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Abstract. The holmium:YAG (Ho:YAG,) laser lithotriptor is capable of operating at high pulse energies, but efficient
operation is limited to low pulse rates (~10 Hz) during lithotripsy. On the contrary, the thulium fiber laser (TFL) is
limited to low pulse energies, but can operate efficiently at high pulse rates (up to 1000 Hz). This study compares
stone ablation threshold, ablation rate, and retropulsion for the two different Ho:YAG and TFL operation modes.
The TFL (A = 1908 nm) was operated with pulse energies of 5 to 35 mJ, 500-us pulse duration, and pulse rates of
10 to 400 Hz. The Ho:YAG laser (. = 2120 nm) was operated with pulse energies of 30 to 550 mJ, 350-us pulse
duration, and a pulse rate of 10 Hz. Laser energy was delivered through 200- and 270-m-core optical fibers in
contact mode with human calcium oxalate monohydrate (COM) stones for ablation studies and plaster-of-Paris
stone phantoms for retropulsion studies. The COM stone ablation threshold for Ho:YAG and TFL measured 82.6
and 20.8 )J/cm?, respectively. Stone retropulsion with the Ho:YAG laser linearly increased with pulse energy.
Retropulsion with TFL was minimal at pulse rates less than 150 Hz, then rapidly increased at higher pulse rates.
For minimal stone retropulsion, Ho:YAG operation at pulse energies less than 175 m) at 10 Hz and TFL operation
at 35 mJ at 100 Hz is recommended, with both lasers producing comparable ablation rates. Further development
of a TFL operating with both high pulse energies of 100 to 200 m) and high pulse rates of 100 to 150 Hz may also
provide an alternative to the Ho:YAG laser for higher ablation rates, when retropulsion is not a primary concern.
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1 Introduction

Kidney stone disease is a common and costly disorder in the
United States. Up to 12% of males and 7% of females are
affected during their lifetime.! Estimates of annual costs to
the national health care system reach $5.3 billion. Each year,
over 3 million patient visits to health care providers occur with
over 500,000 treatments in emergency rooms for kidney stone
problems.? Furthermore, recent global warming studies predict
significant climate-related increases in stone disease in the com-
ing decades, including a 10% increase in prevalence and 25%
increase in costs.? A significant percentage of kidney stone pre-
sentations require surgical intervention.

Laser lithotripsy, predominantly via advanced ureteroscopy,
has become a major technique for the minimally invasive sur-
gical destruction of ureteral and kidney stones. For small to
moderate sized or multiple urinary stones, this technology is the
preferred surgical option over even extracorporeal shock wave
lithotripsy in many centers in this country. Maximal clinical ef-
ficiency of laser lithotripsy is important to decrease operative
time, surgical risk, and costs. The rate of stone destruction, or
ablation rate, is a significant measure of efficiency. Laser en-
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ergy tends to propel stones backward (resulting in retropulsion)
from the optical fiber tip unless the stone is fixed or impacted
by surrounding tissues within the ureter or kidney. Retropulsion
is a clinically significant phenomenon, as it causes the surgeon
to “chase” the stone, resulting in a decrease in ablation effi-
ciency and increase in surgical time. Less retropulsion would be
a desirable feature of a laser lithotripter.

The solid-state holmium: YAG laser (Ho:YAG) has become
the principal laser lithotripter in clinical use over the past
15 years. However, our research group has been studying the
thulium fiber laser (TFL) as a potential alternative lithotripter.*~’
The TFL has several potential advantages over the Ho:YAG
laser. The TFL wavelength (A = 1908 nm) more closely matches
a high-temperature water absorption peak in tissue than the
Ho:YAG wavelength (A = 2120),8 which may lead to improved
stone ablation. The excellent TFL spatial beam profile also al-
lows coupling of higher laser power into smaller optical fibers.
For intricate lithotripsy procedures that require extreme flexion
of the miniature ureteroscope (e.g., into the lower pole of the
kidney), a smaller fiber permits greater flexibility of the instru-
ment. The smaller fiber also permits increased irrigation through
the minute working channel within the instrument, improving
visibility and, hence, safety.s'(’
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Although the clinical flashlamp-pumped Ho: YAG laser is ca-
pable of operating at high pulse energies, efficient operation is
limited to relatively low pulse repetition rates (~10 Hz) during
lithotripsy. The Ho:YAG laser is also associated with consider-
able retropulsion, as described above. On the contrary, while the
experimental diode-pumped TFL is limited to low pulse ener-
gies, it is capable of operating efficiently at high pulse rates (up
to 1000 Hz). The purpose of this study is to compare the perfor-
mance of the two different laser lithotripters to determine which
operational mode is most preferable for lithotripsy, Ho:YAG
(high pulse energy and low pulse rate) or TFL (low pulse en-
ergy and high pulse rate). Human calcium oxalate monohydrate
stones were used in this study because the majority of stones
(~80%) are of a calcium-based composition.” The ablation
thresholds, ablation rates, and retropulsion effects were mea-
sured and compared for each lithotripter.

2 Methods
2.1 Stone Sample Preparation

Human calcium oxalate monohydrate (COM) urinary stone sam-
ples with masses of 200 to 1100 mg and of purity greater than
95% were obtained from two stone analysis laboratories (Louis
C. Herring & Co., Orlando, Florida and Labcorp, Oklahoma
City, Oklahoma) and used for the ablation threshold and ab-
lation rate studies. Spherical plaster-of-Paris stone phantoms
having approximately the same size (6-mm-diameter) and den-
sity as COM stones were created using a mold and then used for
the stone retropulsion studies as a standard model for provid-
ing more reproducible results than the irregularly shaped COM
stones. A minimum of five stone samples were used for each
set of laser parameters and the mean + standard deviation was
plotted for each data point.

2.2 laser Parameters

A clinical holmium:YAG laser (TwoPointOne XE, Coherent,
Santa Clara, California) was operated with a wavelength of
2120 nm, variable pulse energies of 30 to 550 mJ, 350-us pulse
duration, and a pulse rate of 10 Hz. For comparison, an ex-
perimental thulium fiber laser (TLR 110-1908, IPG Photonics,
Inc., Oxford, Massachusetts) was externally modulated with a
function generator (Model DS345, Stanford Research Systems,
Sunnyvale, California) to operate in pulsed mode with a wave-
length of 1908 nm, pulse energies of 5 to 35 mJ, 500-us pulse
duration, and pulse rates of 10 to 400 Hz.

2.3 Ablation Thresholds

The ablation threshold, defined as the lowest incident fluence
at which stone material is removed, was measured for human
COM stones after lithotripsy with the Ho: YAG and TFL. Stone
samples were held fixed and submerged in a saline bath for
the studies. For each laser, the pulse rate was fixed at 10 Hz
and a fixed number of 6000 pulses were delivered through
200-pum-core optical fibers (BFL22-200, Thorlabs, Newton,
New Jersey) in contact mode with the stone. The pulse energy
was escalated in small increments until stone mass loss could be
measured, using an analytical balance (AB54-S, Mettler-Toledo,
Switzerland). Total mass loss measurements less than 1 mg, after
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delivery of a total of 6000 pulses, were considered to be within
experimental error and negligible. Furthermore, when divided
by a total of 6000 pulses, this value translates into a mass loss
of less than 1 ug per laser pulse, which is not directly observ-
able, and is negligible compared to typical mass removal rates
of 100’s ng/pulse typically produced when the Ho:YAG laser
is operated at clinical settings. The ablation threshold was then
determined by plotting mass loss (mg) versus fluence (J/cm?)
with a linear fit to the data. The x-intercept of this fit determined
the ablation threshold value.

2.4 Ablation Rates

Ho:YAG laser lithotripsy at a fixed pulse rate of 10 Hz and pulse
energies of 30 to 165 mJ was compared to TFL at a fixed pulse
energy of 35 mJ and pulse rates of 10 to 100 Hz. Silica optical
fibers with 200-um-core diameter delivered the laser radiation in
contact mode to human COM stones submerged and held fixed
in a saline bath. After 6000 pulses, stone mass loss was measured
and average stone vaporization rates (ug/s) were plotted.

2.5 Retropulsion Studies

Laser energy was delivered through 270-um optical fibers
(Olympus Gyrus ACMI, Southborough, Massachusetts) in con-
tact mode with 6-mm-diameter Plaster-of-Paris (PoP) stone
phantoms, submerged in a saline bath (Fig. 1). A rigid uretero-
scope (9.5-Fr ID, Karl Storz, Germany) attached to a light
source (X7000, Stryker Endoscopy, San Jose, California), cam-
era (1188HD, Stryker), and monitor were used to accurately
position the optical fiber tip so it was perpendicular to, centered
on, and in contact with the PoP stone phantom prior to irradia-
tion. Stone retropulsion distance was measured for each set of
laser parameters for a fixed total energy (42 J) delivered to the
stone.

Fiber Tip
Monitor

——
Ureteroscope

=

Rigid Ureteroscope
artached to monitor /|
illumination source

071403-2

Fig. 1 Experimental setup for studying retropulsion during
holmium:YAG and thulium fiber laser lithotripsy using plaster-
of-Paris stone phantoms. A rigid ureteroscope attached to a light
source, camera, and monitor was used to accurately position the
optical fiber tip so it was perpendicular to, centered on, and in contact
with the stone prior to irradiation.
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3 Results
3.1 Ablation Thresholds

To determine the ablation thresholds for the Ho:YAG and TFL
wavelengths, the data was plotted as mass loss versus fluence
(Fig. 2). Both graphs show a highly linear fit to the data points,
with the slope giving a measurement of the ablation rate and the
x-intercept providing the ablation threshold. The COM stone ab-
lation threshold for the Ho: YAG and TFL measured 82.6 J/cm?
and 20.8 J/cm?, respectively. The ablation rates (slopes of linear
fits) shown in Fig. 2 were approximately equivalent.

3.2 Ablation Rates

The data provided in Fig. 2 was obtained only at relatively low
pulse energies and fluencies close to the ablation threshold for
COM stones and only at a low pulse rate of 10 Hz for both
lasers. However, the Ho:YAG laser is not limited to operation
at low pulse energies and the TFL is not limited to operation at
low pulse rates. Therefore, another study was also conducted to
compare optimal operation of the Ho: YAG laser at high pulse
energies (but low pulse rate of 10 Hz) and TFL at high pulse
rates (but low pulse energy of 35 mJ). The results of this study
are shown in Fig. 3. The Ho: YAG ablation rate linearly increased
with pulse energy as expected [Fig. 3(a)], resulting in a COM
stone vaporization rate of 100 pg/s at a pulse energy of about
165 mJ. On the contrary, although the TFL ablation rate also
continued to increase with increasing pulse rate, the rate of
increase was not linear as shown in Fig. 3(b). Instead, an increase
in pulse rate from 10 to 100 Hz did not result in an anticipated
ablation rate increase of 10-fold, but rather only a 5-fold increase
from 28 to 140 pug/s.

3.3 Retropulsion Studies

Figure 4 shows the amount of retropulsion measured for plaster-
of-Paris stone phantoms using the Ho:YAG and TFL. Retropul-
sion with the holmium laser linearly increased with increas-
ing pulse energy. Retropulsion with the TFL was minimal at
pulse rates less than approximately 150 Hz then rapidly in-
creased with higher pulse rates. For the purposes of this study,
minimal retropulsion was defined as a retropulsion distance of
less than 2 mm. This criteria would imply that Ho: YAG laser
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Fig. 2 Determination of the ablation threshold for human calcium ox-
alate monohydrate stones in terms of mass loss after delivery of 6000
laser pulses. (a) The ablation threshold for the holmium:YAG laser
wavelength of 2120 nm measured approximately 82.6 J/em?. (b) The
ablation threshold for the thulium fiber laser wavelength of 1908 nm
measured 20.8 J/cm?.
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Fig. 3 (a) Ablation rates for COM stones as a function of laser pulse
energy for Ho:YAG laser operated at pulse rate of 10 Hz. (b) Ablation
rates for COM stones as a function of laser pulse rate for thulium fiber
laser operated at a pulse energy of 35 mJ.

settings of greater than 175 mJ at 10 Hz with a 270-um fiber
results in significant retropulsion. TFL lithotripsy at pulse rates
greater than 150 Hz at 35 mJ resulted in significant retropulsion
as well.

4 Discussion
4.1 Ablation Thresholds

The COM stone ablation threshold for the Ho:YAG and TFL
measured 82.6 J/cm? and 20.8 J/cm?, respectively. It should
be noted that this ablation threshold for the Ho:YAG laser
(82.6 J/cm?) is an order of magnitude higher than the value
of 7.36 J/cm?, previously reported for COM stones.'? The dif-
ference in reported ablation threshold values may be due in part
to several factors. First, the ablation thresholds were measured
using different criteria in the two studies: by recording the small-
est measurable mass loss over many (6000) pulses in our study
compared with visual confirmation of the smallest mass loss
observable for a single pulse in the previous study. Second, a
free-electron laser (FEL) was used to determine stone ablation
thresholds in the previous study, which has a unique temporal
pulse structure (macropulse of 3 to 5 us consisting of picosec-
ond micropulses) that is significantly different than that of the
Ho:YAG laser (macropulse of 350 us consisting of microsec-
ond micropulses) used in this study and in the clinic. Third,
in the previous study a lens was used to focus the laser beam
onto the stone sample, while in this study an optical fiber with
diverging output beam was used in a similar method as in the
clinic. Fourth, in the previous study COM stones were cut with
a diamond saw to produce a flat surface and then irradiated in
a dry environment, while in this study COM stones with rough
surfaces in their natural hydrated state were irradiated, again
similar to the method used in the clinic.

The difference between the ablation thresholds of the
Ho:YAG (82.6 J/cm?) and TFL (20.8 J/cm?) may be due in
part to the difference in water absorption coefficients at the two
wavelengths® (i, = 28 versus 160 cm ~') for the bound water
component of the stone as well as the surrounding hydrated envi-
ronment in the urinary tract. Otherwise, the absorption curve for
dehydrated human COM stones in the near-infrared from 1500
to 2000 nm is relatively flat and independent of wavelength,'! so
the hard tissue component of the stone probably does not directly
contribute to the large difference in absorption coefficients for
COM stones at the two wavelengths.
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Fig. 4 Retropulsion distance for 6-mm-diameter plaster-of-Paris stone phantoms as a function of (a) pulse energy for Ho:YAG laser operated at a
pulse rate of 10 Hz, and (b) pulse rate for thulium fiber laser operated with a pulse energy of 35 mJ.

4.2 Ablation Rates

The Ho:YAG ablation rate linearly increased with pulse en-
ergy, resulting in a COM stone vaporization rate of 100 pg/s
at a pulse energy of about 165 mJ. Although these laser pulse
energies are still significantly lower than the minimum pulse
energies typically used in the clinic (400 to 600 mJ/pulse), it
should be noted that the Ho: YAG laser pulse energy cannot be
indefinitely increased because stone retropulsion, which will be
discussed in Sec. 4.3, becomes a problem at higher pulse en-
ergies. It should also be mentioned that although commercial
Ho:YAG lasers are available with pulse rates up to 50 Hz (e.g.,
for treatment of BPH), these systems are quite large and ex-
pensive and actually consist of multiple Ho: YAG laser heads
packaged into one system. This design is necessary because
thermal effects occur in the laser rod of a flashlamp-pumped
solid-state Ho: YAG laser system, which typically leads to a sig-
nificant decrease in pulse energy as the pulse rate is increased
beyond 10 Hz.'?

Although the TFL ablation rate also continued to increase
with increasing pulse rate, the rate of increase was not linear.
An increase in pulse rate from 10 to 100 Hz did not result
in an anticipated ablation rate increase of 10-fold, but instead
only a 5-fold increase, from 28 to 140 pg/s. It is possible that
some of the stone ablation efficiency lost during operation at
high pulse rates was due to absorption of a higher fraction of
laser pulses in the saline bath as the fiber was scanned across
the stone surface, although this contribution requires further
study. Charring of the stone surface was also observed at TFL
pulse rates above 100 Hz, most likely as a result of thermal
buildup as the stone was kept fixed during the study. However,
in a clinical environment involving stone mobility and regular
saline irrigation and cooling of the stone surface, efficient TFL
operation at pulse rates higher than 100 Hz may be feasible
(if stone retropulsion is not a concern) and warrants further
study. Nevertheless, operation of the TFL at higher pulse rates
still results in an increase in the ablation rate, and at relatively
little expense, since the diode-pumped fiber laser is capable of
operating at arbitrary pulse rates from 1 to 1000 Hz.

4.3 Retropulsion Studies

Retropulsion with the Ho:YAG laser linearly increased with
increasing pulse energy. Retropulsion with the TFL was mini-
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mal at pulse rates less than 150 Hz, and then rapidly increased
with higher pulse rates. The amount of stone retropulsion that
would be considered acceptable in a clinical study is not easy
to quantify. However, for the purposes of this study, minimal
retropulsion was defined to be a retropulsion distance of less
than 2 mm. This value is based in part on the observation that
the fiber tip to stone surface working distance needs to be short,
insuring near-contact working conditions, for efficient stone va-
porization during Ho:YAG lithotripsy. This criteria would im-
ply that Ho:YAG laser settings of greater than 175 mJ with a
270-pum fiber results in significant retropulsion. As mentioned
earlier, this energy level is considerably less than the lowest
settings of 400 to 600 mJ typically available with a clinical
Ho:YAG laser system. Indeed, this study confirms what urol-
ogists already experience in the clinic, a significant retropul-
sion effect that results in the clinician having to waste time
“chasing” stone fragments inside the urological tract. TFL set-
tings of greater than 150 Hz resulted in significant retropulsion
as well.

In summary, if both the ablation rate and retropulsion ex-
perimental data are considered in unison rather than as separate
studies, the results would indicate that a Ho:YAG pulse energy
of 165 mJ (at 10 Hz) capable of minimizing stone retropulsion
results in an ablation rate of 100 ug/s. A TFL pulse rate of
100 Hz (at 35 mJ) capable of minimizing stone retropulsion
results in an ablation rate of 140 pg/s. Thus, if the urologist is
concerned about minimizing stone retropulsion effects at the ex-
pense of lower stone ablation rates, then the TFL may represent
aviable alternative to the Ho: YAG laser. Previous studies report-
ing on the optimal set of Ho: YAG laser parameters for efficient
lithotripsy with minimal stone retropulsion have reached similar
conclusions that operation of the Ho: YAG laser with lower pulse
energies and higher pulse rates than typically used in the clinic
would also be beneficial.'> 4

Furthermore, recent Ho:YAG laser lithotripsy retropulsion
studies have concluded that the use of lower pulse energies,
longer pulse durations, higher pulse rates, and smaller optical
fiber diameters is the optimal combination of laser parameters
for minimizing stone retropulsion.'>2 A comprehensive study
of all of these parameters was beyond the scope of this paper.
However, it should be emphasized that, unlike the flashlamp-
pumped Ho:YAG laser, the diode-pumped TFL is an ideal laser
for operation within the range of laser parameters listed above,
due to the TFL’s excellent spatial beam profile that allows use
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of small-core fiber diameters and its operation at arbitrary pulse
durations and pulse rates.

As mentioned in previous studies,*’ cost may represent the
largest hurdle to application of the TFL for lithotripsy. The
flashlamp-pumped Ho:YAG laser is significantly less expen-
sive than a diode-pumped TFL. However, the results of this
study may provide further motivation for the development of
more compact, less expensive, pulsed thulium fiber lasers for
lithotripsy.

5 Conclusions

The COM stone ablation threshold for the Ho:YAG and TFL
measured 82.6 J/cm? and 20.8 J/cm?, respectively. Stone
retropulsion with the Ho:YAG laser linearly increased with
pulse energy. Retropulsion with the TFL was minimal at pulse
rates less than 150 Hz, and then rapidly increased at higher
pulse rates. The TFL provided comparable ablation rates to the
Ho:YAG laser for pulse energies and pulse rates that lead to
minimal retropulsion. With further development, the thulium
fiber laser may represent a viable alternative to the conventional
holmium: YAG laser for lithotripsy.
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