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In endoscopic submucosal dissection (ESD), the narrow gastrointestinal space can cause difficulty
in surgical interventions. Tissue ablation apparatuses with high-power CO, lasers or Nd:YAG
lasers have been developed to facilitate endoscopic surgical procedures. We studied the
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interaction of 808-nm laser light with a porcine stomach tissue, with the aim of developing a
therapeutic medical device that can remove lesions at the gastrointestinal wall by irradiating a
near-infrared laser light incorporated in an endoscopic system. The perforation depths at the
porcine fillet and the stomach tissues linearly increased in the range of 2-8 mm in proportion to
the laser energy density of 63.7-382kJ/ em?. Despite the distinct structural and compositional
difference, the variation of the perforation depth between the stomach and the fillet was not
found at 808-nm wavelength in our measurement. We further studied the laser—tissue interaction
by changing the concentration of the methyl blue solution used conventionally as a submucosal
fluidic cushion (SFC) in ESD procedures. The temperature of the mucosal layer increased more
rapidly at higher concentration of the methyl blue solution, because of enhanced light absorption
at the SFC layer. The insertion of the SFC would protect the muscle layer from thermal damage.
We confirmed that more effective laser treatment should be enabled by tuning the opto-thermal
properties of the SFC. This study can contribute to the optimization of the driving parameters for
laser incision techniques as an alternative to conventional surgical interventions.

Keywords: Near-infrared laser; surgical intervention; laser-tissue interaction; submucosal fluid

cushion; temperature distribution.

1. Introduction

The two prevalent methods for removing cancerous
or other abnormal lesions from the gastrointestinal
wall are endoscopic mucosal resection (EMR) and
endoscopic submucosal dissection (ESD).! EMR
functions by using the endoscopic channel to locate
a snare around the lesion, then removing the lesion
using a high-frequency electric current. Unfortu-
nately, EMR has limits regarding lesion size, which
introduces difficulties for the surgeon. ESD has
overcome this disadvantage, improving accuracy of
the procedure by removing the whole lesion at once.
However, ESD’s long performance time, difficulty,
and increased resulting bleeding and perforations
are disadvantageous. Both the removal methods
based on endoscopy use tools such as snares and
needle knives, which can be difficult to operate
within the narrow space of the digestive system
owing to restricted range of motion and hence lead
to bleeding and perforations at the time of opera-
tion.>? For these reasons, the development of a
device to remove malignant or benign tumor, that
uses a high-powered laser for simultaneous incision
and hemostasis through optical fibers is necessary.

Lasers have many applications in medical fields.
For tissue ablation in surgical procedures, different
types of laser have been used previously such as
potassium titanyl phosphate (KTP), neodymium-
doped yttrium aluminium garnet (Nd:YAG) and
CO, laser. The most widely used variety is COq
gas laser which has a wavelength of 9.4-10.6 pm.
Au et al.* showed that irradiation with CO, laser

can cut lesions and maintain hemostasis simulta-
neously because the target tissue’s high absorption
protects the surrounding tissues from damage and
the laser creates a clear cut surface. Also, it has
advantage of better visibility due to low level of
hemorrhaging. However, performing ESD using a
COg laser can be troublesome because its structure
limits movement.”% High absorption in water and
protein with higher wavelength (10.6 um) prevents
it from penetrating deep tissues.”® Our previous
study” showed that infrared laser light within the
800-1100 nm wavelength band shows low absorp-
tion in hemoglobin, melanin, protein, and water.
For this reason, we can deliver energy to deep tis-
sues in an easy-to-control manner using flexible
optical fibers with 808-nm wavelength of laser.!’
A serious side effect in the removal of tumors
using both EMR and ESD is the perforation of
the gastrointestinal wall. Fujishiro et al.'' demon-
strated that the most effective protection against
perforation is the insertion of a submucosal fluidic
cushion (SFC), which creates space between the
mucosal and submucosal layers. SFC solution is
commonly composed of distilled water, physiologi-
cal saline, glycerin, hyaluronic acid, and other
additives.'>™'® The SFC can lift the lesion from the
submucosal layer and thus protect nontarget tissues
from bleeding and perforation.

As mentioned above, the most serious side effects
of ESD are perforation and post-operative bleeding.
With laser technology, surgeons can accomplish
ablation and hemostasis at the same time, which
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prevents bleeding. The insertion of a SFC under the
mucosal layer can prevent perforation of the diges-
tive wall. However, laser irradiation can cause
thermal damage to surrounding tissues. Thermal
damage of nontarget tissue can be prevented using
suitable driving conditions that consider the thermal
diffusivity of the tissue. In this study, we performed
a preliminary research that may guide the invention
of an ESD device using 808-nm high-power infrared
laser light. We studied the effect of laser driving
parameters, such as irradiation time and output
power, and the type of tissue on the perforation
depth. We also measured the depthwise temperature
distribution in the cross-section of the porcine tissue
sample when a SFC gel was inserted under the
mucosal layer to prevent perforation. Finally, we
measured the laser absorption coefficient of methyl
blue in the SFC gel in accordance with its concen-
tration. Based on the measured absorption coeffi-
cient, we examined the temperature distribution in
the extracted porcine stomach tissue as affected by
the concentration of methyl blue in the SFC.

2. Materials and Methods
2.1. Experimental apparatus

We used a high-power near-infrared InGaAs diode
laser (Passive Cooled Ocla™ Laser, NDLUX) with
an emitted wavelength of 808nm. The output
power range of the device is 1-15W and the fre-
quency range is between 1 and 600 Hz. It can also be
set to emit a continuous wave. Laser light was ir-
radiated to the sample through an optical fiber with
a diameter of 400 um and a length of 2.5m, held
on a two-axis stage that can be moved in both x
and y directions. The optical fiber was in contact
only with the flattened sample surface. The size of
the beam spot formed at the sample surface was
about 1 mm. The temperature distribution at the
cross-section of the tissue sample was measured
using a thermal imaging camera (MoblR® MBS,
NewTech Instruments). Thermal imaging cameras
are noninvasive devices that can measure the tem-
perature at a surface by detecting and quantifying
emitted infrared radiation.'® The recorded thermal
images were analyzed using the Guide IrAnalyser
program. Figures 1(a) and 1(b) show the experi-
mental setups for laser irradiation and temperature
measurement, respectively. Fresh porcine fillet and
stomach tissues were obtained by a local slaughter

808-nm laser for ESD

808 nm near-infrared

laser device
Optical
fiber -,
holder

Sample

Fig. 1. (a) Experimental setup showing the 808-nm infrared
laser device and the irradiation of porcine tissue sample with an
optical fiber, an optical fiber holder and a vertically movable
optical rail. (b) Thermal imaging setup for measurement of the
cross-sectional temperature distribution in the porcine stomach
tissue.

house and used as test samples. The organs were
collected from different animals and experiments
were performed at the same day after collecting the
organs.

2.2. Measurement of perforation depth

The perforation depth measurement, as affected by
laser driving parameters such as output power and
irradiation time, was executed with regularly sized
fillet and stomach tissue samples. The samples were
irradiated using combinations of different output
powers (5-15W) and irradiation times (5-60s).
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Fig. 2. (a) Perforated porcine tissue samples after laser irradiation. The black dot (indicated with a white arrow) in each tissue
sample is the carbonized spot formed at the superficial layer. (b) Measurement of the perforation depth at the cross-section of the
tissue sample. Microscopic hematoxylin and eosin-stained cross-sections of the (c) porcine fillet and (d) porcine stomach tissues.

Figure 2(a) displays the perforated fillet tissue
samples after irradiation. We measured the perfo-
ration depth using Vernier calipers after the perfo-
ration hole was cut vertically as shown in Fig. 2(b).
The measurement of perforation depth was based
on the carbonization area of the surface that had
been cut. To obtain statistical data, we repeated
each test five times and took the average depth
measurement. The irradiated samples were fixed in
10% formalin and embedded in paraffin for hema-
toxylin and eosin (H&E) staining for studying his-
tology. H&E stained tissue samples are shown in

Figs. 2(c) and 2(d) for the perforated fillet and the
stomach tissues, respectively.

2.3. Effect of SFC on laser ablation in
porcine tissue-agar gel model

In order to replicate the effect of a SFC in ESD-
based endoscopy, we used thin porcine fillet samples
to shape a multi-layered structure as shown in
Fig. 3. The average thickness of the porcine sample
was 2.14mm. A semi-solid agar gel of 1% concen-
tration (w/v) was used as a SFC material. Even
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Fig. 3. Multi-layered porcine tissue-agar gel model. Agar gel of 1% concentration was used as a SFC material. (a) Normal gel,
(b) black gel, (c) tissue sample with normal gel under the top layer after laser irradiation, and (d) tissue sample with black gel

under the top layer after laser irradiation.

though hypertonic saline solution has been used as a
SFC in the medical field, we used a hydrogel to
facilitate the measurement of the temperature at
the cross-section of the tissue sample using a ther-
mal imaging camera. The time course of the tem-
perature rise was measured in the tissue sample
with the insertion of a colorless normal gel [Figs. 3(a)
and 3(c)] or a black gel [Figs. 3(b) and 3(d)]. The
thickness of the gel was 3mm. We ensured that
both the porcine sample and the gel were allowed to
reach the same temperature before applying laser
irradiation. The optical fiber was placed at the
distal end of the cut surface, which was then irra-
diated with laser light at 10 W for 30 s in a direction
normal to the top layer of the tissue sample. The
thermal imaging camera was located perpendicular
to the cross-section of the sample to measure the
depthwise temperature distribution. We monitored
the temperatures at three different points: the top
layer, the agar gel, and the middle layer. After laser

irradiation, we measured the perforation depth in
all three different cases of no gel, colorless gel, and
black gel.

2.4. Effect of SFC on temperature
distribution in porcine stomach
tissue

In conventional treatment, the SFC is applied as a
mixture of the hypertonic saline solution with the
methyl blue, which allows for visual clarity during
ESD procedures. In this study, due to the use of a
laser, we attempted to increase the efficacy and
safety of the treatment through the adjustment of
the light absorption properties of the SFC by
changing the concentration of the methyl blue so-
lution. Before measuring the temperature distribu-
tion in the cross-section of the stomach tissue
sample, the light absorption coefficient was mea-
sured according to the concentration of the methyl
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blue in the SFC. Five different concentrations (0.5,
0.1, 0.05, 0.01 and 0.001%) of methyl blue solutions
were used to determine the absorption coefficient
at various incident laser output powers (1, 3 and
5W). A thermal laser power sensor (12A, Ophir)
and a laser power meter (NOVA II, Ophir) were
employed to measure the reduction in the trans-
mitted laser output corresponding to the concen-
tration of methyl blue. The actual power output of
each laser power setting was measured using dis-
tilled water without the addition of dye. The re-
duced output value as affected by the concentration
of methyl blue was measured against the actual
output value. Based on the output values measured
in each condition, the absorption coefficient of the
SFC based on the concentration of methyl blue
solution was calculated using the Beer—Lambert
law, I = Iyexp(—ad), where I, and I are an inci-
dent laser intensity (W) and a transmitted laser
intensity (W) through the sample medium, respec-
tively, « is a light absorption coefficient (cm~!) and
d is a thickness (cm) of the sample medium.

We monitored the temperatures at three differ-
ent points; the mucosal layer, the SFC, and the
submucosal layer in the stomach tissue sample. The
SFC was inserted into the submucosal layer, and
the temperature distribution within the cross-sec-
tion was visualized using a thermal imaging camera
during laser irradiation. The tested SFC was com-
posed of saline (0.9% NaCl) with a concentration of
either 0.01%, 0.1% or 1% methyl blue. The mucosal
layer rose after the injection of 5 mL of SFC using
a syringe, and the cross-section appeared after the
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perforation was made at the center of the lifted
surface. In the experiment, the tissue was irradiated
for 30 s with the laser in a continuous wave mode at
5 W output.

3. Results and Discussion

3.1. Perforation depth at different
porcine organs

Porcine fillet and digestive organs (in this case, the
stomach) have different tissue characteristics, such
as phlegmatic versus wrinkled surface structures.
To determine the effect of tissue properties on laser—
tissue interaction, we measured the perforation
depth using the same method for both types of the
tissue samples. We confirmed the presence of car-
bonization and coagulation around perforation
holes in both types. We measured the perforation
depth at different output powers and irradiation
times, repeated each condition five times, and cal-
culated the average depth. We compared the results
obtained in the fillet and stomach tissue samples
under the same condition. The comparison of per-
foration depth at various total energy levels be-
tween 50 and 300J is shown in Fig. 4.

As depicted in Figs. 4(a) and 4(b), the perfora-
tion depth data for both fillet and stomach tissue
exhibit a linear rise with the increasing total applied
energy. We used high irradiation time with low
output power and low irradiation time with high
output power to equalize the energy level. The laser
output power did not affect the perforation depth at
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Fig. 4. Perforation depths (a) in the fillet and (b) in the stomach tissue samples at low (<10W) and high (>10W) laser
output powers. Comparison of perforation depth in the fillet and stomach tissue samples at (c) low and (d) high output powers.
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Fig. 4. (Continued)
the same energy level. No significant difference of 7
perforation depth between fillet and stomach tissue T 6. I
was found as compared in Figs. 4(c) and 4(d) at E
both low (<10 W) and high (>10W) output pow- £ °]
ers, respectively. This observation implies that the & 4 —_
. . . T =l -1—
output power and operational time can be varied to £ 3] i
obtain desired energy during treatment. Initially, S
we hypothesized that the thin sticky layer at the g 21
porcine stomach would cause a difference in perfo- E 11
ration depth by absorbing higher laser energy which o 0

increases temperature rapidly at the early stage.
However, there is no significant difference between
the stomach and the fillet, which is attributed to the
characteristics of the wavelengths of 800-1100 nm
that exhibit low absorption at hemoglobin, melanin,
protein and water. An effective laser-assisted sur-
gical technique for soft tissue ablation should be
selected based on the wavelength of light.'” The
penetration depth of 808-nm light was measured to
be larger than other wavelengths.'® Our perforation
depth data obtained for the 808-nm laser at various
applied energies would provide a general under-
standing of laser—tissue interaction in a digestive
organ and aids in determining the laser driving
conditions most optimal for incising stomach
tissues.

3.2. Temperature distribution in
porcine tissue-agar gel model

The perforation depth measurements using an agar
gel that replicated SFC were performed after laser
irradiation at 10 W output power for 30s. The ex-
periment was performed for three different cases: no

No gel Normal Gel Black Gel

Fig. 5. Effect of agar gel insertion on ablation depth in multi-
layered porcine tissue-agar gel model.

gel, colorless gel, and black gel insertion. The av-
erage perforation depths were obtained from data
collected in three repetitions of each case and dis-
played in Fig. 5. The difference in perforation depth
based on the presence of the gel was large. We
confirmed that the gel inserted between the top and
middle layers prevented perforation at the middle
layer of the tissue model. The perforation depth
showed little difference based on the color of the gel.

The change in the temperature distribution at
the cross-section of the tissue-agar gel model was
measured at three different points: the top layer
(point 1), the gel layer (point 2), and the middle
layer under the gel (point 3) asillustrated in Fig. 6(a).
Figure 6(b) shows the depthwise distribution of the
temperature rise in the case of no gel, where the
points 2 and 3 exist at the middle and bottom
layers, respectively. The temperature rises at point
1 and then at point 2, but there is no considerable
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Fig. 6. Time course of temperature rise at different depths in multi-layered porcine tissue-agar gel model for each condition over
the course of a 40-s laser irradiation at 10 W. (a) Schematic of multi-layered porcine tissue-agar gel model and indications of the
points for temperature measurements. (b) No gel, (c) colorless normal gel, and (d) black gel.

increase in temperature at point 3 over the course
of irradiation. In the case of both colorless [Fig. 6(c)]
and black [Fig. 6(d)] gel insertions, at point 1, the
temperature increases much more swiftly than it
has been with no gel present. However, the tem-
perature increase at point 2 is smaller than it has
been with no gel present. This is because the light
absorption coefficient of the gel is smaller than that
of porcine fillet. There was no difference at point 3
in any of the cases.

We also measured the effect of gel color on per-
foration depth, using 1% concentration of colorless
and black gel at the middle layer. The perforation
depth decreased when the gel was inserted, but the
difference of perforation depth for black versus col-
orless gel was not significant. There were differences
amongst the temperature distributions of the cross-
section of the sample in all three cases. In the case of
no gel, the temperature at point 1 was smaller
compared with both cases that used a gel insertion.
However, the temperature at point 2 was larger
in the no-gel case than it was in other cases. The

temperature increase at point 1 was larger in the
case of gel insertion than other cases. The temper-
ature increased to a great extent in the case of black
gel and the increase above 350°C could not be
detected by the thermal imaging camera [Fig. 6(d)].
Point 3 showed no large difference in any of the three
cases. In previous studies measuring the thermal
conductivity and thermo-absorption of porcine tis-
sue as affected by the concentration of agar gel, we
confirmed a high thermo-absorption and low ther-
mal conductivity in tissue; hence, when gel is used,
the perforation depth decreases and the temperature
increases. Therefore, the use of gel replicating a
SFC is beneficial in preventing perforation and
thermal diffusion within the tissue wall.

3.3. Effect of SFC on laser-tissue
interaction
In this experiment, we used methyl blue as a SFC

dye and measured the absorption coeflicient of
methyl blue solution at five concentrations (0.5, 0.1,
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Fig. 7. (a) Transmitted laser power varied with different
concentrations of methyl blue at 3 incident laser powers (1, 3
and 5W). (b) The absorption coefficients of the methyl blue
solution determined by the Beer-Lambert law at different
concentrations.
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0.05, 0.01, and 0.001%) and three incident laser
output powers (1, 3 and 5 W). The measurement of
the transmitted laser powers is shown in Fig. 7(a).
We calculated the absorption coefficient of methyl
blue based on the Beer—Lambert law using the
measured values as shown in Fig. 7(b). The ab-
sorption of laser power increased linearly with the
concentration of methyl blue, which implies that we
can control the opto-thermal properties of a SFC
through changing the concentration of methyl blue.

To find the effect of SFC on laser—tissue inter-
action, we irradiated the porcine stomach sample
where the SFC (1% methyl blue solution) was
inserted in the submucosal layer at 5 W for 30s. The
SFC protected the muscle layer in the stomach
tissue from a carbonization as displayed in Fig. 8(b)
compared with a stomach sample without SFC
insertion in Fig. 8(a). To further study the effect
of optical property of SFC on laser—tissue interac-
tion, we measured the cross-sectional temperature

808-nm laser for ESD

Fig. 8. Cross-sectional views of the perforated stomach tissue
samples (a) without SFC insertion and (b) with SFC insertion
after laser irradiation at 5 W for 30s. A methyl blue solution of
1% concentration was used for the SFC.

distribution at the porcine stomach sample accord-
ing to the concentration of methyl blue solution.
Figure 9 shows the depthwise temperature pro-
files with increasing time at three different con-
centrations of methyl blue solutions, 0.01% [Fig. 9
(a)], 0.1% [Fig. 9(b)] and 1% [Fig. 9(c)] during the
early phase (2-10 s) of laser irradiation. The ab-
sorption coefficients of the 0.01%, 0.1% and 1%
methyl blue were measured to be 0.0284, 0.0848 and
0.648 cm ™!, respectively, in Fig. 7(b). At higher
concentration, the temperature at the mucosal layer
was increased more rapidly than lower concentra-
tion because the light absorption was enhanced at
the SFC layer. Although the temperature rise for 6s
was negligible at 0.01% and 0.1% of methyl blue
solutions [Figs. 9(a) and 9(b)], the temperature at
1% of methyl blue increased abruptly in the mucosal
layer [Fig. 9(c)]. The absorbed light at the SFC
layer is converted into heat, which transfers to the
mucosal layer and increases its temperature. The
rapid temperature rise above 100°C in the focused
laser spot formed a perforation at the mucosal
layer more quickly, but the temperature at the
submucosal layer remained unchanged preventing
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Fig. 9. Effect of SFC on temperature rise in porcine stomach tissue sample with laser irradiation at 5W for 30s. Depthwise
temperature profiles with increasing time at three different concentrations of methyl blue solution. (a) 0.01%, (b) 0.1% and (c) 1%.

muscular damages such as thermal injury and per-
foration, as demonstrated in Fig. 8(b). The time
and energy required for a gastrointestinal endo-
scopic surgery using a laser can be reduced by
tuning the opto-thermal properties of the SFC.'Y

4. Conclusion

We conducted a basic research on laser—tissue in-
teraction to support the development of an 808-nm
high-power near-infrared laser incision device for
use in procedures such as ESD carried out in narrow
spaces. We found that the perforation depth in-
creased linearly with laser output power and irra-
diation time in both fillet and stomach tissue
samples. The structural and compositional distinc-
tion between those two tissue types did not make
any significant difference in perforation depth.

Based on this finding, we envisage that the 808-nm
laser light can be used with controlled output power
and irradiation time to obtain a desired perforation
depth, which would provide a medical personnel
with greater flexibility and control during treat-
ment. We also measured the temperature distribu-
tion at the cross-section of the porcine stomach
tissue when a methyl blue solution was injected into
the submucosal layer as a SFC. We found that en-
hanced 808-nm light absorption by high-concen-
tration methyl blue solution resulted in rapid
temperature increase at the mucosal layer while
maintaining the temperature constant at the sub-
mucosal and muscular layers. We conclude that a
SFC with optimized opto-thermal properties can
absorb the energy selectively and minimize compli-
cations at the non-lesional tissue by enhancing the
light-tissue interaction.
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