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Abstract

Purpose To evaluate the efficacy and safety of thulium-fiber laser (TFL) in laser lithotripsy during percutaneous nephroli-
thotomy (PCNL).

Methods Patients with stones <30 mm were prospectively recruited to undergo PCNL using TFL “FiberLase” (NTO IRE-
Polus, Russia). Stone size, stone density, operative time, and “laser on” time (LOT) were recorded. Study included only cases
managed with fragmentation. Stone-free rate and residual fragments were determined on postoperative computer tomography.
Complications were classified using the Clavien—Dindo grade. Stone retropulsion and endoscopic visibility were assessed
based on surgeons’ feedback using a questionnaire.

Results A total of 120 patients were included in the study with a mean age of 52 (+ 1.8) years; of these 77 (56%) were males.
Mean stone size was 12.5 (+8.8) mm with a mean density of 1019 (£375) HU. Mean operative time was 23.4 (+17.9) min
and mean LOT was 5.0 (+5.7) min. Most used settings were of 0.8 J/25-30 W/31-38 Hz (fragmentation). The mean total
energy for stone ablation was 3.6 (+4.3) kJ. Overall stone-free rate was 85%. The overall complication rate was 17%. Sur-
geons reported stone retropulsion that interfered with surgery in 2 (1.7%) cases insignificant retropulsion was noted in 16
(10.8%) cases. Poor visualization was reported in three (2.5%) cases and minor difficulties with visibility in four (3.3%) cases.
Conclusions TFL is a safe and effective modality for lithotripsy during PCNL and results in minimal retropulsion.
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Introduction

Currently, Holmium: YAG (Ho:YAG) laser lithotripsy is
the primary laser ablation method used in the treatment of
urinary calculi [1]. The Ho:YAG laser is highly efficient in
stone fragmentation and dusting, and recent refinements of
the Ho: YAG laser such as the Moses technology have further
improved its efficacy in laboratory studies [2, 3]. Despite the
Institute for Urology and Reproductive Health, Sechenov well-established clinical utility of the Ho:YAG laser, next-
ggi‘s’?:zig’éirlaggfhaya Pirogovskaya St., Moscow 119991, generation, fiber-based laser systems may prove to be even

safer and more efficacious. Specifically, the thulium fiber
laser (TFL) offers a higher laser energy absorption in water
and has been reported to cause minimal stone retropulsion
in vitro [4].

The potential clinical advantages of TFL compared to the
Ho:YAG laser arise from differences in laser beam genera-
tion. In solid-state lasers (Ho:YAG, LBO:YAG, KTP:YAG),
a flashlamp pump emits energy through YAG crystals doped
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with various ions (e.g., holmium, lithium triborate or potas-
sium titanyl phosphate), which leads to amplification and
emission of the laser beam. With this method of laser gen-
eration, less than 10% of the energy is focused into the laser
itself, with most energy lost in the form of heat [5]. Thus,
to avoid over-heating, Ho: YAG laser devices are equipped
with large water-cooling systems, contributing to their size
and higher energy consumption. In contrast, TFL utilizes
30 m of thulium-doped silica fiber, which is pumped with
diode lamps. This mechanism of laser production is highly
efficient, and the minimal excess heat produced by TFL can
be managed by a simple fan-cooling system [6].

TFL has already been shown to be an effective modal-
ity in benign prostatic hyperplasia (BPH) surgery [7-9],
and in vitro studies have indicated great potential for TFL
in laser lithotripsy for urinary stone disease [10, 11]. The
objective of this study was to evaluate the efficacy and safety
of TFL in the setting of PCNL. To the best of our knowl-
edge, this is the first clinical study evaluating TFL in urinary
stone disease.

Materials and methods
Patient selection and study design

After obtaining an Institutional Review Board approval
for the study, we performed a prospective study to assess
the safety, efficacy and retropulsion effects of TFL during
PCNL. Current trial was a proof-of-concept work, there-
fore, no comparison group were formed. Consecutive
patients (> 18 years) with urinary calculi were prospectively
recruited for treatment with PCNL using TFL “FiberLase”
(NTO IRE-Polus, Russia) between August 2017 and January
2019. For all surgeries, we used same laser machine with no
changes in technical settings. Patients with a stone diameter
of up to 30 mm were included, while patients on anticoagu-
lant therapy or patients undergoing secondary simultaneous
surgical intervention (e.g., for BPH, upper tract carcinoma,
urethral and ureteral stricture) were excluded. Patients who
refused to participate were excluded from the study and were
treated with other surgical modalities (ESWL, Ho:YAG
or other lithotripters). Prior to their PCNL procedure, all
patients underwent contrast-enhanced computed tomography
(CT) of the urinary tract for assessment of renal anatomy,
and stone characteristics such as size, location, number of
calyes involved and density (hounsfield units, HU). All
imaging was assessed by one experienced radiologist.

Laser settings and surgical technique

During PCNL, TFL settings were 640 W, 7-300 Hz, and
0.1-4.0 J. 200 mcm laser fibers were used for all cases.
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These settings were considered safe for surgery based on
preliminary in vitro studies [12]. The operating surgeon
chose the specific pulse energy regimen intraoperatively.
The mode of lithotripsy was fragmentation in all cases. All
PCNL procedures were performed using a 12 Fr nephro-
scope with MIP set (16.5-17.5 Fr) (Richard Wolf Gmbh,
Germany). All procedures were performed by one of four
attending surgeons, and all surgeries were completed with
patients in prone position under general anesthesia. All the
surgeons were highly experienced in Ho: YAG lithotripsy
and perform at least 20 cases with TFL prior beginning of
the study. Irrigation was passive (falling water) in all cases.
A Foley catheter (16-20 Fr) was placed in all patients
after surgery. The nephrostomy tube (16 Fr) was removed
2-4 days after the operation.

Outcome measures

Operative time was measured as the time from nephroscope
insertion to nephroscope removal. “Laser on” time (LOT),
which was automatically recorded by the laser system, was
the total time that the laser was in use.

Retropulsion: Surgeon questionnaires with three-point
Likert scales were used to assess stone retropulsion (0 =no
retropulsion, 1 =retropulsion which does not affect stone
ablation, 2 =retropulsion that interferes with stone abla-
tion) as well as intraoperative visibility (0=clear visibility,
1 =decrease of visibility, which does not affect procedure,
2 =poor visibility that interferes with the procedure). To
exclude potential biases, inter-rater variability was assessed.

Residual stone assessment: Postoperative stone-free sta-
tus was assessed in all patients on CT imaging completed
within 3 months after surgery. Complications were recorded
using the PCNL adaptation of the Clavien classification sys-
tem [13].

Statistical analysis

Primary outcome variables included operative time, stone
retropulsion, and stone-free rate. Secondary outcome vari-
ables included LOT, intraoperative visibility, and complica-
tion rate. Patient data were expressed as mean + standard
deviation (SD). Categorical variables were compared using
the Pearson’s Chi-square test. For comparison of the means,
analysis of variance (ANOVA) was used. Confidence inter-
vals of the means were calculated on the basis of Student’s
criterion with p=0.05. After ANOVA, post hoc tests were
used for comparisons between groups. Kruskal-Wallis test
was performed for non-normally disturbed variables. For
correlations assessment, Pearson’s coefficient was used. All
tests were two sided, and a p value of 0.05 was considered
the threshold for statistical significance. Statistical analysis
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was completed using SPSS Statistics 23.0 (IBM Corp.,
Armonk, NY, USA).

Results

A total of 120 patients were included in this study with a
mean age of 52 + 1.8 years. Mean stone density and stone
diameter were 1019 +£375 HU and 12.5 + 8.8 mm, respec-
tively (Table 1). Mean follow-up time was 3 months. Most
frequently used settings were of 0.8 J/25-30 W/31-38 Hz.
Fragmentation settings were established during previous
preclinical work and short proof-of-concept series of cases
[14].

Mean operative time (without puncture time) for the entire
cohort was 23.4+17.9 min and LOT was 5.0 £5.7 min.
Mean total energy for stone ablation was 3.6 +4.3 kJ. There
was no correlation between stone density and mean LOT
(Pearson correlation —0.043, p=0.723) (Table 2). There
was a weak correlation between stone diameter and laser on
time (Pearson correlation: +0.394 (p=0.001).

Retropulsion and visibility outcomes
Surgeons reported stone retropulsion that interfered with

surgery (retropulsion score=2) in 2 (1.7%) cases, which
prolonged the operation by approximately 30 min; in these

Table 1 Patient characteristics

All patients (n=120)

Age, years
Kidney (right/left)
Stone size, mm
Stone density, HU

52+1.8 (18-80)

56/81

12.5+8.8 (5-30)

1019 375 (150-2100)

Data presented as mean =+ SD (range)

Table 2 Intraoperative data

cases, the stone density was 1400 and 1072 HU, and stone
diameter was 9 and 6 mm. Insignificant retropulsion (ret-
ropulsion score =1) was noted in 13 (10.8%) cases, and
in all other cases, there was no retropulsion (retropulsion
score =0) (Table 3). In retropulsion patients, we found an
increased laser on time, especially in the group with exten-
sive retropulsion (comparing both to groups of minimal and
no retropulsion, p <0.001). Surgeons reported poor vis-
ibility that interfered with the surgery (visibility score=2)
in 3 (2.5%) cases and minor difficulties with visibility in 4
(3.3%) cases (visibility score = 1); endoscopic visibility was
clear (visibility score =0) in all other cases (Table 3). We did
not observe any differences in intraoperative parameters in
patients with low or poor visibility or did we find an increase
of intra- or postoperative complications.

Most postoperative complications were Clavien grade
I-II, and none were determined to be related to the laser lith-
otripsy (Table 4). At 3-month follow-up, contrast-enhanced
CT imaging revealed no strictures or stenosis of the upper
urinary tract in any patient.

The stone-free rate at 3 months was 85% (116 patients).
Residual stones’ size was <3 mm in 10 (7%) patients, and
4 mm in the other 11 (8%) patients.

Discussion

Lasers utilizing thulium as part of the laser medium have
been in use for more than a decade. For example, the
Tm:YAG laser is an established tool for tissue cutting and
has proven efficacy in the treatment of BPH and bladder
tumor resection [7]. Unlike the Tm:YAG, which uses a solid-
state crystal, TFL is a fiber laser-based technology, and has
only recently appeared in clinical practice [15]. The main
advantages of TFL are its significantly increased absorp-
tion in water (twice that of Tm:YAG and 4.5 times that of
Ho:YAG) [10] and improved bubble formation dynamics,

Stone density group All patients (n=120) >1000 HU (n=52) <1000 HU (n=68) p (=1000 HU
vs < 1000 HU)
Stone density, HU 1019 £375 (150-2100) 1284 +202 (1000-2100) 640200 (150-990) p<0.001*
Stone size, mm 12.1+7.4 (5.0-30) 11.5+6.90 (5.0-30) 13.4+8.1 (5.0-30) 0.147
Operative time, min 23.4+17.9 (7.0-120) 23.6+17.8 (7.0-120) 22.8+18.4 (10.0-90) 0.780
Laser on time, min 5.0+£5.7 (1.0-20) 6.1+6.0 3.9+5.8 (0.50-10) 0.081
(1.0-20)
Total energy for stone abla- 3.6+4.3 (1.0-23) 39+44 3.1+£3.1(1.0-11) 0.177
tion, kJ (1.0-23)

Data presented as mean + SD (range)

Categorical variables were compared using the Pearson’s Chi-square-test. For comparison of the means, analysis of variance (ANOVA) was used

*Statistical significance
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Table 3 Retropulsion and visibility

Retropulsion No retropulsion (0) Minimal retropulsion (1) Extensive retropulsion (2) P
Patients, n 105 (87.5) 13 (10.8) 2(L.7) -
Stone density, HU 1037 +394 (150-2100) 943 +304 (290-1494) 1236 +231 (1072-1400) 0.228
Stone size, mm 11.4+8.0 (5.0-30) 14.4+8.8 (5.0-30) 6.8+1.1 0.098
(6.0-9.0)
Operative time, min 21.4+15.1 (7.0-120) 25.4+10.7 (7.0-65) 75.5+17.7 (63-83) 0.015%*
Laser on time, min 4.8+5.1(1.0-15) 10.9+4.4 (5.0-20) 26.0+15.5 (15-37) p<0.001*
Total energy for stone abla- 3.3+3.9(1.0-19) 15.8£5.6 (5.0-23) 14.5+7.8 (9-20) 0.007*
tion, kJ
Visibility Clear visibility (0) Minor difficulties (1) Poor visualization (2) p
Patients, n 113 (94.2) 43.3) 3(2.5) -
Stone density, HU 1020+411 (150-2100) 973 +305 (435-1600) 1104 £330 (590-1500) 0.629
Stone size, mm 10.7+6.1 (5.0-30) 14.0+11.7 (6.0-30) 13.1+9.8 (5.0-30) 0.063
Operative time, min 23.4+17.9 (7.0-120) 39.3+17.9 (28-60) 43.0+26.1 (18-70) 0.074
Laser on time, min 4.8+4.9 (1.0-15) 12.3+4.7 (5.0-20) 11.5+4.1 (7-17) 0.079
Total energy for stone abla- 3.5+3.1(1.0-23) 8.5+1.9 (7.0-10) 6.3+1.7 (6.0-10) 0.473

tion, kJ

Comparison of outcomes in patients grouped by retropulsion (0 =no retropulsion, to 2 =high retropulsion that interferes with stone ablation) and
interference with visibility (0= clear visibility, to 2 =poor visibility that interferes with the procedure)

Categorical variables were compared using the Pearson’s Chi-square-test. For comparison of the means, analysis of variance (ANOVA) was used

*Statistical significance

Table 4 Postoperative complications

Complications Total (n=120)

Clavien grade I

Fever 4 (3.3)

Transient creatinine elevation 4 (3.3)

Clot retention 6(4.2)
Clavien grade II

Transient urine leakage 2(1.7)

UTI 2(1.7)

‘Wound infection 1(0.8)
Clavien grade Illa

Double-J stent placement for urine leakage 6 (5.0)

Data presented as n (%)

which is attributed to the lower peak power of TFL. In vitro
studies of TFL have demonstrated better stone ablation rates
compared to the Ho:YAG laser, with a dusting rate four
times that of the Ho: YAG (due to a higher penetration rate)
and a 1.5-2 times higher fragmentation rate due to decreased
retropulsion [4, 15]. Other in vitro assessments have shown
that TFL is comparable or even superior to Ho:YAG in
regards to stone ablation [11]. It was found that, for uric
acid and calcium oxalate monohydrate stones, TFL exhibited
2—4 times higher ablation rates than Ho: YAG [10, 16]. Simi-
larly, Fried recently reported a higher stone ablation rate and
reduced retropulsion with TFL compared to Ho: YAG [10].

@ Springer

In a review of the available data, Kronenberg et al. indicated
that TFL may eventually rival the Ho:YAG in the treatment
of urinary stone disease, but this has yet to be substantiated
with clinical data [17].

The goal of this study was to evaluate the clinical efficacy
and safety of using TFL as a laser lithotripter during PCNL.
All the patients in our cohort were successfully treated with
TFL, with a mean LOT of 6.5 min. Despite stone densities
of up to 2100 HU, we did not observe a significant cor-
relation between stone density and LOT or operative time.
Our current findings suggest that TFL is equally efficient in
ablating stones regardless of density. Previously, Andreeva
et al. confirmed this finding in preclinical study, moreover,
TFL was twice better for stone fragmentation and dusting
than Ho:YAG [11, 14].

Stone retropulsion during lithotripsy frequently interferes
with the efficiency and efficacy of the procedure. Standard
Ho:YAG lasers are associated with high retropulsion rates.
This problem has been addressed by introduction of the
Moses technology, which is based on the Moses effect, pre-
sent first described as early as the 1980s [10, 18]. A short,
low-energy pulse creates a vapor bubble, which “parts the
water,” allowing the subsequent longer, higher energy pulse
to more efficiently deliver ablative energy to the stone sur-
face. In an in vitro model, Winship et al. demonstrated that
Moses technology is superior to standard Ho:YAG short-
and long-pulse settings in stone ablation when the laser
fiber is held 1 mm from the stone [19]. In the first clinical
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study using Moses technology, Elhilali et al. reported a
better ablation rate and a significantly better safety profile
compared to standard Ho: YAG lithotripsy [20]. In contrast
to Ho:YAG, TFL should theoretically decrease retropul-
sion using a smaller laser fiber and operating at lower pulse
energies, higher pulse rates, and longer pulse durations.
Indeed, Blackmon et al. demonstrated in vitro that retropul-
sion increases linearly with pulse energy during Ho: YAG
lithotripsy; even at pulse energies that are lower than that
used clinically (i.e., 175 mJ at 10 Hz with a 270 um fiber),
the Ho:YAG laser resulted in retropulsion of >2 mm [16].
Alternatively, TFL resulted in minimal (<2 mm) retropul-
sion at pulse rates less than 150 Hz, but then drastically
increased at higher rates. Taken together, the authors stated
that settings designed to minimize retropulsion would result
in an ablation rate of 100 pg/s for the Ho: YAG compared to
140 pg/s for TFL.

In the current study, retropulsion that interfered with the
progress of the PCNL was reported in 2 (1.4%) cases, while
insignificant retropulsion that did not hinder the case was
reported in 16 (11.7%) cases; no retropulsion was reported
in the remaining 119 (87%) cases. These data indicate that
in vitro findings of less retropulsion with TFL may translate
clinically, although clinical head-to-head comparisons of
TFL vs. Ho:YAG lithotripsy are necessary to confirm this
possibility. Previous preclinical works in the field confirmed
this suggestion [11, 14].

Another interesting finding was the fact that we observed
suboptimal visibility in 14.6% of cases, in most of them
during surgery, we initially used high frequency settings
(higher than 100 Hz), yet no statistically significant corre-
lation between frequency and visibility was found. As for
high laser powers (25-40 W) used in TFL lithotripsy in our
study—we suggest that it should have no effect on urinary
tissue. Previously, it has been shown by Andreeva et al. that
Ho:YAG and TFL do not differ in thermal parameters [14].
Moreover, our postoperative data allows to suggest that TFL
is a safe modality for lithotripsy, no cases of strictures or
stenosis were found at 3 month follow-up.

Despite the benefits of Moses technology, the peak power
(up to 15 kW) generated by Ho: YAG systems is much higher
than that generated by TFL (500 W) [10]. The lower peak
power of TFL creates a smaller vapor bubble and deliv-
ers more energy to the stone itself [10, 16, 21]. Thus, with
lower energy consumption, TFL can achieve an ablation rate
equivalent or superior to that of the Ho:YAG laser, which
has been demonstrated for most common stone composi-
tions including calcium oxalate monohydrate and uric acid
[10, 16]. The smaller vapor bubble diameter generated by
the TFL relative to the Ho:YAG (1 mm vs. 5 mm, respec-
tively) also translates to reduced stone retropulsion as well
as reduced collateral damage to tissues and endoscopic
instruments [22, 23]. At the settings for lithotripsy, TFL is

minimally ablative to surrounding tissues even when held in
direct contact with the tissue [24].

TFL also allows for use of a smaller laser fiber diameter
(as small as 100 pm) compared to Ho: YAG systems; this is
attributed to the more uniform spatial beam profile of TFL
[11]. This uniform beam profile is a result of using a diode
laser pump as the energy source rather than a flashlamp. The
smallest fiber diameter that was used in the current study
was 200 pm; however, studies evaluating TFL using smaller
diameter fibers are currently ongoing.

There were several limitations to this study. First, this was
not a comparative study. Ideally, the TFL will soon be com-
pared against the Ho: YAG laser (both standard and Moses)
in a clinical setting. Currently, TFL is only approved for clin-
ical use in urinary stone disease, BPH and bladder resection
in Russia; the evaluation of TFL as a laser lithotripter will
be enhanced as regulatory agencies in other nations approve
TFL for clinical use. However, main goal of this study was
to prove that TFL is an effective and safe device for stone
lithotripsy. Second, the study included four surgeons, which
may introduce variation in operative outcomes such as oper-
ative time; however, this did not interfere with our primary
objective of assessing the safety and efficacy of TFL during
PCNL. Third, the use of non-validated questionnaires (e.g.,
Likert scale from O to 2) may have been a potential source
of bias, especially with four surgeons participating in the
trial. One benefit of including data from multiple surgeons
is demonstration of the point that SP TFL may be adapt-
able for surgeons of varying levels of experience and skill.
Last major limitation is lack of data on TFL efficacy, current
study is the first clinical work on TFL lithotripsy, therefore,
we are unable to compare achieved data with any previous
works in the field.

Conclusions

TFL is a safe and effective modality for lithotripsy during
PCNL and results in minimal retropulsion. Further studies
regarding the clinical efficacy and safety of TFL compared
to Ho: YAG laser lithotripsy are required.
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