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Abstract

The goal of this study was to assess the ablation, coagulation, and carbonization characteristics of the holmium:YAG
(Ho:YAG) laser and thulium fiber lasers (TFL). The Ho:YAG laser (100 W av.power), the quasi-continuous (QCW) TFL
(120 W av.power), and the SuperPulsed (SP) TFL (50 W av.power) were compared on a non-frozen porcine kidney. To
control the cutting speed (2 or 5 mm/s), an XY translation stage was used. The Ho:YAG was tested using E=1.5 J and
P,,=40 W or P,,=70 W settings. The TFL was tested using £=1.5 J and P,, =30 W or P,,=60 W settings. After
ex vivo incision, histological analysis was performed in order to estimate thermal damage. At 40 W, the Ho:YAG
displayed a shallower cutting at 2 and 5 mm/s (1.1 +0.2 mm and 0.5 £ 0.2 mm, respectively) with virtually zero coagu-
lation. While at 70 W, the minimal coagulation depth measured 0.1 + 0.1 mm. The incisions demonstrated zero carbon-
ization. Both the QCW and SP TFL did show effective cutting at all speeds (2.1 £ 0.2 mm and 1.3 +£0.2 mm, respectively,
at 30 W) with prominent coagulation (0.6 + 0.1 mm and 0.4 + 0.1 mm, respectively, at 70 W) and carbonization. Our study
introduced the TFL as a novel efficient alternative for soft tissue surgery to the Ho:YAG laser. The SP TFL offers a
Ho:YAGe-like incision, while QCW TFL allows for fast, deep, and precise cutting with increased carbonization.

Keywords Ho:YAG laser - Thulium fiber laser - Laser-tissue interactions - Ex vivo

Introduction
54 Mark Taratkin Fifty years passc?d since the intro@uct?on of lz.:lsers inFo urolq zy
marktaratkin @ gmail .com [1]. Laser techniques stopped being just an interesting option

for endourology and became its integral part. Currently, lasers

Institute for Urology and Reproductive Health, Sechenov University, are widely used in lithotripsy, benign prostatic hyperplasia

Moscow, Russia (BPH) surgery, bladder cancer (BCa), and upper tract urinary
2 NTO “IRE-Polus”, One Vvedenskogo Sq, Fryazino, Moscow ca.rc1r'10ma (UTUC.) resection .[2]. For the clinician, the first
Region, Russia 141120 criterion for selecting a laser is to choose a wavelength that
*  Centralized Pathology Department, Sechenov University, Wlll be optimally absorb‘ed by the componepts F)f the_ target
Moscow, Russia tissue or compound. Obviously, for each application, different
4 types of lasers are used. However, one laser—Ho:YAG

Faculty of Medicine, Philipps University Marburg, . . .
Marburg, Germany (holmium:YAG) (emitting at 2.09 pum)—has been widely

used for all causes. Such versatility of Ho:YAG is explained
by its high absorption in water (absorption coefficient
26 cm ") [3] and pulsed mode. Its potential rival in endoscopic
tissue surgery is a Tm:YAG laser (emitting at 2.0 um) which
allows for even better water absorption (absorption coefficient
of52cem ) [3] and continuous wave (CW) mode which trans-
lates into longer pulse length and therefore decreased pulse

Department of Urology, University of California, Irvine, CA, USA

Institute of Linguistics and Intercultural Communication, Sechenov
University, Moscow, Russia

Department of Urology, Spital Thurgau AG, Pfaffenholzstrasse 4,
8501 Frauenfeld, Switzerland

Department of Urology, Hannover Medical School,
Hannover, Germany

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10103-020-03189-7&domain=pdf
http://orcid.org/0000-0003-4369-173X
mailto:marktaratkin@gmail.com

150

Lasers Med Sci (2022) 37:149-154

power. Tm:YAG was shown to be at least comparable to
Ho:YAG in BPH surgery and may even be more convenient
for bladder surgery with some papers reporting better cutting
and pathology achievable with Tm:YAG [4, 5]. The main
drawback of the Tm:YAG laser is its continuous wave mode
of operation, which leads to lower pulse power resulting in
significant carbonization during surgery [3]. This may hinder
visualization or affect cutting precision.

Thulium fiber lasers (TFL) emitting at 1.9 um aimed to
solve this problem, with the highest water absorption among
endourological lasers (absorption coefficient of 114 cm ') and
quasi-continuous SuperPulsed mode enabling higher pulse
power compared to Tm:YAG, presumably leading to im-
proved cutting efficiency and reduced carbonization [6].
TFL is based on the new type of technology and might excel
over solid-state (YAGQG) lasers. Much similar in many respects,
all these lasers, still, are not at all identical in terms of laser-
tissue interaction and differ in terms of depth of ablation,
coagulation efficacy, and cutting speed. Currently, there is a
lack of evidence in terms of TFL’s ablation and coagulation
capabilities in endoscopy. In extensive use, none previously
performed its comparison with other devices in endoscopy
regimens and setups [7, 8].

The goal of this study was to assess the ablation, coagula-
tion, and carbonization characteristics of the Ho:YAG laser
and TFL during endoscopic surgery.

Materials and methods

Laser systems Three lasers were compared in our experiment:
TFL with a wavelength of 1.9 um (NTO IRE-Polus, Fryazino,
Russia/IPG Medical, Marlborough, MS, USA) in quasi-
continuous (QCW) mode (P,, =120 W, P . =120 W),
TFL with a wavelength of 1.9 um (NTO IRE-Polus,
Fryazino, Russia/IPG Medical, Marlborough, MS, USA) in
SuperPulsed (SP) mode (P,, =50 W, P.x =500 W), and
Ho:YAG laser with a wavelength of 2.09 um (Lumentis,
USA) in pulsed mode (P,, =100 W, P, =2-10 kW). Each
of'them had two profile sets: for Ho:YAG, (a) P,, =40 W and
E=151], (b) P,y=70 W and E=1.5 J; for QCW TFL, (a)
P,,=30Wand E=1.5]J,(b)P,, =60 W and E = 1.5 J; and for
SP TFL, (a) P,y =30 W and E=1.5J, (b) P,, =50 Wand E =
1.5 J. These parameters are the most commonly applied in
EEP surgery [9]. Inexperienced surgeons who are not yet
comfortable with a surgical laser typically select lower power
settings and larger spot sizes to keep incision and ablation
rates lower than those likely to be used by an experienced
surgeon. Surgical fibers with core diameters of 550 and
600 um were used for Ho:YAG and TFL, respectively.

The experimental setup To test the cutting properties of
Ho:YAG and TFL, a non-frozen porcine kidney was used
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as a model. Previously, it was shown that the kidney is
representative of a prostate possessing a comparable specif-
ic absorption coefficient [10—12]. To allow robustness and
repeatability, we cut the kidney into 8-mm-thick, 60-mm-
long, and 20-mm-wide samples with an electric slicer.
Slices were placed onto a metal platform with an 8-mm-
deep cavity and covered by a 0.5-mm-thick metal plate with
slots for cutting. Laser fiber was put into contact with the
metal plate, which allowed for quasi-contact kidney cutting
(Supplementary Figures 2, 3, and 4).

A motorized XY translation stage with a fixed fiber holder
and a micrometer screw allowed for controlling the cutting
speed and changing the gap between tissue and fiber with a
+ 0.1-mm margin of error. Fiber speeds were 2 and 5 mm/s to
imitate slow and fast cutting. Normal saline solution was used
as the medium. All experiments were performed at room tem-
perature. A total of 180 incisions were performed ex vivo (15
for each speed and power regimen).

After ex vivo incision histological analysis was performed.
The samples were sliced with a microtome (Leica RM2235,
Leica Biosystems, Switzerland) to produce 300-pm-thick sag-
ittal cryosections [13].

From each cut, at least three sections were examined with
the Leica DM1000 B LED microscope, equipped with the
Leica DFC 7000 T digital camera and the LAS V4.8 software
(Leica Microsystems, Switzerland). Both pathologist (YuS)
and urologist (MT) performed the laser wound analysis.
Ablation depth = incision depth (mm) and axial coagulation
depth (mm) were subjected to evaluation. Ablation and coag-
ulation depths were presented as mean = SD. Visual exami-
nation of the resection surface was performed to determine the
tissue carbonization level. The carbonization grade (CG) was
measured with a visual grading scale (from 0 (no carboniza-
tion) to 3 (extensive carbonization)) (Supplementary
Figure 1).

Statistical analysis Statistical analysis was performed using
SPSS version 23 (IBM Corp., Armonk, NY, USA). The
Mann-Whitney U test was used to determine the statistical
differences of the independent parameters of the groups.
Data were expressed as mean + SD. A p value of <0.05 was
considered to indicate statistical significance.

Results

The experiment exposed pronounced differences. In the
Ho:YAG, the deepest incision among all slices was found at
P,,=70 W and 2 mm/s; it demonstrated a tapering ablation
zone (1.6 + 0.2 mm) with a small coagulation area (up to 0.1 +

0.1 mm) in certain cuts. The least incision depth in Ho:YAG
was detected at P,, =40 W and 5 mm/s with a conical ablation
zone to 0.5 =0.2 mm with a deep tissue rupture at the apex of
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the cone, though without any visual coagulation zone in any
of the slices.

In the QCW TFL, the highest incision depth was de-
termined at P,, =60 W and 2 mm/s; it demonstrated a
coniform ablation zone (2.7+0.2 mm) with a rounded
apex surrounded by a marked coagulation zone (0.6 +
0.1 mm); carbonization was presented in every case with
a mode of 2. The least incision depth in the TFL was
observed at P,, =30 W and 5 mm/s with the ablation zone
(0.7 £0.2 mm) shaped rounded. A layer of the coagulation
zone (0.3 +0.1 mm) was found around the periphery of
the ablation crater, with the CG measuring 1-2.

Whereas QCW TFL outcomes differ from those of
Ho:YAG, SP TFL yielded rather similar results with the
deepest incision of 2.1+0.3 mm at 2 mm/s and P,, =
50 W and no substantial carbonization (grades 1-2, mode
1). At P,,=30 W, SP TFL provided cuts similar to
Ho:YAG with a depth of 0.5+0.2 mm at 5 mm/s. As with
Ho:YAG, almost no coagulation and carbonization were
observed (grades 0-1).

With the fiber speed changing (the fixed fiber holder of the
XY translation stage), the incision and coagulation depths also
varied considerably (Table 1). The Ho:YAG’s ablation capa-
bility was much higher at 2 mm/s than at 5 mm/s (1.1 +
0.2 mm and 0.5+0.2 mm, respectively, at 40 W) with the
TFL at the same speeds ranging between 2.1 +0.2 and 0.7 +
0.2 mm, respectively, at 30 W. Effects on tissues and data on
lasers are summarized in Table 2.

Discussion

The main laser-tissue interaction in soft tissue surgery is
photothermolysis, where radiant energy is converted into ki-
netic (thermal) energy for the purpose of ablation, coagula-
tion, and carbonization. Heating tissue above 60 °C without
exceeding 100 °C causes denaturation of proteins and begin-
ning of pyrolysis, leading to thermal coagulation; the power
density of the laser beam must not exceed the threshold of
vaporization [14]. Thermal tissue ablation/vaporization refers
to the destruction of tissue by extreme hyperthermia exceed-
ing 100 °C; the power density of the laser beam must exceed
the ablation threshold of vaporization to boil intracellular wa-
ter [14]. A further increase in temperature leads to the onset of
pyrolysis, which eventually terminates in carbonization.

We conducted a comparative study on ablation, coagula-
tion, and carbonization characteristics of Ho: YAG versus TFL
for the ablation of soft tissues. In general, the deepest incision
among all slices was in the TFL—up to 2.7 mm. The previous
study showed similar results, Fried [15] detected that the TFL
is able to effectively ablate the tissue not only due to its better
water absorption but also due to its quasi-continuous opera-
tion mode. Instead of CW mode used in Tm:YAG devices,
when there are no pauses in laser firing, the QCW means that
there are short pauses between laser pulses, allowing for ther-
mal relaxation of the tissue. This is similar to the pulsed mode
of operation of the Ho:YAG laser. This allows reducing the
carbonization greatly.

Table 1 Ablation and

coagulation depths in Ho:YAG Laser Settings Ablation depth Coagulation Carbonization
and TFL at different laser settings (mm) depth (mm) (mode (range))
(mm, mean + standard deviation)
2 mm/s
P=30/40 W Ho:YAG (n=15) 1.1+£0.2 0 0(0-1)
QCW TEL (n=15) 2.1+0.2 0.4+0.1 1(1-2)
SP TFL (n=15) 1.3+0.2 0.1+0.1 0(0-1)
p value <0.001* -
P=50/60/70 W Ho:YAG (n=15) 1.6+0.2 0.1+0.1 0(0-2)
QCW TFL (n=15) 2.7+0.3 0.6+0.1 2(1-3)
SP TFL (n=15) 22+0.3 0.4+0.1 1(1-2)
p value <0.001* <0.001*
5 mm/s
P=30/40 W Ho:YAG (n=15) 0.5+0.2 0 0(0-1)
QCW TFL (n=15) 0.7+0.2 0.3+0.1 1(0-2)
SP TFL (n=15) 0.5+0.2 0 0(0-1)
p value 0.263 -
P=50/60/70 W Ho:YAG (n=15) 1.1+0.2 0.2+0.1 0(0-1)
QCW TFL (n=15) 1.7+0.1 0.4+0.1 2 (1-3)
SP TFL (n=15) 1.5+0.2 0.5+0.1 1(1-2)
p value 0.05% 0.001*

*Statistically significant difference
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Table 2 Lasers’ feature

comparison Laser Ho:YAG QCW TFL SP TFL
Wavelength (um) 2.09 1.94
Operation mode Pulsed QCW SuperPulsed
Absorption coefficientin 26 114
water (cmfl)
Peak/average power (W) Up to 5000/100 120/120 500/50
Theoretical penetration 0.4 0.15 0.15
depth (mm)
Major ablation Thermomechanical ~ Thermal Thermomechanical
mechanism
Cutting Rupture, shallower  Precise, deep Rupture, shallower
Coagulation Limited Extensive Limited
Carbonization Minimal Moderate Minimal
Technique Resection and Vaporization, vapoenucleation, Resection,

enucleation

resection, enucleation enucleation

For the past decade, the Ho:YAG has been the standard for
prostate surgery. Though effective and safe, there are disad-
vantages, such as its steep learning curve. Shah et al. [16]
found that surgeons inexperienced in the holmium laser enu-
cleation of the prostate (HoLEP) require ~50 cases to effi-
ciently perform the procedure. As most authors say, enucle-
ation is challenged by proper regaining of the enucleation
plane in case of its loss (it is a frontier line between the ade-
noma nodes and the surgical capsule) [7, 17]. Thus, the selec-
tion of a laser device with the most optimal physical properties
to avoid this difficulty is an important issue [17].

The more the laser is cutting through small volumes of
tissue, the more chances to regain the enucleation plane. The
Ho:YAG is reputed for its low ablation depth at 0.4—-0.7 mm
[3, 18]. Our macro- and microscopic assessment of the
Ho:YAG’s incisions resulted in the following: (1) no burning
(carbonization) traced in the incision zone; (2) torn margins of
the incisions witnessed; (3) a deep but narrow ablation crater
observed; and (4) minimal-to-no coagulation evident. And all
these are due to the Ho:YAG’s operational mode
(thermomechanical tissue cutting with a shockwave generated
at cavitation collapse) [19]. Each laser pulse has a peak power
ranging between 2 and 10 kW, whereas the average power
ranges between 40 and 70 W (depending on the regimen se-
lection) [20]. Such high peak power generates a vapor bubble
(from vaporized water) on the fiber tip [21, 22]. Once formed,
it reaches tissue and ruptures it to produce deep and narrow
incisions [6]. If ablating soft tissue, the bubble may impede
precise incising and prevent efficient coagulation and hemo-
stasis [23].

Searching for ways to effectively dissect and cut tissue
resulted in the emergence of the continuous wave Tm:YAG.
If the Ho:YAG’s pulse emissions cause tissue tearing, the
Tm:YAG’s continuous emission, conversely, allows for
smooth incising and vaporizing accompanied by excellent
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hemostasis. The downside of CW operation is high carboni-
zation, which usually hampers the intraoperative navigation
[23].

Developing a new laser generation has brought about a
novel thulium fiber laser (TFL). Somewhat similar to the
Ho:YAG laser, it produces a sequence of pulses. However,
there are two significant differences. First, at equal pulse en-
ergy, the peak power of the TFL pulse is 10-200 times lower
than that of Ho:YAG; second, the pulse length of TFL is much
greater than that of Ho:YAG. As a result, the tissue cutting
mechanism of TFL is predominantly photothermal, as op-
posed to the photothermomechanical mechanism of
Ho:YAG. TFL’s advantage is its low peak power and longer
pulse. It is exactly what allows for distributing energy equally
during a single laser pulse and provides consistent and effi-
cient tissue vaporization. The TFL’s vapor bubble forms
slower with low mechanical impact to the tissue compared
to the Ho:YAG’s one, and it implies that the TFL cuts tissue
by absorbing laser energy in tissue and its vaporization. In
contrast, Ho:YAG has significantly higher peak power and
shorter pulse width with fast vaporization of water between
fiber tips and tissue and formation bubble and cutting tissue
primarily due to laser-induced mechanical pressure, bubble
formation, and cavitation. At our trial, the TFL showed about
2.7 mm of incision depth at 60 W and 2 mm/s. The basic
incision features are given here: (1) non-extensive carboniza-
tion; (2) clear-cut incision margins with no rupture; (3) widely
based coniform ablation; and (4) extensive and marked coag-
ulation (up to 0.6 £0.2 mm). These recordings are of special
importance to us as they eventually testify to the fact that the
TFL would secure better hemostasis than the Ho:YAG which
demonstrated the lowest (0.1+0.2 mm) or just zero coagula-
tion. This aspect was not emphasized in previous clinical re-
ports that may be due to its minimal intraoperative effect, yet
we could consider that TFL has more preferable modality than
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Ho:YAG in patients on anticoagulant therapy. Novelty of TFL
technology explains the relative scarcity of publications on the
topic. Fried and Murray [6] in their report on the low-powered
TFL system (40 W) previously showed that it allows for ef-
fective ablation with limited coagulation. In our study, the
SuperPulsed TFL which had already proven its substantial
benefits in lithotripsy in preclinical and clinical trials
[24-26] was shown to share the ablation efficacy with
Ho:YAG. This device, due to its increased peak power and
shorter pulse duration, also separated tissue like Ho: YAG and
yielded carbonization-free incisions. It should be noted that
while SP TFL settings were similar to those of QCW TFL,
the difference in outcomes was striking. The main reasons for
such differences could be decreased pulse duration of SP TFL
[27] which leads to lower energy fluence; therefore, it would
decrease ablation, coagulation, and carbonization. However,
like Ho:YAG, SP TFL causes thermomechanical damage to
tissues which was observed as multiple ruptures and uneven
incision margins. SP TFL seems to be a viable alternative to
Ho:YAG, yet it does not allow for fast and effective cutting
like QCW TFL.

It is also worth noting that ablation capabilities strongly
depend on fiber speed, and therefore, there comes up a risk
that an investigator bias could lead to favoring one laser over
another one [8]. To avoid any bias in our ex vivo experiment,
we employed an XY translation stage with a fixed fiber holder.
With the speed rising from 2 to 5 mm/s, our Ho:YAG
displayed a substantial decrease in tissue ablation (1.1 =+
0.2 mm and 0.5+0.2 mm, respectively, at 40 W). Besides
that, the Ho:YAG’s thermomechanical effect and its exposure
speed are presumed to be interdependent: the lower the speed,
the smaller the steam affection. These effects can potentially
be mitigated by the Moses effect. Large et al. [28] conducted a
study trying to prove that HoLEP with Moses could decrease
blood loss. While they were able to prove that HoOLEP with the
Moses effect allows for lower postoperative hemoglobin drop
and shorter time to achieve postoperative hemostasis, both of
these findings have only limited clinical relevance.

The scope of future work on TFL includes exploring laser
effects on blood-perfused kidney models. Despite minimal
absorption of the energy of TFL and Ho:YAG in hemoglobin
[29], blood could affect the thermal conductivity of tissue,
thus altering the results. This was confirmed in a study by
Bach et al. [8] on the effects of Tm:YAG on tissue. The au-
thors used blood-perfused models not only to assess incision
depth and characteristics but also to estimate how effective
Tm:YAG could be in terms of hemostasis and, more impor-
tantly, what coagulation zone would be enough for effective
and safe hemostasis. We believe that despite using a non-
perfused model, we still obtained important data on the effects
of TFL and Ho:YAG without any concomitant factors (e.g.,
kidney curvature, hand-held laser fiber, and difference in the
blood supply of different kidney parts). Further research

should shed light on how the effects of the two lasers would
differ in perfused models.

Limitations A limitation of the study is that the Ho:YAG was
not complemented with the Moses effect. The Ho:YAG
coupled with the Moses technology may cause marked coag-
ulation. Another limitation is that the samples studied were
from a non-blood-perfused porcine kidney. However, laser
applications in medicine rely on light absorption by chromo-
phores (water or hemoglobin). Both the Ho:YAG and the TFL
generate emissions to be absorbed by water, and that is the
reason why we deem our research results to be representative
enough. The main goal of this particular study was to provide
data which could be useful for daily clinical practice. For this,
we used a clinically applicable surgical device. Unfortunately,
this introduced a significant limitation as we were unable to
precisely attune it to the different range of modes. Therefore,
we only focused on regimens suitable for clinical needs.

Conclusions

Our study introduced the TFL as a novel efficient alternative
for soft tissue surgery to the Ho:YAG laser. The SP TFL offers
a Ho:YAG-like incision, while QCW TFL allows for fast,
deep, and precise cutting with increased carbonization.
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