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Abstract: The fragmentation efficiency on Bego artificial stones during lithotripsy and the
propulsive effect (via video tracking) was investigated for a variety of laser settings. A
variation of the laser settings (pulse energy, pulse duration, repetition rate) altered the total
application time required for stone fragmentation, the stone break up time, and the propulsion.
The obtained results can be used to develop lithotripsy devices providing an optimal
combination of low stone propulsion and high fragmentation efficacy, which can then be
evaluated in a clinical setting. Additionally, the fluorescence of human kidney stones was
inspected endoscopically in vivo. Fluorescence light can be used to detect stone-free areas or
to clearly distinguish calculi from surrounding tissue or operation tools.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction

Ureteroscopic Ho:YAG laser lithotripsy is a preferred method for treating urinary stone
disease [1-6]. Clinical lithotripsy is performed endoscopically by application of laser pulses
to the calculi. The laser light is guided to the stone by an optical wave guide that is inserted
into the working channel of either a rigid or flexible endoscope. Clinically, Ho:YAG lasers (A
= 2.1 um) are widely used for this application, owing to the high absorption coefficient of
water at the respective wavelength. This allows to induce not only thermo-mechanical
ablation on the stone surface, but also photothermal fragmentation by expansion of the water
contained in urinary stones [7]. To compare different laser systems and laser parameters,
different experimental set-ups have been proposed [8—14]. Such set-ups were designed to
quantify the fragmentation rate and the dusting efficacy. Although the term dust has not been
defined finally to distinguish between the two processes, a definition of dust as fragments
smaller than 1 mm has been proposed [15]. Along with the desired stone destruction, pulsed
laser light also accelerates the urinary stone (propulsion effect), resulting in the need to
“chase the stone” with the endoscope along the ureter. Such manoeuvres may result in a
longer treatment time and the possibility of losing the stone or stone fragments [9, 10, 16].
Both, fragmentation and propulsion processes, are highly influenced by the chosen laser
parameters (pulse energy, pulse duration, repetition rate) [15, 17, 18]. The propulsion can be
measured via a variety of methods, for example by evaluating the maximum deflection angle
of a pendulum due to laser impact [18-21] or by analysing horizontal [9-12] or vertical stone
movements [13] in terms of maximum stone displacement. The main disadvantage of these
techniques is that the propulsion effect of only one single laser pulse can be evaluated. In this
study, a combination of maximum vertical stone displacement analysis and object tracking
via high speed camera was used to determine the propulsion characteristics of pulse trains
over an observation time of 7 seconds [22]. Beyond the quantification of stone destruction
and propulsion, a third challenge is posed by the proper detection of small fragments. Small
fragments may remain untreated clinically because of insufficient visibility and/or low
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contrast with the surrounding tissue under white light illumination. Suitable recognition
techniques have been proposed and are still under development [23-25]. In view of these
three clinical challenges, the following investigations on fragmentation and propulsion of
artificial stones as well as fluorescence response of human calculi were performed to identify
optimisation potential in the procedure of laser lithotripsy. The main focus was set on the
fragmentation and propulsion experiments using an experimental laser system, while for
fluorescence response measurements first results are shown.

2. Material and methods
2.1 Laser device and artificial calculi

As laser source an experimental Ho:YAG device (A = 2.1 um) was used, providing a huge
range of laser settings: pulse energies (E) from 0.5 J/pulse up to 2.5 J/pulse, repetition rates
(f) from 10 Hz to 80 Hz, and optical pulse durations (t) up to 4 ms. A detailed listing of the
settings used is shown in Table 1. One combined setting was used where the stone was
fragmented until the stone broke up (tpear) With 0.5 J/pulse, 0.4 ms pulse length and 80 Hz
repetition rate, then the fragmentation was continued using 2.5 J/pulse, 4.0 ms and 10 Hz. As
the used laser source was an experimental device it was decided to use an optical fiber with
core diameter of 365 pm for all experiments to guarantee optimal coupling efficacy and to
prevent damage to the coupling optics, the coupling plug or the fiber itself. With the laser
device it was possible to create a great variation in pulse length (0.25 ms- 4.0 ms), energy per
pulse (0.4 J/pulse - 2.5 J/pulse). Depending on the pulse length and energy per pulse
repetition rates up to 80 Hz could be used. The selection of settings in Table 1 was chosen
due to experiences from former experiments [15, 20, 22, 26] with standard Ho:YAG laser
sources and current state of the art laser settings using high repetition rates in combination
with variations in pulse length and energy per pulse [13, 27, 28].

Table 1. Laser settings used for fragmentation and propulsion experiments

E[J] t [ms] f[Hz] Ppverage [W]
0.5 0.3 10 5
0.5 0.4 80 40
0.5 0.6 10 5
0.5 L0 10 5
0.5 1.2 40 20
0.5 13 10 5
0.5 1.6 10 5
0.5 2.2 30 15
L0 03 10 10
1.0 0.6 10 10
1.0 1.0 10 10
1.0 1.2 10 10
1.0 0.8 40 32
1.0 1.2 40 40
1.0 1.6 10 10
1.0 22 30 30
L5 03 10 15
L5 1.0 10 15
2.0 0.3 10 20
2.0 1.0 10 20
2.0 4.0 10 20
2.5 4.0 10 25

Cubical (edge length: 5 mm) and spherical (@: 6 mm) artificial calculi made out of Bego
powder (BEGO, BEGO GmbH & Co KG, Bremen, Germany) were used for the
fragmentation and propulsion experiments. All stones were used “dry” without immersion in
water beforehand. The hardness of the calculi was adjusted by the compound-to-water ratio
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(here: 15:4) and comparable to human kidney stones, for a composition intermediate between
calcium oxalate monohydrate and ammonium magnesium phosphate hydrate [29].

2.2 Fragmentation set-up

Laser light delivered via a standard optical fibre (Qcoe: 365um) was directed perpendicularly
from the top onto the surface of artificial calculi recumbent in an acrylic glass vessel that was
submerged in water (Fig. 1). An adjustable water flow (max. 250 ml/min) provided for clear
vision even if the used laser setting produced a lot of dust. By moving the application fiber
smoothly across the surface of the stone phantom, thereby maintaining mechanical contact,
the stone was ablated layer by layer until the vessel was free from any stone debris.

Application fibre

Water flow

Acrylic

glass vessel Water flow

Phantom
Drill holes
@2.3mm

Fragments

Fig. 1. Experimental set-up for the investigation of fragmentation and dusting efficacy.

The total application time (t,,) was defined as the period it took to destruct the stone until
all fragments were smaller than 2.3 mm [30] and hence had fallen through the holes drilled
into the bottom of the vessel. Additionally, the “break up” time (ty..x) Was recorded, defined
as the application time after which the stone broke up for the first time, marking the cross-
over from pure dusting to combined fragmentation and dusting. The time after break (taferbreax)
was defined as the remaining time, calculated according to E1 of Table 2. Weighing of each
single artificial calculus was performed prior to each experiment. After each experiment and
after sieving and drying of the residual fragments (defined by a fragment size between 1 mm
and 2.3 mm), the fragments were weighed (MCl1, SartoriusAG, Gottingen, Germany). The
amount of dust (my,s) produced could then be calculated by taking the difference between the
initial mass (Mipitiar) and the residual fragments’ mass (Mgagment) (E2). The dusting ratio D =
Mgys/Minitia) Was used as a quantitative measure of the dusting efficacy (E3). All experiments
were performed several times (n=5) for each set of laser parameters (pulse energy, pulse
duration, repetition rate) according to Table 1.

Table 2. Evaluation of the fragmentation experiment.

El Total application time til tafierbreak = trotal = toreak
E2 Mass Of duSt Myust Myust = Minitial — lnfragmenl

E3 Dust ratio D D = myue/Minigar © 100%

2.3 Propulsion set-up

As shown in Fig. 2, a user-independent experiment set-up was created in which the pulsed
laser light was applied from below to cubical and spherical BegoStone phantoms loosely
guided within a vertical column filled with water. The stone movement was recorded via a
high speed camera system with 1000 fps (DSC RX-100 V, Sony, Tokyo, Japan). The total
recording time was limited to 7 seconds by the internal buffer space, hence just 7 second long
movement profiles could be evaluated.
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Fig. 2. Experimental set-up for the propulsion measurement.

These movement profiles were generated by a video tracking method [22] that uses an
automatic algorithm to determine the vertical stone position (centroid amplitude) in each
frame of a recorded scene. Two exemplary movement profiles are shown in Fig. 3 for a
cubical and a spherical artificial stone. The time-dependence of the vertical stone position is
characterized by an irregular series of peaks. By analysing the slopes of the rising flanks of
these peaks it was possible to determine the mean upward velocity of the stone for a whole
pulse train scene of up to 7 s duration and finally to use this for comparison of the propulsion
effects associated with different laser settings.

The water flow was set constant (150 ml/min) and provided for clear vision into the vessel
under consistent conditions (regarding water level and flow) for every single experiment on
cubical and spherical artificial stones. A repetition rate of 10 Hz was chosen for all
experiments, while pulse energies were varied from 0.5 J/pulse to 2.0 J/pulse in 0.5 J/pulse
steps and pulse durations from 0.3 ms to 1.0 ms according to Table 1. For each laser setting,
the experiment was repeated on n = 15 different freshly prepared stones. The mean value out
of these 15 measurements was used to estimate the propulsion effect for each laser setting.
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Fig. 3. Vertical centroid coordinate of a cubical (upper graph) and a spherical (lower graph)
phantom stone observed during laser application (1 J/pulse, 1 ms, 10 Hz) as a function of the

1000

frame number.

2.4 Fluorescence measurement

Urinary stones harvested from patients were spectrally analyzed in in-vitro measurements via
a fluorescence microscope (Leica DM IRBE, Wetzlar, Germany) under illumination with
light from a bandpass filtered mercury arc lamp (Osram HBO 103, Munich, Germany) as
shown in Fig. 4. Images were taken with an attached camera system (telcam SL pal
20212020, KARL STORZ GmbH & Co. KG, Tuttlingen, Germany), while a spectrometer
(USB 2000 + , Ocean Optics, Ostfildern, Germany) recorded the spectral data from a small

spot in the center of the image (Fig. 4).
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Fig. 4. Schematic set-up of fluorescence microscope.

Using different excitation filters, light of the wavelength bands (400 £ 5) nm, (450 £+ 10)
nm and (550 = 5) nm was applied to the stone (30% calcium-oxalate-monohydrate, 70%
carbonate apatite) for fluorescence excitation. The thereupon emitted fluorescence light was
detected after passing long pass filters of A > 470 nm, A > 520 nm and A > 590 nm,
respectively.

Additionally, the fluorescence of two urinary stones (stone 1: 100% calcium-oxalate-
monohydrate; stone 2: 80% uric acid, 20% calcium-oxalate-monohydrate) was inspected in-
vivo during endoscopic stone treatments to identify potential advantages of fluorescence
guidance during this procedure. In this case, the endoscopic scene was illuminated first with
white light and subsequently with green light (A = 500-570 nm, Light source: D-Light C
20133220, Karl-Storz SE & Co. KG, Tuttlingen, Germany; Band pass filter: 540/60,
transmission >80% in the range 500-567 nm, AHF Analysetechnik, Tiibingen, Germany). The
stone fluorescence was observed through a long pass filter (A > 610 nm) via the ocular of the
endoscope. White light and fluorescence response images were subjectively compared to each
other.

2.5 Statistical evaluation

Statistical evaluation of the data (mean, standard deviation, significance) was performed
using Sigma Plot (V.11.0, Systat Software GmbH, Erkrath, Germany). To test the
significance of differences between the obtained means for multiple groups, the one way
ANOVA (Holm-Sidak) method was used.

3. Results
3.1 Fragmentation

In Fig. 5 and Fig. 6 selected results of the experiments regarding ti, toreak, aNd taferbrear are
shown. Figure 5 presents all settings with average powers 10 W (upper section) and 5 W
(lower section) using pulse length from 0.3 ms up to 1.6 ms. The amount of dust produced
ranged between around 60% (1.0J/pulse, 0.3 ms, 10 Hz) and 73% (1J/pulse, 1.2 ms, 10 Hz).
Concerning tya all settings showed significant difference (p<0.001), except for the two SW
settings (with 1.3 ms and 1.6 ms optical pulse length) (p = 0.056). Regarding the total
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application time t,,, the 10W situations showed just significant difference for pulse length of
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0.3 ms and 1.2 ms, while all 5 W settings were significant different.

E [J] [t [ms]|f [Hz] Dust [%]
EEE t untilbreak
03 60.4+4.6
|+| T8 tafterbreak
1.0 H oreak 69.3+6.1
1.0 10
16 M = 67.546.1
1.2 H |_|_‘ 72.9+4.2
1.0 H —— 71.745.4
03 H | 617247
05 10
13 HH—— 67.247.2
16 HH 66.9:5.6
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Fig. 5. Fragmentation times and dusting ratios for varying pulse duration, obtained at a
constant repetition rate of 10 Hz for pulse energies of 1.0 J (Paerage: 10W, upper section) and
0.5 J (Paverage: 10W, lower section), respectively. Different optical pulse lengths (0.3ms-1.6ms)
were investigated. Error bars represent the standard deviations of the total application time o
and the break up time tyea. The dusting ratios with their respective standard deviation are
shown in the right column.
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Fig. 6. Fragmentation times and dusting ratios for a selection of pulse energies, pulse
durations, and repetitions rates sorted by the average power of each setting. Error bars
represent the standard deviations of the total application time ti, and the break up time tyreqk.
In case of the combined setting the laser configuration (0.5)/pulse, 0.4 ms, 80 Hz) for
treatment until tyex is highlighted in green and the setting for further fragmentation
(2.5])/pulse, 4.0 ms, 10 Hz) in red. The dusting ratios with their respective standard deviation
are shown in the right column.
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In Fig. 6 the fragmentation experiment results for settings from average power of 15 W up
to 40 W are illustrated. The highest application time t,,, was around 280s, the shortest time
measured roughly 115 s. Dusting ratios were ranging between 70% (setting 1: 0.5)/pulse, 2.2
ms, 30 Hz) up to nearly 84% (setting 7: 1.0 J/pulse, 1.2 ms, 40 Hz). The four fastest settings
concerning ty,, were (setting 5: 1.0J/pulse, 2.2 ms, 30 Hz), setting 7 (setting 8: 0.5)/pulse, 0.4
ms, 80 Hz) and (setting 9: setting 8 + 4). No significant difference (p<0.001) could be found
concerning the total application time, for t,.. there were significant differences except for
setting combinations of 5 and 7 (p = 0.597) as well as for 8 and 9 (p = 0.593). Doubling the
energy per pulse from 0.5 J for setting 1 (0.5J/pulse, 2.2 ms, 30 Hz) to 1.0 J in setting 5
(1.0J/pulse, 2.2 ms, 30 Hz) showed significant difference in ty, but not in ty., Comparing
the two 40 Hz settings 2 (0.5 J/pulse, 1.2 ms, 40 Hz) and 7 (1.0 J/pulse, 1.2 ms, 40 Hz) there
was significant difference for ti,p and tye,. All in all the fragmentation of stones using a
variety of laser settings showed a great variation in total application time from around 120 s
(1.0 J, 1.2 ms, 40 Hz) (Fig. 6) to almost 800 s (0.5 J, 0.3 ms, 10 Hz) (Fig. 5). Apparently,
based on the selection of laser settings in Fig. 5, a pulse energy of at least 1.0 J is
recommendable for efficient fragmentation in terms of total application time. In combination
with high repetition rates (80 Hz), however, low pulse energy settings (0.5 J, 0.4 ms, 80 Hz)
may also lead to fairly fast fragmentation (Fig. 6).

3.2 Propulsion

In Fig. 7 the evaluated average vertical velocity values are displayed for a selection of 9
different laser settings, in each case for both, the cubical and the spherical phantom model.
The propulsive effect, respectively the mean upward velocity of the stone, increases with
increasing pulse energy only very slightly, whereas an elongation of the pulse duration is
clearly associated with a declining mean upward velocity. As the repetition rate remained
unchanged at 10 Hz in all experiments, it is not possible to make a statement about a potential
influence of the repetition rate on the propulsive effect.

300
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¢  spherical
250 -
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Fig. 7. Comparison of laser-induced stone phantom propulsion velocities v obtained with the
video tracking software at a constant repetition rate of 10 Hz for different pulse energies E
(0.5J-2J), respectively average powers P,. (SW-20W) and pulse durations t. The data points
and error bars represent the mean propulsion velocities and their standard deviations.
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3.3 Fluorescence
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In Fig. 8 exemplary fluorescence emission spectra are shown, obtained in vitro from a human
kidney stone for three different excitation wavelengths (Aey: 400 nm, 450 nm, 550 nm). The
graphs illustrate that the stones exhibit a well detectable amount of fluorescence emission,
covering a broad spectral range from 580 nm to 740 nm when excited with 550 nm and
detected through a long pass filter with a nominal onset wavelength of 590 nm.

Endoscopic white light and fluorescence images of urinary stones obtained in a clinical
situation under white light and green light illumination (Ae: 500-570 nm, Ag4e: >610 nm),
respectively, are shown in Fig. 9. Under white light illumination the stone can hardly be
distinguished from surrounding tissue and catheters, under green light illumination the
boundaries between stone and tissue are clearly visible. Due to the emitted fluorescence,
stone 1 shows an enhancement in contrast. Stone 2 is already clearly distinguishable from the
surrounding tissue under white light illumination. Endoscopic devices (e.g. catheter, guide
wire, marked by red cycles in Fig. 9) are not visible at all in the case of fluorescence detection
under green light illumination as they do not show any fluorescence under these conditions.

Green light illumination
Aexe =500—-570 nm
White light illumination Ager > 610 nm

stone 1

stone 2

Fig. 9. White light and fluorescence images of two urinary stones recorded in vivo with an
endoscopic camera system. For fluorescence excitation, filtered green light illumination (Aexe =
500 — 570 nm) was applied, for fluorescence detection, a long-pass filter (g > 610nm) was
implemented in the imaging system. Endoscopic tools are highlighted with red circles.

4. Discussion

Our examination of stone fragmentation using a selection of different laser settings showed
that varying the laser parameters (pulse energy, pulse duration, repetition rate) altered the
total application time as well as the break up time. In this context the propulsion, even if not
measured for all settings, appears to be higher for shorter pulse duration (for constant pulse
energy and repetition rate) and may also have an additional effect on the fragmentation due to
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time consuming chasing of the fragments respectively the break-up behaviour. For time-
effective fragmentation it would be desirable to have maximal ablation rate (total application
time short) with late break-up of the treated stone (fragments occur very late during the
application) and low propulsion when it comes to “chasing” the remaining fragments.
Generally speaking, a simultaneous increase of pulse energy and/or pulse duration as well as
using repetition rates above 30 Hz seems to be a promising approach in the improvement of
laser induced lithotripsy. This can be extrapolated from Fig. 5 and Fig. 6, using repetition
rates of 10 Hz (Fig. 5) the shortest settings regarding to t, ranged between 200 s (1J/pulse, 1
ms, 10 Hz) and 260 s (1J/pulse, 1.6 ms, 10 Hz), whereas in Fig. 6 fastest t,,, lay between 115
s (setting 7: 1.0J/pulse, 1.2ms, 40Hz) and 150 s (setting 8: 0.5J/pulse, 0.4 ms, 80 Hz). The
dusting ratios varied between 61% and 84% in all cases.

Doubling of the energy per pulse for constant pulse duration and repetition rate as
mentioned beforehand (setting 1: 0.5]/pulse, 2.2 ms, 30 Hz; setting 5: 1.0J/pulse, 2.2 ms, 30
Hz) and (setting 2: 0.5 J/pulse, 1.2 ms, 40 Hz; setting 7: 1.0 J/pulse, 1.2 ms, 40 Hz) results in
significant reduction of t,,, but not in the same way for ty... Even though a setting using low
energy per pulse and short pulse length at high repetition rates (Fig. 6: setting 8: 0.5J/pulse,
0.4 ms, 80 Hz) was effective regarding to ty, but a short break up time thenceforward the
remaining fragments are further crushed due to recently described “popcorn-technique” [31,
32]. There was also no improvement in tyy, using setting 8 until ty., in combination with
setting 4 (2.5J, 4.0 ms, 10 Hz) for continuing the treatment of the fragments. Unfortunately
the experimental laser system was just available to test the settings presented, therefore it
would be of interest to test such “combined settings” on significant impact on the
improvement of the overall efficacy of the treatment. The correlation between the laser
parameters, fragmentation times and dusting efficacy has to be further investigated,
particularly in combination with the generated propulsion. Based on these first preliminary
data sets in this work it will be possible to continue on profound data. Recently another
potential method was published which uses experimental data on fragmentation (here:
ablation volume) and propulsion at different laser settings (here: pulse duration and number
of pulses, for constant pulse energy) to derive an analytic model function for predicting
treatment efficacy from laser parameters [30]. This might be an interesting tool for further
optimization of laser settings and laser development.

In the propulsion experiments [22], the result reproducibility was better when using
spherical (first used in this work) instead of cubical stone phantoms. In Fig. 3 it is illustrated
that the movement profile of the spherical stones (lower graph) during laser application is
more uniform compared to that of the cubical stones (upper graph). In former experiments
using cubes it was observed that the cubes became sometimes stuck in the experimental
apparatus, hence the movement profile was more irregular compared to the spherical
phantoms. Obviously this renders such experiments time-consuming and the result quality
less satisfactory or both, which is why spherical artificial stones were introduced in this work
to improve the overall quality of the set-up. In Fig. 7, most results obtained for the propulsion
velocity are nevertheless in agreement for both phantom shapes. In other respects, further
optimisation of the propulsion set-up might be useful in terms of adjustments to fibre distance
and water flow. The experimental set-ups for fragmentation and propulsion experiments were
developed on the one hand to mimic a clinical situation, but also to guarantee reproducible
and reliable results in lab tests, therefore the both set-ups were optimized for good handling
(Operator) and accessibility (laser fiber, maintenance). The main focus lay on the
reproducible comparison of different laser settings and laser systems. Especially in case of the
Propulsion set-up the vertical movement of the stone was used for evaluation was used as the
gravitation served as “constant” counterforce to bring the stone back into its origin position.
By keeping the water flow and level constant it was possible to achieve very similar
conditions for each stone respectively laser setting tested. Even though the clinical situation
differs from these experimental set-ups, the experimental procedure was in case of the
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propulsion experiment independent of the investigator, using the fragmentation set-up the
influence of the operator (subjective influences, including motivation and experience, on the
obtained results and conclusions) could successively be minimized [15]. As a consequence, a
high reproducibility could gradually be achieved in the evaluation of different laser systems
and laser parameters.

Besides fragmentation and movement of calculi, the fluorescence of human kidney stones
was investigated in this study. Interesting approaches in this area were recently introduced
that involved fluorescence excitation on kidney stones with the aiming beam of a laser system
[24, 25]. This enables one to develop a feedback system for the laser device to differentiate
hard and soft tissue in front of the fiber tip and finally to avoid accidental laser pulse
application to surrounding soft tissue [33]. In this study it could be shown that the urinary
stones emitted sufficiently intense fluorescence light, allowing to clearly distinguishing them
from surrounding tissue or operation tools such as guide wires, catheters and endoscopes.
With that, an endoscope-based safety feature can be envisioned in combination with a suitable
color tracking algorithm. In case of the stone or the fiber out of sight or for instance inside the
working channel there is a risk to hit operation tools, which could be avoided by activation of
an emergency alarm [34]. Innovations in laser development resulted in the introduction of
high power Ho:YAG lasers on the market, providing an average power around 100W, which
can be very efficient in stone destruction [35-37]. Furthermore, attention should in particular
also be dedicated to heat generation inside the urinary tract when using such high power laser
devices [38-42]. Fluorescence-assisted endoscopic laser lithotripsy should be introduced in
particular in connection with high power laser devices. While these may be equipped with
temperature measurement features to minimize possible heat-induced damages to surrounding
soft tissue, fluorescence may provide a prompter feedback signal to prevent direct laser
application on tissue. Further investigations on all efficacy and safety aspects of lithotripsy
(fragmentation, dusting, propulsion, stone recognition, and stone/tissue differentiation) should
certainly be performed to improve the clinical outcome for the benefit of the patient.

5. Conclusion

Based on the set-ups used in this study, reproducible data sets concerning fragmentation for a
variation of energy per pulse (0.5J-2.5J), pulse length (0.25 ms-4.0ms) and repetition rates
(10Hz- 80Hz) were created. Elongation of pulse length (>1ms) in combination with
simultaneously increase of energy per pulse dependent on the laser system’s capacity and
higher repetition rates (>30 Hz) seems to be a promising approach to improve fragmentation
efficacy. Propulsion experiments were performed for different energies per pulse (0.5J-2.5J),
pulse length (0.3ms, 0.6ms, 1.0ms) at repetition rates of 10 Hz showing that the
reproducibility of the results could be improved by the use of spherical instead of cubical
artificial stones. In combination these data sets can be used to obtain laser lithotripsy
procedure, meaning using the full potential (high ablation rate, smallest fragment diameter
(dust), lowest propulsion) of laser devices currently or in the future available on the market.
Broadband fluorescence response of human calculi could be a useful tool to retrieve lost
stones or fragments (possible increase of stone free rate) or can be used as a further safety
feature for laser lithotripsy (reduction of collateral damage to surrounding tissue or
endoscopic devices).
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