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Abstract

Purpose To evaluate the impact of the fiber—tissue distance on histological parameters in a porcine kidney model.
Methods Four lasers were tested at 60 W using a 600-um bare-ended fiber: a continuous wave (cw) thulium fiber laser (TFL),
a super pulsed (SP) TFL, a Ho: YAG laser, and a blue diode laser (BDL). All tissue samples were mounted on a motorized
XY-translation stage. The fiber—tissue distance was changed within a range from Oto 6 mm. Ten incisions were made with
each laser at each distance. Afterwards, the tissue samples were sliced with a microtome for lactate dehydrogenase staining
to determine zones of thermal damage.

Results In contact mode, the largest incision depth was found for the cw TFL (1.7 £0.1 mm) compared to the SP TFL
(1.0+0.1 mm), BDL (0.9+0.1 mm) and HoYAG laser (1.1 +0.1 mm), respectively. With regard to the coagulative properties,
the SP TFL and the Ho: YAG laser showed comparable coagulation depths with 0.7 +£0.1 and 0.6 + 0.1 mm, respectively. At
2 mm fiber—tissue distance, the Ho: YAG laser was the only laser that vaporized tissue (incision depth: 0.2 +0.1 mm). The
BDL was the only laser that caused coagulation at a distance of 3—-5 mm.

Conclusion Our results support the clinical observation that cw TFL must be defocused for best coagulation, while the
coagulation depth of the SP TFL remains nearly constant within the range of 0-3 mm. Increasing the distance of the laser
fiber to the tissue up to 5 mm did not cause significant differences with regard to coagulation depth using the BDL.
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Introduction

Laser technologies play a prominent role in modern endo-
scopic management of benign prostatic hyperplasia (BPH)
[1]. Each type of laser is defined by its certain wavelength
with a specific absorption in target chromophores [2]. Lasers
emit either in a pulsed or in a continuous wave (cw) mode
[2]. Therefore, fiber—tissue interaction is not only influenced
by the physical properties such as laser power, pulse length
and laser emission mode, but also by the soft tissue texture
[2, 3]. While pulsed Ho:YAG, cw Tm:YAG and cw Thulium
fiber lasers (TFL) are well established for BPH treatment [1],
a super pulsed (SP) TFL [3, 4] and a blue diode laser (BDL)
have been recently introduced [5, 6].

The SP TFL has recently been approved by the Food
and Drug Administration (FDA) and is primarily used for
stone lithotripsy with promising results; however, it has not
been published outside international conferences yet [7-9].
The BDL is already used by dentists to coagulate and cut
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soft tissue. It demonstrated a fast clot formation with good =
hemostatic properties [10]. In another study the BDL proved A
to cause clinically acceptable incision depths without wide e I
tissue denaturation [6]. Until now, no study is available that S
investigated the laser with regard to BPH treatment. ;'

As mentioned, not only the laser itself might have an h e
impact on histological tissue damage [4]. Various studies =
have examined the influence of laser energy on tissue effects .j}'
at different drag speeds [4, 9, 11, 12]; however, the distance « L L L i
between the fiber tip and tissue may also play a crucial role C+5| iﬁl fl fl
in coagulation of bleeding vessels. This issue has yet not = o S IS o2
been evaluated sufficiently. Fried et al. previously showed g AU
that different lasers necessitate different distances in order g A ‘fl | ‘fl
to achieve the desired effect [13]. The cw TFL was able = 1&g &EZ3
to vaporize tissue at 5 mm distance; however, pulsed laser % - - — =
devices needed contact to provoke tissue damage. This topic ;30 2 F35F9! s
was also described by Cecchetti et al. who were able to show S - s S =g %
that the holmium plasma bubble will have the biggest effect e | T =
on tissue at the distance of 1 mm [14]. The possibility to - E
change the laser effects at different distances and a clear % =
understanding at which distance lasers are safe may improve R Lo §
further clinical work. The aim of our study was, therefore, to = 2 Z=zZ2Z| 5
investigate the effect of the fiber—tissue distance on fiber—tis- i B e %’
sue interaction using four different lasers in a non-perfused & - S =< 8
porcine kidney model: (1) a Ho:YAG, (2) acw TFL, (3) and = g é S S Z 2 E
the newly introduced SP TFL and (4) BDL. _qc%- Ig s :' g‘ ;‘ ot' %

g|Elole] = — =2 f

5. :
Methods 223 2

AFE
All experiments were carried out using four lasers: a pulsed § =) é g
100 W 2.1 um Ho:YAG laser (peak power~2-10 kW, 2 _% 2 TE 2 5
Lumenis, Inc, Palo Alto, CA, USA), a 120-W cw 1.9 um g <& S LG I
TFL (peak power 120 W, NTO IRE-Polus, Fryazino, Rus- £ o %
sia), a 120-W SP 1.9 um TFL (peak power 500 W, NTO S S& 2
IRE-Polus, Fryazino, Russia) and a 60-W cw 445 nm BDL % .§ i E
(NTO IRE-Polus, Fryazino, Russia). The mean power output g = % _ =
of all lasers was set at 60 W, respectively. A 600-pum bare- G ﬁ 8 ‘g < ‘:r ‘:r | g
ended laser fiber was used for all incisions. The physical & i ;f
properties of the lasers and the laser settings are summarized g % § 2
in Table 1. S|15ExN e o 2

An adjusted ex-vivo model of an isolated non-frozen § alia oo o =2
porcine kidney was used to investigate fiber—tissue interac- g = § \E/ é
tion as previously described [4, 15]. The fresh non-frozen E %" o 2 = :
porcine kidney was cut with an electric slicer into 8§ X4 cm 5 |4 - =88 2
pieces, put into a metal box and fixed on a motorized transla- 818 %
tion XY stage. A fixed fiber holder was used which allowed 8|5 %
to change the distance to the tissue surface in steps of 1 mm. =S %D E
The gap between the fiber and tissue was filled with normal § g S xxwl|z
saline which was changed within a range from 0 to 6 mm. = B SR N %
The cutting speed was set at 2 mm/s. All experiments were f OB é
performed by the same investigator examining ten incisions 2 5 O = ; = §§
with each laser at each distance for better comparison. The eSS = § & O 8 3
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tissue samples were sliced with a microtome for subse-
quent lactate dehydrogenase staining to determine zones of
thermal damage [16]. A microtome (3550 TECHNICAL,
Genelabotech, China) was used to produce 300 pm-thick
sagittal cryosections. Ethical approval was not necessary,
because the kidneys were obtained from animals that were
killed for other purposes.

All samples were analyzed using a LEICA DM4000 B
LED microscope equipped with a LEICA DFC7000 T digi-
tal camera and a LAS V4.8 software (Leica Microsystems,
Wetzlar, Germany). The incision depths (mm) and superfi-
cial coagulation depths (mm) were measured. Carbonization
grad (CG) was qualitatively estimated from O to 3 (zero no
carbonization, three extensive carbonization). Needles with
thermocouples (type K thermocouples (Chromel/Alumel))
were inserted into the tissue at different depths to estimate
temperature related effects in the tissue. WinDaq™ (DATAQ
Instruments, Akron, Ohio, USA) version 4.00 was used for
thermal data acquisition and analysis. Achieved data on
temperature changes and incision depths were expressed as
mean + SD. After measurement, the mean was calculated for
better comparison of the lasers.

Results

The physical properties of the lasers, all applied laser set-
tings and histological findings are presented in Table 1.
Thermal analysis of the tissue with thermocouples during
laser treatment revealed the following: coagulation was
found at temperatures > 60 °C, characterized by protein
denaturation and beginning of pyrolysis. Carbonization took
place between 150 and 350 °C considered as protein dena-
turation and complete pyrolysis of the tissue.

In contact mode (0 mm fiber-tissue distance), the
deepest incision depth was found for the cw TFL
(1.7+0.1 mm) compared to the SP TFL (1.0+0.1 mm),
BDL (0.9+0.1 mm) and HoYAG laser (1.1 +0.1 mm)
(Table 1). It further showed the deepest coagulation depth
(1.1+0.1 mm) among all other devices (Fig. 1). The graph
presents the estimated area of vaporization (width X depth).
Extensive carbonization of CG 2-3 was found using the cw
TFL and BDL in contact mode. In contrast, the SP TFL and
the Ho: YAG laser showed minimal carbonization of CG 0-1
and CG 0, respectively.

At a fiber-tissue distance of 1 mm, the incision depth
decreased in all four lasers. At 1 mm, the Ho:YAG and
cw TFL produced the deepest incisions of 0.9 +0.1 mm
and 1.0+0.1 mm with a similar coagulation depth of
0.8 +0.1 mm, respectively. The BDL showed an inci-
sion depth of 0.7+ 0.1 mm with a coagulation depth of
0.3+0.1 mm, which was similar to the coagulation depth
in contact mode. A minimal incision depth was found using
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Fig. 1 Graphic representation of experimental setup
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Fig.2 Histological evaluation of the effects of laser treatment: inci-
sion is caused by explosive vaporization of tissue water (a); thermo-
mechanical damage is created by generation and collapse of gas
bubbles at the fiber tip (b); carbonization occurs due to complete
pyrolysis of tissue (c); protein denaturation (coagulation), water
vaporization and beginning of pyrolysis (d); protein denaturation
(coagulation), no water vaporization (e). Arrows indicate the widths
of the respective zones

the SP TFL (0.3 +0.1 mm) with a coagulation zone of
0.5+0.1 mm (Fig. 2). At a fiber—tissue distance of 2 mm,
the Ho:YAG was the only laser that showed vaporized tis-
sue (incision depth 0.2+ 0.1 mm). The coagulation depth
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decreased in all four lasers at a fiber—tissue distance of
2 mm. At a distance of 2 mm, the coagulation depth of the
cw TFL (0.7 +0.1 mm) and the Ho:YAG (0.7 £ 0.1 mm) was
still comparable. The coagulation depth at 2 mm distance
was similar between the SP TFL (0.4 +0.1 mm) and the
BDL (0.5+0.1 mm). At 3—5 mm fiber—tissue distance, tissue
was not vaporized with any of the four lasers. At these dis-
tances, the BDL was the only laser that caused coagulation
of the porcine kidney (Table 1).

Discussion

Various studies have shown that the theoretical incision
depth of the lasers does not match the clinically tested pen-
etration depths in different study models [4, 11]. The key
findings of our experiments are the well-comparable inci-
sion depths of all four lasers at short distances. The cw TFL
showed the deepest incision depth of 1.7 mm and as well the
deepest coagulation depth of 1.1 mm in contact mode. After
defocusing the laser beam to a distance of 2 mm, the cw
TFL showed significantly reduced ablative properties with a
shallow coagulation zone comparable to that of the Ho: YAG
laser. These findings support the clinical observation that
the cw TFL must be defocused for superficial coagulation
during BPH treatment.

To date, no study has yet dealt with different distances
with regard to laser—tissue interaction. It is important to
understand the influence of laser energy at different dis-
tances to perform further investigations in a more clinical
setting. Several studies have proven the safety and efficiency
in soft tissue ablation with a TFL [9]. Enikeev et al. demon-
strated a comparable outcome after thulium fiber enuclea-
tion of the prostate (ThuFLEP) to TURP with less time of
catheterization and hospitalization [17]. In another study,
the same group presented data of the erectile function which
is not affected after ThuFLEP with even an increase in the
IIEF-5 score after 6 months’ follow-up [18].

A novel super pulsed TFL has recently been approved
by the FDA and is primarily used for stone lithotripsy, but
is also applicable for soft tissue vaporization. Clinical stud-
ies that compare the SP TFL with the Ho:YAG lithotripsy
are not published yet; however, preclinical experiments
seem promising [9]. Some studies have shown that the TFL
ablates up to four times more stone material, in both frag-
mentation and dusting mode, than the holmium laser [7, 8].
It is to note that the TFL technology totally differs from the
better known Tm:YAG laser. In short, the TFL uses laser
diodes as the energy light source which are powered by elec-
tric current. The generated laser emission is then transferred
within a 10-30 m-long thulium-ion containing active fiber
and transferred to a very thin fiber core [4, 8, 9].
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Comparing the cw with the SP TFL, the latter showed a
slightly deeper incision. However, the difference of 0.7 mm
seems insignificant in clinical practice. These results are not
consistent with a previously published study by Becker et al.
in which they demonstrated a mean incision depth of 2.9
and 3.7 mm (drag speed 2 mm/s, 60 W, 0.5 mm fiber-tissue
distance) using a cw TFL and a SP TFL, respectively [4]. In
their study, three incisions were used at each power setting;
however, in the actual study, ten incisions were performed
with each laser. Therefore, a higher reliability of the results
could be accepted. Also, the data can be compared much
better with the company’s values, although the theoretical
penetration depth of 0.2 mm is not reached.

With regard to the hemostatic properties, the coagula-
tion depth of the SP TFL remains nearly constant within the
fiber—tissue distance of 0—3 mm. The lower coagulation abil-
ity of the SP TFL in comparison to the cw TFL was already
demonstrated in a previous study [4]. Our experiments dem-
onstrated comparable hemostatic properties of the novel SP
TFL to the already sufficiently examined Ho:YAG laser that
showed clinically less bleeding rates compared to TURP and
OP in BPH treatment [19]. Emiliani and colleagues inves-
tigated the histological ablation effect of a Ho:YAG laser
at different power output settings in an in vitro model [11].
The mean coagulation depth was 0.48 mm. These findings
corroborate our results with a mean coagulation depth of
0.6 mm in contact mode using the Ho: YAG laser. The over-
all mean incision depth was measured at 2 mm. This incision
depth is significantly higher compared to a study by Johnson
et al. in 1992 [20] and higher to our findings with 0.4 and
1.1 mm, respectively. However, Johnson et al. used a study
design in which they performed hand-held incisions in air.
It is to be noted that the Ho:YAG laser has its absorption
maximum in water; hence, Johnsons” study design is not
well comparable to present studies and clinically not trans-
ferable. The difference between the study by Emiliani et al.
and ours is the frequency of incisions per setting. They used
two incisions per setting, whereas we performed ten. At the
same frequency, it would be possible for the results to come
closer together.

The main difference between the BDL and the other
lasers that were tested is that it targets hemoglobin instead
of water due to its certain wavelength of 445 nm. Targeting
hemoglobin as the main chromophore might be advanta-
geous for surgery on highly vascularized organs, e.g., pros-
tate tissue [2]. In our experiments, the BDL has shown the
smallest coagulation depth of all tested lasers and it was the
only laser that still coagulated tissue at a distance of >2 mm.
So far, the BDL has not been used clinically in urological
practice [5, 21]. However, its properties (i.e., deep coagula-
tion and fast tissue ablation) could become rather useful for
prostate vaporization. As mentioned before, the BDL might
challenge the current gold standard for prostate vaporization,
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that are KTP/LBO:YAG lasers. These lasers share a deep
penetration depth, extensive carbonization and effective
coagulation [22]. Nevertheless, further comparative in-vitro
and in-vivo trials are necessary. A surprising finding was
that by increasing the distance of the laser fiber to the tissue
did not cause significant differences with regard to coagula-
tion depth using the BDL. These findings support previously
published data by Arkhipova et al. in which they showed
narrow coagulation zones of the BDL comparable to a KTP
laser in an animal model for partial laparoscopy [21]. They
stated that the BDL has drawbacks in terms of coagulation,
but in the hands of experienced surgeons it might still be
a good tool to manage these operations [21]. Jiang et al.
demonstrated a significant increase in the ablation rate of the
BDL compared to the KTP laser with 5.14 and 1.20 mm?/s,
respectively, with a pronounced carbonization layer and
comparable coagulation depths [5]. The higher carboniza-
tion grade after the use of the cw TFL and the BDL in con-
tact mode could lead to higher rates of urge incontinence in
the immediate postoperative course as stated by Chen et al.
[23]. The results of Jiang et al. are well comparable to ours
with an incision depth of 1.0 mm without any ablation at
distances > 2 mm. The work by Braun et al. also supports
our findings. The authors provided evidence of a better cut-
ting ability of the BDL comparing to a 970*nm diode laser
(incision depth 0.61 mm vs. 0.36 mm) and acceptable dena-
turation depths [6]. In another study, Hess et al. suggested
that the BDL is at least as good as the available KTP laser
for tissue cutting [24].

Although this is the first study that investigated the
histological impact of the laser fiber—tissue distance in a
standardized experimental setup, some limitations have to
be depicted. First, it is an in vitro study with fresh non-
frozen pig kidneys. Therefore, this non-vascularized model
can give only a partial evaluation of the coagulation effect of
the lasers. Further studies should include in vivo protocols
to filter out the lack of blood flow and to better illustrate the
situation in clinical use. Second, the distance was chosen
in 1 mm steps. In clinical application, the laser fiber might
be adjusted in approximately 0.1 mm steps. However, it is
of note that the histological differences were rather small,
which is why smaller distances would not provide any fur-
ther information about the histological damage. Due to the
novelty of the SP TFL, further studies are of utmost impor-
tance to corroborate its pre-clinical results in tissue ablation
and stone lithotripsy. That also counts for the BDL; however,
other in vitro studies are first necessary if this laser can com-
pete with the already existing ones. Despite these limita-
tions, some conclusions can be drawn for clinical practice.
First, we were able to show that the term “defocusing” must
be considered carefully, since the laser effects vary depend-
ing on the distance from tissue. Second, our results can have
an impact on the learning curve during laser lithotripsy and

in the area of enucleation, since it can be seen at which dis-
tance the best coagulation effect occurs.

Conclusions

These in-vitro tests showed that the SP TFL had a better
safety profile than the Ho: YAG laser with no tissue ablation
at 2 mm which suggests that it can be safely adopted for gen-
eral use. Conversely, the Ho:YAG laser produced thermo-
mechanical damage to tissue at a distance of 2 mm. The
cwTFL was the best device for tissue cutting and cauterizing
in contact mode. The BDL had the strongest coagulation
effect in blood-rich tissue among the four lasers, without sig-
nificant changes in coagulation depth at different distances.
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