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Abstract

Purpose To evaluate the thermal effect of Ho: YAG laser lithotripsy in a standardized in vitro model via real-time tempera-
ture measurement.

Methods Our model comprised a 20 ml test tube simulating the renal pelvis that was immersed in a 37 °C water bath. Two
different laser fibers [FlexiFib (15-45 W), RigiFib 1000 (45-100 W), LISA laser products OHG, Katlenburg-Lindau, Ger-
many] were placed in the test tube. An Ho:YAG 100 W laser was used in all experiments (LISA). Each experiment involved
120 s of continuous laser application, and was repeated five times. Different laser settings (high vs. low frequency, high vs.
low energy, and long vs. short pulse duration), irrigation rates (O up to 100 ml/min, realized by several pumps), and human
calcium oxalate stone samples were analyzed. Temperature data were acquired by a real-time data logger with thermocouples
(PICO Technology, Cambridgeshire, UK). Real-time measurements were assessed using MatLab®.

Results Laser application with no irrigation results in a rapid increase in temperature up to A28 K, rising to 68 °C at 100 W.
Low irrigation rates yield significantly higher temperature outcomes. Higher irrigation rates result immediately in a lower
temperature rise. High irrigation rates of 100 ml/min result in a temperature rise of 5 K at the highest laser power setting
(100 W).

Conclusions Ho:YAG laser lithotripsy might be safe provided that there is sufficient irrigation. However, high power and
low irrigation resulted in potentially tissue-damaging temperatures. Laser devices should, therefore, always be applied in
conjunction with continuous, closely monitored irrigation whenever performing Ho:YAG laser lithotripsy.
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Thermal effect

Abbreviations
CEM,; Cumulative equivalent at 43 °C
PNL Percutaneous nephrolithotomy

RIRS  Retrograde intrarenal surgery
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Introduction

Endoscopic stone treatment has now replaced shock wave
lithotripsy as the first choice of modalities to treat urolithi-
asis of the upper urinary tract [1]. Urologists performing
intracorporeal lithotripsy can choose between ultrasonic,
pneumatic, and laser lithotripsy; current guidelines do
not recommend electrohydraulic lithotripsy [2]. How-
ever, ultrasonic and pneumatic energy sources are lim-
ited to rigid scopes. On the contrary, laser devices can be
used in both flexible ureteroscopy (RIRS) and percuta-
neous nephrolithotomy (PNL). Due to laser lithotripsy’s
extended range of application, its energy source is being
widely utilized to disintegrate urinary stones intracor-
poreally [3]. According to the latest EAU guidelines,
holmium:yttrium—aluminum-garnet (Ho: YAG) laser is the
gold standard in laser lithotripsy [4]. Its fragmentation
mechanism relies on the photothermal effect, triggering
the rapid vapor expansion of the residual water molecules
enclosed in the calculi [5, 6]. However, this physical phe-
nomenon is not exclusively limited to the calculus. In fact,
the surrounding region could undergo a significant tem-
perature increase in the collecting system, a phenomenon
that could lead to the denaturation of urothelium or even
parenchymal damage resulting in irreversible kidney fail-
ure of the organ being treated. Evidence on the long-term
effects of intracorporeal laser lithotripsy is scarce, and
there is a little literature on such potentially hazardous
side effects of Ho:YAG lasers [7, 8]. High-energy laser
systems (> 30 W) have also been continuously exploited
in endourology, especially to treat benign prostate enlarge-
ment. Their cross-utilization in urolithiasis therapy is
becoming an important issue for stone surgeons around the
world, since little is known about thermal impacts. It was
this study’s objective, therefore, to determine the extent
of Ho:YAG laser-induced temperature rise in relation to
various irrigation levels and laser settings in a standard-
ized in vitro model.

Materials and methods
Experimental setup

Our experimental setup simulated the renal pelvis with a
20 ml test tube (conventional glass) immersed in a 37 °C
water bath that had been heated by an aquarium heater
(Thermocontrol 3604, Eheim GmbH & Co. KG, Deizisau,
Germany). The role of the water bath was to mimic the
surrounding body temperature and thermal convection.
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Fig. 1 Illustration of the experimental setup

Figure 1 illustrates the setup, showing inside the test tube
and the irrigation saline used.

To homogenize the water bath, a hose pump (SP 04
L, Otto Huber GmbH, Bottingen, Germany) was used,
mimicking heat exchange and blood circulation in the sur-
rounding tissue. Irrigation up to 16.65 ml/min inside the
test tube was realized by an infusion pump (Infusomat©
fmS, B. Braun Melsungen AG, Melsungen, Germany)
and for higher flow rates by the Urology Pump (LUT
GmbH, Denzlingen, Germany). Two thermocouples type
K, SE002, were placed in the water bath and in the test
tube, and temperature data were acquired by a real-time
data logger (TC-08 thermocouple data logger and type
K thermocouples, PICO Technology, Cambridgeshire,
UK). An Ho:YAG laser providing up to 100 W was used
with two different laser fibers placed inside the test tube
(Sphinx, FlexiFib (for trial runs with 15-45 W, fiber core
of 272 um), RigiFib 1000 (for trial runs with 15-100 W,
fiber core of 940 um), and LISA laser products OHG,
Katlenburg-Lindau, Germany). To validate the laser
power output before and after each experiment, we used a
Fieldmaster power meter (Coherent GmbH, Dieburg, Ger-
many). Data were processed and visualized in real time
using MatLab (MatLab® R2016b, The MathWorks, Inc.,
Natick, US). Each of the following experiments was car-
ried out five times to balance out variations through irriga-
tion and pulse impact. Each experiment involved 120 s of
continuous laser application. The standard deviation for
each of the five experiments was calculated for all time
data points. Figure 2c, d contains this standard deviation
as a corridor of + o. In Fig. 2a, b, we did not include stand-
ard deviation since multiple curves.
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Fig.2 a Temperature rise, different pulse durations, and fiber diameters. b Temperature rise, different fiber characteristics, and frequency/power
settings. ¢ Temperature rise and different irrigation rates. d Temperature rise and effect of calcium oxalate stone probe

Evaluation of different laser settings

Preliminary tests were run to examine all different laser
settings:

e The minimum pulse duration of 150 s was contrasted to
the maximum pulse duration of 800 us. The power and
frequency settings were compared at 15 W (0.5 J/30 Hz)
and 100 W (4.5 J/22.3 Hz).

e The two different laser fibers FlexiFib and RigiFib were
compared at 15 W (0.5 J/30 Hz/150 ps) and 45 W (1.5
1730 Hz/150 ps).

¢ Interdependency between energy and frequency at a given
power setting was examined at 18 W (1.0 J/18 Hz/400 pus
vs. 4.5 J/4 Hz/400 ps) and 54 W (2.0 J/2 Hz/400 ps vs.
4.5 1/12 Hz/400 ps).

e The difference between a freshly cut and an already used
fiber was tested at 18 W (4.5 J/4 Hz/400 ps) and 100 W
(4.5 1/22.3 Hz/400 ps).

Impact of human calcium oxalate stone probes

To examine the influence of stone material on the tempera-
ture rise, we used 1gr of different stone probes (human cal-
cium oxalate after approval from the local ethics committee,
IRB number 79/16) in comparison to pure water at a given
power setting (40 W/2.0 J/20 Hz/400 ps).

Evaluation of different irrigation rates and power
settings

After the preliminary step, all subsequent test runs were
done using a pulse duration of 400 s and a freshly cut fiber.
Irrigation rates were measured in a flexible ureterorenoscope
(Cobra Vision®, Richard Wolf, Knittlingen, Germany).
Based on these data, we tested irrigation rates between 0 and
100 ml/min according to clinical practice (active and passive
irrigation). The irrigation range was swept through (0, 5, 10,
16.65, 30, 40, 50, 75, and 100 ml/min) at a power setting of
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15 W (0.5 J/30 Hz/400 ps) and 60 W (2.0 J/30 Hz/400 ps).
For a power setting of 100 W (4.5 J/22.3 Hz/400 ps), the
irrigation rate was limited to 16.65, 50, and 100 ml/min.

Evaluation of different irrigation rates and power
settings in calcium oxalate stones

Final pretests were run with human calcium oxalate stones,
different irrigation rates (0, 10, 30, 50, and 100 ml/min),
and different power settings (15 W/0.5 J/30 Hz/400 ps and
60 W/2.0 J/30 Hz/400 ps).

Results

The impact of different pulse durations was examined in
the first part of the experiments. Shorter laser pulses with
a length of 150 ps yielded a significantly greater tempera-
ture increase than a pulse duration of 800 ps. At the 15 W
laser setting (measured 12.1 W for 150 ps and 12.8 W for
800 ps pulse duration), the temperature increase was 9.5%
higher with a short pulse; at a 100 W laser setting (outside
the measuring range), the temperature rise was 6.5% higher.
Furthermore, shorter pulse durations result in greater turbu-
lence as reflected in curve fluctuations—see Fig. 2a.

When comparing the two laser fibers FlexiFib and Rigi-
Fib with diameters of 272 and 940 um, use of the smaller
fiber resulted in a higher temperature increase of 8.8% at a
setting of 15 W (measured 12.6 W for 272 pm and 13.1 W
for 940 um fiber diameter) and 10.3% at a setting of 45 W
(measured 35.8 W for 272 um and 39.4 W for 940 um fiber
diameter). Smaller fibers are also associated with higher tur-
bulences, see Fig. 2a.

The next set of experiments contrasted a setting with high
single-pulse energy at a low frequency against a setting with
low single-pulse energy at a high frequency. At 18 W power
(measured 14.8 W for low pulse energy and 14.0 W for high
pulse energy), we observed an insignificant difference of
3.5% of higher temperatures in the high-frequency setting.
When tested at a higher power setting of 54 W (measured
46.6 W for low pulse energy and 43.7 W for high pulse
energy), the higher frequency setting yielded 8.8% higher
end temperatures, as shown in Fig. 2b.

In a comparison between a freshly cut laser fiber and a
degraded laser fiber, there was no substantial temperature
difference at a 15 W power setting (measured 10.8 W for
degraded fiber and 13.5 W for freshly cut fiber); see also
Fig. 2b. At the 60 W power setting (measured 43.3 W for
degraded fiber and 52.0 W for freshly cut fiber), we noted
a 10.5% higher temperature difference in conjunction with
the freshly cut laser fibers. The differences in capacity
which the power meter measured at the two laser settings
amounted to 25% (15 W) and 20% (60 W), respectively, but
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those differences had no effect on the rise in temperature.
The freshly cut fibers curves are very smooth, suggesting
less turbulence (Fig. 2b).

When adding irrigation, the temperatures dropped at all
power settings (all different collected data were combined),
as shown in Fig. 2c. At 60 and 100 W settings, even irriga-
tion of 100 ml/min is insufficient and resulted in temperature
rises of 5.3 and 8.6 K. Irrigation of 10 ml/min sufficed at
the 15 W power setting and resulted in a 4.3 K temperature
difference.

Laser application without irrigation results in a quick
increase in temperature of up to A28 K, rising to 68 °C at
the most powerful laser setting (100 W, Fig. 2c). Low irri-
gation rates yield significant higher temperature outcomes
(Fig. 2c). High irrigation rates of 100 ml/min result in a
temperature rise of 5 K at the highest laser power setting
(100 W). Increased irrigation rates result immediately in a
lower temperature rise. Higher power settings at 60 W result
in a quicker temperature rise reached after approximately 1
min of laser application.

During experiments with renal calculi consisting of cal-
cium oxalate, the temperature rise was quicker, more turbu-
lent, and 12.9% higher than that reached in the blank test;
see Fig. 2d.

Discussion

Ho:YAG laser lithotripsy is widely used in current stone
treatment. However, the thermal side effects induced by
laser beam radiation still seem to play a minor role among
practising urologists, as they are not mentioned in the cur-
rent guidelines [2]. On the other hand, laser energy does not
limit itself to the calculus and the surrounding region—it
affects the physical conditions in the entire collecting system
on the treated side, as well. This side effect can denaturize
urothelial proteins and cause several severe renal parenchy-
mal damage. In the present study, we analyzed the thermal
effect of Ho: YAG laser lithotripsy in a standardized in vitro
model.

In the preliminary step, we evaluated the impact of differ-
ent laser settings and implications (pulse duration’s interde-
pendence between energy and the frequency/fiber diameter/
freshly cut vs. used fiber) on the temperature increase. Col-
lectively, all the aforementioned factors induced divergent
temperature rises around < 10%. To the best of our knowl-
edge, this is the first study to have analyzed the impact of
different laser settings like pulse duration on the temperature
increase in a standardized in vitro model. However, in daily
clinical practice, these analyzed settings and features may
have no significant impact, as surgeons can choose which-
ever they prefer. After finishing the preliminary part of this
work, we decided to standardize the subsequent experiments
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applying a pulse duration of 400 us and a freshly cut fiber
for each trial run.

Our study is the first in urologic research to control the
real laser power output using a power meter. It might be
surprising that the genuine laser output is significantly lower
than that stated on the laser. However, this is a phenomenon
that can vary by < 10% between the real and stated laser
power, and it might compromise the temperature increase in
our study design and clinical practice, because the genuine
laser powers were lower than those displayed on the laser.
This could enhance intraoperative safety marginally. On the
other hand, our findings highlight the need for scientific
standards concerning the actual laser capacity in effect (at
least in those investigations addressing the effect of different
Ho:YAG lasers’ capacities)—and that such capacities should
be verified with a power meter to enable the comparability
of such studies.

Focus of this investigation was to analyze the impact of
different irrigation rates and power settings on the tem-
perature increase. Herein, we analyzed laser powers of 15,
60, and 100 W in relation to irrigation rates ranging from
0 to 100 ml/min. In general, our results show that a steady
temperature state is reached following an initial increase
(Fig. 2). Without any irrigation, a temperature increase of
nearly 8 K (15 W), 20 K (60 W), and 30 K (100 W) was
reached. There is evidence that a temperature of only ~43 °C
is associated with the onset of exponential tissue damage
[9, 10]. Exponential tissue damage correlates closely to
the duration of exposure [11]. At a starting temperature of
37 °C, even 15 W of power leading to 45 °C can significantly
affect the urothelium in the collecting system when there
is no irrigation. However, different tissues tolerate differ-
ent temperature thresholds, calculated to equal the cumula-
tive equivalent at 43 °C (CEMy;), at which thermal damage
occurs [12]. Regarding the CEM,; values: canine urethras
revealed a CEM,; value of ~ 1, the lowest in the urinary tract
[11]. We can, therefore, consider 43 °C as the critical thresh-
old at which the initial thermal damage occurs. However,
our findings demonstrate that an irrigation rate of 10 ml/
min reduced the temperature rise to~4 K (Fig. 2) at 15 W of
power, which should cause no harm to the urothelium inde-
pendent of exposure time. This highlights the importance of
sufficient irrigation even in conjunction with weaker laser
power of 15 W.

Kallidonis et al. analyzed the thermal effects of
thulium:yttrium—aluminum-garnet and Ho:YAG lasers in
2015 [13]. They used a test volume of 40 ml; irrigation
rates in their Ho:YAG experiments were 2—-25 ml/min, and
they applied powers of up to 20 W. However, no water bath
simulating body temperature (and thermal convection in par-
ticular) was used. Furthermore, they employed no power
meter to control the laser power. Kallidonis et al. report a
comparable temperature rise at an Ho:YAG laser power of

10 W combined with an irrigation rate of 10 ml/min of 7.9 K
compared to a difference of 5.9 K at 15 W with 10 ml/min
in the present investigation. This difference might be due to
the thermal convection simulated by the water bath in our
experiments. On the other hand, our different volumes (20
vs. 40 ml) might have a crucial impact on the temperature
rise. Several working groups reported a tremendous tem-
perature rise in different in vitro ureter models in which the
volumes were much smaller than in our project [7, 8, 14].
Notably, Wollin et al. showed in their ureter model that tem-
peratures of 100° C were reached after 45 s using only 20 W
without irrigation [14].

However, all those studies emphasized the importance of
sufficient irrigation during ureteral laser lithotripsy, which
was not the focus of the present investigation. In the current
study, we focused on intrarenal lithotripsy, which is widely
administered and recommended in RIRS [1, 2] but also used
frequently in PNL; moreover, we are concentrating on the
effects of those high-energy lasers applied in BPS-related
procedures but that are also increasingly used in urolithiasis
treatment.

In PNL in which larger fiber cores permit a laser
power > 30 W, it might be advantageous to administer high
power Ho:YAG laser lithotripsy in patients presenting a
high stone burden to increase the calculus’ ablation volume
[3]. Because of this specific constellation, we analyzed the
thermal effect of high power (60) and 100 W in correlation
to irrigation rates between 0 and 100 ml/min. Compared
to the previous studies, all of which were limited to a laser
power <20 W, the present study is the first to demonstrate
the importance of sufficient irrigation in a standardized
in vitro model at laser powers of 60 and 100 W [7, 8, 13-16].

The study by Buttice et al. published 2016 in the Journal
of Endourology showed similar results in a similar study
design analyzing Ho: YAG laser lithotripsy up to 20 W in an
in vitro model [15]. However, direct comparison is hampered
due to their differences in study design (e.g., test volume of
10 ml or limited temperature measurements at 45 °C).

Sufficient irrigation is crucial to limiting the temperature
increase, as shown in Fig. 2D, in which 10 ml/min seems to
be the turnover point for safe temperatures. This confirms
the results of earlier studies, e.g., the aforementioned work
by Aldoukhi et al., as they also evaluated the temperature
decrease [17]. However, Ng et al. showed that the irrigation
rate depends on the diameter of the ureteral access sheath,
the diameter of the scope’s working channel(s), and baskets/
laser fibers inserted [18]. Therefore, it is difficult to offer
general advice at which specific constellation irrigation
rates < 10 ml/min can be reached.

We forcefully recommend monitored irrigation, as
stated in our conclusions. Irrigation can be monitored
easily using a syringe between the irrigation bag and the
scope and an assistant who actively irrigates using the
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syringe. If a 10 ml syringe is used, this should be applied
at least once a minute to attain a 10 ml/min irrigation rate.

A crucial point regarding the temperature rise is its
development over time. In the present study design, we
applied laser energy over 120 s to evaluate the theoreti-
cally reachable temperature increase; however, one must
consider that continuous laser energy over 120 s may not
reflect daily clinical practice. In all test runs, we observed
a quick temperature increase (approximately during
0-60 s, see Figs. 2a—c) which is followed by a sort of pla-
teau. This has been confirmed in the previous studies, e.g.,
Aldoukhi et al., which demonstrated a quick temperature
increase in a similar study design [17]. They described
the temperature decrease with several irrigation rates. In
our study, the starting temperature could be reached after
approximately 20 s. Therefore, it is extremely important
to apply intermittent laser energy in contrast to continuous
laser energy as exemplified in the present study design.

Surprisingly, we measured a positive thermal effect in
the test runs using human calcium oxalate stone probes
(Fig. 2¢), though the reasons for that are unclear. Perhaps,
the laser energy initiated an exothermal reaction requir-
ing 100-200 °C activation energy at the fiber tip [19].
However, further experimentation is necessary to reveal
other effects.

The present experimental setup is limited by several
factors. The test tube volume of 20 ml might be exces-
sive compared to the human collecting system. However,
we decided to use such a high volume to ensure enough
space for the laser fiber, in- and outflow, and thermocouple
installation into the test tube. We, therefore, plan to con-
duct a study using postmortem porcine kidneys immersed
in the water bath. In these, we will insert one thermocouple
directly into the collecting system and several pairs thereof
into the parenchyma. Although we did our experiments in
a water bath to simulate the surrounding body and thermal
convection, this effect cannot be simulated realistically in
the experimental setup which we used. We postulate that
thermal convection and blood circulation play major roles
in daily clinical practice, and that they prevent thermal tis-
sue damage.

Although the present laboratory study is limited by the
aforementioned aspects, we would in conclusion like to men-
tion important issues regarding the clinical use of Holmium
laser for intrarenal lithotripsy:

— Pulse duration, fiber condition, and their interdepend-
ence might not have a significant impact on the tempera-
ture rise provided that the laser system is set at the same
power.

— Sufficient and monitored irrigation (at least > 10 ml/min)
with 37 °C irrigation fluid minimizes the risk of thermal
damage to the urinary tract.
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— Intermittent (not continuous) laser energy should be
applied.

— The most important factor besides irrigation is the laser
power itself. Surgeons should, therefore, start with
low power and increase power slowly under sufficient
and well-monitored irrigation until enough lithotripsy
effect is reached.

Conclusions

In the present laboratory study, we show that Ho:YAG
laser lithotripsy might be safe at all the aforementioned
power settings provided that there is sufficient irriga-
tion > 10 ml/min. However, this study has limitations in
simulating genuine laser lithotripsy conditions in a patient.
High power (> 15 W) and simultaneous low irrigation
(<10 ml/min) may result in potentially tissue-damag-
ing temperatures after a short time (< 30 s.). Therefore,
endourologists employing laser to treat kidney stones
should be trained in their use, and particular emphasis
should be placed on the need for continuous and monitored
irrigation during surgery.
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