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1. Introduction

1.1. Benign prostatic hyperplasia

Benign prostate hyperplasia (BPH) is a urological disease involving enlargement of
epithelial and stromal cells in the transition zone of the prostate, resulting in annual 1.2
million surgical procedures. The enlarged prostate causes obstructive urination,
accompanying urge incontinence, frequent urination, dysuria, and nocturia [2]. The
untreated BPH adversely affect quality of life in association with various complications
such as urinary retention, urinary tract infections, bladder impairment, and kidney
disease. Among various minimally-invasive surgical treatments for BPH, laser
prostatectomy has gained a great attention due to rapid relief of symptoms and low risk
of side-effects [3]. A number of wavelengths have been clinically investigated and
utilized, including 532, 980, 1064, 2000, and 2120 nm [4]. Depending on the applied
wavelength, different surgical techniques have thus been developed such as
ablation/coagulation (980 and 1064 nm), vaporization (532 nm), and enucleation (2000

and 2120 nm) [4].

1.2. Overview of photothermal therapy for BPH

Among various wavelengths for laser prostatectomy, a wavelength of 532 nm has been

clinically accepted to vaporize prostatic tissue in an effective and rather hemostatic



manner on account of high light absorption by vasculature [5]. However, bulky tissue
vaporization sometimes encounters venous or arterial bleeding, impairing cystoscopic
visibility and eventually protracting operation time. Reportedly, the incidence rate of
intraoperative bleeding reached up to 10% during 532-nm laser prostatectomy [6]. In
particular, laser power has recently been increased up to 180 W to rapidly debulk a
large size of prostate glands, which can accompany a high probability of bleeding
during the vaporization procedure [1, 5]. Although small blood vessels or mucosal
veins can readily be coagulated with laser light and irrigation fluid, management of the
arterial bleeding still remains rather challenging to achieve the complete hemostasis.
Typically, upon encountering the arterial bleeding during the laser prostatectomy,
urological surgeons increase the distance between the fiber tip and the bleeding site
(3~4 mm) and/or decrease the laser power to reduce the irradiance below vaporization
threshold [7]. Then, the urologists start to sweep the laser light at a fast speed by circling
the beam around the bleeder as the bleeding vessel has a circular shape [8, 9]. Another
approach to manage the bleeding is to improve visibility by using an irrigation pump
[7] and to compress the bleeder by using a beak of the cystoscope [9]. If all the measures
fail to achieve hemostasis, an electrocautery loop can be inserted through the
cystoscope to cope with the bleeding site [7-9]. However, in spite of the hemostatic
capability, using the electrode can prolong the procedure due to device replacement and
can even cause significant thermal injury to the adjacent tissue. As a result, the
undesirable tissue coagulation can result in dysuria post-operatively [7, 10]. Thus, more

effective approach is still required to accomplish the complete hemostasis during the



532-nm laser prostatectomy.

1.3. Overview of hemostasis effect using laser

A number of studies have demonstrated hemostatic features of laser application during
surgery. Argon (480~520 nm) and Nd:YAG (1064 nm) lasers have clinically been used
to photocoagulate the bleeding peptic ulcers in an endoscopic manner [11, 12]. Due to
thermal interactions, the light manages the bleeders limitedly from small arteries (0.25-
mm in diameter). A potassium-titanyl-phosphate (KTP, 532 nm) laser was evaluated as
a feasible hemostatic cutting tool for laparoscopic partial nephrectomy in a porcine
model [13, 14]. Strong light absorption by hemoglobin yielded a large coagulation
depth in the kidney tissue. However, frequent blood carbonization and smoke formation
caused the minimal capability to stop bleeders during the laparoscopic procedure.
Moreover, kidney mainly consists of glandular tissue (i.e., minimal collagen), which is
quite difficult to physically seal off the bleeding sites in terms of thermal denaturation.
A diode laser (1470 nm) was used to seal blood vessels for hemostasis through thermal
fusion [15-17]. Ex vivo and in vivo results well demonstrated the feasibility of the
infrared light for rapid sealing of the blood vessels in air. However, the hemostatic
capability of the 532-nm wavelength for BPH treatment particularly in saline
environment still remains unexplored. In addition, high absorption of vasculature at

532 nm yields a short optical penetration of ~0.8 mm in soft tissue [18].



Thus, the wavelength was difficult to achieve hemostasis on the relatively deep
bleeding sites. In order to overcome the current limitation, a clinically available infrared
wavelength (980 nm) with a deeper optical penetration depth (5 mm) can be combined

with the visible wavelength (532 nm) for the eventual control of the deep bleeders [18].



2. Photocoagulation effects for ex vivo thermal
hemostasis

2.1. Purpose

The purpose of the current study was to investigate the feasible thermal effects of the
two combined wavelengths (532 and 980 nm) on the enhanced photocoagulation for
the laser prostatectomy. It was hypothesized that the dual-wavelengths with different
optical characteristics could augment the spatial extent of the irreversible thermal
coagulation on the bleeding sites, leading to the complete hemostasis during the 532-
nm laser prostatectomy. Since the previous perfused kidney model suffers from lack of
collagen (unlike prostate consisting of glandular and stromal tissues [19]), a new
perfused skin phantom model was developed instead for reliable and quantitative
evaluations on various irradiation conditions. The features of thermal hemostasis
during the laser irradiation were thus examined and monitored in terms of coagulation

time and tissue responses.

2.2. Materials and Methods

2.2.1. Kidney tissue preparation

Porcine kidney was used for pre-screening experiments to identify the potential



irradiation conditions for thermal hemostasis. The tissues were harvested from a local
abattoir, prepared in size of in 3 x3 cm?, and stored in saline at 4 °C to prevent

dehydration and structural deformation.

2.2.2. Ex vivo kidney tissue testing

During ex vivo experiments, each sample was situated in a customized tissue holder
filled with saline and covered with an aluminum plate with an aperture (1.5x 1.5 cm?)
at the center. Laser light was irradiated merely on the tissue surface that was exposed
through the aperture and was used to create two 1.5-cm long coagulation lines (5 mm
apart) in each tissue sample. Figure 1(a) shows a schematic diagram of the ex vivo
experimental set-up. Due to availability of commercial systems for laser prostatectomy,
two wavelengths were tested for the current study: quasi-cw Q-switched 532 nm (100
ns at 20 kHz; GreenLight XPS, Boston Scientific, Corp., SanJose, CA) and customized
cw 980 nm (similar specifications to those of clinical laser [18]). Each wavelength was
delivered through a 600-pum multimode core-diameter fiber. The distal ends of both the
fibers were tilted at 23 and —23 degrees for 532 and 980 nm, respectively. Working

distance (between fiber tips and tissue surface) of 3 mm and treatment speed of 4 mm/s
was selected for the current study in order to emulate clinical conditions [20]. Thus, the
irradiation time for each coagulation line was 3.75 s (= 1.5 cm / 4 mm/s). A XY

translational stage was used to control the movement of each sample (i.e., 4 mm/s) to

create the two 1.5-cm coagulation lines (5 mm apart along y-axis) on the tissue surface.



The preliminary testing confirmed that both the fibers had the equivalent (overlapped)
size of the beams spot (i.e., 1.5 mm in diameter) on the surface. During the tests, saline
was constantly supplied at 4.4 ml/min to the irradiated spot for cleaning and cooling.
The tested power conditions for each wavelength ranged from 10 to 40 W with a 5-W
increment. Five different irradiation modes were tested: 532 nm only, 980 nm only,
sequential applications (532—980 nm and 980—532 nm), and dual-wavelength (i.c.,
simultaneous irradiation of 532 and 980 nm). For the sequential applications, it took
approximately 5 s to switch one wavelength to the other to irradiate along the same
path. Each condition was repeated five times (N =5). To explore the optimal conditions
for photocoagulation, all the tested tissues were evaluated in light of spatial extent of
coagulation. Initially, each tested tissue was frozen at -80 °C and then cross-sectioned
by 1-mm thickness (total ten specimens) with a razor blade. All the cross-sections were
photographed by using a digital camera. Image J (National Institute of the Health,
Bethesda, Maryland) was implemented to measure the degree of the irreversible
thermal coagulation. For the current study, the coagulation region was defined as the
discolored area (tan color) in the treated tissue. Thus, the coagulation depth was
measured from the top to the bottom of each discolored area while the coagulation
width was determined as the discolored width only at the tissue surface. The
coagulation volume was calculated by integrating a series of the coagulation areas
measured from the ten cross-sections. To assess the spatial distribution of the
coagulation in the tissue, non-dimensional aspect ratio (AR) was also estimated by

dividing the coagulation depth by the width. As the purpose of the study was to assess



the hemostatic effect of the dual-wavelength irradiation, no tissue ablation was

considered for quantitative analysis.

2.2.3. Perfused bleeding tissue phantom preparation

Figure 1(b) demonstrates an experimental set-up for perfused skin phantom testing
with the pre-identified photocoagulation conditions from kidney testing (20 W for 532
nm and 40 W for 980 nm; working distance = 3 mm; beam diameter = 1.5 mm). The
corresponding irradiances for 532 and 980 nm were 11.1 and 22.2 W/mm?, respectively.
In spite of no direct relation to urological tissue, the skin phantom was developed to
reflect the main component of prostate (i.e., collagenous stromal tissue). Additionally,
the developed model could provide the bleeding environment to evaluate various
photocoagulation methods in a reliable and quantitative manner. For the phantom
preparation, porcine skin (consisting of epidermis, dermis, and subcutaneous fat) was
initially harvested and prepared in size of 3x3 cm?. A 1-cm long wound was initially
created on the skin (deep down to subcutaneous layer) by using a razor blade. To
emulate a blood vessel underneath the skin (i.e., 1 mm subsurface), a channel (around
2 mm in diameter) was drilled in the subcutaneous layer until it encountered the vertical
wound cut from the surface. Then, a plastic tube (2.7 mm in outer diameter) was
connected (1~2 mm) to the channel entrance in the tissue, and the other end of the tube
was connected to the syringe pump (NE-3001, New Era Pump Systems, NY, USA). No

physical interaction was confirmed between the incident laser light and the connecting



tube during the tests. The pump was employed to perfuse the heparinized rabbit blood
at a flow rate of 0.5 ml/s through the channel to the wound to emulate tissue bleeding
during laser prostatectomy. Once the bleeding was initiated from the wound at a rate of
4.2 £ 0.5 ml/min, laser beam was moved in a zigzag pattern (dotted lines) and covered
the entire wound length as shown in Figure 1(b) in an attempt to achieve thermal

hemostasis.

2.2.4. Perfused tissue phantom testing

Unlike the kidney testing (4 mm/s), the treatment speed for the phantom testing was
reduced to 1 mm/s as the skin tissue has higher thermal resistance than the kidney tissue
had [21], which was also confirmed by the preliminary testing. For a single zigzag
pattern, the beam spot was initially moved by 2 mm at the speed of 1 mm/s along the
x-axis (from left to right) and then by 2 mm at 2 mm/s along the y-axis (from top to
bottom). The single pattern was thus repeated eight times to cover the entire bleeding
wound (i.e., reversing direction along x-axis per pattern; Figure 1(b)), and the total
irradiation time was 24 s (= 3 s for each pattern x 8 repetitions). Three different
irradiation modes were tested for the perfused phantom testing: 532 nm only, 980 nm
only, and dual-wavelength. In turn, the total energy density (J/mm?) corresponded to
266.4, 532.8, and 799.2 J/mm?, respectively. The entire irradiation process was
recorded to quantify the overall photocoagulation time. Probit analysis was used as a
probabilistic (binary) approach to estimate the complete hemostasis time with a 50 %

probability [22]. Thus, 1 is considered hemostasis whereas 0 non-hemostasis. All the



conditions were repeated five time (N = 5). After the laser treatment, the top surface of
each sample was imaged by using a digital camera. Each treated tissue was then fixed
in formalin and prepared for histological analysis. All the histology slides were stained
with hematoxylin and eosin (HE) to assess the extent of the irreversible thermal
coagulation in the phantom tissue. From each histology slide, the coagulation depth and
width were defined as the distance between top and bottom of the coagulated area and

the overall spatial extent of the coagulated region at the surface level, respectively.

2.2.5. Statistical analysis
For statistical analysis (unpaired data), Mann Whitney U test was performed as a non-
parametric method on all the measured coagulation depth, width, and volume, and p <

0.05 represents statistical significance.

10
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Figure 1. Experimental set up for dual wavelength photocoagulation: (a) ex vivo

kidney testing and (b), (c) perfused tissue phantom testing
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2.3. Results and Discussion

2.3.1. Thermal coagulation in kidney tissue

Figure 2 characterizes the spatial distribution of the irreversible thermal coagulation in
kidney tissue (straight lines) at various power levels for two individual wavelengths.
Figures 2(a) and 2(b) represent coagulation depth and width, respectively. The power
levels were merely associated with the coagulative process (no ablation was included).
Regardless of the wavelength, the coagulation features increased linearly with the
applied power. Overall, 532 nm initiated the tissue coagulation at lower power,
compared with 980 nm. At the same power of 20 W, the 532 nm created 1.5-fold deeper
(1.37 £ 0.13 mm) and 2.2-fold wider (2.04 + 0.19 mm) coagulation regions than the
980 nm did (0.91 £ 0.12 mm for depth and 0.91 = 0.21 mm for width; p < 0.001). In
fact, the 532-nm yielded increased rates per unit power of 0.08 mm/W for the depth
and 0.12 mm/W for the width, which was 1.6- and 2.4-fold higher than those of the 980
nm (i.e., 0.05 mm/W for depth and 0.05 mm/W for width; p <0.001). To maximize the
degree of the thermal coagulation in the tissue, the maximal laser power levels were
selected for the rest of the study (i.e., 20 W for 532 nm and 40 W for 980 nm). In turn,
each wavelength was able to generate the coagulation depth of ~1.3 mm and the width

of 1.8~2 mm in the kidney tissue.

Figure 3 shows the effect of various irradiation combinations on coagulation

characteristics in porcine kidney (straight lines). The applied power levels for 532 and

12



980 nm were 20 and 40 W, respectively. In the case of coagulation depth in Figure
3(a), dual-wavelength created up to 1.4-fold deeper coagulation regions than other
conditions (p < 0.001). The other conditions (532 nm, 980 nm, 532—980 nm, and
980—532 nm) induced the comparable coagulation depths (1.30~1.37 mm; p =
0.47~0.18). On the other hand, the coagulation width in Figure 3(b) demonstrated that
both the sequential and the dual-wavelength irradiations were associated with the wider
coagulation regions than either the 532 nm or the 980 nm did (around 2.5 mm for
sequential and dual vs. 2.00 = 0.19 mm for 532 nm and 1.62 + 0.20 mm for 980 nm; p
< 0.001). Among the combinations, the 980-nm wavelength generated the narrowest
coagulation region whereas the dual-wavelength resulted in the largest degree of the
irreversible tissue coagulation.

Figure 4(a) displays cross-sectional images of porcine kidney tissue after laser
coagulation. The white dotted lines represent the region of the coagulated tissue.
Similar to Figure 3, dual-wavelength created the largest coagulation area (36.3 £ 5.0
mm?; up to 2.3 times larger) than other irradiation modes did (p < 0.001). Two
sequential modes (532—980 nm and 980—532 nm) yielded an almost equivalent size
of the coagulation area (p =0.47). Figure 4(b) represents the quantified coagulation
volume (left axis; bar) and non-dimensional AR (right axis; red line) for various
irradiation modes. Correspondingly, the coagulation volume was developed in the order
of the dual-wavelength, the sequential modes, the 532 nm, and the 980 nm. The dual-
wavelength created an up to 2.5-fold larger coagulation volume than the other

conditions did (p < 0.001). In the case of AR, the simultaneous irradiation of the two

13



wavelengths entailed a 20% larger AR than the sequential irradiations did, representing
the deeper penetration of the thermal coagulation into the tissue. On the other hand, the

980 nm generated relatively deeper and narrower coagulation areas.

2.3.2. Thermal coagulation on perfused skin phantoms

Figure 5 shows the images of thermal coagulation on perfused skin phantoms with
three different irradiation modes (532 nm, 980 nm, and dual-wavelength) captured at
two different times. Initially, significant bleeding was confirmed at the wound site prior
to laser irradiation (pre-treatment in top images; Figure 5(a)). However, 15 s after the
irradiation (bottom images), the disappearance of bleeding vividly evidenced that the
application of the dual-wavelength coagulated the wound site and eventually achieved
the complete hemostasis post-irradiation (i.e., clear color in far-right bottom image;
Figure 5(a)). Neither the 532 nor the 980 nm completely stopped the bleeders as the
bleeding continued at the wound (i.e., red color in far-left and middle bottom images;
Figure 5(a)). In fact, due to the substantial bleeding, the wound was almost invisible.
It should be noted that both the 532 nm and the dual images seemed purplish as a 532-
nm filter was used to prevent any optical damage to a digital camera during the
irradiation. Figure 5(b) demonstrates the Probit analysis of the coagulation times for
the three irradiation modes. Binomial responses represent no hemostasis (0) and
complete hemostasis (1). According to the results, the dual-wavelength (solid line) was

able to discontinue the bleeding within approximately 11 s after the onset of the laser

14



irradiation. On the other hand, both the 532 and the 980 nm (dotted lines) were unable

to obtain the thermal coagulation, given the experimental conditions.

Figure 6(a) exhibits the captured images of the tissues after photothermal coagulation
(top: tissue surface and bottom: histology images of cross-sections). Top images present
the laser-induced discoloration on the tissue surface along the pre-created wound
(horizontally positioned). 532 nm demonstrated a very thin discoloration around the
bleeding wound whereas 980 nm was associated with a discernably thick coagulation
line. Contrary to the application of a single wavelength (532 or 980 nm), the dual-
wavelength irradiation yielded the widest lateral discoloration on the surface (~3 mm
in vertical direction). Histological images (bottom) validated that the dual-wavelength
covered the entire bleeding site in terms of a larger area of coagulation (orange dotted
lines). Unlike kidney testing (Figure 4), the 532 nm yielded relatively superficial
coagulation whereas the 980 nm created a deeper and wider coagulation region than
the 532 nm did. Figure 6(b) quantifies the degree of the tissue coagulation for all the
tested conditions from the histology images. The dual-wavelength irradiation entailed
a more than 4-fold deeper coagulation than the 532 nm did (p < 0.001) but a similar
coagulation depth to that of the 980 nm (p = 0.20). The coagulation width of the dual-

wavelength was up to 3-fold wider than those of the other wavelengths (p < 0.001).

15



2.3.3. Numerical simulations of temperature distribution in kidney tissue

Figure 7 demonstrates comparison of temperature distributions for three different
conditions (20-W 532 nm, 40-W 980 nm, and 60-W dual-wavelength). The black
dashed lines represent the threshold temperature (333 K) for tissue coagulation [24].
Due to application of the lower power and strong scattering features, the 532-nm
wavelength yielded a shallow but wide temperature distribution. On the other hand, the
980-nm wavelength created a deep but narrow temperature distribution on account of
a deep optical penetration depth along with less scattering effect. Compared with the
single wavelengths, the dual-wavelength with higher laser power generated a higher

surface temperature (i.e., 110 °C for dual vs. 72 °C for 532 nm and 64 °C for 980 nm).

16
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Figure 4. Effect of irradiation modes on thermal coagulation: (a) cross-sectional
images of coagulated tissue and (b) coagulation volume (bar; left axis) and aspect
ratio (AR, red lines; right axis). Note that the number at the right corner in each image

represents the measured coagulation area (N = 5; Bar = 1 mm; *: p < 0.001 vs. dual).
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Figure 5. Photocoagulation on perfused tissue phantoms: (a) captured images under
three irradiation modes (left column= 532 nm, middle column = 980 nm, and right
column = dual-wavelength) at various times (top = pre-irradiation and bottom = 15 s

after irradiation) and (b) Probit analysis on coagulation time
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wavelength (20-W 532 nm and 40-W 980 nm)
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3. Hemostatic effects depending on the urological
tissue and blood vessels in in vivo

3.1. Purpose

In the previous study, dual wavelength has demonstrated the feasibility of the enhanced
thermal hemostasis in ex vivo tests. Based upon the ex vivo test, we performed in vivo
kidney testing and in vivo ear testing to check hemostasis possibility. Firstly, we
conducted rabbit kidney test for possibility of hemostasis using dual-wavelength laser
that confirmed by ex vivo hemostasis test. The aim of the kidney bleeding model test
was to validate the hemostatic effect of the dual wavelengths on in vivo kidney tissue.
Lastly, we also tested rabbit ear bleeding model to prove the hemostasis effects on the
blood vessels (vein and artery of rabbit ear). The aim of ear bleeding model test was to
validate the enhanced hemostatic features of a combination of 532 and 980 nm

wavelengths on in vivo tissue coagulation.

3.2. Dual mode device design

A new device (Figure 8.) was designed to enhance convenience and exactitude in
animal experiments. Two fibers were tilted at 23° and -23° for 532 and 980 nm same
as ex vivo test. The middle of the device created a space to supply the saline. By
attaching a support to the device, the distance between the fiber tip and the tissue was

fixed.
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Figure 8. New designed device for dual-wavelength laser testing in in vivo

experiment.

24



3.3. Hemostatic effect of dual-wavelength laser through

intentional bleeding in urological tissue

3.3.1. bleeding model of kidney

In vivo experiments were performed on 2-months old female New Zealand white
(NZW) rabbit provided from Hana Biotech (Suwon, South Korea). All animal
experiments were conducted in accordance with the guidelines of the Korean National
Institutes of Health (NIH). The protocol was approved by the Committee on Animal
Research at Pukyong National University (Permit Number: 2016-15). Prior to the
testing, each rabbit was anesthetized by injecting a zoletil into the muscle. The rabbits
were undergoing laparotomy with surgical instruments and covered with sterile cover
to show only the kidney (Figure 9). 1.5 mm biopsy punch (Disposable biopsypunch,

Kai medical, Seki City, Japan) was used for making artificial bleeding in the kidney.

3.3.2. in vivo photocoagulation effects on bleeding model

During test, saline was constantly supplied at 4.4 ml/min to the irradiated spot same as
ex vivo test. Working distance of 3 mm and beam diameter of 1.5 mm were selected for
the current study. The tested power condition for 532 and 980 nm were 20 and 40 W.
Three different irradiation modes were tested: 532 nm only, 980 nm only, and
simultaneous irradiation 532 and 980 nm (dual-wavelength). After the laser treatment,

the top surface of each sample was imaged by using a digital camera for checking
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photocoagulation effects. Each treated tissue was then fixed in formalin for histological
analysis. All the histology slides were stained with hematoxylin and eosin to assess the
extent of the irreversible thermal coagulation in the kidney tissue. Image J (National
Institute of Health, Bethesda, MD) was then used to detect the coagulation area from
the histology. From each histology slide, the coagulation depth and width were defined
as the distance between top and bottom of the coagulated area and the overall spatial
extent of the coagulated region at the surface.

Figure 10 showed simulation model for the numerical analysis. Kidney tissue was used
for tissue model with specific optical properties and prepared in size 30 X 30 X 20 mm.
In order to theoretically validate thermal effect of various irradiation conditions on
tissue, simple numerical simulations were performed by using a bioheat transfer
equation and damage integral. During the laser irradiation, heat transport within the

tissue was described by using a bioheat transfer equation as follows:

source

pc%:V-(kVT(r,t))JrQ

Where p (kg/m’), ¢ (J/kg'K), and k (W/m-K) are density, specific heat, and thermal
conductivity of the kidney tissue, T (K) the local tissue temperature, and Qgyyrce

(W/m?) the heat source associated with light absorption.

Thermal damage was quantified by using a single parameter, € that was calculated

from the Arrhenius equation.

a( t)—Aft |~ o]t
PR A P ITRIG )
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Where A (1/s), AE (J/mol), R (J/mol-K), T (K), and t are the frequency factor,
denaturation activation energy, universal gas constant, absolute temperature in tissue,
and the duration of laser irradiation. Q =1 represents the extent of the irreversible

thermal damage.

3.3.3. Statistical analysis

For statistical analysis (unpaired data), Mann Whitney U test was performed as a non-
parametric method on all the measured coagulation depth, width, and volume, and p <

0.05 represents statistical significance.
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Figure 9. Experimental set-up for dual-wavelength hemostasis on kidney tissue
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kidney tissue.
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3.4. Results and Discussion (urological tissue)

3.4.1. Photocoagulation effects in kidney tissue

Figure 11A showed surface images of porcine kidney tissue after laser coagulation.
The white region represent coagulation necrosis (CN) effects that is a type of accidental
cell death. Carbonization (CB) effects was irreversible reaction where cells and tissue
were destroyed over 200 °C. CN effects were occurred in all conditions after laser
irradiation. However, 532 nm after laser irradiation was made CB unlike dual-
wavelength. Figure 11B presented coagulation time that could stop bleeding by laser
irradiation. Initially, significant bleeding was confirmed at the wound site prior to laser
irradiation. However, 4 seconds after the irradiation, the disappearance of bleeding
vividly evidenced that the application of the dual-wavelength eventually achieved the
complete hemostasis. Also, 980 nm was occurred hemostasis after 12.8+8.1 second but
it wasn’t always stopped bleeding. Compare with between 980 nm and dual-wavelength,
coagulation time of dual-wavelength showed 3 times shorter (P < .001). The 532 nm
couldn’t stopped the bleeders completely as the bleeding continued at the wound.
Therefore, these results indicated that dual-wavelength could stop bleeding more the

faster and effective than other conditions.
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Figure 11. Hemostatic effect depending on irradiation modes: (A) surface images of

coagulated tissue and (B) coagulation time.
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3.4.2. Histological analysis

Figure 12A exhibited histological images after photo-thermal coagulation (top: 10x,
bottom: 40x). Coagulation area of 980 nm and dual were showed similar area unlike
532 nm. After laser irradiation, transformed cells and blood clot inside the tissue were
observed in all conditions. The degree of the tissue coagulation for all the tested
conditions was quantified from histology images shown in Figure 12B. The dual
wavelength irradiation entailed deeper and wider coagulation than the 532 nm did
(depth: P = .03, width: P.=.004), but a similar coagulation depth and width to that of
the 980 nm (depth: P = .3, width: P =.7). Despite of the long laser irradiation time, the
532 nm produced less coagulation area than both 980 nm and dual-wavelength. In
numerical simulation, although short irradiation time, the dual-wavelength showed
almost similar temperature distribution and thermal distribution. In in vivo test and
numerical simulation, the dual-wavelength was confirmed effective thermal

coagulation after laser irradiation.
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Figure 12. H&E stained histological images of kidney tissue: (A) Histology (top:10x

and bottom:40x) and (B) measured coagulation
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3.5. Hemostatic effect of dual-wavelength laser according to

blood pressure in ear tissue

3.5.1. bleeding model of ear

In vivo experiments were performed on 2-months old female New Zealand white
(NZW) rabbit provided from Hana Biotech (Suwon, South Korea). All animal
experiments were conducted in accordance with the guidelines of the Korean National
Institutes of Health (NIH). The protocol was approved by the Committee on Animal
Research at Pukyong National University (Permit Number: 2017-33). Prior to the
testing, each rabbit was anesthetized by injecting a zoletil into the muscle. Then, the
back of each rabbit was shaved with a clipper. Two different blood vessels were
evaluated for hemostasis possibility according to laser condition: vein vessels and
artery vessels (Figure 13). Prior to the testing, 1.5 mm hiopsy punch (Disposable
biopsypunch, Kai medical, Seki City, Japan) was used for making artificial bleeding in

the rabbit ear.

3.5.2. in vivo photocoagulation effects on bleeding model

Figure 14 showed experiment set-up for hemostasis using hand-held device with dual-
wavelength. During the test, saline was constantly supplied at 4.4 ml/min to the
irradiated spot like ex vivo test. Working distance of 3 mm and beam diameter of 1.5

mm were selected for the current study. The tested power condition for 532 and 980
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nm were 20 and 40 W. Three different irradiation modes were tested: 532 nm only, 980
nm only, and simultaneous irradiation 532 and 980 nm (dual-wavelength). For group 1
(vein vessel) and group 2 (artery vessel), three different irradiation modes were
observed hemostasis effects at 0 to 4 weeks. To estimate physical variations in the
wound size, the wounded area of each group were photographed every 1 weeks. To
observe histological changes, rabbits were euthanized at 0, 1, 2, 3 and 4 weeks. Each
treated tissue was then fixed in formalin and prepared for histological analysis. All the
histology slides were stained with hematoxylin and eosin to assess the extent of the
irreversible thermal coagulation in ear tissue. All the prepared slides were observed

under an optical microscope.
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Figure 13. Confirmation of vein and artery vessels in rabbit ear
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Figure 14. Experimental set-up for hemostasis effects depending on the blood vessels
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3.6. Results and Discussion (Ear tissue)

3.6.1. Photocoagulation effects in ear

To monitor progress of wound healing, the wounded regions of all groups were
photographed at various time points (Figure 15A and Figure 16A). Overall, the wound
size of all the groups decreased with the healing time. Immediately after injury (day 0),
the initial wound size were different for all groups. Compare with group 1 at day O,
carbonizations were observed at day 0 in group. After 1 week, all groups suffered from
swelling around wound by inflammatory response. Later, the wound size of group 1
dramatically was decreased and created a scar. Also, the wound size of group 2 was
decreased after 3 weeks and created a scar. Figure 15B and Figure 16B presented
coagulation time that was stopped bleeding by laser irradiation. In Group 1 (Figure 15),
coagulation time of the two single wavelengths (532 nm and 980 nm) showed similar
time. However, in Group 2 (Figure 16), coagulation time of 980 nm was longer than
that of 532 nm. The application of the dual-wavelength eventually achieved the
complete hemostasis after 3 seconds in groupl and 2. On the other hand, 532 and 980
nm could not stop the bleeding from the wound. In these results, dual-wavelength could
achieve hemostasis faster and more effective than other conditions like previous in vivo

kidney test.
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3.6.2. Histological analysis

Figure 17 showed histological image after photo-thermal treatment. After laser
irradiation, blood vessels of both vein and artery were changed by laser light. In all
conditions except control, the homogeneous dermal collagen was discovered due to
thermal injury after thermal treatment at 0 day. Hemorrhage was observed in all groups
in 1 week, and inflammatory reactions was confirmed within 2 weeks. As a results,
vascular deformation and inflammatory responses by photo-thermal were observed in

all groups.
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Figure 15. Top view images of lesions on weeks 0, 1, 2, 3 and 4 after treatment: (A)
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Group 1: vein and (B) coagulation time
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4. Discussion

The goal of research was to investigate feasibility and treatment efficacy of dual
wavelengths laser for effective hemostasis in BPH treatment. As each wavelength is
associated with different optical penetrations in blood and soft tissue [25], the
simultaneous irradiation of two wavelengths (532 and 980 nm) could contribute to the
enhancement of coagulation (Figures 3 and 4). In turn, the resultant thermal
augmentation with a larger coagulation volume (Figure 4(b)) could accompany rapid
and complete thermal hemostasis by achieving a deep and wide range of the coagulative
coverage on the bleeding sites (Figure 6). In spite of delivery of higher total power (60
W =20 W for 532 nm + 40 W for 980 nm) to the bleeders, no considerable tissue
ablation was observed in both kidney tissues and skin phantoms during the experiments.
Hence, the dual-wavelengths with different optical characteristics could additively
induce heat accumulation and augment the spatial extent of the irreversible thermal
coagulation on the bleeding sites, possibly leading to the complete hemostasis for the
laser prostatectomy.

According to numerical simulations (Figure 7), dual-wavelength with higher laser
power yielded a surface temperature 52 and 42% higher than 532 and 980 nm
wavelengths did, respectively. The increased surface temperature along with the
wavelength-dependent tissue responses (i.e., absorption and scattering) resulted in an

ostensibly deeper and wider area, which is congruent with the overall trend from the
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current experimental results (Figures 3 and 4). However, the detailed discrepancy
between the simulation and the experimental results still exist possibly due to partial
phase change of tissue, convective cooling, and variations in tissue properties. Hence,
an in-depth numerical analysis should be performed to elucidate the collective thermal
effects of the dual-wavelength on tissue coagulation and hemostasis by taking into
account the changes in optical and thermal properties, surface convection by saline
cooling, micro-pulse schemes, and dynamic fiber movements (i.e., moving heat source)
during the irradiation [23, 26,27].

As 2 different fibers were employed to deliver 532 and 980 nm wavelengths in ex vivo
test, hand-held device was designed to enhance for convenience and exactitude during
in vivo test (Figure 8). For developing the bleeding model in ir vivo test, two type of
bleeding model (kidney and ear) were selected to check the hemostasis possibility using
dual-wavelength (Figure 9 and Figure 14). Also, the kidney and ear model of rabbit
were not related to the prostate, but it was used to identify the hemostasis possibility
that demonstrated in ex vivo test. As the kidney has many small vessels among the
urological tissue, it is effective to create the bleeding model. So, we studied the
possibility of hemostasis using dual-wavelength laser in kidney bleeding model. As a
results, in in vivo kidney experiment as well as ex vivo experiment, dual-wavelength
were able to identify faster and more effective hemostasis effect (Figure 11 and Figure
12). In case of 532 nm, despite longer laser irradiation time than other conditions, 532
nm could not stop the bleeding completely in the same with ex vivo test. However, in

vivo kidney test was difficult in proving possibility of hemostasis to arterial bleeding.
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During BPH procedure, the arterial bleeding is big problem due to obstruct surgeon’s
view. So, various blood vessels were estimated hemostasis effects in terms of chronic
response and wound healing before clinical study. The rabbit ears were used to evaluate
hemostasis possibility depending on the vessels (vein and artery). In in vivo ear test,
dual-wavelength achieved the complete hemostasis in all of conditions (vein and artery)
(Figure 15 and Figure 16). Overall results of study, dual-wavelength laser showed

complete hemostasis in all bleeding situations.

Although the current study demonstrated the feasible hemostatic capability of dual-
wavelength due to the augmented thermal effects, experimental limitations still remain
in order to translate the proposed technique into clinical situations. As 2 fibers were
employed to deliver 532 and 980 nm wavelengths in the study, the simultaneous
transmission of the dual wavelength still needs to be examined in a single device.
Current device for in vivo testing was still big and inappropriate to insert inside the
prostate. For clinical testing, an optical beam combiner will be designed and
development to transmit the dual-wavelength in a single optical fiber. Thus, further
studies are underway to perform canine prostate testing to explore the effectiveness of

the dual-wavelength irradiation on bleeding control during in vivo laser prostatectomy

[5].

45



5. Conclusion

In the present study, both ex vivo and in vivo assessments were performed to investigate
the photocoagulation effects of dual-wavelength laser in the bleeding model. The dual
wavelength showed rapid procedure time and a complete hemostatic effect. The
combined wavelengths accompanied more extensive lateral heat diffusion as well as
deeper optical penetration. Therefore, the dual-wavelength assisted coagulation can be

a feasible treatment to entail the rapid hemostasis in an effective manner.
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