addition to the well-recognized photothermal ablation and
microexplosion damage mechanism. In particular, although
longer pulse durations result in greater laser energy delivery
to the stone, the resulting crater volume remains significantly
smaller than those produced by shorter pulse durations. This
finding along with the supporting evidence from the parallel
fiber experiments demonstrate that cavitation-induced dam-
age plays an essential role during LL treatment. Thus, strictly
focusing on laser energy delivery efficiency and photo-
thermal effects will neglect a substantial area of potential
optimization. Future development of LL pulse modes should
consider the effects of cavitation to improve the overall
fragmentation efficiency of the system.
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Abbreviations Used
COM¼ calcium oxalate monohydrate

LL¼ laser lithotripsy
OCT¼ optical coherence tomography

SD¼ standoff distance
SWL¼ extracorporeal shockwave lithotripsy
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