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Abstract

Introduction: With increasing use of high-power laser settings for lithotripsy, the potential exists to induce
thermal tissue damage. In vitro studies have demonstrated that temperature elevation sufficient to cause thermal
tissue damage can occur with certain laser and irrigation settings. The objective of this pilot study was to
measure caliceal fluid temperature during high-power laser lithotripsy in an in vivo porcine model.
Methods: Four female pigs (30–35 kg) were placed under general anesthesia and positioned supine. Retrograde
ureteroscopy with entry into upper or middle calices was performed. Thermocouples were placed into the calix by open
exposure and puncture of the kidney or retrograde alongside the ureteroscope. A 242 lm laser fiber was positioned
in the center of the calix and activated (0.5 J, 80 Hz, 40 W) for 60 seconds with high, medium, or no irrigation delivered
in each trial. Finite element simulations of laser-induced heating in a renal calix were also performed.
Results: Peak temperatures of 84.8�C, 63.9�C, and 43.6�C were recorded for no, medium, and high irrigation,
respectively. Mean time to reach threshold of thermal injury (t43 of 120 minutes) was 12.7 and 17.8 seconds for
no and medium irrigation. Thermal damage thresholds were not reached in high-irrigation trials. Numerical
simulations revealed similar results with peak spatial average fluid temperatures of >100�C, 58.5�C, and 37.5�C
during 60 seconds of laser activation for 0.1, 15, and 40 mL/minute irrigation, respectively.
Conclusions: High-power holmium laser settings (40 W) can induce potentially injurious temperatures in the
porcine in vivo model, particularly with slower irrigation rates. Characterization of thermal dose across a
broader range of laser parameter settings is underway to map out the thermal safety envelope.

Keywords: holmium laser, temperature, lithotripsy, ureteroscopy, in vivo

Introduction

The introduction of high-power holmium laser sys-
tems (100–120 W) has expanded available parameter

settings and ushered in a new era of ureteroscopic stone
treatment. Laser lithotripsy can now be applied with higher
frequency, enabling strategies of ‘‘dusting’’ and ‘‘pop-
dusting’’ where stone or stone fragments are eroded to sub-
millimeter particles (common parameters: 0.2–0.5 J pulse
energy; 50–80 Hz frequency).1 These new ‘‘dusting’’ strate-
gies are effective adjuncts to traditional fragmentation laser
lithotripsy and have been shown to shorten operative time.2

In many cases, a combination of fragmentation and dusting
modes of operation is necessary to treat particularly large or
‘‘hard’’ stones. A survey in 2015 revealed that 67% of en-
dourologists commonly used some form of stone ‘‘dusting’’
technique.3

These laser strategies use increased power settings (up to
40 W), frequently applied as 5 to 10 second bursts of laser
activation, and often with bursts applied in rapid succession.
With these settings, the potential exists to overheat the
caliceal fluid as demonstrated in recent bench studies.4–7

Temperatures in bench models were seen to reach 70�C after
60 seconds of firing at 40 W laser settings,3 generating a
thermal dose that would be sufficient to damage adjacent
urothelium, renal parenchyma, and/or ureter. This study was
conducted to determine whether similar temperature eleva-
tion also occur in the in vivo setting. The specific objective
was to measure caliceal fluid temperature during high-power
laser lithotripsy in an in vivo porcine model.

Methods

After approval from the Institutional Animal Care and Use
Committee, four female pigs (30–35 kg) were anesthetized,
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intubated, and positioned supine (Fig. 1A). Five kidneys were
exposed with a modified subcostal incision without entering
the peritoneum (Fig. 1B). A flexible cystoscope (CYF-3;
Olympus) was used to insert a guidewire through the ureter
into the renal pelvis. Retrograde ureteroscopy with entry into
upper or interpolar renal calices was performed with a flexible
ureteroscope (DUR-8 Gyrus ACMI). With visual (uretero-
scope) and ultrasound guidance (GE P6 ultrasound scanner
with 11L probe), a type T needle thermocouple (Physitemp)
was inserted through the exposed kidney and into the targeted
calix. In two kidneys, rather than surgical exposure, a wire
thermocouple (Omega) was attached to the ureteroscope shaft
with its tip 2 mm from the distal end and inserted retrograde
into the renal collecting system with the ureteroscope
(Fig. 1C). Data from one kidney were excluded as experi-
mental protocol was not followed because of early termination
of laser energy delivery when temperature exceeded 100�C.

Twenty trials were performed in seven kidneys with high
(6), medium (7), and no (7) irrigation. High irrigation was
established with saline contained in a pressure bag inflated to
150 mmHg and placed at 100 cm height, equivalent to 304 cm
of gravity irrigation. Medium irrigation consisted of a saline
bag at 100 cm height. The irrigation rate measured with a
242 lm laser fiber in the working channel and no outflow
resistance was 36 to 38 and 14 to 15 mL/minute for high and
medium irrigation, respectively.

During each trial, a 242 lm laser fiber (Flexiva; Boston
Scientific) was introduced through the working channel of the
ureteroscope with laser fiber tip positioned in the center of the
calix away from the thermocouple and caliceal wall. All trials
were conducted with laser energy output of 40 W (0.5 J,
80 Hz, short pulse) using a 120 W holmium laser system
(pulse 120; Lumenis). Each trial was conducted for 100
seconds with continuous temperature measurement. Baseline
temperature was recorded for the first 10 seconds (time 0–10
seconds) after which the laser was activated for 60 seconds
(time 11–70 seconds). Temperature was then recorded for an
additional 30 seconds (time 71–100 seconds).

One kidney was harvested after three trials at high, me-
dium, and no irrigation. The kidney was bivalved and sec-
tioned transversely through the calix where the laser had been
activated to assess gross pathologic changes.

Thermal dose for each trial was calculated based on Sa-
pareto and Dewey t43 equivalence calculations for each trial.8

Using this concept, the thermal dose of any temperature curve
can be converted to an equivalent time (t43 minutes) at a
stable temperature (conventionally considered 43�C). Sa-
pareto and Dewey found that a temperature of 43�C for 120 to
240 minutes produced thermal injury in various tissues. For
the purpose of this evaluation, we consider t43 = 120 minutes
to be the threshold for thermal tissue injury.

Finite element simulations were performed for high, me-
dium, and no irrigation in COMSOL Multiphysics (COMSOL,
Inc., Burlington, MA). Simulation geometry mimicking the
calix consisted of an axisymmetric 6 mm diameter 50 mm
long tube terminated in a hemispherical end on one side and
open at the opposing end. Surrounding this lumen was a 1-mm
thick wall of tissue with thermal and mechanical properties of
the ureteral wall, which was further surrounded externally by
tissue with properties of the kidney parenchyma. The simu-
lation used a bioheat transfer model9 to capture the physics of
laser heat generation, diffusion, and convection, as well as
blood perfusion and fluid flow because of irrigation. A steady
irrigation of 40, 15, or 0.1 mL/minute (simulating high, me-
dium, and no irrigation in the in vivo trials) was emitted from
an irrigation port placed at the radial center of the fluid space,
20 mm from the end. Heat was generated as a 0.5 mm 40 W
spherical source 15 mm from the end of the calix. To simulate
the temporal heat profile in vivo, fluid irrigation was intro-
duced for 20 seconds, after which the laser heating was gen-
erated for 60 seconds, then temperature was recorded for 20
seconds more. Fluid average temperature and thermal dose
were calculated at each point in the field.

Data are presented as mean and standard deviation. Sta-
tistical analyses were performed using Microsoft Excel
(Redmond, WA).

FIG. 1. Experimental setup
showing (A) the pig posi-
tioned supine on the table
with ureteroscope inserted to
renal calix, (B) modified
subcostal incision showing
the exposed kidney and nee-
dle thermocouple, and (C)
wire thermocouple secured to
the ureteroscope.
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Results

Caliceal fluid temperature increased in all trials dur-
ing laser activation (Figs. 2 and 3 and Supplementary Fig.
S1; Supplementary Data are available online at www
.liebertpub.com/end) with the highest temperature, 128.5�C,
recorded during a trial with no irrigation. Figure 4 shows
mean temperature change from baseline for each irrigation
rate. After only 10 seconds of laser activation, caliceal fluid
temperature reached 61.4�C, 50.1�C, and 39.2�C, corre-
sponding to an average temperature increase of 25.4�C for no
irrigation, 16.9�C for medium irrigation, and 10.6�C for high
irrigation.

The thermal threshold of t43 = 120 minutes was exceeded
for all trials with no irrigation and six of seven with medium
irrigation (Table 1). The mean time to reach the threshold of
thermal injury was 12.7 seconds (range 2–37 seconds) for no
irrigation and 17.8 seconds (range 5–30 seconds) for medium
irrigation. In one trial with medium irrigation and all trials
with high irrigation, thermal damage thresholds were not
exceeded during 60 seconds of laser activation.

Numerical simulations recorded spatial average fluid
temperatures as high as >100�C, 58.5�C, and 37.5�C within
60 seconds of laser power for 0.1, 15, and 40 mL/second
irrigation, respectively. Simulations did not show fluid mix-
ing at the 0.1 mL/minute case, thus concentrating heat around

FIG. 2. Temperature re-
cordings for all trials with no
irrigation. Laser energy was
applied starting at 10 seconds
and ending at 70 seconds.

FIG. 3. Temperature
recording for all trials with
medium irrigation. Laser
energy was applied starting
at 10 seconds and ending
at 70 seconds.
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the laser fiber tip. However, the fluid temperature was rela-
tively uniform throughout the calix when irrigation was in-
troduced. Time to onset of thermal injury based on the
thermal dose anywhere in the tissue was calculated at 4.1 and
4.9 seconds for 0.1 and 15 mL/minute irrigation.

Gross pathologic tissue coagulation and injury were ap-
parent in the one kidney harvested for gross assessment
(Fig. 5). Charred (black) tissue is seen at the urothelial
surface in contact with the collecting system. This is sur-
rounded by a white zone of coagulation surrounding the
margin of the calix. A concentric hyperemic (red) zone
extends beyond the coagulation zone further into paren-

chyma. Tissue temperatures consistent with these findings
were also demonstrated by numerical simulation. In the
no-irrigation state, the thermal threshold boundary extended
beyond the calix, urothelium, and 3 mm into the adjacent
parenchyma over a length of *14 mm (Supplementary
Fig. S2 and Supplementary Video S1). In the medium irri-
gation state, injury was limited to a thin area (<1 mm depth)
within the wall of the calix (Fig. 6 and Supplementary Video
S2). Total volumetric injury in simulations was up to 2.3 cm3

(0.1 mL/minute irrigation) and 0.28 cm3 (15 mL/minute irri-
gation). No injury was produced anywhere in the field with
40 mL/minute irrigation.

FIG. 4. Mean temperature
with each irrigation rate. La-
ser energy was applied start-
ing at 10 seconds and ending
at 70 seconds.

Table 1. Data Recorded During All Trials with t43 Equivalent Calculation

Trial
Irrigation

rate
Thermocouple

type

Temperature
after 10 seconds

of laser application (�C)
Time to t43 120 minutes

equivalent (seconds)
Peak

temperature (�C)
t43 Equivalent

minutes

3 No Needle 78.4 2 93.5 >1013

6 No Needle 45.0 37 59.7 >103

8 No Needle 51.7 14 71.3 >106

11 No Needle 56.3 10 91.2 >1011

14 No Needle 75.0 3 89.0 >1011

17 No Wire 47.4 21 60.3 >103

20 No Wire 75.8 2 128.5 >1022

2 Medium Needle 51.1 17 62.7 >104

5 Medium Needle 48.7 25 57.7 >103

7 Medium Needle 42.4 23 70.0 >106

10 Medium Needle 43.8 30 58.6 >103

13 Medium Needle 63.4 5 72.3 >106

16 Medium Wire 40.6 NA 49.7 19.6
19 Medium Wire 60.8 7 76.3 >108

1 High Needle 41.1 N/A 47.6 6.2
4 High Needle 42.3 N/A 50.1 47.5
9 High Needle 37.4 N/A 43.4 <0.1
12 High Needle 36.8 N/A 37.9 <0.1
15 High Wire 38.9 N/A 39.8 <0.1
18 High Wire 38.8 N/A 42.7 0.1
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Discussion

The evolution of laser lithotripsy has seen the recent in-
troduction of high-power laser systems, borrowed from the
realm of tissue ablation and prostate enucleation. Although
the expanded parameter space produces many benefits—
better stone comminution, smaller fragment size, and faster
treatment times—the assessment of thermal safety in laser
lithotripsy has lagged behind the clinical introduction of
these techniques. The rationale for this study was to explore a
limited portion of the parameter space at the upper end of the
power range to determine whether toxic thermal dose can
also be generated in the in vivo setting.

Recent in vitro bench studies assessing temperature change
with holmium laser activation have concluded that high-
power low-irrigation settings can lead to temperature
increase sufficient to cause tissue injury.4–7 Our group pre-
viously has shown in an in vitro bench model that tempera-
tures can reach 50.7�C, 45.2�C, and 37.8�C after only 10
seconds of laser activation with no, medium, and high irri-
gation, respectively.4 It was thought that vascular perfusion of
the kidneys in the in vivo model would act as a heat sink and
dampen the temperature elevations that had been measured in

the in vitro bench studies.4,10 Surprisingly, this effect was not
observed and in fact, peak temperature in the no irrigation
scenario was greater in the in vivo model (84.8�C) than in the
in vitro model (69.8�C). This may be because of (1) less heat
conduction away from the collecting system into the renal
tissue and surrounding retroperitoneal structures in vivo com-
pared with the relative ease of conduction from the test tube to
the surrounding water bath in vitro and (2) the short time
course of energy delivery during laser lithotripsy that likely
overwhelms the heat-sink capacity of vascular perfusion.

Numerical simulations of laser-induced heating showed
similar temperature elevations with irrigation, although the
case with 0.1 mL/minute irrigation produced significantly
higher temperatures than those measured in vivo. This dis-
crepancy is likely caused by evaporation/condensation pro-
cesses, as well as fluid motion and mixing that occur during
laser firing and redistribute heat, but are not modeled here.

The thermal doses observed in prior in vitro studies, nu-
merical simulations, and the in vivo results described here are
capable of damage to the urothelium, kidney, and ureter
potentially resulting in scarring, obstruction to the ureter or
collecting system, and loss of renal function. Although tissue
changes associated with thermal injury may not be apparent
to urologists at the time of laser lithotripsy and likely en-
compass only a small fraction of the total renal tissue, no
degree of irreversible thermal parenchymal tissue injury
should be considered acceptable. This is particularly impor-
tant for patients with multiple recurrent stones who may need
many lithotripsy procedures over the course of their lifetime.

Although the experimental data presented here and in prior
bench studies suggest that increased irrigation rates may be
able to partially control temperature elevation,4–7 this is often
cumbersome or difficult to fully implement in the clinical
setting. Furthermore, prevailing endourologic trends have
been focused on decreasing intrarenal pressures to reduce
infectious and hemorrhagic complications.11–13 This can be
accomplished by lowering irrigation rates although this would
then increase risk of thermal injury. Alternatively, use of an
access sheath during ureteroscopy has been shown to reduce
intrarenal pressure and improve irrigant flow through the ur-
eteroscope during ureteroscopy.13 However, this is not possi-
ble in every case and often necessitates a ureteral stent
afterward. This provides an opportunity and rationale for small
profile active (suction) removal of collecting system fluid to
maintain sufficient irrigation rates. In addition, chilled irriga-
tion fluid may be of benefit. Another measure to minimize the
effect of thermal injury is intermittent laser activation. Acti-
vating the laser for shorts periods would allow temperature to
return to baseline. However, the temperature decay curves as
seen in Figures 2 to 4 suggest that the needed time between
laser bursts may be longer than desirable for efficient treat-
ment. Characterization and control of the ‘‘operator duty-
cycle’’ of the laser are an important area for future study.

There are several limitations to this study. First, 60 seconds
of continuous laser activation is not necessarily realistic with
respect to clinical practice. However, it does provide stan-
dardization for these experiments and creates a full tempera-
ture curve that also provides useful temperature data at earlier
time points. This is useful for further developing computerized
simulations and can be used to determine time to toxic thermal
dose. Second, only one laser power setting, 40 W, was assessed,
which does not allow prediction of effects at lower power

FIG. 5. Gross image of a bivalved kidney showing charred
urothelium and thermal injury after three (60 seconds) trials at
high, medium, and no irrigation.

FIG. 6. Numerical simulation of temperature distribution
after 2, 5, and 59 seconds of laser activation with 15 mL/
minute irrigation. Room temperature irrigation fluid was in-
troduced through a simulated ureteroscope (white tube) and
started 20 seconds before laser activation. Simulated laser
heating is generated by a small source 5 mm below the sim-
ulated ureteroscope, causing temperature elevation of the fluid
and surrounding tissue. The scale bar is 1 cm.

728 ALDOUKHI ET AL.



settings. Third, the calix size in which the trials were conducted
was not controlled and likely contributed to some of the tem-
perature measurement variability, although this is an expected
consequence of in vivo research and clinical therapy. Finally,
temperature was recorded using two methods, needle and wire
thermocouple. Although one could consider this an unwanted
variable in the study, it is representative of ongoing develop-
ment of experimental technique, and did not appear to produce
any systematic bias of the measured thermal curves.

Further research is needed to more completely explore a
broader swath of the parameter space. Much of this can be done
with simulation and in vitro trials as there was high concor-
dance between the results of the previous in vitro studies and
the current in vivo study. Also, investigating the effect of
temperature change based on realistic laser on–off activation
times, ‘‘operator duty-cycle’’ would help elucidate tempera-
tures and thermal doses expected in actual clinical scenarios.
Each of these areas of exploration is necessary to, first, define
the thermal ‘‘safety envelope’’ within the parameter space
provided by high-power laser lithotripsy systems and, second,
develop thermal mitigation tools and techniques that enhance
laser lithotripsy efficiency while maintaining thermal safety.

In conclusion, delivery of high-power (40 W) holmium laser
energy can induce potentially injurious temperature elevations
in the porcine in vivo model, particularly with lower irrigation
rates. Further characterization of thermal dose across a broader
range of laser parameter settings is underway to map out the
thermal safety envelope. This will provide a baseline from
which techniques and tools to control and mitigate thermal
effects during holmium laser lithotripsy can be developed.
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