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Impact of laser fiber tip cleavage on power output for ureteroscopy and stone treatment
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Introduction

Holmium:YAG laser is the most used laser for urolithiasis treatment as it can efficiently fragment any type of stone regardless of the composition [START_REF] Kronenberg | Update on lasers in urology 2014: current assessment on holmium:yttrium-aluminum-garnet (Ho:YAG) laser lithotripter settings and laser fibers[END_REF][START_REF] Rodríguez | Lasers in urology[END_REF]. During continuous stone lithotripsy the fiber tip may deteriorate due to the "burn-back" effect, which is a result of the thermal and mechanical effect produced when firing the laser against the stone [START_REF] Mues | Quantification of holmium:yttrium aluminum garnet optical tip degradation[END_REF].

Several factors have been shown to increase the "burnback effect" including high energy and short-length pulse settings, treating hard stones or the use of small (<275µm) laser fibers [START_REF] Khemees | Evaluation of a new 240-μm single-use holmium:YAG optical fiber for flexible ureteroscopy[END_REF][START_REF] Kronenberg | Are we all doing it wrong? Influence of stripping and cleaving methods of laser fibers on laser lithotripsy performance[END_REF]. Many cleaving methods have been described to avoid fiber damage and to restore its effectiveness. This is achieved by cutting the fiber tip systematically, and many cleaving instruments, such as metallic Abstract Purpose Holmium:YAG laser is the most used laser for urolithiasis. Generally, we use metallic scissors to cut the fiber tip to restore its effectiveness. Many cleaving methods have been described to avoid fiber damage and to restore its greatest power to the fiber. There is a lack of information regarding which cleaving method should be used and its effect on the fiber. In order to compare these effects, we studied different cleavage methods in terms of power output and its effects on the fiber. Methods New single-use 272-μm fibers were used with a holmium:YAG laser lithotripter. Five kinds of fiber tips were compared: a new intact fiber, cleaved with ceramic scissors, cleaved with metallic scissors, first cleaved then stripped and first stripped then cleaved. The fibers were

Materials and methods

New single-use 272-µm fibers (Rocamed ® ) were used with the MH01-ROCA FTS30W (Rocamed ® ) lithotripter. Five different kinds of fiber tips were compared: a new fiber (stripped and cleaved by the manufacturer), fiber tip cleaved with ceramic scissors, fiber tip cleaved with metallic scissors, fiber tip first cleaved with ceramic scissors then stripped and fiber tip first stripped then cut with ceramic scissors.

The fibers were fired against a synthetic hard stone BegoStone-Plus (Bego USA, Lincoln, RI, USA) for 15 min. These synthetic stones have the acoustic impedance of calcium oxalate monohydrate-type stones [START_REF] Esch | A simple method for fabricating artificial kidney stones of different physical properties[END_REF][START_REF] Liu | BegoStone-a new stone phantom for shock wave lithotripsy research (L)[END_REF]. A robotic arm Staübli-RX90 (Staübli International©, Zurich, Switzerland) was programmed to move the fiber in a straight axis along the stone while firing the laser, with a constant distance of 1 mm between them, at a constant velocity of 1 mm/s.

As described in the literature, two different laser settings were established: fragmentation (1.5 J, 5 Hz and shortpulse) and dusting (0.5 J, 15 Hz and long-pulse) settings [START_REF] Sea | Optimal power settings for Holmium:YAG lithotripsy[END_REF][START_REF] Kronenberg | In vitro fragmentation efficiency of holmium: yttrium-aluminum-garnet (YAG) laser lithotripsya comprehensive study encompassing different frequencies, pulse energies, total power levels and laser fibre diameters[END_REF]. All theoretical powers were set at 7.5 W. We measured power output at 0, 1, 5, 10 and 15 min of lithotripsy with a Molectron EPM1000 wattmeter (Coherent Inc.). Every experiment for each parameter and each kind of fiber tip were repeated three times. Additionally, the fiber tips were analyzed with an optical microscope (Zeiss ® AxioCam Imager 2) before and after 1 min of use to look for any damage at the fiber tip. Also, light beam emitted through the fibers were evaluated. Fibers were placed at 1 cm above a black surface to observe the shape of the beam. To achieve consistency, the same operator conducted all these experiments.

Statistical analysis was performed using Kruskal-Wallis test on BioStaTGV (France) only for the power output, with a significant level set at p < 0.05. No statistical analysis was performed for fiber tip and light emission.

Results

Power output

At T0 min, all these fibers had less than 7.5 W (Table 1). Table 1 and Fig. 1a summarise the mean power achieved for different fiber tips using the fragmentation parameters. There was a statistical difference between these 5 groups at 0 min (right after cleaving the fiber, p = 0.042) and after 1 min of laser use (p = 0.042), reducing the power output between -0.04 W (for metallic scissors cut fiber) and 0.73 W (for cut-then-stripped fiber) after 1 min of laser use set at fragmentation parameters.

On pairwise comparison at 0 min, metallic scissorcleaved fibers were inferior to intact fibers, ceramic-cleaved fibers, stripped-then-cut fibers and cut-then-stripped fibers (4.53 vs. 6.60-p = 0.034, 4.53 vs. 6.50-p = 0.046, 4.53 vs. 6.50-p = 0.046 and 4.53 vs. 6.73-p = 0.043, respectively). Also, cut-then-stripped fibers were superior to intact fibers and stripped-then-cut fibers (6.73 vs. 6.60p = 0.034 and 6.73 vs. 6.50-p = 0.046, respectively).

On pairwise comparison at 1 min of laser use with fragmentation parameters, metallic scissor-cleaved fibers were inferior to intact fibers, ceramic-cleaved fibers, strippedthen-cut fibers and cut-then-stripped fibers (4.67 vs. 6.50p = 0.037, 4.67 vs. 6.03-p = 0.049, 4.67 vs. 6.40p = 0.049 and 4.67 vs. 6.00-p = 0.049, respectively).

After more than 1 min of laser use with fragmentation parameters, there were no statistical differences between these 5 groups at 5, 10 and 15 min of laser use (p > 0.05).

Table 2 and Fig. 1b summarise the mean power achieved for different fiber tips using the dusting parameters. There was a statistical difference between these 5 groups at 0 min (right after cleaving the fiber, p = 0.022) reducing the power output between 0.03 W (for metallic scissor-cut fiber) and 1.00 W (for stripped-then-cut fiber) after 1 min of laser using the dusting parameters.

On a pairwise comparison at 0 min, metallic scissor-cleaved fibers were inferior to the intact fibers, ceramic-cleaved fibers, stripped-then-cut fibers and cutthen-stripped fibers (4.53 vs. 6.60-p = 0.049, 4.53 vs. 5.90-p = 0.049, 4.53 vs. 5.53-p = 0.049 and 4.53 vs. 6.33-p = 0.046, respectively). However, there were no statistical differences between these 5 groups at 1, 5, 10 and 15 min of laser use with dusting parameters (p > 0.05).

Fiber tips and light emission (Fig. 2)

The light emitted by the fibers was systematically scattered when the fiber tip was cut (Fig. 2c). None of the cleavage methods succeeded in achieving a narrow beam as the one seen with the intact fiber before its use. Fibers cut with ceramic scissors seem to have the narrowest beam, followed by those cut with metallic scissors. Cut and stripped fibers had the most scattered beam.

While cutting the fiber tip, ceramic scissors was able to achieve a clean cut while metallic scissors fissured the glass (Fig. 2). After 1 min of use, the fiber tips that were still coated had less damage than stripped fibers. Less than 0.5 mm of the fiber coating on non-stripped fibers was systematically burnt by the laser. With all laser fibers, emitted light after 1 min of laser use was systematically more scattered than previously.

Discussion

Laser fibers are made with two layers of silica (amorphous silicon dioxide, SiO2): the core and the cladding with different refractive indices (RI). RI defines the direction of light and by how much the light bends or refracts. Energy is conducted along the fiber because of the difference between RI, making the light reflect inside the core as it travels through the fiber. The physical theory behind the propagation of light through the optic fiber is called "total internal reflection (TIR)". TIR is defined by Snell-Descartes' law, which states that the incident and refracted light rays' angles are equal when the light beam reflects on an interface. It occurs when light rays in an optically dense medium tries to propagate into a less optically dense medium. Light is reflected back into the original medium if the incident ray has an angle that equals or exceeds the critical angle of TIR. This critical angle is a function of the numerical aperture. In laser fibers, these two media are the core and the cladding, and their interface acts as a reflector when the light rays' angle equals or exceeds the critical angle of TIR.

Covering the cladding, the fiber is coated with ethylene tetrafluoroethylene (ETFE) for protection. When the interface between the fiber core and the cladding is damaged (such as during lithotripsy, or after cleaving the fiber), fiber tip degradation is inevitable because energy leaks and burns the cladding as well as the coating through these fissures. The fissures are the consequences of physical damage during lithotripsy, either by a small stone particle that crashes against the fiber tip, or by the cavitation bubble made by every laser impulsion (burnback effect). Fissures can also be made by the cleaving tool, which breaks the fiber tip instead of cleaving it. Cleaving the laser fiber systematically has been recommended with the intention of regaining the efficiency of a fiber damaged by mechanical and thermal burn-back effects of lithotripsy [START_REF] Mues | Quantification of holmium:yttrium aluminum garnet optical tip degradation[END_REF][START_REF] Giusti | Current standard technique for modern flexible ureteroscopy: tips and tricks[END_REF]. When performing lithotripsy, the power output decreases because the fiber tip is damaged by the burn-back effect, regardless of the cleaving method. The ideal way to keep power at its greatest level would be to cut the fiber tip every 3 min, which is potentially inefficient during surgery.

Nominal intensity (NI) is what is important when you analyze pulse-by-pulse emission. NI is the ratio between nominal power and the surface, so when the beam is scattered, NI decreases. This explains the power decrease through lithotripsy, caused by the "burn-back" effect on laser fiber.

Although some manufacturers recommend the use of ceramic scissors, it has been shown that coated fibers achieve equal stone ablation rates whether they are cut with metallic or ceramic scissors, a finding corroborated in this study too [START_REF] Kronenberg | Are we all doing it wrong? Influence of stripping and cleaving methods of laser fibers on laser lithotripsy performance[END_REF]. Our results also showed a lower power output in coated fibers, although coated laser fibers have shown to achieve better ablation rates than stripped fibers [START_REF] Kronenberg | Are we all doing it wrong? Influence of stripping and cleaving methods of laser fibers on laser lithotripsy performance[END_REF].

Vassantachart et al. [12.] reported on the power output and light dispersion after four different cleaving methods. They compared new fibers cleaved with a scalpel blade, a scribe pen cleaving tool, a diamond cleaving wheel and metallic scissors. They concluded that the new uncleaved fibers had the best power output, followed by the scribe pen cleaving tool, scalpel, diamond cleaving wheel, and metallic scissors, respectively. Light dispersion followed the same trend in these fibers. Unfortunately the authors did not evaluate the power output through time or after lithotripsy. Also the scribe pen cleaving tool and diamond cleaving wheel are tools only available for basic research in "controlled laboratory environments" but not for routine clinical use [START_REF] Cook | Fiber cleaving tool[END_REF].

Peplinski et al. [6.] studied five different cleaving methods on two different fiber diameters (200 and 365 µm) after 15 min of laser use on calcium oxalate monohydrate stones. They concluded that the 365-µm fibers were more durable and less affected by the burn-back effect than the 200-µm fibers. Secondly, they also found that while the initial power varies between the laser fibers cut with different cleaving methods, these differences disappear after 3 min of laser use. These results go in accordance with ours suggesting that there are no benefits of cutting the fibers with any specific tool or method, as there were no differences between the power output among fibers after 1 min of use.

Analyzing the images of the fiber tips at 0 min, a difference was seen between different cleaving methods. The ceramic scissors had precise cuts respecting both layers of silica (theoretically allowing energy to reflect along the fiber until its end). Metallic scissors fissure the silica glass spreading the energy and explaining why metallic scissors had the lowest power output of all initially. These results might be pictured by examining the light emitted by the fibers. Non-stripped fibers, except for the intact fiber, emitted almost round light beams before use, but the metallic scissors emitted a more scattered beam than their ceramic counterparts. Stripped fibers, except for the intact fiber, emitted the most scattered beams in our study because of small fissures caused by the stripper. All these beams were rounder and equivalent after use, as if the energy burned the defects at the fiber tip concentrating all the power.

This study suffers from a few limitations. First of all, we used only one brand of laser fiber (Rocamed ® ) for the purposes of experimental consistency. But, it has been shown that all fibers are not manufactured the same way, and thus vary in their properties in terms of fiber durability [START_REF] Mues | Evaluation of 24 Holmium:YAG laser optical fibers for flexible ureteroscopy[END_REF][START_REF] Akar | Evaluation of 16 new holmium: yttrium-aluminum-garnet laser optical fibers for ureteroscopy[END_REF]. Hence, more similar studies with a wider range of fiber size and brands might be necessary. Similarly, more number of experiments might also help increase the power of this study, which was not done due to cost constraints with the expense associated with laser fibers and conducting these experiments. We chose to use only new single-use fiber in order to have better results regarding the effects of cleaving. Finally, fiber tip and light emission were described without statistical analysis. In future, this data should be recorded as categorical data to perform statistical analysis.

Conclusion

Different cleaving and stripping methods did not show any significant differences in power output after 1 min of lithotripsy. Thus, we suggest cutting the fiber with metallic scissors as it is widely available and is most cost-effective.

Fig. 1

 1 Fig. 1 Mean power of different fiber tips using fragmentation (a) and dusting (b) parameters

Fig. 2

 2 Fig. 2 Frontal and profile views of fiber tips and emitted light by fibers

Table 1

 1 Mean power of different fiber tips using fragmentation parameter

	Fiber tip	t0	t1	t5	t10	t15
	Intact	6.60 (±0.26)	6.50 (±0.46)	4.23 (±0.26)	4.77 (±0.81)	4.93 (±0.70)
	Metallic	4.63 (±1.35)	4.67 (±1.30)	4.43 (±0.99)	4.50 (±0.25)	5.03 (±0.81)
	Stripped then cut	6.50 (±0.55)	6.40 (±0.56)	5.47 (±0.70)	5.47 (±1.01)	5.53 (±1.17)
	Cut then stripped	6.73 (±0.32)	6.00 (±0.52)	5.13 (±0.52)	5.40 (±0.56)	5.13 (±0.47)

Ceramic 6.50 (±0.47) 6.03 (±0.47) 5.57 (±0.31) 5.10 (±0.21) 4.87 (±0.42)

Table 2

 2 

	Mean power of different fiber tips using dusting	Fiber tip	t0	t1	t5	t10	t15
	parameter	Intact	6.80 (±0.42)	6.60 (±0.20)	4.90 (±0.10)	4.93 (±0.50)	5.30 (±0.60)
		Ceramic	6.00 (±0.26)	5.90 (±0.15)	4.53 (±1.07)	4.10 (±0.36)	4.27 (±0.85)
		Metallic	4.53 (±0.31)	4.50 (±0.10)	3.80 (±0.35)	3.80 (±0.50)	4.00 (±0.35)
		Stripped then cut	6.53 (±0.17)	5.53 (±0.17)	4.80 (±0.23)	5.23 (±0.36)	4.93 (±0.26)
		Cut then stripped	6.53 (±0.31)	6.33 (±0.32)	4.03 (±0.17)	4.27 (±0.10)	4.77 (±0.12)
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