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Abstract

Prior laser studies have demonstrated that as the temperature of a medium increases, the amount of energy delivered to
the target increases. We sought to investigate the role of irrigation fluid temperature on Thulium fiber laser (TFL) urolith
ablation. 360 calculi were divided in vitro according to chemical composition: calcium oxalate monohydrate (COM), cys-
tine (CYS), struvite (STR), calcium phosphate (CAP), uric acid (UA), and calcium oxalate dihydrate (COD). A 200 pm
TFL was placed directly on each stone, while immersed in 0.9% NaCl at four different temperatures (25 C, 37 C, 44 C,
60 C) and a single laser pulse administered at distinct energy settings (0.1 J, 0.5 J, 1.5 J). Optical coherence tomography
assessed the resulting ablation cone volume. Mean stone volume and porosity were evaluated through ANOVA and Tukey
post-hoc analysis. A multivariate generalized model for each composition accounted for the impact of fluid temperature
and laser energy on stone ablation. Warmer fluid temperatures yielded greater ablation cone volumes for most energy
settings, excluding UA stones. When accounting for chemical composition, higher tensile strength stones (COM, CYS)
benefited most from warmer fluid in comparison to frangible stones (CAP, STR). The effects of increasing fluid tempera-
ture are modest relative to laser pulse energy as a large temperature increase (i.e. 7°C) is equivalent to a minor energy
increase (i.e. 0.1 J). For non-UA stones, TFL ablation efficiency increases with warmer irrigation fluid. The effect, albeit
modest compared to laser pulse energy, was most notable for COM and CY'S stones.

Keywords Nephrolithiasis - Thulium laser - Stone ablation - Irrigation fluid temperature - Stone composition - Laser
lithotripsy
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Introduction

Since its first application in 2005, Thulium fiber laser litho-
tripsy has been the subject of numerous studies investigat-
ing its effectiveness in kidney stone therapy [1]. Despite
its frequent clinical use, the precise physical mechanism
behind Thulium laser lithotripsy and the optimal conditions
for its use are still being elucidated.

The mechanism behind Thulium laser stone ablation has
been primarily reported to be photothermal, with the laser
beam-stone matrix interaction resulting in confined tem-
perature increase both at the stone surface and within the
stone itself [2, 3]. Researchers reasoned that temperature
contributed to denaturation, stone softening, and eventu-
ally stone decomposition [4—8]. In addition to the photo-
thermal phenomenon, other electron microscopy studies
have shown stone cracking with minimal changes in stone
composition after laser lithotripsy, thus questioning whether
the stone ablation is solely the result of a photothermal
effect [9]. Recently, it has been postulated that the rising
water temperature within the cracks and pores of the stone
plays a larger role [3—5]. In the photomechanical theory, the
increase in temperature of the water inside the stone itself
leads to rapid vapor expansion, formation of a vapor bubble,
and thus stone fragmentation through explosive vaporiza-
tion. Neither effect excludes the other, as Taratkin et al..
recently showed, and indeed both may well be operational.
In their study, the photothermal chemical decomposition
effect appeared to be more predominant in the earlier stages
of laser lithotripsy, and the photomechanical effect was
more predominant in the later stages of the lithotripsy [2].

The absorption coefficient is a measurement of the energy
lost into the medium through which the laser beam is pass-
ing. Jansen et al.. were the first investigators to describe the
effect that temperature changes have on the absorption coef-
ficient of water for the midinfrared laser [10]. He found that
an increase in water temperature decreased the absorption
coefficient. As such, with higher temperatures of fluid irri-
gation, there would be less energy lost into the medium the
beam is traversing, and thus more energy would be available
to hit the stone’s surface.

Accordingly, we sought to assess whether elevations in
irrigation fluid temperature might result in increased stone
ablation efficiency when employing the Thulium fiber laser
to fragment uroliths of varying chemical compositions.
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Materials and methods
Stone preparation

Three-hundred and sixty stones measuring 5-10 mm were
separated into six groups of 60 stones each, based on their
chemical composition: 100% calcium oxalate monohydrate
(COM), 70-100% calcium oxalate dihydrate (COD), 100%
calcium phosphate (CAP), 100% cystine (CYS), 100%
struvite, and 100% uric acid (UA). In order to employ opti-
cal coherence tomography (OCT) to accurately assess the
dimensions of the ablation cone created by the single dis-
charge of the laser fiber, the superior and the anterior surface
of each stone had to be planar. To achieve the necessary flat
surfaces of the stones, we sanded each stone with 3 M Pro
Grade Precision™ 60 Grit Coarse sanding paper. Next, each
stone fragment was fixed on its inferior flat surface onto
a glass plate using Loctite® Super Glue Gel; stones were
placed at an equal distance from one another on the slide,
such that each slide would accommodate five stones with a
flat surface exposed (Fig. 1-A).

As there are no “dry” renal calculi in vivo, prior to the
experiment, the stones were soaked in water at room tem-
perature for 26 days. Soaking the stones removed a poten-
tial confounder, especially since any fluid within the stone
likely plays a role in laser stone ablation [11].

Experimental set-up

A 36.98 x26.97 x 17.98-inch glass tank was filled with 0.9%
saline to create a water bath for the stone slides and mimic
the irrigation fluid that would be used clinically during
ureteroscopic Thulium laser stone ablation. A high-speed
camera (HotShot 1280 INT, NAC Image Technology) with
a frame rate of 20,000 fps was placed in front of the glass
tank to capture the exact moment of stone ablation. A flex-
ible digital ureteroscope (Flex X, Karl Storz™, Tuttlingen,
Germany) was fixed above the water tank in a flexed posi-
tion so that the tip of the Thulium laser fiber, when passed
through the working channel of the flexible ureteroscope,
would be perpendicular to the planar surface of the stone, as
assessed by the high-speed camera images (Fig. 1-B).
Subsequently, each stone plate was independently sub-
merged and placed onto a fixed platform within the tank,
allowing the superior planar side of the stone to face the
high-speed camera lens. The water temperature was manip-
ulated using an electronic immersion water heater, while a
thermometer probe was used to continuously monitor the
irrigation fluid temperature throughout the experiment. For
each group, stone ablation was completed at four differ-
ent temperatures: 20 °C (room temperature), 37 °C (body
temperature), 44 °C (urothelial thermal injury threshold),
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Fig. 1 Stone surface preparation (A) and experimental set-up (B)

and 60 °C (temperature used to ablate nerves crossing the
renal pelvis to ameliorate essential hypertension) (Fig. 1-B).
If the water tank temperature deviated by more than 2 °C
from the set threshold, the experiment was paused to allow
for a return to the targeted temperature. Once the irrigant
temperature reached the desired threshold and stayed at that
level consistently for 2—3 min, the experimental assessment
was begun.

Laser settings

A 200 pm Thulium fiber laser (IPG Photonics, Boston,
USA) was placed in direct contact with the surface of the
stone. A single laser pulse with 100% peak power and at
three different energy settings was directly applied to the
set of stones irrigated at the same temperature: (1) 0.1 J and
200us pulse duration; (2) 0.5 J and 1 ms pulse duration or
(3) 1.5 J and 3 ms pulse duration. Typically, diode pumped
fiber lasers (such as the Thulium fiber laser) are limited in
peak power, unlike clinical flash-lamp pumped Holmium:
YAG lasers. Therefore, in order to achieve the energy range
tested (0.1 to 1.5 J), we extended the pulses while keep-
ing the peak power constant at 100%, resulting in a cor-
responding 500 W. Each stone received a single laser pulse.
We were aware that for single laser pulse application, the
optimal methodology is to deliver the first ten pulses into a
laser beam and then deliver the 10th or even 11th pulse to
the target. This approach ensured that the Holmium laser is

Electronic immersion

water heater

consistently delivering the specified pulse energy. This is
not the case for the Thulium laser. Indeed, we assessed the
laser energy emitted by the Thulium fiber laser across six
series of 11 different laser shots and found no statistically
significant energy difference between the st and 10™ or
11th pulse in each series (Supplemental Table 1).

Post-ablation optical coherence tomography (OCT)

Optical coherence tomography (OCT), a non-destructive
imaging technique, was used to generate a detailed surface
image of each stone following a laser pulse allowing for
precise measurement of the volume of the ablation cone
generated by each laser pulse; the OCT level of resolution
is approximately 10 um, within a field of view of approxi-
mately 10x10 mm at a potential penetration depth of
1-2 mm. This is a non-invasive method of measurement that
precludes any additional stone preparation [12, 13].

High-speed camera imaging assessment and ImageJ
post-processing

Image J, an NIH-developed open-source software for image
visualization and analysis was utilized for post-processing.
The 360 high-speed camera videos were subsequently ana-
lyzed by a reviewer to ensure that (1) the sTFL tip was in
contact with each stone, (2) the laser fiber tip was perfectly
perpendicular to the stone surface and (3) the laser was fired

@ Springer
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only once per stone. Out of the 360 runs, eight high-speed
videos did not fit these criteria and were excluded from the
analysis.

Statistical analysis

The ablation cone volume across different temperatures
and energy settings was evaluated using two-tailed analy-
sis of variance (ANOVA) testing followed by Tukey post
hoc analysis in order to determine statistically significant
results.

To assess the impact of changes in fluid temperature ver-
sus different energy levels on TFL stone ablation, we con-
structed a multivariate generalized linear model (MVGLM)
for all chemical compositions (Fig. 2). B (beta weight) is a
statistical metric used in MVGLMs that measures the rela-
tionship between a one-unit increase in the independent
variables (i.e., temperature and energy) and the correspond-
ing response in the dependent variable (i.e., the volume of
the ablation cone). In our case, the B value enabled us to
compare the stone ablation effect of a 1°C increase in fluid
temperature with a 0.1 J increase in laser energy, for each set
of uroliths of different chemical compositions.

Results

When adjusting for irrigation fluid temperature, for all
chemical compositions, an increase in pulse energy trended
towards a statistically significant increase in ablation cone
volume (Table 1; Fig. 2).

To assess the impact that changes in fluid temperature ver-
sus different energy levels had on sTFL stone ablation, we
ran a MVGLM for all stone types. Stone composition, laser
firing energy, and irrigation fluid temperature were all found
to have a significant impact on stone ablation (Table 2).
Notably, only for UA nephrolithiasis, was the fluid tempera-
ture not a significant factor in stone ablation efficiency at
any energy setting. We found that for the same ablation laser
energy applied to the stone surface, under similar irrigation
temperature settings, STR and CYS stones had the highest
and lowest ablation cone volumes, respectively.

Moreover, the MVGLM revealed that, on average, the
increase in ablation efficiency when increasing the energy
level by 0.1 J was equivalent to a 9°C increase in fluid tem-
perature (Table 2).

@ Springer

Fig. 2 Ablation cone volume (mm3) per single laser pulse using dif- }
ferent energy settings and different irrigation fluid temperatures. The
p-values were calculated by Tukey ANOVA post-hoc analysis. Sym-
bol legend: * meaning p<0.05; ** meaning p<0.01; *** meaning
»<0.001. The “ns” symbol indicates a non-significant difference

Discussion

Prior laser studies have demonstrated that a significant pro-
portion (91-96%) of the laser energy is dissipated as heat
into the surrounding irrigation [14]. As such, concerns
regarding thermal-induced urothelial injuries from the
heated irrigant are valid, especially since the damage may
be irreversible and not immediately evident to the urologist
during the lithotripsy procedure [15]. In this regard, it is
important to note that irreversible thermal damage to bio-
logical tissues is not solely dependent on temperature but is
also influenced by the duration of exposure itself [15, 16].
For instance, protein denaturation, cell necrosis, and apop-
tosis occur after 240 min of exposure to a temperature of
the collecting system of 43°C, while significantly shorter
durations of only 28.1 and 7.1 s are sufficient for urothelial
damage when calyceal temperature peaks at 51°C and 53°C
[16, 17]. Moreover, given the recurrent nature of urolithi-
asis, with patients often requiring multiple surgeries over
their lifetime, there is a potential risk of cumulative dam-
age. This can, in time, result in scarring leading to ureteral
or infundibular obstruction, with irreversible loss of renal
function [15].

An adequate irrigation flow, the use of a ureteral access
sheath (UAS), and intermittent laser activation have been
proven to mitigate the risk of thermal-induced urothelial
damage [16, 17]. Without irrigation, even 5 W of laser
power for as short as 30 s causes thermal injury [17]. As
such, at power settings of <20 W and >40 W, at least 15
and 40 mL/min of irrigation flow, respectively, are needed
to maintain the collecting system temperature within the
safe range [17]. Okhunov et al.. showed that the incidence
of exceeding 44°C can be lessened by utilizing a UAS. Still,
as pointed out by Noureldin et al., even the use of a UAS
can only compensate so much, with the detrimental temper-
ature buffering effect waning when using higher laser power
settings (40-60 W) [18, 19]. There’s also evidence that
intermittent laser activation (5 s on— 5 s off) can maintain
the collecting system and ureteral temperatures within the
safe thermal range [16, 20, 21]. This is important as during
Thulium laser lithotripsy the stone itself acts as a “heat sink
continuing to release thermal energy even when the laser is
not firing. Morgan et al. showed that it would take 83 sec-
onds to reach the urothelial damage threshold of 44°C when
performing laser lithotripsy in the ureter with a 200pm TFL
fiber at a “dusting” setting of 0.5 J, 80 Hz [20]. Of note, once
the stone has been “heated” by continuous laser firing, even
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pausing lasering for 5 seconds does not bring the collect-
ing system temperature back to baseline [20]. Indeed, under
these circumstances, upon reactivating the laser, it only
takes 5 seconds of continuous firing to reach 44°C again
[20]. Similarly, Goldsmith et al. noted that in 83% of cases,
the temperature within the calyceal system was significantly
higher (p<0.01) if the laser energy was delivered when a
stone was present [22]. With the tip of a thermocouple in the
very center of a BegoStone, Marom et al. showed that stone
core temperatures increased after each cycle of laser activa-
tion and did not return to baseline between cycles [23]. Of
note, temperatures as high as 120°C were recorded within
the core of the BegoStone [23].

In our study, except for uric acid stones, fluid temperature
did indeed play a significant role in the ablation of urinary
calculi; however, the effect was modest in comparison to
that of a minimal increase in laser pulse energy. Indeed,
albeit statistically significant, the effect of fluid temperature
on stone ablation is not clinically relevant. Accordingly,
the ablative advantage of using irrigation fluid set at 37 °C
instead of room temperature (25 °C) irrigation fluid would
be entirely neutralized by increasing the laser firing energy
by 0.18 J. Also, our findings are specific to a single laser
pulse applied to the stone surface. Moreover, the benefit of
an augmented ablation cone volume at higher temperature
(e.g. 44°C), in the clinical environment of continuous laser
firing for even 5 s “on” and 5 s “off” is greatly outweighed
by the risk of urothelial cytotoxicity, especially since the
stone serves as its own “heat sink” once it has been heated
up by continuous laser firing for a minute or more [20].
Indeed, for ureteral stones, we currently use the 5 s “on”
and 5 s “oft” regimen throughout the procedure to avoid any
excessive heat build-up and possible thermal induced, ure-
teral injury.

While chilled irrigation fluid might seem like a natural
alternative due to its potential to lower thermal dose and bet-
ter prevent thermal injury, its benefits are overshadowed by
the significant risks of hypothermia and a higher incidence
of postoperative fever and shivering [24, 25]. In contrast,
using warmed irrigation (i.e., body temperature) has been
shown to decrease postoperative complications and reduce
associated pain [25, 26]. Accordingly, based on the current
literature and the findings in our study, we recommend that
the irrigation during thulium laser lithotripsy be set at 37°C.

In light of significant concerns surrounding thermal-
induced urothelial damage, appropriately fine-tuning laser
parameters to maximize ablation volumes while lowering
the cost of heat waste in the collecting system seems achiev-
able by defining the appropriate laser ablation parameters
for the different chemical stone compositions. Unfortu-
nately, at this time, there is still a notable absence of stan-
dardized laser dosimetry protocols, leading to substantial

@ Springer

variations among different healthcare institutions and even
within the same institution. This is mainly due to the fact
that while we can effectively address the medical condition
at hand, we are far from fully comprehending the true mech-
anism behind laser lithotripsy’s success and how this varies
dependent upon the stone’s composition. Of note, our data
with the Thulium laser are in agreement with the Ho: YAG
findings of Sea et al., with the crater volume widening as the
pulse energy of the laser increases [27].

Interestingly, although the same pulse energy was applied
to all the different urolith chemical compositions, the vol-
ume of the resulting stone ablation cone varied markedly.
Clearly, other factors, such as threshold radiant exposure,
absorption coefficients, stone porosity, chemical bonds, and
the tensile strength of the different chemical compositions
play a role; the importance of each requires further study.

While Chan et al. evaluated the threshold radiant expo-
sure (i.e., the minimum laser energy required to produce
visual damage to the calculus surface) at 2.1 um, to the best
of our knowledge, no study to date evaluated this threshold
at 1.9 um, corresponding to the TFL emission wavelength
[28]. Our data seem to suggest that the lowest threshold
radiant exposure is seen for STR and the highest value for
CYS.

In relation to the non-uric acid renal calculi crystal matrix
deposition, water molecules can either be adsorbed to the
crystal’s surface or included within the matrix itself [29].
Interestingly, as shown by Robinson et al., stones of dif-
ferent chemical compositions display different absorption
patterns, with all water-containing kidney stones, except
for struvite, absorbing laser energy more strongly at wave-
lengths associated with the Thulium fiber laser (1.94 p m)
than with the Holmium: YAG (Ho: YAG) laser (2.12 p m)
[29]. For STR stones, which are the uroliths with the high-
est water content, it seems the strong hydrogen bonds cause
a transition of their absorption peak from higher to lower
energies [29]. This would explain our findings, suggesting
a lower threshold radiant exposure for STR stones. On the
opposite end, CYS stones are less porous, and have a sub-
stantial number of disulfide bonds, which exhibit remark-
able chemical strength and exceptional thermostability,
consequently demanding higher energy levels for the dis-
ruption of the bonds within the stone’s matrix [30]. Further
studies are needed in this regard.

There are several limitations to our study. The first limi-
tation is that we only evaluated the ablation effect of a single
laser pulse on stones. While applying a single laser pulse to
the stone’s surface provides valuable insights into the laser-
stone interaction, it does not replicate the complexities of a
clinical scenario in which the laser is fired at varying fre-
quencies and for a varying amount of time. Another limita-
tion is the inclusion of high temperatures up to 60 °C, which
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Table 1 The average volume ablated per single laser pulse. The average ablation volume was calculated for each fluid temperature for each stone

type and energy setting level. The p-values were calculated through ANOVA tests; an asterisk (*) indicates statistical significance

Mean 1 Mean 2 Mean difference SE difference p-value
CoOM 25°C
Low energy vs. Medium energy 0.003600 0.04815 -0.04455 0.003180 0.0092%*
Low energy vs. High energy 0.003600 0.05760 -0.05400 0.001643 0.0243*
Medium energy vs. High energy 0.04815 0.05760 -0.009450 0.005181 0.4636
37°C
Low energy vs. Medium energy 0.01778 0.03640 -0.01863 0.008564 0.2782
Low energy vs. High energy 0.01778 0.1370 -0.1192 0.005989 0.0006*
Medium energy vs. High energy 0.03640 0.1370 -0.1006 0.01152 0.0065%*
44 °C
Low energy vs. Medium energy 0.02190 0.1133 -0.09135 0.006234 0.0015%*
Low energy vs. High energy 0.02190 0.2201 -0.1982 0.01108 0.0001*
Medium energy vs. High energy 0.1133 0.2201 -0.1069 0.01721 0.0171*
60 °C
Low energy vs. Medium energy 0.03072 0.07742 -0.04670 0.01268 0.0451%*
Low energy vs. High energy 0.03072 0.2470 -0.2163 0.03059 0.0047*
Medium energy vs. High energy 0.07742 0.2470 -0.1696 0.03524 0.0186*
CAP 25°C
Low energy vs. Medium energy 0.01048 0.02828 -0.01780 0.004515 0.0230%*
Low energy vs. High energy 0.01048 0.1052 -0.09470 0.004241 <0.0001*
Medium energy vs. High energy 0.02828 0.1052 -0.07690 0.005187 <0.0001*
37°C
Low energy vs. Medium energy 0.01838 0.07414 -0.05576 0.007077 0.0016*
Low energy vs. High energy 0.01838 0.1822 -0.1638 0.01566 0.0034*
Medium energy vs. High energy 0.07414 0.1822 -0.1081 0.01695 0.0061*
44 °C
Low energy vs. Medium energy 0.01910 0.07812 -0.05902 0.006299 0.0002*
Low energy vs. High energy 0.01910 0.1950 -0.1759 0.009874 0.0002*
Medium energy vs. High energy 0.07812 0.1950 -0.1169 0.01050 0.0003*
60 °C
Low energy vs. Medium energy 0.01222 0.03363 -0.02141 0.003362 0.0004*
Low energy vs. High energy 0.01222 0.07364 -0.06142 0.008474 0.0060%*
Medium energy vs. High energy 0.03363 0.07364 -0.04002 0.008606 0.0126%*
STR 25°C
Low energy vs. Medium energy 0.01048 0.02828 -0.01780 0.004515 0.0015%*
Low energy vs. High energy 0.01048 0.1052 -0.09470 0.004241 0.0027*
Medium energy vs. High energy 0.02828 0.1052 -0.07690 0.005187 0.0142%*
37°C
Low energy vs. Medium energy 0.03248 0.06850 -0.03603 0.009364 0.0267*
Low energy vs. High energy 0.03248 0.1937 -0.1612 0.01842 0.0015%*
Medium energy vs. High energy 0.06850 0.1937 -0.1252 0.01726 0.0067*
44 °C
Low energy vs. Medium energy 0.04120 0.08368 -0.04248 0.006691 0.0006*
Low energy vs. High energy 0.04120 0.2352 -0.1940 0.04161 0.0197*
Medium energy vs. High energy 0.08368 0.2352 -0.1516 0.04166 0.0450*
60 °C
Low energy vs. Medium energy 0.02035 0.05473 -0.03438 0.005197 0.0014*
Low energy vs. High energy 0.02035 0.2091 -0.1888 0.02609 0.0098*
Medium energy vs. High energy 0.05473 0.2091 -0.1544 0.02609 0.0177*
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Table 1 (continued)
Mean 1 Mean 2 Mean difference SE difference p-value
CYS 25°C
Low energy vs. Medium energy 0.002120 0.01118 -0.009055 0.002191 0.0115*
Low energy vs. High energy 0.002120 0.02462 -0.02250 0.004488 0.0074%*
Medium energy vs. High energy 0.01118 0.02462 -0.01345 0.004305 0.0613
37°C
Low energy vs. Medium energy 0.005500 0.03808 -0.03258 0.005174 0.0024*
Low energy vs. High energy 0.005500 0.08368 -0.07818 0.005389 <0.0001*
Medium energy vs. High energy 0.03808 0.08368 -0.04560 0.006839 0.0004*
44 °C
Low energy vs. Medium energy 0.02030 0.02668 -0.006375 0.003877 0.3003
Low energy vs. High energy 0.02030 0.08383 -0.06353 0.005313 0.0002*
Medium energy vs. High energy 0.02668 0.08383 -0.05715 0.005455 0.0003*
60 °C
Low energy vs. Medium energy 0.005600 0.05088 -0.04528 0.005660 0.0079%*
Low energy vs. High energy 0.005600 0.09612 -0.09052 0.009272 0.0013*
Medium energy vs. High energy 0.05088 0.09612 -0.04525 0.01084 0.0123*
(6(0))} 25°C
Low energy vs. Medium energy 0.02326 0.03486 -0.01160 0.01133 0.5849
Low energy vs. High energy 0.02326 0.1658 -0.1425 0.02429 0.0273*
Medium energy vs. High energy 0.03486 0.1658 -0.1309 0.02363 0.0392%*
37°C
Low energy vs. Medium energy 0.01760 0.04486 -0.02726 0.01089 0.0908
Low energy vs. High energy 0.01760 0.1709 -0.1533 0.01347 <0.0001*
Medium energy vs. High energy 0.04486 0.1709 -0.1261 0.01494 0.0001*
44 °C
Low energy vs. Medium energy 0.02464 0.08303 -0.05839 0.005469 0.0018%*
Low energy vs. High energy 0.02464 0.1449 -0.1203 0.01092 0.0028*
Medium energy vs. High energy 0.08303 0.1449 -0.06190 0.01201 0.0120%*
60 °C
Low energy vs. Medium energy 0.05940 0.08267 -0.02327 0.01280 0.3118
Low energy vs. High energy 0.05940 0.1375 -0.07806 0.009556 0.0003*
Medium energy vs. High energy 0.08267 0.1375 -0.05479 0.01413 0.0403*
UA 25°C
Low energy vs. Medium energy 0.009960 0.04704 -0.03708 0.01351 0.0925
Low energy vs. High energy 0.009960 0.1545 -0.1445 0.01532 0.0009*
Medium energy vs. High energy 0.04704 0.1545 -0.1074 0.01968 0.0016*
37°C
Low energy vs. Medium energy 0.003100 0.03626 -0.03316 0.01130 0.0834
Low energy vs. High energy 0.003100 0.1400 -0.1369 0.005895 <0.0001*
Medium energy vs. High energy 0.03626 0.1400 -0.1037 0.01243 0.0004*
44 °C
Low energy vs. Medium energy 0.005380 0.04266 -0.03728 0.006735 0.0111*
Low energy vs. High energy 0.005380 0.1663 -0.1609 0.01912 0.0024*
Medium energy vs. High energy 0.04266 0.1663 -0.1236 0.02026 0.0041%*
60 °C
Low energy vs. Medium energy 0.01716 0.05243 -0.03527 0.01379 0.1394
Low energy vs. High energy 0.01716 0.1036 -0.08644 0.02195 0.0323*
Medium energy vs. High energy 0.05243 0.1036 -0.05118 0.02526 0.1826

is physiologically higher than what is clinically used. In the
future, it would be of interest to optimize the laser dosimetry
with a narrower temperature range for saline irrigation that is
closer to clinical practice (25-37 °C). Also, while we sought
to assess the impact of various fluid temperature settings on

@ Springer

different laser pulse energies on uroliths with nearly pure
chemical compositions; in the clinical world, there are
often stones of mixed chemical compositions which chal-
lenge surgeons to fine-tune their laser settings throughout
the procedure. This underscores the growing need for an Al
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Table 2 A multivariate generalized linear model of stone ablation
efficiency. § (beta weight) is a statistical metric used in multivariate
generalized linear models that measures the relationship between a
one-unit increase in the independent variables (i.e., temperature and
energy) and the corresponding response in the dependent variable (i.e.,
the volume of the ablation cone). p-values marked with * have reached
statistical significance

Parameter b 95% Wald confidence interval ~ p-value
COM 0.022 0.009-0.036 0.001
CAP 0.014 0.001-0.027 0.042
STR 0.023 0.010-0.037 <0.001
CYS -0.28 -0.042—-0.015 <0.001
COD 0.016 0.003-0.029 0.019
Energy (dJ) 0.009 0.009-0.010 <0.001
Temperature  0.001 0.001-0.001 <0.001

software capable of intraoperatively “reading” the stone’s
composition in real time, and then recommending or auto-
matically selecting optimal laser settings during the entire
laser lithotripsy procedure. Lastly, our study only concerns
what may occur when the laser fiber is in direct perpendicu-
lar contact with the stone’s surface. Again, during a clini-
cal procedure, this distance and the angle at which the fiber
addresses the stone’s surface varies based on the irregulari-
ties in the stone’s surface as most calculi do not have a pla-
nar surface.

Conclusion

Although statistically significant, the effect of increased
fluid temperature on superpulse Thulium laser stone abla-
tion is modest compared to that of minor increases in laser
energy. Using a 37 °C irrigation fluid instead of the regular
room temperature (25 °C) irrigation fluid would generate
the same ablation cone by increasing the laser firing energy
by only 0.18 J. Indeed, the benefit in ablation cone volume
from continuous laser firing at temperatures as high as 44 °C
is greatly outweighed by the risk of urothelial cytotoxicity,
especially since the stone matrix acts as a “heat sink” As
such, given the more sanguine postoperative clinical course
when using irrigation at body temperature (i.e. 37 °C) and
no discernible benefit if one increases the irrigant tempera-
ture higher, we currently set the irrigation at 37 °C for all
of our ureteroscopic superpulse Thulium laser procedures.
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