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absorption spectra of saline and 0.4 % sodium hyaluronate
displayed similar curves in the mid-infrared range and
exhibited absorption values of ~850 cm™! at a wavelength
of 10.6 nm (Fig. 3). The absorption coefficients of these
solutions were markedly higher than that of the lamina
propria at a wavelength of 10.6 pum, suggesting that laser
absorbents, such as saline and sodium hyaluronate, absorb
enough of the energy produced by CO, lasers to protect the
muscularis propria from damage caused by laser irradiation.

Preliminary study

To investigate whether the submucosal injection of saline
prevents the muscularis propria from being injured and to
determine the optimal CO, laser output power for ESD, a
preliminary study was performed. In the absence of saline
injection, at cutting speeds of 0.5 and 1.0 mm/s performing
the CO, laser irradiation at 6 W damaged the muscularis
propria, and performing it at 10 W damaged the muscularis
propria at all speeds (Fig. 4A, C). On the other hand, in the
presence of saline, irradiation did not damage the muscu-
laris propria at any speed or output power (Fig. 4B, D).
Thus, the injection of saline prevented the laser’s energy
from passing through the submucosa, and hence, protected
the muscularis propria from injury.

When sodium hyaluronate was injected into the sub-
mucosa, performing the CO; laser irradiation at 12 W and
0.5 mm/s, which were the conditions that were found to be
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Fig. 2 Absorption spectra of the porcine stomach. The infrared

absorption spectra of the lamina propria, submucosa, and muscularis
propria are shown. These spectra were similar in the infrared region
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Fig. 3 Absorption spectra of saline and sodium hyaluronate. The
infrared absorption spectra of saline, sodium hyaluronate, and the
mucosa of the porcine stomach are shown. The spectra of saline and
sodium hyaluronate were similar. The absorption coefficients of these
solutions were higher than that of the lamina propria at a wavelength
of 10.6 pm

most likely to induce injury in the saline experiment, laser
irradiation did not damage the muscularis propria (data not
shown).

These results showed that both saline and sodium
hyaluronate stopped the energy of the CO, laser from
passing through the submucosa and prevented the muscu-
laris propria from being injured.

Ex vivo porcine study

To investigate whether performing ESD using a CO; laser
with laser absorber is a safe and feasible method, an ex vivo
study, in which a porcine gastric model was subjected to
the procedure, was performed.

The procedure time was measured from the first sub-
mucosal injection to the end of the complete resection of the
lesion. Grossly, all specimens included all of the markings
caused by electrocautery, which formed the equivalent of a
tumor-free resection margin. Hypothetical lesions were
produced in the antrum, lower body, central body, and
upper body. En bloc resections were achieved in all cases.
The mean diameter of the resected specimen was 31.6 mm,
and the mean procedure time was 26.2 min (Table 1).

The gastric wall resection sites were examined. However,
no gastric wall perforation was encountered, and no muscular
injuries were detected during histological examinations.

The resected specimens also were collected and histo-
logically evaluated. The mucosae of the resected speci-
mens were not damaged by the submucosal dissection, and
histological evaluations could be performed in all of the
resected specimens (Fig. 5A). The resection margins were
very clear, and almost no burn effects were seen. In
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Fig. 4 Incision depth in various conditions. In the absence of saline
injection, performing the CO, laser irradiation using an output power
of 6 W damaged the muscular layer at incision speeds of 0.5 and
1.0 mm/s. Performing the CO; laser irradiation at an output power of
10 W damaged the muscular layer at all speeds (A). When the CO,
laser incision was performed at an output power of 12 W and a speed

Table 1 Results of CO, laser ESD in a resected porcine stomach

Case  Procedure time  Major axis Minor axis Perforation
(min) (mm) (mm)

1 22.3 32.6 26.7 None

2 26.6 .0 26.3 None

3 24.1 30.2 25.8 None

4 22.7 33.6 21.8 None

5 35.5 30.3 29.7 None
Mean 26.2 31.6 26.1 0

SD 5.9 1.5 2.8 0

ESD was performed using a CO, laser for five hypothetical lesions
The mean size of the resected specimens was 31.5 mm, and the mean
procedure time was 26.2 min. No perforation occurred during the
procedures
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of 0.5 mm/s, it did not reach the muscular layer (B). These conditions
were considered to produce the deepest incisions according to the
findings obtained without saline injection. C Depth of the incisions
produced in the absence of saline injections. D Depth of the incisions
produced in the presence of saline injections

Fig. 5 Histological findings of the resected lesion and resected site.
A Histological findings of the resected lesion after laser ESD. Enough
of the submucosa remained to allow submucosal invasion and
lymphovascular invasion to be evaluated. B Histological findings of
the laser ESD site. No muscular damage was seen
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Fig. 6 Endoscopic view of ESD using a CO; laser. A Circumferential mucosal incision. B, C Submucosal dissection. D Artificial ulcer produced

by laser ESD

addition, no muscular damage was detected (Fig. SB).
These results suggest that ESD using a CO, laser is
feasible.

Living porcine study

The ex vivo study suggested that ESD using a CO, laser is a
feasible method. To verify the feasibility and safety of this
method in vivo, a living porcine model study was per-
formed (Fig. 6A-D). The median procedure time from the
circumferential mucosal dissection to the end of the sub-
mucosal dissection was 22.3 min. Little hemorrhaging
occurred during the circumferential mucosal dissection or
submucosal dissection, and the hemorrhaging that did occur
was arrested immediately with CO, laser irradiation. The
procedures were accomplished without any complications,
such as perforations or serious bleeding. During the cir-
cumferential mucosal dissection, smoke and fragment
splattering temporarily reduced the endoscopist’s visibility.
However, the smoke and fragments were successfully
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suctioned using an accessory channel, and the lens of the
endoscope was cleaned, thereby recovering visibility. The
incision edge was sharp and clear on the endoscopic view.
During the submucosal dissection, no smoke or fragment
splattering occurred. Specimens of the resected mucosa
were collected, and the surface and edge of the ulcers
produced by ESD were smooth. The heat damage caused by
the incision and dissection was not extensive so it was
possible to histologically evaluate the resected mucosa
(Fig. 7A, B). The muscularis propria was not damaged by
the laser irradiation (Fig. 7C, D). These findings indicate
that ESD using a CO, laser is a feasible and safe method.

Discussion

Endoscopic submucosal dissection has been widely per-
formed, not only for early gastric cancer, but also for
superficial cancers in other parts of the gastrointestinal
tract, such as esophageal cancer and colorectal cancer.
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Fig. 7 A, B Histological findings of the resected lesion and ESD
resected site. C, D Histological findings of the laser ESD site. Enough
of the submucosa remained free of heat damage to allow submucosal
invasion and lymphovascular invasion to be evaluated (A, B). No
muscular damage was detected at the ESD resection site (C, D)

However, ESD requires a great deal of endoscopic skill,
and the procedure takes a long time. In addition, ESD
carries a high risk of perforation and bleeding [4]. ESD is
usually performed with an electrosurgical knife. It is

difficult to make incisions with electrosurgical knives
without appropriate traction; therefore, skill is required to
move the knife in the appropriate direction. Thus, to
broaden ESD it is necessary to develop simple methods for
mucosal incision and submucosal dissection. We hypoth-
esized that laser irradiation might be a suitable alternative
to using electrosurgical knives in ESD, because it can be
used to make incisions and induce coagulation regardless
of the skill of the operator. If the target can be directly
viewed, then only the laser beam has to be in contact with
the target, rather than the device itself, which is required
for procedures performed with electrosurgical knives.
CO, lasers have been widely used in various surgical
procedures in the otorhinolaryngology, dermatology, and
oral surgery fields [12-14]. However, there have been few
reports about CO, laser treatment involving the gastroin-
testinal tract, because the endoscopic use of CO, lasers in
gastrointestinal procedures is limited by the lack of an
efficient delivery system. Until recently, due to the wave-
length characteristics of CO, lasers articulated arms with
mirrors or lenses attached to them and optical fibers that
were hard to pass through gastrointestinal endoscope
channels were the only devices that could be used to per-
form CO, laser treatment in the gastrointestinal tract.
However, flexible optical fibers that can be passed through
gastrointestinal endoscope channels have since been
developed for CO, lasers [18], so it has become possible to
use CO, lasers for endoscopic procedures in the gastroin-
testinal tract. Anandasabapathy et al. [19] described the
endoscopic ablation of the esophagus using a CO, laser in
an in vivo porcine model. In this study, we have developed
a safe ESD procedure involving the use of a CO, laser.
In standard ESD procedures, a solution is injected into
the submucosa to lift it in order to ease its resection, to keep
it a suitable distance from the muscularis propria, and to
protect the muscularis propria from thermal and mechanical
injury, thereby decreasing the risk of perforation. Compared
with most other lasers, a large amount of the energy pro-
duced by CO, lasers is absorbed by water and soft tissue
[17]. It was hypothesized that if a solution that could absorb
the energy of CO, lasers could be injected into the sub-
mucosa, the energy of the CO, laser would be immediately
absorbed, and hence, would not reach the muscularis pro-
pria. Previous studies have demonstrated that injecting a
light absorbent solution into the submucosa and using a
laser whose energy is specifically absorbed by the solu-
tion protects the muscularis propria from laser irradiation.
In dogs that underwent laparotomy, Hayashi et al. [20]
reported that when diode laser ablation was performed after
the injection of indocyanine green (ICG) solution into the
submucosa, the ablation did not extend beyond the proper
muscularis propria of the gastric wall. In clinical practice,
endoscopic laser treatment involving the injection of ICG

@ Springer



4248

Surg Endosc (2013) 27:4241-4249

solution for early gastric cancer has been reported [21]. In
these reports, an 805-nm laser and ICG solution were used.
The energy of the 8§05-nm laser was strongly absorbed by
the ICG solution, which has a specific absorption spectrum
peak at a wavelength of 805 nm. CO, lasers are capable of
precisely cutting tissue whilst causing limited injury to the
surrounding tissue [12-14], because their energy is strongly
absorbed by water and protein and hardly penetrates deeper
tissues [15]; thus, CO; lasers are suitable for making sharp
incisions. In this study, we used a CO, laser and saline,
which is widely used in standard ESD procedures, as a CO»
laser absorbent.

To provide proof of concept for CO, laser-based ESD, we
performed an ex vivo study to investigate whether injecting a
light absorbent solution into the submucosa would prevent
the muscularis propria from being injured by laser irradia-
tion. First, a preliminary study was performed to determine
the optimal laser output power level for ESD. Then, to
determine the appropriate incision speed, we measured the
speed of the mucosal incisions produced during the resec-
tion of a porcine stomach with an electrosurgical knife. As a
result, we found that the mean incision speed was
~1.0 mm/s (data not shown). Next, we performed a
mucosal incision experiment in which a porcine stomach
was resected using a CO, laser. Based on the abovemen-
tioned results, the mucosal incision speed was set to 0.5, 1.0,
or 2.0 mm/s and the output power was set to 6.0, 8.0, or
10.0 W during this experiment. In the group in which no
laser absorbent was injected into the submucosa, when an
output power of 6.0 W was employed the ablation did not
reach the submucosa at an incision speed of 2.0 mm/s (the
fastest incision speed), but it did reach the muscularis pro-
pria when an incision speed of 1.0 mm/s was used, and the
incision penetrated all of the layers at a speed of 0.5 mm/s
(the slowest incision speed). On the other hand, in the group
in which saline was injected into the submucosa, the abla-
tion stopped in the submucosa when output powers of 6.0,
8.0, and 10.0 W were employed together with a 0.5 mm/s
incision speed, and furthermore, the ablation did not reach
the muscularis propria or injure the muscularis propria when
an output level of 12 W was used. These results showed that
the saline injected into the submucosa absorbed the energy
of the laser and prevented the muscularis propria from being
injured.

Next, to investigate whether CO, laser-based ESD is
feasible, an ex vivo study was performed. A resected por-
cine stomach was subjected to five ESD procedures
involving a CO, laser. Based on the results of the pre-
liminary study, the output power of the laser was set at
10 W. All of the procedures were accomplished without
perforation or damaging the muscularis propria, and visual
evaluations of each resection site were performed after the
procedure. The heat damage caused by the laser was

@ Springer

sufficiently minimal to allow the resected specimens to be
histologically evaluated. These results suggest that ESD
using a CO, laser is feasible. However, e¢x vivo studies are
limited by the fact that no bleeding occurs. Bleeding is one
of the most common complications of ESD and can distort
the endoscopic view and make it difficult to perform the
procedure safely and quickly.

Therefore, an in vivo porcine study was performed to
further investigate whether ESD using a CO, laser is fea-
sible. In this procedure, we were able to obtain mucosal
tissue samples without damaging the muscularis propria
under the resected area. There were no complications
(including bleeding) during the procedure, and the heat
damage caused by the incision and dissection was minimal.
These results suggest that the submucosal injection of
saline or sodium hyaluronate makes ESD performed with a
CO, laser safe. Moreover, using a laser knife for ESD
requires less skill than performing the procedure with an
electrosurgical knife.

Endoscopic submucosal dissection using a CO, laser
with a submucosally injected laser absorbent might be a
feasible method for the treatment of early gastric cancer,
and it might be easier and safer than the conventional
method using an electrosurgical knife.
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ABSTRACT

Since carbon dioxide laser is excellent for incision, hemostasis, coagulation, and vaporization of soft tissues, it has been
widely applied in clinical treatments as the laser knife. In these days, flexible thin hollow optical fibers transmitting
mid-infrared light have been developed, and the application of carbon dioxide laser to endoscopic therapy has become
possible. However, it is expected that the irradiation effect is influenced by the change in the laser power at the tip of
the hollow optical fiber due to the change in the transmittance by the bending loss. The purpose of this research is to
quantitatively evaluate the change in the output power and therapeutic effect by bending the hollow optical fiber in a
gastrointestinal endoscope. The change in the transmittance of the hollow optical fiber due to the insertion of the fiber
into the endoscope and bending of the head of the endoscope was measured. Then, the relationship between the irradi-
ated laser power and the incision depth for a porcine stomach was investigated. As the results, the most significant de-
crease in the transmittance of the hollow optical fiber was caused by the insertion of the fiber into the instrument chan-
nel of the endoscope, and bending of the head of the endoscope with the angle of 90° decreased the output laser power
and incision depth by 10% and 25%, respectively. Therefore, it was confirmed that the bending loss of the hollow opti-
cal fiber due to the bending of the head of the endoscope had no significant influence on the endoscopic therapy using
the carbon dioxide laser.

Keywords: Hollow Optical Fiber; Carbon Dioxide Laser; Bending Loss; Endoscopic Therapy

1. Introduction in terms of the mechanical and chemical properties, tox-
icity, manufacturing cost, etc. Therefore, they could not
be used for medical purposes. Recently, hollow optical
fibers with a dielectric coating made of cyclic olefin
polymer (COP) inside a cylindrical metal waveguide have
been developed as shown in Figure 1 [6]. Since the core

of the hollow optical fibers is air or other gases with a

Since carbon dioxide laser with the wavelength of 10.6
pm is absorbed strongly by water, which is contained
about 70% in biological soft tissues, it is excellent in
incision, hemostasis, coagulation, and vaporization of the
soft tissues [1,2]. In fact, carbon dioxide laser is widely
efficient for medical field, e.g., plastic surgery, cosmetic

surgery, otolaryngology, and dentistry. Even in the en-
doscopic surgery, carbon dioxide laser had various pro-
mising application, so that many researchers developed
new techniques for clinical treatment [3,4]. At the same
time, several kinds of optical fibers transmitting mid-
infrared light have been developed. These optical fibers
are classified broadly into three categories, i.e., glasses
composed of fluoride or oxide, special glasses such as
chalcogenide, and polycrystalline materials such as metal
halide [5]. However, these optical fibers have problems

Copyright © 2013 SciRes.

high transmittance at the wavelength of the carbon diox-
ide laser, extremely low absorption loss could be ob-
tained [7]. Because the reflection loss at the end surface
of the fiber and related damage do not occur, the hollow
optical fibers are suitable to transmit high-power lasers.
In addition, the hollow optical fiber shown in Figure 1
can simultaneously transmit carbon dioxide laser and vi-
sible aiming laser. Although it is possible to enhance the
reflectance of the inner surface to nearly 100% by de-
signing the COP layer thickness according to the wave-
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length of the transmitting laser light, the leaking loss to
the outside of the fiber can not be eliminated in principle.
Therefore, by bending the hollow optical fiber, the trans-
mittance decreases due to the increase in the number of
reflection per unit length and decrease in the reflectance
in the fiber. When the hollow optical fiber is used in a
clinical treatment with an endoscope, it is inferred that
output laser power and therapeutic effect are changed
due to the change in the transmittance of the hollow op-
tical fiber caused by the bending of the endoscope. The
purpose of this research is to quantitatively evaluate the
change in the output laser power and therapeutic effect
caused by bending the hollow optical fiber in a gastro-
intestinal endoscope.

2. Materials and Methods

2.1. Transmittance of the Hollow Optical Fiber
with Bending of the Endoscope

In this research, a carbon dioxide laser system modified
from a commercial laser system for dental treatment and
so on (COM-2, J. Morita Manufacturing Corp., Kyoto,
Japan) was used. The laser was operated in the continu-
ous wave mode, and the maximum output power of the
laser oscillator was 30 W. Two types of the hollow opti-
cal fiber (J. Morita Manufacturing Corp.) listed in Table
1 were used to deliver the carbon dioxide laser through a
gastrointestinal endoscope (GIF-2T200, Olympus Corp.,
Tokyo, Japan) shown in Figure 2. A laser power meter
(30-A-BB-18, Ophir Optronics, Israel) was used to meas-
ure the laser power.

The carbon dioxide laser, the visible aiming laser with
a wavelength of 650 nm, and air were simultaneously
transmitted through the hollow optical fiber. Input and
output powers of the hollow optical fibers were measured
under four different conditions as shown in Figure 3, and
each condition was described as follows:

Protective polyimide tube
POY Hollow core

Silver coating

850 or 660 pm
Dielectric coating (COP)

Glass capillary

Figure 1. Schematic of the hollow optical fiber used in this
research.

Table 1. Specifications of the hollow optical fibers.

Outer diameter (um)  Inner diameter (um)  Length / (cm)
L-1 850 700 250
L-2 850 700 260
S-1 660 530 260

Copyright © 2013 SciRes.

ET AL. 15

[. The hollow optical fiber was kept straight without
insertion to the endoscope.

[I. The hollow optical fiber was inserted into the endo-
scope, and endoscope was kept straight.

[1I.In addition to the condition II, the middle part of the
endoscope was gradually bent 90° with a radius r; =
50 cm.

[V.In addition to the condition III, the head of the endo-
scope was steeply bent 90° with a radius r, = 5 cm.

2.2. Dependence of the Output Laser Power
and Incision Depth on the Bending of the
Head of the Endoscope

By assuming the case where the endoscope is used in
transoral surgery, the middle part of the endoscope was
bent 90° with a radius ; = 50 c¢m, and the tip of the hol-
low optical fiber L-1 was bent with various angles and
radii r, as listed in Table 2. To avoid the accidental
damage to the endoscope due to the break of the hollow
optical fiber during laser irradiation, the fiber was ejected
about 15 cm from the head of the endoscope, and only
the fiber was bent by using in-house guide plates made of
foamed polystyrene in order to simulate the bending con-
ditions of the head of the endoscope.

A segment of a porcine stomach was set on a motor-
ized linear stage (SGSP20-20, SIGMA KOKI Co., Ltd.,
Tokyo, Japan) and moved at a constant speed of 1.0
mm/s during laser irradiation for a time of 20 s. The car-

Angle adjust knobs

Instrument

el Hollow optical fiber

Instrument
channel

130°

Objective
Lens

Figure 2. The photographs of the endoscope and its head
and instrument channel. The hollow optical fiber is steeply
bent 130° just after the insertion to the instrument channel.
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I 1
| ! Gastrointestinal endoscope

Hollow optical fiber
(I=250 or 260 cm)

Carbon dioxide
laser system

5

Figure 3. Schematics of the measurement of the transmit-
tance of the hollow optical fibers for various bending con-
ditions.

bon dioxide laser was irradiated vertically to the surface
of the mucosa from a distance of 2 mm. The setting
power of the carbon dioxide laser system was set at 3, 5,
and 8 W, and laser power transmitted through the hollow
optical fiber was measured under each condition. To si-
mulate the in vivo environment, the sample surface was
kept wet by pouring saline on the sample at a rate of 120
mL/h using a micro syringe pump (IC3100, AS ONE,
Osaka, Japan). After laser irradiation, each sample was
stored at —80°C and was sliced to a thickness of 10 pum
by using a cryostat microtome (CM1850, Leica Micro-
systems, Wetzlar, Germany) at a temperature of —20°C.
Then, each sample section attached onto a glass slide
was stained with hematoxylin and eosin (HE) staining
and observed using a high-resolution slide scanner (Nano-
Zoomer 2.0 RS, Hamamatsu Photonics K. K., Shizuoka,
Japan).

3. Results and Discussion

3.1. Transmittance of the Hollow Optical Fiber
with Bending of the Endoscope

Figure 4 shows the transmittance of the hollow optical
fibers under each condition. When the hollow optical fi-
ber was inserted into the instrument channel of the endo-
scope (from the condition I to II), the transmittance of the
fiber L-1, L-2, and S-1 decreased by 29%, 28%, and 24%,
respectively. On the other hand, the transmittance was
not significantly decreased by the bending of the endo-

Copyright © 2013 SciRes.

Table 2. Conditions for the measurement of the dependence
of the output laser power and incision depth on the bending
of the head of the endoscope.

Bending angle (%) 0 30 60 90
Bending radius r, (cm) - 11.0 7.0 5.0
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Figure 4. Transmittance of the hollow optical fibers under
each condition.

scope. When the bending of the endoscope was changed
from the condition II to IV, the transmittances of the fi-
bers L-1, L-2, and S-1 decreased by 7, 3, and 4%, respec-
tively. Therefore, it was found that the decrease in the
transmittance of the hollow optical fiber due to the inser-
tion into the instrument channel was the most dominant
loss in the hollow optical fibers. It is suggested that these
results are caused by the steep bending of 130° just after
the insertion into the instrument channel as shown in Fig-
ure 2.

3.2. Dependence of the Output Laser Power and
Incision Depth on the Bending of the Head of
the Endoscope

Figure 5 shows the relationships between the bending
angle of the tip of the hollow optical fiber and the output
laser power. The output laser power gradually decreased
with the increase in the bending angle of the tip of the
hollow optical fiber, and the output laser power at 90°
was about 10% lower than that for 0°.

Figure 6 shows the photomicrographs of the cross sec-
tions of the HE stained porcine stomach samples after
laser irradiation with each condition. Figure 7 shows the
relationships between the bending angle of the tip of the
hollow optical fiber and the incision depth measured
from the photomicrographs of the sample shown in Fig-
ure 6. The incision depth under each condition decreased
by up to 25% compared to that for 0° with an exception
for the condition of 8 W at 90°. Therefore, it was con-
firmed that the bending loss of the hollow optical fiber
due to the bending of the head of the endoscope had no
significant influence on the endoscopic therapy using the
carbon dioxide laser.
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Figure 5. The relationships between (a) the bending angle of
the head of the endoscope and the output laser power and
(b) the bending angle and the ratio R, of the output laser
power to that for 0°.

The mechanism of the vaporization of the biological
soft tissue by a laser knife is described as follows: When
the biological soft tissue absorbs the laser, the tempera-
ture of the tissue quickly rises within a time of micro-
seconds. Since the boiling point of water is 100°C, water
in tissue is immadiately vaporized and the volume is ex-
panded by continuously making water in the tissue over
100°C. Then, cell membrane and organelle fragment are
vaporized. In our experiment, laser was linerly scanned
with a speed of 1.0 mm/s, incision was performed using
the vaporization. In order to describe the reltionship be-
tween the irradiated laser energy density and the incision
depth, the steady-state model has been proposed [8,9].
This model was developed for continuous ablation proc-
ess using a continuous wave or pulsed laser with micro-
seconds or longer pulse width. In the steady-state model,
the relational expression between the incision depth
(mm) and the irradiated laser energy density @, (J/mm?)
is given by

5= Py =Py , 1)
Phy,

where p = 1.02 x 107 g/mm’ is the density of biological
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Figure 6. Photomicrographs of the HE stained samples after
laser irradiation with each condition.

soft tissue composed of water of 70%, and the ablation
enthalpy A, (J/g) and the ablation threshold energy den-
sity @, (J/mm?) are defined as follows:

hy = CAT+L,
h
(Dm — P abl
Hy

where C = 3.45 J/(g-K) is the heat capacity, AT = 63.0
K is the temperature rise to the boiling point of water, L
=2.58 x 10’ J/g is the heat of vaporization, and U, =
6.15 % 10> mm™" is the absorption coefficient of the por-
cine mucosa at the wavelength of 10.6 pm [10-12]. In
Figure 8, the dots show the relationship between the ir-
radiated laser energy density and the incision depth ob-
tained from the results in Figures 5 and 7, and the solid
line represents the theoretical values estimated using
Equation (1). The laser beam diameter at the surface of
the porcine stomach mucosa was measured for the fiber
L-1 by using knife-edge method and was about 710, 712,
772, and 740 pm at the bending angle of 0°, 30°, 60°, and
90°, respectively. The laser beam diameter was increased
with the increase in the bending angle, because the beam
spread angle from the exit of the hollow optical fiber was
increased with the increase in the bending angle due to
the conversion of the propagation mode from the low-
order modes to the high-order modes in the hollow opti-
cal fiber.

From the results in Figure 8, it was found that both the
experimental and theoretical values have similar correla-
tions between the irradiated laser energy density and the
incision depth. However, the theoretical values were
about 1.5 times higher than the experimental values. It is
inferred that the principal factor for this difference is the
uncertainty in the physical values used in the model cal-
culations, e.g., the density of biological soft tissue, abla-
tion enthalpy, and the heat capacity. Since these values
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Figure 7. The relationships between (a) the bending angle of
the tip of the hollow optical fiber and incision depth and (b)
the bending angle and the ratio R, of the incision depth to
that for 0°.

were taken from the literatures, some values might not be
suitable for the porcine stomach sample used in this re-
search.

4. Conclusion

The change in the output power of the carbon dioxide
laser and therapeutic effect by bending the hollow optical
fiber inserted in a gastrointestinal endoscope was quanti-
tatively evaluated. The change in the transmittance of the
hollow optical fiber due to the insertion of the fiber to the
endoscope and bending of the head of the endoscope was
measured. Then, the relationship between the irradiated
laser power and the incision depth of a porcine stomach
was investigated. As the result, the greatest decrease of
the transmittance of the hollow optical fiber was caused
by insertion of the fiber into the instrument channel of
the endoscope, and bending of the head of the endoscope
with the angle of 90° decreased the output laser power
and incision depth by no more than 10% and less than
25%, respectively. Therefore, it was confirmed that the
bending loss of the hollow optical fiber due to the bend-
ing of the head of the endoscope had no significant in-
fluence on the endoscopic therapy using the carbon di-
oxide laser.
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