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Abstract

Background Recently, endoscopic submucosal dissection
(ESD) has been performed to treat early gastric cancer. The
en bloc resection rate of ESD has been reported to be
higher than that of conventional endoscopic mucosal
resection (EMR), and ESD can resect larger lesions than
EMR. However, ESD displays a higher complication rate
than conventiona EMR. Therefore, the development of
devices that would increase the safety of ESD is desired.
Lasers have been extensively studied as a possible ater-
native to electrosurgical tools. However, laser by itself
easily resulted in perforation upon irradiation of the gas-
trointestinal tract. We hypothesized that performing ESD
using a CO, laser with a submucosal laser absorber could
be a safe and simple treatment for early gastric cancer. To
provide proof of concept regarding the feasibility of ESD
using a CO, laser with submucosally injected laser absor-
ber solution, an experimental study in ex vivo and in vivo
porcine models was performed.

Methods Five endoscopic experimental procedures using a
carbon dioxide (CO,) laser were performed in a resected
porcine stomach. In addition, three endoscopic experimental
procedures using a CO, laser were performed in living pigs.
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Results In the ex vivo study, en bloc resections were all
achieved without perforation and muscular damage. In
addition, histological evaluations could be performed in all
of the resected specimens. In the in vivo study, en bloc
resections were achieved without perforation and muscular
damage, and uncontrollable hemorrhage did not occur
during the procedures.

Conclusions Endoscopic submucosal dissection using a
CO, laser with a submucosal laser absorber is a feasible
and safe method for the treatment of early gastric cancer.

Keywords Endoscopic resection Therapeutic upper
gastrointestinal endoscopy - Laser - Laser absorbent

Gastric cancer is one of the most common cancers in the
world. The development of endoscopic diagnostic tech-
niques led to an increased number of early stage gastric
cancers being detected. Subsequently, endoscopic mucosal
resection (EMR) was established as a minimally invasive
local treatment and is now performed for the treatment of
early gastric cancer without lymph node metastasis[1]. The
main advantages of the EMR method are that it does not
involve laparotomy, the whole stomach is preserved, and it
has a less negative impact on the patient’s quality of life
than laparotomy. Although the possibility of expanding the
indications for EMR to resect larger lesions has recently
been proposed, conventional EMR cannot be used to resect
lesions larger than 20 mm en bloc because of technical
limitations [2, 3]. Piecemeal resection does not enable
sufficient histological evaluation of the tumor and displays
a significantly higher local recurrence rate than en bloc
resection [4—6]. Therefore, endoscopic submucosal dis-
section (ESD), a new EMR technique, was introduced by
Hirao et al. [7] and has become widely accepted as a
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standard procedure for early gastric cancer treatment. ESD
allows larger lesions to be resected en-bloc. However, in
comparison with EMR, ESD requires special skills and
involves a long procedure. In addition, ESD carries a high
risk of perforation and bleeding. Various devices, such as
the insulated-tip knife (IT knife) [4], Flush knife [8], and
hook knife [9] have been developed to reduce the com-
plications rate of ESD. When dissection is performed using
these devices, which cut using an electrosurgical current,
the knife is in direct contact with the tissue. Submucosal
dissection using an electrosurgical current requires a high
level of skill and carries a risk of perforation because of
unexpected incision of the muscularis propria. It was
reported that the perforation rate of ESD for early gastric
cancer using the IT knife was 5 % [4].

Lasers have been extensively studied as a possible
alternative to electrosurgical tools. Various types of laser
have been used as surgical tools to incise or excise tissues
and achieve hemostasis. For example, potassium titanyl
phosphate (KTP), neodymium-doped yttrium aluminium
garnet (Nd:YAG), and diode lasers have all been used in
endoscopic procedures for treating gastrointestinal tract
cancer or precancerous lesions. These laser irradiation
therapies vaporize the lesion and coagulate any hemor-
rhaging blood vessels. The main disadvantage of these
therapies is that the lesion is vaporized; thus, pathological
evaluations cannot be performed after the procedure. It is
important to collect tissue samples from dissected lesions
as it allows a precise pathological evaluation and aid
decisions regarding additional treatment.

Lasers have various effects on living tissue. Recently,
lasers have been widely used in clinical practice for making
incisions, inducing coagulation and hemostasis, and vapor-
izing lesions. The laser energy absorbed by the target tissue is
converted into other forms of energy, such as heat or
shockwaves, or is used to induce chemical reactions. Lasers
of different wavelengths have different scattering, penetra-
tion, and absorption profiles, and hence, have different
effects on the target lesion depending on the amounts of
energy absorbed by elements within tissue [10]. In the mid-
infrared range, light scattering is negligible within soft tis-
sue. The surgical performance of mid-infrared lasers gen-
erally depends on the light absorption characteristics of
water and protein, the main components of soft tissue, at the
laser’s oscillating wavelength. The CO, laser is a gas laser
that was originally developed in 1964 and has a wavelength
of 10.6 pm [11]. It has been widely used in various
surgical  treatments in the otorhinolaryngology,
dermatology, and oral surgery fields [12—-14]. It is a mid-
infrared laser, and its energy is strongly absorbed by water
and protein, but hardly penetrates deeper tissues [15].
CO, lasers can cut tissue precisely whilst causing limited
damage to the surrounding tissue [12-14]. Surgical
procedures performed with CO,
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lasers are mostly bloodless because the heat produced by the
laser seals small vessels [16]. The reduced heat damage
inflicted on the resected lesion allows precise pathological
evaluations to be performed, and the low level of hemor-
rhaging increases visibility during the procedure, therefore
making it safer. These features of the CO, laser are thought to
be advantageous for ESD.

In clinical ESD procedures, a solution (usually saline or
sodium hyaluronate) is injected into the submucosa to lift
the target region of the mucosa, isolate the lesion, and
protect the muscularis propria from thermal and mechani-
cal injury, thereby decreasing the risk of perforation.
Compared with most other lasers, a large amount of the
energy produced by CO, lasers is absorbed by water [17].
Therefore, if there is enough water within the submucosa, it
is hypothesized that the energy of the CO, laser will be
absorbed by the water and will not be able to reach the
muscularis propria. Thus, performing ESD using a CO,
laser with saline as a submucosal laser absorbent could be a
safe and simple treatment for early gastric cancer. There
have been no previous reports of ESD of the stomach
performed using a CO, laser because usual optical fibers
cannot be used to deliver CO, laser due to very high
internal absorption of the optical fibers. However, the
hollow optical fiber that has recently been developed has
enabled us flexible delivery of CO, laser. We examine
whether performing gastric ESD with a CO, laser is
feasible.

Materias and methods
Measurement of infrared absorption spectra

The infrared absorption spectra of the porcine stomach wall,
saline, and 0.4 % sodium hyaluronate (MucoUp; Johnson
and Johnson K.K., Tokyo, Japan) were measured using a
Fourier transform infrared spectrometer (MB3000, ABB
Ltd., Zurich, Switzerland) coupled with an infrared micro-
scope (bi-uMAX, PIKE Technologies, WI, USA). When
the absorption spectrum of the porcine stomach was
measured, the absorption spectra of each layer; i.e., the
mucosa, sub mucosa, and muscularis propria, were
assessed.

CO, laser

A CO, laser oscillation device (J. Morita Mfg. Corp.,
Kyoto, Japan) that had been remodeled to increase its
output power was used for these experiments. The laser
was used in continuous wave mode. The output power of
the laser was measured using a laser power meter (30A,
Ophir Optronics Solutions Ltd, Israel) and was set at pre-
determined values.
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Hollow optical fiber

A hollow optical fiber (J. Morita Mfg. Corp., Kyoto, Japan)
optimized for the wavelength of the CO, laser was used in
this study [18]. The inner diameter of the fiber was
700 pm, and it measured 2.65 m in length. The fiber
was connected to a CO, laser oscillation device.

Preliminary study

The speed of porcine gastric mucosal incisions made with
electrosurgical knives was measured (data not shown), and
it was found that the mean mucosal incision speed was
about 1.0 mm/s. Porcine gastric wall samples were placed
on an automatic moving table, and the speed of the table’s
movement was set at 0.5, 1, or 2 mmy/s. In the absence of
saline injection into the submucosa, the CO, laser irradi-
ation was performed at output powers of 6, 8, and 10 W at
a distance 2 mm from the mucosal surface. In the presence
of saline injection into the submucosa, which was per-
formed to increase the thickness of the submucosa to
5 mm, laser irradiation was performed at output powers of
6, 8, 10, and 12 W. The depth of incision was measured
during each procedure.

Ex vivo porcine stomach study

Porcine organs (the esophagus, stomach, and duodenum)
were irrigated with water and Pronase MS 400 U/ml (Ka-
ken Pharma, Tokyo, Japan). An overtube (MD-48518
Sumitomo Bakelite, Tokyo, Japan) was fixed onto a plastic
box (Pentax Corporation, Tokyo, Japan). The esophagus of
the resected specimen was then passed over the overtube,
which formed a solid connection with the oral end of the
esophagus. Then, the end of the duodenum was tightly
attached to the plastic box using a plastic band (Fig. 1).
An upper gastrointestinal endoscope (GIF-Q260J,
Olympus, Tokyo, Japan) was inserted into the stomach. To
identify the margins of the hypothetical lesions, marking
dots were made on the exterior of the target mucosa using a
Flush knife (DK2618IN25, Fuyjifilm) and an electrical
generator (vio200S; ERBE, Germany). The marking dots
were placed so that the hypothetical lesions had diameters
of 2 cm. Saline was injected into the submucosa under the
hypothetical lesion with an endoscopic injection needle
(01841; Top Corporation, Tokyo, Japan). A hollow optical
fiber was passed through the scope channel, and circum-
ferential mucosal cutting was performed using the contin-
uous wave mode of the CO, laser at a power setting of
10.0 W. After an additional submucosal injection of saline,
the submucosa below the hypothetical lesion was directly
dissected using the same CO, laser mode. After cauter-
ization, all of resected specimens and ESD sites were

Fig. 1 A porcine stomach was subjected to CO, laser ESD using an
endoscopy training system. A resected porcine stomach was subjected
to CO, laser ESD using a training system for endoscopic procedures

collected and fixed in 4 % formalin, and then the diameter
of the cauterized area was evaluated histologically.

Living porcine study

LWD pigs weighing 18.5 kg were used in the study. This
study was approved by ethical committee of the animal
experimentation facility. The pigs were deprived of food
for 24 h before the procedure. The pigs were placed under
general anesthesia via the intramuscular injection of
10 mg/kg ketamine plus 2 mg/kg xylazine and endotra-
cheal intubation. Anesthesia was maintained with isoflu-
rane (2.0-3.0 %) and oxygen (2.0-3.0 L/min).

An upper gastrointestinal endoscope (GIF-Q260J,
Olympus, Tokyo, Japan) was passed into the stomach with
the assistance of an overtube (MD-48518 Sumitomo
Bakelite, Tokyo, Japan). Marking dots were made around
the exterior of a hypothetical lesion using a FlushKnife
(DK2618IN25, Fujifilm) and an electrical generator
(vio200S; ERBE, Germany) to identify its margins. Saline
was then injected into the submucosa under the hypothet-
ical lesion with an endoscopic injection needle (01841; Top
Corporation, Tokyo, Japan). A hollow optical fiber was
passed through the scope channel, and circumferential
mucosal cutting was performed using the continuous wave
mode of the CO, laser at a power setting of 10 W. After an
additional submucosal injection of saline, the submucosa
below the hypothetical lesion was directly dissected using
the same CO, laser mode. After cauterization, necropsy
was immediately performed, and all of the resected speci-
mens and ESD sites were collected. The collected samples
were fixed in 4 % formalin, and the diameter of the cau-
terized area was evaluated histologically.
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Results
Infrared absorption spectra

The absorption spectra of the mucosa, submucosa, and
muscularis propria were almost identical (Fig. 2). The
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 pm (Fig. 3). The absorption coefficients of
these solutions were markedly higher than that of the
lamina propria at a wavelength of 10.6 pm, 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)

1 223 32.6 26.7 None

2 26.6 31.1 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 5.5 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 mmy/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. 5B).
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
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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 805-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
10.1 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
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sufficiently minimal to allow the resected specimens to be
histologically evaluated. These results suggest that ESD
using a CO, laser is feasible. However, ex 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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