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Abstract

Purpose: Holmium laser lithotripsy is a common modality used to fragment urinary stones during ureteroscopy.
Laser energy deposited during activation produces heat and potentially causes thermal bioeffects. We aimed to
characterize laser-induced heating through a computational simulation.
Materials and Methods: A finite-element model was developed and used to estimate temperature in the urinary tract.
Axisymmetric models of laser lithotripsy in a renal calyx, the renal pelvis, and proximal ureter were created. Heat
generation by laser and heat transfer were simulated under different laser powers between 5 and 40 W. Irrigation fluid
flow was introduced at rates between 0 and 40 mL/min. The model was validated by comparison with previous in vitro
temperature data in a test tube, then used to calculate heating and thermal dose in the three tissue models.
Results: Simulated temperature rises agreed well with most in vitro experimental measurements. In tissue
models, temperature rises depended strongly on laser power and irrigation rate, and to a lesser extent on
location. Injurious temperatures were reached for 5–40 W laser power without irrigation, >10 W with 5 mL/min
irrigation, 40 W with 15 mL/min irrigation, and were not found at 40 mL/min irrigation. Tissue injury volumes
up to 2.3 cm3 were calculated from thermal dose.
Conclusions: The results suggest a numerical model can accurately simulate the thermal profile of laser
lithotripsy. Laser heating is strongly dependent on parameters and may cause a substantial temperature rise in
the fluid in the urinary tract and surrounding tissue under clinically relevant conditions.
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Introduction

Urinary tract stones are commonly treated by three
procedures: shockwave lithotripsy (SWL), ureteroscopy

(URS), and percutaneous nephrolithotomy. SWL and URS
are used in >90% of cases.1 Although SWL is at present the
only truly noninvasive intervention, its use has been declin-
ing in favor of URS,1 which has become more effective with
improvements to the technology.2 SWL has not seen such
advances in efficacy, although several emerging technologies
may eventually improve it.3–5

URS for stone treatment is performed almost exclusively
using laser lithotripsy, where a fiber-optic Holmium:YAG
laser generates pulses with sufficient energy to produce stone
disintegration.6 This instrument operates in different modes
to produce either fragments to be removed through basket, or
dust that will expel spontaneously from the urinary tract.

In recent years, laser parameters with higher power have
been advocated to increase efficiency. However, most of the
energy deposited by the laser ultimately converts to heat.
In vitro and in vivo studies have suggested that laser litho-
tripsy may produce substantial heat during procedures
through repeated laser pulsing.7–11 In conjunction with fluid
irrigation, it is not clear how heat dissipation evolves during
URS.

We propose that the thermal profile of laser lithotripsy can
be evaluated through computational simulations in conjunc-
tion with physical experiments. Such models can comple-
ment experimental data and allow systematic investigation of
clinical and biological factors affecting heating. In this study,
we first compare our simulation with in vitro experiments7 to
validate its accuracy. We then simulate several cases of laser
lithotripsy to evaluate the fluid and tissue temperature dis-
tribution and parameters controlling heating.
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Materials and Methods

Experiment

The experimental setup and tests are fully described in a
separate article.7 In brief, the setup consisted of a water tank
filled with 14 L of 37�C deionized water, with a submerged
10 mm diameter glass test tube simulating a human calyx and
positioned with the opening 1 cm above the bath surface.
A lithotripsy laser system (pulse 120; Lumenis, San Jose,
CA) was used with the laser fiber passed through the working
channel of an ureteroscope. The fiber was positioned 15 mm
from the bottom of the tube and the ureteroscope was held
20 mm from the bottom. A thermocouple was held 5 mm
from the bottom *2 mm lateral from the position of the laser
to record temperature.

Room temperature irrigation was introduced for 20 sec-
onds before laser activation. Different laser parameters were
used in each trial, with pulse energies and pulse repetition
frequencies of 0.5 J · 10 Hz (5 W), 1.0 J · 10 Hz or 0.5 J ·
20 Hz (10 W), 1.0 J · 20 Hz or 0.5 J · 40 Hz (20 W), 1.0 J ·
40 Hz or 0.5 J · 80 Hz (40 W), and irrigation flow of 0, 15, or
40 mL/min for 60 seconds. The laser was then deactivated
and irrigation was continued for 20 seconds.

Numerical simulation

Numerical simulations were performed on a workstation
computer in COMSOL Multiphysics finite-element modeling
software (COMSOL, Burlington, MA). The numerical model
included heat transfer components of diffusion, convection,
and sourcing. Fluid was modeled to include laminar flow, and
heat-induced convection and mixing. An axisymmetric
model was used to minimize calculation time.

The experimental setup from the previous section was first
simulated for model validation. The test tube was surrounded
by water, approximating the large water bath in experiments.
The tube was 10 mm diameter and 55 mm length (volume
8.1 mL) with 1 mm wall thickness (Fig. 1), with an open
continuous flow boundary condition (fluid flows out of the
tube during irrigation). The laser was modeled as a 0.5 mm
diameter heat source in the center of the test tube 15 mm
above the bottom surface. Laser radiation force was modeled

as a volume force in the fluid. A 1 mm diameter tube was
positioned 5 mm above the laser source as an irrigation inlet.
Irrigation was introduced at 22�C with rates between 0 and
40 mL/min. Fluid velocities and temperature were calculated
for all spatial points in the model. The average temperature
within the entire test tube volume was also calculated.

For simulations of in vivo cases, we modeled three sim-
plified scenarios in the proximal ureter, the renal pelvis, and a
renal calyx. All material parameters are included in Table 1.
Most physical dimensions applied here are approximated
from literature measurements captured by urography, CT, or
MRI,12–14 although these vary substantially between indi-
viduals. Cooling effects from blood perfusion were modeled
in the tissues. The three models were axisymmetric to reduce
computational complexity (Fig. 1).

(1) The calyx was modeled as a 6 mm diameter by 5 cm
length tube (volume 2.7 mL) with 1 mm collecting
system wall that terminated 15 mm from the laser
similar to the geometry of the test tube. The wall was
surrounded by kidney parenchyma.

(2) The renal pelvis was modeled as a 2 cm diameter
spherical fluid-filled chamber with 6 mm diameter
tube extending for 7.5 cm from one side to simulate
the ureter (volume 8.7 mL). The urinary tract was
lined with a 1 mm wall. The laser and irrigation were
positioned at the orifice between the ureter and pelvis.
Kidney tissue surrounded the collecting system and
ureter wall.

(3) The ureter model was simulated in the same geometric
model as the renal pelvis, but the laser was placed
4.5 cm from the opening of the collecting space and the
irrigation placed 5 mm distal to the laser.

The thermal dose was calculated to estimate the extent of
tissue damage. Thermal dose is a common metric based on
empirical data that combines temperature and exposure time
of a tissue to estimate when tissue is considered nonviable:

TD43¼
Z1

0

R43� Tdt: (1)

FIG. 1. Model geometry for the
in vitro test tube simulations (left),
as well as the calyx (center left),
renal pelvis (center right), and
ureter (right) simulations. An irri-
gation tube is inserted at the center
axis of each model, with the heat
source represented below it as a
black circle. Material areas are
separated by color.
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In Equation 1, T is temperature, t is time, R is a factor (0.25
for T < 43�C and 0.5 for T ‡ 43�C), and TD43 is the thermal
dose, in cumulative equivalent minutes held at 43�C. Tissue
is considered denatured for TD43 > 240 minutes.15,16 Thermal
dose is a strongly nonlinear function of temperature; it takes
240 minutes to render tissue nonviable at 43�C, but only *15
seconds at 53�C.

Laser powers (calculated from pulse energy and rate) be-
tween 5 and 40 W were considered at irrigation rates of 0, 5,
15, and 40 mL/min in each model.

Results

In vitro simulation and validation

Without irrigation, heat accumulated around the laser and
radiated in a nearly symmetric manner, with temperature
increasing until termination of laser pulsing. With irrigation,
heat was carried with the fluid toward the distal surface of the
test tube, which impacted and then displaced toward the tube
opening, causing mixing of the fluid and a more uniform
temperature throughout the tube. Heat dissipated after laser
cessation.

Quantitatively, thermocouple temperature (10 mm distal
and 2 mm lateral from laser fiber) reached >100�C at
0 mL/min irrigation in simulation, whereas the volume-
averaged temperature in the tube reached up to 68�C at the
highest laser power of 40 W in both experiment and simu-
lation (Table 2). Peak temperatures in experiments were
nearly identical with parameters of the same power regard-
less of pulse setting or frequency. Temperatures >100�C are
unlikely in the fluid for even a short duration because of

boiling that is not captured in these simulations. Instead, the
volume-averaged temperature in the test tube gave more
reasonable estimates of temperature rise expected in well-
mixed fluid. Without irrigation, a significant discrepancy
exists between experimental measurements and those in
simulation, particularly in cases where boiling is predicted.
Simulations and experiments without irrigation agree well
provided fluid mixing is introduced (Fig. 2). This is demon-
strated by simulations where we artificially increased the
radiation force of the laser on the fluid, causing enhanced
mixing. This change does not cause a significant difference
with irrigation that causes mixing naturally.

With 15 and 40 mL/min irrigation, temperature rises were
reduced. However, temperatures >43�C occurred with
15 mL/min irrigation at 40 W laser power. At 40 mL/min of
irrigation, temperature never reached >37�C under any con-
dition. Temperature elevation in simulations compared fa-
vorably with experiments, with a maximum difference of 6�C
rise (Fig. 2 and Table 2).

Table 1. Material and Tissue Parameters Used for Simulations of In Vitro and In Vivo Conditions

Density (kg/m3)
Specific heat

capacity ( J/kg$K)
Thermal conductivity

(W/m$K)
Perfusion rate

(L/min$kg)

Water 998 4184 0.608 —
Glass 2230 750 0.800 —
Urine 1023 4178 0.560 —
Blood 1049 3617 0.517 —
Urinary tract wall 1101 3306 0.462 0.19
Kidney parenchyma 1049 3587 0.527 3.80

Table 2. Maximum Temperatures Reached

in Experiment and Simulation

Irrigation
(mL/min)

Power
(W)

Experiment
TC
(oC)

Simulation
TC
(oC)

Simulation
average

(oC)

0 5 47 85 46
10 52 104 50
20 56 100 57
40 68 244 68

15 5 30 28 28
10 34 32 32
20 42 42 40
40 50 60 56

40 20 30 30 30
40 37 37 37

TC = thermocouple temperature.

FIG. 2. Temporal thermal profiles measured by thermo-
couple ( points) and simulated volume-averaged fluid tem-
perature (lines) in the test tube for 20 W laser power at
different irrigation rates. Curves follow an initial steep rise
with initiation of laser firing at 20 seconds, but approach an
asymptotic value, particularly at 15 and 40 mL/min irriga-
tion levels. The simulation overpredicts temperature rise for
no irrigation because of absence of fluid mixing the simu-
lation. Artificially forcing this mixing produces better
agreement (dashed line).
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Simulation of heating in caliceal fluid and tissue

Simulations of heating in the urinary tract showed similar
trends to those in vitro. Without irrigation, heat deposited
around the laser fiber, causing tissue to receive thermal doses
sufficient to cause irreversible damage. With irrigation, heat
was distributed over larger regions. In all three locations,
irrigation carried the heat retrograde and impinged on the
distal surface of the collecting system before deflecting
anterograde, after which the fluid temperature reached a more
uniform value by mixing. Significant temperature rises and
injury could occur far from the fiber (Fig. 3). For instance,
with high irrigation and laser power, heat deposited in the
ureter caused injury at the distal surface of the renal pelvis
6.5 cm away from the laser. In severe cases, injury was pre-
dicted in both the collecting system wall and the kidney pa-
renchyma.

Without irrigation, volume-averaged fluid temperatures of
44�C to >100�C were achieved (Fig. 4). Temperatures in the

calyx were greater than the other two locations for the same
laser power. Irrigation at 5 mL/min resulted in fluid temper-
atures between 36.5�C and 99.6�C, depending on the power
and location. Peak tissue temperatures were ‡46�C, sufficient
to cause thermal bioeffects for ‡10 W laser power. Peak
temperatures for 15 and 40 mL/min irrigation ranged from
37.2�C to 79�C and 37.0�C to 40.5�C, respectively. Thus,
irrigation could almost entirely mitigate heating.

Injury volumes calculated based on a thermal dose for
43�C > 240 minutes varied strongly with laser power and
irrigation rate, and less so with location. Injury occurred for
the following conditions regardless of location: ‡5 W power
at 0 mL/min irrigation, ‡10 W power at 5 mL/min, and 40 W
power at 15 mL/min. No thermal injury was produced at
40 mL/min. Injury to the parenchyma was generated only
with irrigation £5 mL/min. Injury volumes up to 2.35 cm3

occurred (Fig. 5). The laser activation time required to initiate
injury reduced with increasing laser power. The time to initial
injury with irrigation was <1–21 seconds (Fig. 6). Certain

FIG. 3. Example images of heat deposi-
tion in the calyx (top row), renal pelvis
(center row), and ureter (bottom row) mod-
els at three time points with laser power of
40 W and irrigation rate of 15 mL/min. The
color bar indicates temperature (�C).

FIG. 4. Bar plots displaying volume-averaged temperature of urine reached within 60 seconds of laser pulsing under
different parameters in a calyx (left), renal pelvis (center), and ureter (right).
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simulations with irrigation produced almost immediate tissue
injury because of a localized jet of hot fluid carried to the
surface.

Discussion

Holmium laser lithotripsy is the dominant instrumentation
for disintegrating stones during URS. It is powerful enough to
fracture nearly any stone type and the parameters allow
control between fragmentation and dusting. Dusting is as-
sociated with shorter treatment times and fewer risks to the
ureter,17 and often uses more rapid pulsing and higher laser
power, although trends in parameters vary between practices
and across different parts of the world.18 With introduction of
new lasers using higher powers,19 the potential for new
bioeffects exists. The range of parameters modeled in this
study are consistent with those used in commercial instru-
ments.19,20

Light at the wavelength of a holmium laser is absorbed
over a very short distance.21 As a result, the water directly in
front of the tip is boiled, producing a vaporous cavity between
the fiber and stone. The remaining light energy of the pulse
reaches the stone and causes disintegration through a pho-
tothermal effect.21 After the pulse, the vapor cloud condenses

back into liquid. Thus, the energy from the laser is trans-
formed into two effects: creation of new surfaces in the stone
and heating. The estimated mechanical energy expended to
turn a stone into fragments is small. For instance, a 1 cm
diameter sphere of gypsum cement (a common stone model)
turned into 1 mm fragments would increase the surface area
by a factor of *10, necessitating *50–100 mJ of energy.
This is less than the typical energy of one pulse. Therefore, it
can be assumed most of the energy is converted to heat. In
this study, the total energy deposition ranged from 300 to
2400 J over 60 seconds. This energy is sufficient to heat an
entire 150 cm3 adult kidney by roughly 0.5–3.8�C. These
estimates indicate that laser lithotripsy has the potential to
cause a substantial temperature rise within a small volume.

This study demonstrates that laser lithotripsy heating can
be numerically modeled. In vitro, both point and average
fluid temperature in simulation agreed well with tempera-
tures recorded in experiment with irrigation. However, sim-
ulated temperatures displayed larger discrepancies with
measured data in the absence of irrigation. These data suggest
absence of fluid mixing in the simulation as the likely reason.
In practice, the growth and collapse of the boiling bubble stirs
the fluid, likely producing dispersion of heat and more uni-
form temperature throughout the liquid.

FIG. 5. Calculated volume of tissue injury (in cm3) after simulation under different parameters in the calyx (left), renal
pelvis (center), and ureter (right). No bar is shown for situations where volume was <1 mm3.

FIG. 6. Time to initiate injury (threshold 1 mm3) under different pulsing and irrigation in the calyx (left), renal pelvis
(center), and ureter (right). No bar is shown for situations where injury did not occur.
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In simulated tissue, further complexity of heating was
revealed. Without irrigation, even 5 W laser power depos-
ited for <30 seconds could cause thermal injury. At maxi-
mum power in the calyx model without irrigation, injury to
the wall and surrounding parenchyma was predicted over a
2 cm length around the fiber tip. With 5 mL/min irrigation,
the damage was extended to >5 cm of the collecting space
wall, but with minimal parenchymal injury. Irrigation
sometimes reduced time to initiate injury, as the fluid
transported hot liquid to the tissue faster than natural con-
vection. Kidney parenchyma is highly perfused compared
with other tissues that produced some protective effect,
evident as a short pause in the onset of thermal injury at the
boundary. Blood perfusion was insufficient to stop heating
entirely, and in the most severe scenarios injury to >1 cm3 of
parenchyma occurred (*0.5% of an adult’s functional renal
volume22).

Although these results highlight the strong possibility of
thermal injury during laser lithotripsy, the limitations of the
model prevent drawing quantitative conclusions, and further
data in vivo are needed to confirm these effects. The axi-
symmetric model is computationally efficient, but does not
capture the complex flow and heat distribution in actual
anatomy. In addition, this study did not capture variations in
dimensions of the urinary tract that can be substantial be-
tween patients. However, our axisymmetric model also
compared favorably with recent in vivo temperature data.11 In
addition, the presence of a stone could alter local heating
around the laser fiber, but certain modes such as ‘‘pop-
dusting’’ primarily deposit energy into the fluid. Aldoukhi
and colleagues found in vitro with slow motion analysis that
only 17.5% of pulses struck fragments with 0.5 J · 80 Hz
parameters mimicking pop-dusting.23 The fluid physics
should include boiling and condensation to simulate added
fluid motion and improve accuracy. Under moderate irriga-
tion, the model gave a good approximation of the temperature
expected during laser lithotripsy. Such models may provide
valuable information to help define guidelines for safe pa-
rameters during laser lithotripsy.

Conclusions

We established a numerical model of heat generated dur-
ing laser lithotripsy, which suggested that laser heating can
cause significant temperature rises in the collecting system
fluid and surrounding tissue. The temperature rises varied
substantially with laser parameters, irrigation, and duration of
pulsing. Under severe conditions, both the urinary tract and
kidney parenchyma could reach temperatures sufficient to
cause irreversible thermal injury. These findings may be
clinically relevant particularly in light of trends toward high-
power laser usage for treating stones.
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