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Abstract

Purpose: We established an ex vivo model to evaluate the temperature profile of the ureter during laser lithotripsy,
the influence of irrigation on temperature, and thermal spread during lithotripsy with the holmium:yttrium-
aluminum-garnet (Ho:YAG) laser.

Materials and Methods: Two ex vivo models of Ovis aries urinary tract and human calcium oxalate calculi
were used. The Open Ureteral Model was opened longitudinally to measure the thermal profile of the ur-
othelium. On the Clinical Model, anterograde ureteroscopy was performed in an intact urinary system. Tem-
peratures were measured on the external portion of the ureter and the urothelium during lithotripsy and
intentional perforation. The lithotripsy group (n=20) was divided into irrigated (n=10) and nonirrigated
(n=10), which were compared for thermal spread length and values during laser activation. The intentional
perforation group (n=10) was evaluated under saline flow. The Ho:YAG laser with a 365 um laser fiber and
power at 10W was used (1J/Pulse at 10 Hz). Infrared Fluke Ti55 Thermal Imager was used for evaluation.
Maximum temperature values were recorded and compared.

Results: On the Clinical Model, the external ureteral wall obtained a temperature of 37.4°C+2.5° and
49.5°C£2.3° (P=0.003) and in the Open Ureteral Model, 49.7°C and 112.4°C with and without irrigation,
respectively (P <0.05). The thermal spread along the external ureter wall was not statically significant with or
without irrigation (P =0.065). During intentional perforation, differences in temperatures were found between
groups (opened with and without irrigation): 81.8°+8.8° and 145.0°%15.0°, respectively (P <0.005).
Conclusion: There is an increase in the external ureteral temperature during laser activation, but ureteral
thermal values decreased when saline flow was applied. Ureter thermal spread showed no difference between
irrigated and nonirrigated subgroups. This is the first laser lithotripsy thermography study establishing the
framework to evaluate the temperature profile in the future.

Introduction

HE HOLMIUM:YTTRIUM-ALUMINUM-GARNET (Ho:YAG)

laser has become the standard tool for intracorporeal
management of stone disease because it has been shown to be
effective in fragmenting all urinary calculi, independent of
stone compositions.' Stone fragmentation phenomena are
well understood, but there is currently a lack of information
regarding the energy spread during this exogenous process.
Tatrogenic damage to soft tissues can be caused by various
forces related to devices such as thermal and mechanical
interactions.*> Complications entailed by ureteroscopy such
as ureteral injury and strictures can be caused by displaced
acoustic and photonic energy. Another potential cause of
injury, however, can be direct thermal injury of the ureter.
Different ureteroscopy techniques, irrigation devices, stone

burden, laser activation time, and operative time can increase
the exposure to these potential risks for laser lithotripsy re-
lated postoperative complications. We aimed to establish an
ex vivo model to evaluate the temperature profile of the ureter
during laser lithotripsy. In addition, we investigated the in-
fluence of irrigation on ureteral temperatures and on thermal
spread along the ureteral wall.

Materials and Methods

The temperature profile of laser lithotripsy was evaluated
with two ex vivo models of Ovis aries (sheep) urinary tract.
On the Open Ureteral Model, the ureter was opened longi-
tudinally to directly measure the thermal profile of the uro-
thelium. The Clinical Model anterograde ureteroscopy was
performed in an intact urinary system to replicate the clinical
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environment (Fig. 1). In each model, the laser lithotripsy
procedure (n=20) was performed, and temperatures were
collected. Thermocouples were used to calibrate the camera.
A control test was performed measuring the temperature of
the ureter tissue at room temperature of 23.9°C and also after
tissue immersion in warm water at 50°C. Temperature was
obtained simultaneously with the thermocouples and the
camera, and the same values were achieved. Intentional
perforation procedures (n=10) were performed only on the
Open Model to attempt to collect the temperature of the uro-
thelium at the moment of the perforation.

During laser lithotripsy, the calculi were placed in the
ureter, the laser fiber was brought into contact with the stone,
the laser was activated, and the ureteral temperature was
measured. During intentional perforation, the laser fiber was
brought into contact with the urothelium and activated. A
Ho:YAG laser (Dornier Medilas,TM Kennesaw, GA) with a
365 pum silica laser fiber (Gyrus ACMI,TM Southborough, MA)
at a power of 10W (1J/Pulse at 10 Hz) was activated for 3
seconds. Human samples of calcium oxalate monohydrate
stones ranging from 5 to 7 mm were fragmented during litho-
tripsy measurements. An infrared Fluke Ti55® Thermal Im-
ager (Fluke® Corporation, Everett, WA) camera was used for
the thermal evaluation. Temperatures were obtained with
FLIR® SmartView Imaging Software. The maximum ureteral
temperature achieved during laser activation was recorded.

The Open Ureteral Model permitted direct measurements
of the urothelium temperature during perforation and laser
lithotripsy (Fig. 1A). The Ovis ureter was dissected sharply
longitudinally to expose the urothelium. In lithotripsy trials, a
stone was placed in the ureter, and the laser was brought in
contact with the stone. For intentional perforation measure-
ments, the fiber was held at approximately 60 degrees to the
urothelium and activated.

Laser lithotripsy in the Clinical Model was performed to
replicate the clinical scenario (Fig. 1B). This model included
an intact upper urinary tract system (kidney and ureter), a
rigid ureteroscope, and saline irrigation with a pumping
system (SAPTM - Single Action Pumping System, Boston
Scientific,  Natick, MA). Because of the small caliber of the
distal ureter, antegrade access was obtained. The anterior re-
nal parenchyma and collecting system were sharply dissected

FIG. 1. The two ex-vivo
models: (A-1) Open Ureter,
(A-2) Open Ureter model
temperature measurement;
(B-1) Clinical Model (B-2)
Clinical Model temperature
measurement.

Temperature Measured
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to obtain access to the renal pelvis. A small incision was made
at the renal pelvis close to the ureteropelvic junction and a
guidewire was inserted into the ureter followed by ureteral
dilation up to 7F. An Olympus  7F semirigid ureteroscope
with a stone inside a basket was inserted, and the stone was
placed into the ureter. The basket was removed, and the laser
fiber was inserted through the ureteroscope. Laser lithotripsy
was performed with the Ho:YAG laser with a 365 um silica
laser fiber at a power of 10W (1J/Pulse at 10Hz) and was
activated for 3 seconds. Thermographic measurements were
collected on the outer surface of the ureter.

The effect of saline irrigation on ureteral temperatures
during laser activation was further evaluated. In each model,
measurements were recorded with and without saline irri-
gation. In the Open Model, a saline bag was hung 3 feet above
the ex vivo model using a tube set (Continu-Flo Solution Set
with Duo-Vent Spike,TM Baxter Healthcare Corporation,
Deerfield, IL) to apply constant irrigation with a mean flow
rate of 8 mL/s. In the Clinical Model, we used the open irri-
gation system in conjuncture with a pumping system (SAP").
Irrigation was applied for visualization purposes to identify
the calculus. Once the laser was in contact with the stone,
irrigation was either continued or terminated for 30 seconds
before laser activation.

In addition to maximum temperature, the distance of the
thermal spread was also measured during laser activations.
The length of thermal spread was recorded when the tem-
perature elevated >5°C from room temperature. The ther-
mographic images were imported into Image] (National
Institute of Health, Bethesda, MD) and filtered to identify
elevated temperatures. The maximum length of the heated
segment was recorded.®

Data are presented as average * standard error. The effect
of irrigation was compared using Student ¢ tests in The R
Project version 2.11 (the R Foundation for Statistical Com-
puting, Vienna, Austria). A P value <0.05 was considered
statistically significant.

Results

This thermography study found a significant increase in the
urothelium and external ureteral wall temperatures during the

Temperature Measured
Outside of the ureter
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TABLE 1. LITHOTRIPSY TEMPERATURE TABLE 3. TEMPERATURE PROFILE DURING
PROFILE AND THERMAL SPREAD INTENTIONAL PERFORATION OF THE URETER
Lithotripsy Temperature during ureter perforation (°C)
Irrigation Nonirrigation P Irrigation Nonirrigation P value
(°C) (°C) value
Open Ureteral 81.8£8.8 145.0£15.0 0.003
Intact Ureteral 37.4+%25 495+2.3 0.003 Model
Model
Open Ureteral 49.7+6.7 112.4+£24.2 0.048
Model

Ho:YAG laser activation. In the Clinical Model, tempera-
tures obtained were 37.4°C and 49.5°C with and without
irrigation, respectively, and were significantly different
(P<0.05). In the Open Ureteral Model, there was also a
significant increase in the temperature without irrigation
(112.4°C) when compared with an irrigated trial (49.7°C)
(P<0.05). (Table 1) When evaluating the thermal spread
length along the external ureter wall during lithotripsy, no
significant differences were evident whether or not saline
flow was applied. The thermal spread along the external
ureter wall was 0.9+0.1 cm with irrigation and 1.1£0.1 cm
without (P=0.065). (Table 2)

During intentional perforation, significant differences in
temperatures were found between the Open Ureteral Model
with and without irrigation, respectively, at 81.8°C£8.8°C
and 145.0°C£15.0°C (P <0.005) (Table 3).

Discussion

The Ho:YAG laser is widely used in the surgical man-
agement of urinary lithiasis. Since its introduction in the
1990s, the Ho: YAG laser has become the most common type
of laser used for the treatment of patients with urinary
stones.” Laser lithotripsy significantly improved results of
ureteroscopy by improving stone-free outcomes when com-
pared with pneumatic lithotripsy.®’

Several types of lasers are available for clinical purposes.
In general, these lasers can be categorized into groups ac-
cording to their pulse duration time (Tp): Nanosecond lasers
(Tp <1000 nsec) [Q-switched ND: YAG, Q-switched alex-
andrite, Q-switched ruby, XeCl excimer, short-pulsed lasers
(1 usec<Tp< 10 usec)  Flashlamp-Pumped Pulsed-Dye,
Flashlamp-Pumped Ti:Sapphire, Q-switched KTP], long-
pulsed lasers (10 usec<Tp<1000 usec) [Ho:YAG, Er:
Cr:YSGG, ND:YAG], and continuous-wave lasers (contin-
uous pulse duration - Tp) [CW-CO, CW-Nd: YAG].2

Nanosecond and short-pulsed laser lithotripters fragment
stones through acoustic shockwaves.® The emission process
from the acoustic shockwaves is closely related to the short

TABLE 2. LATERAL THERMAL SPREAD
OF LASER LITHOTRIPSY

Lateral thermal spread

Heated length (cm)  Irrigation  Nonirrigation P value

Intact Ureteral 0.9+0.1 1.1£0.1 0.065

Model

pulse duration profile of these lasers. These short pulse-width
lasers rapidly generate and accumulate energy in water
(stress confinement phenomena), inducing a rapid formation
and expansion of a spherical plasma cavitation bubble at the
laser fiber tip. This bubble expands symmetrically, then
collapses violently, releasing a strong photoacoustic shock-
wave in a process known as laser-induced shockwave litho-
tripsy.®” The collapse of this bubble can be hindered if the
laser energy is continuously emitted, as in a long pulse.’

Lasers differ significantly in wavelength and pulse width.
The Ho: YAG laser, with a wavelength of 2120 nm, is close to
the absorption peak of water (1940 nm), and it is usually used
with a pulse duration of 500 us, longer than that of the pre-
vious lasers.®’” The Ho:YAG vapor bubble does not result in
significant cavitation shockwaves, and lithotripsy occurs long
before the vapor bubble has collapsed, suggesting that
acoustic shockwave emission is not the primary mechanism
for stone fragmentation.'®'" The primary mechanism of ac-
tion for long-pulsed lasers such as the Ho:YAG laser, is
thought to be the photothermal effect.'’ This mechanism
involves the direct absorption of photonic energy by the
stone, inducing a melting and fragmentation process.''"'?
Ho:YAG energy absorption by the stone increases the stone
temperature until a critical thermal threshold is achieved. At
this thermal threshold, the stone may chemically decompose
and may also cause the interstitial water to undergo explosive
vaporization.'"!* The volume of the irradiated area is de-
tached from the stone, yielding a crater.'* Melting point
thresholds for magnesium ammonium phosphate dihydrate,
calcium hydrogen phosphate dihydrate, calcium oxalate
monohydrate, and cystine stones are 100°C, 109°C, 206°C,
and 264°C, respectively.'

The Ho:YAG laser-stone photothermal interaction occurs
under a thermal confinement process. Photothermal removal
of the calculus through melting, carbonization, or chemical
decomposition is confined to the region of light absorp-
tion.'®!7 The speed at which heat leaves the light absorption
site (thermal diffusion time) plays an important role in clin-
ical lithotripsy application regarding safety of the procedure.
When the laser pulse duration (Tp) is much shorter than the
thermal diffusion time, there is little heat conduction outside
the stone-irradiated site during the laser pulse. This results in
focal stone destruction of the irradiated volume before the
heat is conducted to the surrounding tissues. When the pulse
duration is longer than the thermal diffusion time, the heat
energy travels beyond the region of direct laser absorption
site during the laser pulse, causing damage on surrounding
tissues such as coagulation and carbonization.'®

The stone and ureteral environment can affect the effi-
ciency of stone decomposition. Stone fragmentation analysis
demonstrated greater stone mass losses after lithotripsy was
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performed with dry stones in air when compared with wet
stones in air, which was greater than for stones in water. In
addition, lithotripsy led to greater stone mass losses when
stones started at 20°C rather than —80°C."" Pierre and Pre-
minger'® suggest that lithotripsy is more efficient for dry
stones and that the efficiency increases as the initial stone
temperature increases. Evidence also shows that the efficiency
of Ho: YAG laser lithotripsy varies with greater energy expo-
sure to the stone surface, implying that the stone absorbs laser
energy.'* These findings demonstrate the importance of the
direct absorption of the laser energy by the stone composition.

In this scenario, a phenomenon called the ‘“Moses Effect”
further enhances the Ho:YAG laser fragmentation process.
The Moses Effect is the expansion of a vapor cavity that
eventually bursts and distributes the acoustic energy and
pressure waves throughout the medium. Although acoustic
energy released from the bubbles is not the primary mecha-
nism for damaging the stone, these bubbles greatly improve the
transmission of photonic energy to the stone. The coefficients of
absorption (l1,) for the Ho:YAG laser in water (/) and vapor (g)
are 25cm” ' and 0.015cm ™", respectively.'®'® This physical
property demonstrates that the initial beam of the Ho: YAG laser
pulse duration vaporizes a channel through which the laser
energy may transmit efficiently to the stone.'""”

Several aspects of heat action on biologic tissues have
already been examined in numerous preclinical and clinical
studies. The in vitro and animal hyperthermic experiments
demonstrated a direct cellular destruction effect at tempera-
tures ranging from 41°C to 47°C. This cytotoxic effect was
shown to be exponentiallg enhanced at temperatures above
43°C (“‘breakpoint’).?>>? These thermal cytotoxic effects,
however, are not exclusively related to the absolute peak
temperatures achieved during a procedure. Indeed, the rela-
tionship between time and temperature for thermal death was
demonstrated in vitro and in vivo, and thermal damage was
shown to increase as the time at an elevated temperature
increases.>>* In addition, a unit of thermal dose was deter-
mined for equating time-temperature relationships for an
isoeffect (same amount of cell killing) to an equivalent time
duration at a reference temperature of 43°C, represented on
the formula for equivalents minutes at 43°C (43 =t1 . R&¥D,
where f=time, 7=Temperature, R=0.5 for T equal to or
more than 43°C, and R=0.25 for T less than 43°C).”> Sum-
marizing, it means that at temperatures above 43°C, the time
needed to produce an isoeffect must be decreased by a factor
of 2 when temperature is elevated 1°C.%> Consequently, a 30-
minute treatment at 44°C is equivalent to 60 minutes at 43°C,
which is also equivalent to 15 minutes at 45°C for the same
effect.

Our experiment showed an increase in the external ureteral
temperature during the Ho:YAG laser activation. When sa-
line irrigation flow was applied, a remarkable reduction on
ureter thermal values during lithotripsy was achieved. We
hypothesized that the photothermal effect of Ho:YAG laser
could have been attenuated as a consequence of the contin-
uous saline flow. The constant saline flow could have ab-
sorbed part of the Ho:YAG laser wavelength energy that
should have been discharged directly to the stone surface,
leading to lower ureter thermal measurements. Irrigation may
have also produced a “‘heat-sink’” as cooler water dissipated
heat by cycling through the system. Another hypothesis is
that the Moses Effect could have been partially affected by
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saline flow, hindering the vapor channel created by the laser
beam. This process, in turn, could have reduced both the
photonic energy transmittance to the stone surface and the
efficiency of lithotripsy, leading to lower temperature
measurements. The thermal spread length did not vary sig-
nificantly during lithotripsy regardless of irrigation or non-
irrigation status. Furthermore, intentional perforation of the
ureter showed a significantly higher thermal profile than
during lithotripsy, which emphasizes the safety concerns of
performing lithotripsy without constant irrigation. Therefore,
steady saline flow is encouraged to avoid ureteral thermal
injury.

Limitations of this study are: Use of a nonhuman organ,
use of an ex-vivo model, the use of one size of laser fiber, and
the response time of the camera. Although the tissue used was
not human, the experimental design accurately replicated the
laser lithotripsy procedure. The Ovis aries urinary tract pre-
sented differences in the thickness of tissue and fat dispersion
when compared with human ureters, and these differences
could lead to inaccurate temperature measurements. The ex-
vivo models are unable to be histologically evaluated to
accurately demonstrate the extent of tissue necrosis and po-
tential ureteral stricture. Further studies using a live model
could address tissue necrosis and microvascular damage over
time (thermal dose), and histopathological analysis should be
collected. Another issue is that the ex-vivo model was not
kept at the standard body temperature of 37°C, possibly af-
fecting heat generation and dispersion. Ideally, the ex-vivo
model should replicate conditions found in in-vivo models.
We looked at temperature differences using one size
(365 pum) of laser fiber and maximum values may vary with
fiber size, but the difference with and without irrigation is
expected to follow the same trends. Further studies varying
laser fiber sizes are needed. The camera has a limitation
within the refresh rate of 3 seconds, but the temperatures were
recorded at the end of the time interval to ensure that we
collected the highest temperature.

Conclusion

A notable increase in the external ureteral temperature has
been observed during Ho:YAG activation. Another obser-
vation was that ureteral lithotripsy thermal values showed a
remarkable reduction when constant saline flow was applied.
Ureter thermal spread evaluation showed no statistical dif-
ference when irrigated and nonirrigated subgroups were
compared. During intentional perforation of the ureter,
thermal values were higher than during laser lithotripsy
measurements. Irrigation not only improved endoscopic vi-
sualization during lithotripsy but also minimized tissue
heating. Interruption of the saline flow could pose a risk for
urothelial thermal injury. This is the first laser lithotripsy
thermography study that establishes the framework to eval-
uate the temperature profile in the future.
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