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1 | INTRODUCTION
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tion (SPLA) may be useful as a ther-
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enough to induce thermal effects in
deeper tissue layers. The purpose of
this preliminary study is twofold: (a) to describe design steps of a fiber probe
capable of delivering a tightly focused laser beam, including Monte-Carlo-
based simulations, and (b) to complete the initial testing of the probe in a
sheep esophagus model, ex vivo. The cone-shaped (tapered) fiber tip was
obtained by chemical etching of the optical fiber. A 1505 nm diode laser pro-
viding power up to 500 mW was operated in continuous wave. The successful
SPLA of the sheep mucosa layer was demonstrated for various speed-power
combinations, including 300 mW laser power at a surface scanning rate of
0.5 mm/s and 450 mW laser power at a surface scanning rate of 2.0 mm/s.
Upon further development, this probe may be useful for endoscopic
photothermal laser ablation of the mucosa layer using relatively low laser

power.
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esophageal lining resulting from chronic reflux of
acid. This is a metaplastic change of the esophageal epi-

Gastrointestinal tract diseases, such as esophageal cancer,
colon cancer, or rectal cancer, can be caused by precan-
cerous superficial mucosal lesions and may then spread
to deep tissue structures. For example, Barrett's esopha-
gus (BE) is a precancerous condition of esophagus [1, 2]
and is associated with esophageal adenocarcinoma [3].
BE appears as an inflammatory consequence of the

thelium from squamous to columnar type epithelium.
The incidence of esophageal carcinoma has increased
approximately sixfold over the past two decades and
making it the eight common incident cancer in the world
[3-5]. It has been reported that the BE prevalence in
patients with gastro esophageal reflux disease varies
between 1.3% and 4.05% in Europe [6, 7]. Prospective
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studies of up to 1000 patients have shown that the preva-
lence of BE in Turkey was 1.5% [8, 9].

Medication is a traditional treatment strategy of the
BE. This drug therapy method aims to aggressively
reduce acid production in patients having gastroesopha-
geal reflux disease with BE [10, 11]. Although this
method typically prevents further damage to the esopha-
gus lining caused by acid reflux, it does not necessarily
heal existing damage or eradicate the abnormal lining.
Therefore, endoscopic treatment approaches have been
developed for the treatment of existing mucosal lesions.
One of these is the endoscopic mucosal re-
section technique relies on lifting mucosal lesion from
the deeper layers by liquid injection. The lesion tissue is
then mechanically resected and removed. However, this
technique is generally used for the treatment of mucosal
lesions smaller than 2 cm in length [12-14]. In addition
to the mucosal resection technique, endoscopic thermal
ablation is another approach that is considered a suitable
treatment method for BE patients. This method is the
process of heating the target mucosa layer with absorbed
energy. Radiofrequency (RF) ablation is a common endo-
scopic thermal ablation treatment [15-18]. Here, an
endoscopic device containing the electrodes is placed
next to the mucosal lining, and provides a local heat field
to eliminate the abnormal tissue of the esophagus.
Another method of ablation is endoscopic photothermal
mucosa ablation, which uses laser radiation to deliver
heat energy to the mucosa tissue [19-21]. The essential
mechanism in this method is to match the laser wave-
length and the corresponding optical penetration depth
to the therapeutic depth in the targeted layer.

However, although endoscopic therapy interventions
attempt to effectively reverse BE and reduce relative mor-
tality from esophageal cancer, the main challenge associ-
ated with the current deployments of both RF ablation
and photothermal laser ablation is that the depth of treat-
ment typically has a deeper thermal injury than the
mucosa layer [3, 7]. This therapeutic failure can ther-
mally damage deeper layers that are not primarily
intended. Even worse, multiple treatment sessions with
this possible thermal damage cause organ narrowing,
bleeding or perforation [12, 18, 20]. To address this chal-
lenge, approaches that specifically apply a confined depth
of thermal effect on the epithelial layer of ~500 pm thick-
ness [22] are expressly intended. However, for example,
commercially available endoscopy systems employing RF
ablation (ie, the most commonly used method of BE
treatment because of its high efficacy and relatively mini-
mally invasive nature) provide thermal damage depth of
>800 pm [22]. This depth of thermal effect may not be
shallow enough to prevent residual thermal damage to
the deep tissue layers in some cases. Therefore, the

availability of effective endoscopic approaches with lim-
ited thermal therapeutic effects on the epithelium layer is
still of interest in the treatment of BE.

In this preliminary study, we investigate a cone-
shaped fiber probe that delivers a focused Gaussian laser
beam with relatively low laser power for superficial
photothermal laser ablation (SPLA) of the mucosa layer.
Wet chemical etching of the distal fiber tip results in a
cone-shaped fiber tip capable of delivering a >4-pm-
diameter (1/e?) laser beam. In an ex vivo sheep esopha-
gus model, a single-session photothermal ablation using
a cone-shaped fiber probe is successfully observed in epi-
thelium and submucosa layers. Two computer simula-
tions are complementary parts of the preliminary study.
Beam propagation simulations aim to roughly estimate
the tight focus of the laser beam produced by a cone-
shaped fiber probe and the diameter of the laser beam at
the focal point. Photothermal laser ablation simulations
aim to analyze the cone-shaped fiber probe induced
injury depth as a function of the surface scanning speed
and the laser power of the probe on the esophageal sur-
face. Section 2 begins with a description of the acid etch-
ing process (Section 2.1). Next, computer modeling
developed to mimic the photothermal dynamics of the
probe is detailed (Section 2.2). ex vivo tissue study is
described in Section 2.3. The performance of the fiber
probe for the SPLA of ex vivo sheep esophagus is summa-
rized in Section 3. Finally, Section 4 discusses the current
limitations of the study and summarizes the study.

2 | EXPERIMENTAL

2.1 | Wetchemical etching

In photothermal mucosal ablation studies, infrared
(IR) laser radiation (1505 nm) was coupled to a probe
using a cone-shaped optical fiber (8.2-pm Ge-doped silica

optical
fibers

protective
plastic
cover
BHF |
acid

FIGURE 1
setup for buffered hydrofluoric (BHF) acid etching of optical fibers

Representative illustration of the experimental
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core with 125-um pure silica cladding). The fiber tip was
modified by wet chemical etching/meniscus etching,
which offered a simple mechanism for tapering fiber tips
with a less expensive experimental setup. In this tech-
nique [23, 24], as the radius of the fiber decreases, the
height of the meniscus profile formed between the optical
fiber and the etchant material gradually decreases due to
the surface tension. This process continues until the fiber,
etchant and oil meniscus interface region breaks away
from the tip of the fiber.

A schematic illustration of the experimental setup, used
for chemical etching studies with an 8.2-um-core optical
fiber, is shown in Figure 1. The fiber tips were stripped to a
length of 3.5 mm and cleaved by using a fiber cleaver. The
core of the distal fiber tip was etched with buffered hydro-
fluoric (BHF) acid (J. T. Baker, Philips) for 90 minutes at
room temperature and then the etched fibers were cleaned
thoroughly in distilled (DI) water. During the etching pro-
cess, the fiber was surrounded by 49% HF acid diluted with
DI water in the ratio 1:4 (acid/water). A small amount of
toluene, which covered the free surface of the acid, was
added to prevent evaporation of the dilute acid.

2.2 | Photothermal mucosa ablation
simulations

To analyze the thermal injury depth as a function of laser
power induced by the cone-shaped fiber probe, computer
simulations and damage calculations were performed.
Besides, the optimal scanning speed of the probe along
the esophageal surface was examined for adequate SPLA.

Simulation studies consisted of three main steps
(Figure 2). First, the Monte Carlo method [25] was
employed to determine the distribution of photons in tis-
sue as a function of wavelength-dependent parameters (ie,
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absorption, scattering, and anisotropy factor). In this
method, a statistical random walk approach was used to
model the propagation of light in the medium. Step size
was randomly sampled according to the optical properties
of the tissue model. The target tissue was defined by tissue
thickness (f, mm), and wavelength-dependent parameters:
Refractive index (n), scattering coefficient (us, cm™),
absorption coefficient (u,, cm™') and anisotropy factor (g).

In the second step, the calculated photon distribution
profile was used as a heat source in a time-dependent
model of heat diffusion. The thermal behavior was based
on Pennes' bioheat equation:

aT
pC—-

Fri V- (kVT)+q,

1)

where p, C, k, g, and T are the local tissue density (kg/m3),
specific heat (J kg™'°C), thermal conductivity (W m™°C),
the thermal source of the laser irradiation (computed by
Monte Carlo) and the resulting tissue temperature in a
function of space and time, respectively. The finite-element
method solved this partial differential equation over time
and space. The solution was performed on MATLAB's
built-in PDE Toolbox (MathWorks, Inc.). Finally, the ther-
mal injury was computed in the third step using Arrhenius
damage integral [26] to generate the damage index
followed by a normalization factor, which represented the
fraction of coagulated proteins in a given volume. The ther-
mal injury parameter Q2(xy,z,t) depended exponentially on
temperature and linearly on heating time,

T

E,
Q(x,y,z,t) =A| ex _ dt,
y.2.0) J p( RT(x,y,z,t)>

where A (s71) is a frequency factor; 7 (s) is the total heating
time (the total exposure time); E, (J/mol) is an activation

(2)
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energy of the transformation; R (8.314 J K™ mol™") is the
universal gas constant; and T(x),zt) is the absolute tempera-
ture of the tissue in degrees Kelvin. Numerical values of fre-
quency factor (A) and activation energy (E,, corresponding
to the minimum amount of energy required to initiate the
transformation process) were estimated from the literature.

The thermal injury was expressed as damage proba-
bility given by:

Damage(%) = 100(1—exp(—Q(x,¥,2,t))). (3)

The damage integral was normalized to be 1 for pro-
ducing the damage index, or so-called the damage proba-
bility. The index was calculated to be 0% for a damage
parameter of 0, 63% for a damage parameter of 1, and
99% for a damage parameter of 4.6, associated with the
protein deterioration index of the biological structures in
the unit volume.

2.3 | Exvivo tissue studies

Figure 3 shows a schematic diagram and pictures of the
experimental setup used for photothermal ablation, ex vivo.
Sheep esophagus was chosen as an animal model due to its
similarity to the human esophagus in terms of morphology
and layer thickness [27-30]. All ex vivo esophageal studies
were performed in a fume hood (Kéttermann, Germany)
providing a biologically safe environment under a protocol
approved by the Biosafety Committee at the Izmir Biomedi-
cine and Genome Center.

1505-nm
diode laser

conical-shaped fiber probe

/ .
- scanning (v, m/s)

.‘ ~ XYZ stage 8:7‘/\\

\micrometer actuators

*=--.actuator.
drivers

A single-mode, pigtailed, diode laser (QPC Lasers
Inc., Sylmar, California) emitting laser power up to
500 mW at a wavelength of 1505 nm was used as an IR
light source in the system. Laser radiation at 1505 nm
has an optical penetration depth of >0.57 mm in water
[31], the primary chromophore for soft tissues in the
near-IR spectrum.

An XYZ linear translation optomechanical stage was
employed in ex vivo studies (Figure 3B). With the same
type of motorized micrometer actuators (Z812; Thorlabs,
Newton, New Jersey), the two axes of the stage allowed
perfect control of the probe parallel and perpendicular
across the tissue surface, respectively. The parallel axis
actuator provided a scanning speed of up to 2.5 mm/s
with a maximum travel length of 25 mm. In this way, the
surface scanning speed was set at a constant value. Fur-
thermore, the perpendicular axis actuator precisely
adjusted the distance between the fiber probe tip and the
tissue surface with a step size of 0.4 pm. The third axis of
the plate was controlled by a manual micrometer actua-
tor (150-801ME; Thorlabs) to align the probe at a resolu-
tion of 10 p on the surface.

Histological examination is the gold standard way of
determining the depth of injury by identifying morpho-
logical changes in the context of assessing the response to
photothermal mucosa ablation. Therefore, tissue samples
were collected for histology after esophageal ablation in
an ex vivo sheep model. The collected specimens were
embedded in a gel compound called optimal cutting tem-
perature and refrigerated at —80°C. Then, the region of
interest was sectioned from the frozen blocks at a

epithelium &
sub-mucosa layers

uscle layers

FIGURE 3 Experimental setup
using chemically etched fiber optics for
superficial photothermal laser ablation:
Schematic, A, photograph of the setup
including the XYZ linear translation
optomechanical stage for precise control
of the fiber probe along the ex vivo
tissue surface, B, close view of the
optical fiber probe, C
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thickness of 12 p for histological processing. Nitroblue
tetrazolium chloride (NBT) staining was used to histolog-
ically analyze the extent of cellular thermal damage to
the esophagus. This staining was active for the cytoplas-
mic marker enzyme lactate, showing dark blue colora-
tion. In contrast, laser-induced cellular damaged areas
did not show blue staining but associated with classical
histology.

3 | RESULTS

This section quantifies the chemical etching of a single-
mode optical fiber, including beam propagation simula-
tions. There is then a series of studies demonstrating the
capability of the cone-shaped fiber end in the SPLA.
These studies comprise computer simulations based on
the Monte Carlo method, ex vivo sheep esophagus experi-
ments, and histology analysis.

3.1 | Cone-shaped fiber probe

Figure 4 shows the fiber tip under magnification after
chemical etching of the single-mode fiber (8.2 pm in core
diameter and 125 pm in cladding diameter). Since the
height of the meniscus profile gradually decreased as a
function of the contact angle at the interface point, a
cone form was obtained by chemical etching at the fiber
tip. The height of the cone was ~260 pm. The chemical
etching rate with diluted BHF acid (49%) solution in the
ratio of 1:4 (acid/DI water) was estimated to be
23 635 pm>/min.

To visualize the fast focusing provided by a cone-
shaped fiber probe, computer simulations were per-
formed employing commercially available software
(RSoft Photonics, BeamPROP, Version 8.0.1) based on
finite difference beam propagation method. These simu-
lations also aimed to roughly estimate the length of the
focal point and the diameter of the laser beam at the
focus. As shown in Figure 5A, the cone-shaped fiber tip

FIGURE 4 Photograph of the chemically etched single-mode
fiber distal tip (scale bar = 50 pm). The cone was measured
~260 pm height for an etching time of 90 minutes

50f12
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was mimicked with a perfect pyramid structure for beam
propagation simulations. The fiber probe was defined by
refractive indices of 1.44 for the core and 1.4112 for the
cladding [32]. The grid size used in the calculations was
set to 1 pm, and the monitor grid size was 10 pm to dis-
play the results as 2D and 3D color-coded contour maps.
The length of the cone-shaped fiber tip was set to
260 pm, while the total length of the fiber was 1.6 mm.
The cladding diameter of the fiber was 125 pm.

Figure 5 presents the results of beam propagation
simulations in 2D (Panel B) and 3D (Panel C) formats,
respectively. The simulation launched a Gaussian field
and propagated the field through the fiber structure along
the z-axis. The launch field excited the fundamental
mode of the waveguide. After the 1505 nm laser radiation
propagated through the chemically etched cone-shaped

(A)

x-axis, ym
(B) -60 -30 0 30 60

z-axis, mm
-

B
.
v
.
.
"
"
:
:
f
B
H
.
i
%
L

: 1
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FIGURE 5 Geometry of the cone-shaped fiber tip used in
beam propagation computer simulations, A. Simulation solutions
based on the amplitude of the electric field in 2D, B, and 3D, C,
formats showing the rapid focus of the infrared (IR) laser beam
after passing through a cone-shaped fiber tip
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fiber tip, the Gaussian laser beam was focused on a very
narrow spot over a distance of approximately 40 pm
(23.1 pm + 16 pm) in free space. The calculated optical
intensity distribution at the focus is shown in Figure 6.
The 1/e* width of the light beam was simulated to be
~3.71 pm. The monitor output was adjusted to show the
amplitude of the electric field (V/m) normalized to 1 and
marked with a color bar.

It should be noted that beam propagation simulations
did not take into account the curvature of the fiber probe
tip in the calculations because of the lack of extracting
the precise value of the curvature. However, as the radius
of curvature increases, the working distance (ie, depth
defined as the gap between the fiber tip and the focal
point having the maximum intensity) increases. There-
fore, the working distance and the corresponding laser
beam diameter may vary in the case of the experiment.
Besides, the beam diameter can be calculated from the
diffraction-limited beam focusing model. In this calcula-
tion, the beam diameter was calculated as 4.24 ym at 1/e>
using an estimated focal length of 23.1 pm as input.

3.2 | Photothermal ablation simulations

In the Monte-Carlo study of photothermal mucosal abla-
tion simulations, a uniform 3D grid system of
1500 X 1500 x 900 defined the esophageal tissue model
to estimate photon weight distribution. A volume with a
grid size of 2 pm in all dimensions corresponded to a tis-
sue size of 4 mm (x-axis) X 4 mm (y-axis) X 1.8 mm
(z-axis, depth in tissue). For tissue temperature and
corresponding thermal damage calculations, an esopha-
geal tissue model with a uniform 3D grid system of
300 x 300 x 180 with a grid size of 10 pm of each dimen-
sion was used. The depth of the modeled tissue was

=N
o

normalized amplitude of the
electric field, a.u
o
[3,]

o
=)

-2 2 4 6
x-axis, ym

1

o
1

E-

FIGURE 6 Estimated spatial beam profile at a distance of
23.1 pm from the tip of the chemically etched fiber. The beam
diameter at the level of 1/e* was calculated to be
approximately 4.3 pm

determined by the sum of mucosa layer thickness
(0.54 mm), submucosa layer thickness (0.55 mm), and
muscularis layer thickness (0.63 mm) [33]. Thermal prop-
erties of the tissue and optical properties at a wavelength
of 1.5 pm have been compiled from the literature. Table 1
summarizes all these parameters used in the simulations.

The Monte Carlo-based model was developed in the
C programming language; all other calculations and
graphical analyses were performed on the MATLAB pro-
gramming platform, which provided an advanced digital
computing environment. The optical and thermal proper-
ties of the tissue model were assumed to be independent
of temperature changes. To accurately model the distri-
bution of absorbed radiation in the tissue layers, the
required unit-weighted total photon number, depending
on the spatial resolution in the simulation, was used as
one million. Body temperature was fixed to 37°C during
all simulations. In addition, simulations can be improved
to produce more accurate results by adding diffraction-
limited beam diameter calculations.

Two simulation studies were performed. First, the sit-
uation in which the probe slides in a direction at a con-
stant speed on the surface of the esophagus was
simulated. In this simulation, the scanning speed was set
to 0.5 mm/s on the x-axis. The total exposure time was
8 seconds. Continuous-wave laser radiation was ranged
from 10 to 100 mW of power at a wavelength of 1505 nm.
Figure 7 shows a representative example of the calculated
distribution of photothermal damage in tissue volume at
the end of 8 seconds IR laser exposure for all laser power
sets. For example, this scan time corresponded to a total
energy of 0.8 J at 100 mW laser power. The color bar indi-
cates both the laser power and the estimated maximum
injury depth at the end of the surface scan laser ablation.

In photothermal damage analysis, the generalized
Arrhenius integral (Equation (2)) estimated the damage

TABLE 1
for photothermal mucosal ablation simulations

Optical and thermal properties of tissue model used

Parameters Value
Reduced scatting coefficient (u;, cm™) 9.5 [34]
Absorption coefficient (u,, cm™) 12 [34]
Refractive index (n) 1.32 [31]
Anisotropy factor (g) 0.6 [34]
Tissue density (p, kg/m>) 1126 [35]
Specific heat (C, J')kg™'-°C™) 3720 [36]
Thermal conductivity (k, W-m™'.°C™%) 0.527 [35]

1.3 x 10%° [36]
6.04 x 10° [36]
<1.8 [33]

Frequency factor (A, s™)
Activation energy (E,, J/mol)

Tissue thickness (f, mm)
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FIGURE 7 Estimated cross-sectional frame of laser-induced
thermal damage generated by the conical shaped fiber probe in the
esophageal model (scan speed = 0.5 mm/s, ablation

time = 8 seconds). On the other hand, the white dashed lines mark
the estimated thermal injury depths produced by an 8.2-pm-core
fiber for comparison in the same laser power range and scanning
speed

probability. A damage index (D) of >0.99 was used as the
threshold for irreversible thermal damage. In regions with
D > 0.99, the tissue was assumed to coagulate completely.
The value of two rate process coefficients was derived from
the literature [36]; frequency factor, A = 1.3 x 10°° seconds’
and activation energy, E, = 6.04 X 10° J/mol. The com-
puter simulation successfully predicted that the peak tem-
perature in the superficial tissue reached to 100°C (ie, the
temperature sufficient to provide tissue vaporization) even
at relatively low laser power (100 mW). More interestingly,
the estimated thermal injury depths produced by a bare-
ended single-mode fiber (8.2 pm core diameter, non-
chemically etched fiber) are shown in the same graph as
the white dashed lines for direct comparison. The
corresponding laser powers were also written in black on
white dashed lines.

Second, the simulations in the first study were
repeated for the 0.01 to 0.5 W laser power range at differ-
ent scanning speeds to map the photothermal ablation
depth as surface scanning speed and laser power matrix.
The surface scanning speed varied from 0.5 to 5 mm/s on
the x-axis (ie, tissue surface). Figure 8 shows the estima-
tion of photothermal ablation depth as a function of sur-
face scanning speed and laser power in color-coding
format. The tissue vaporization threshold (the tissue tem-
perature of >100°C) level is highlighted as a solid white
line on the map. As shown in Figure 8, it has been calcu-
lated that SPLA can be achieved by providing the total
energy required to thermally damage the tissue during

7 of 12
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0.8
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o
thermal injury depth, mm

surface scanning speed, mm/s
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H

100 200 300 400 500
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FIGURE 8 A map of the estimated laser-induced thermal
injury depth in the esophagus model as a function of the
combination of surface scanning speed and laser power. The white
solid line marks the tissue vaporization threshold (tissue
temperature of >100°C)

slow surface scanning speeds with relatively low laser
power.

The optical properties of the tissue at a particular
wavelength define the depth of effective optical penetra-
tion within the tissue and thus the depth of the laser-
induced thermal damage. Also, as expected, the build-up
of residual thermal effects can expand the thermal injury
depth over time. However, as shown in the photothermal
ablation simulation results, the accumulation of suffi-
cient thermal energy in the mucosa may be expedited for
SPLA by decreasing laser power and increasing the expo-
sure time (ie, slower surface scanning speed) accordingly
or vice versa. Furthermore, the results presented here
suggest that such rapid divergence of the tightly focused
laser beam within the tissue may contribute to the defini-
tion of the depth of thermal penetration (Figure 7). Since
the spot diameter increases rapidly as a function of tissue
depth, the power density can be reduced to a level that
minimizes localized thermal effects.

3.3 | SPLA of sheep esophagus

To investigate the feasibility of photothermal mucosal tis-
sue ablation using a cone-shaped fiber probe and evaluate
its technical performance, thermal injury studies were per-
formed on ex vivo sheep esophagus. Figure 9 shows a rep-
resentative example of visible thermal damage observed
on the surface of the esophagus. The tissue sample was
irradiated at a laser power of 400 mW in CW mode,
corresponding to an irradiance of 31.8 x 10> W/cm® for
the 4-pym beam diameter (estimated). The fiber tip was
scanned at a constant speed of 1 mm/s on a single axis
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over the tissue surface. The scan length was measured to
be >0.4 cm after a total ablation time of 4 seconds. Before
laser ablation, the tissue surface was made as flat as possi-
ble with a small metal spatula.

In the assessment of the cellular thermal damage and
thermal injury depth, an oxidoreductases group thermo-
bile (>60°C) enzyme called lactate dehydrogenase (LDH)
was labeled using NBT staining. The histologic marker of
thermal damage was evaluated as follows: Staining was

FIGURE 9 Photograph of visible thermal damage after laser
irradiation of sheep esophagus, ex vivo (wavelength = 1505 nm,
laser power = 400 mW, surface scanning speed = 1 mm/s, ablation
time = 4 seconds). Scale bar = 1 mm

TID =0.54 mm

TID = 0.59 mm

5 mm

associated with classical histology for heat-induced tissue
damage, while dark blue indicated LDH positive as
untreated normal esophageal tissue. Magnified images of
NBT-stained fresh-frozen sheep esophagus samples are
shown in Figure 10. The thickness of the histological tis-
sue slices was 12 pm. Figure 10A represents an example
of the microscopic image of the NBT-stained intact
esophagus tissue as a control group to compare and
assess the effect of the photothermal intervention. The
relative distribution of the dark blue color over the histo-
logical section indicated that there was no thermal dam-
age to the cellular structure during tissue processing.
Subsequently, laser ablation was performed for a con-
stant surface scanning speed by varying the laser power
at 50 mW intervals in the range of 300 to 450 mW. The
scanning speed was set to 1 mm/s and the total laser
exposure time was 6 seconds, corresponding to a scanned
length of 6 mm. The bottom panels (B, C, D, E) of
Figure 10 show cross-sectional injury profiles for respec-
tive laser power. High laser power induced uncontrolled
large injury areas in the lateral sides; while all power set-
tings generated enough energy to cause a detectable
superficial (ie, mucosa and submucosa layers) injury in
the NBT stained sections as shown. In particular, laser
power settings of 300 and 350 mW provided a depth of

control

TID =0.76 mm

(E) ' TID = 0.93 mm
5 mm

FIGURE 10 Microscopy images of ex vivo sheep esophagus that were stained with nitroblue tetrazolium chloride. A, An intact ex vivo
sheep esophagus as control, while other panels show the results of superficial photothermal laser ablation (SPLA) for laser power of

300 mW, B, 350 mW, C, 400 mW, D, and 450 mW, E. The measured thermal injury depths were approximately 0.54, 0.59, 0.76, and

0.93 mm, respectively. The surface scanning speed was set to 1 mm/s and the total scanning time was 6 seconds. TID, thermal injury depth
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FIGURE 11 Experimental measurements of laser-induced thermal injury depths performed for various combinations of surface
scanning speed and laser power in ex vivo sheep esophagus model. These combinations included scanning speeds of 0.5 mm/s, A, 1 mm/

s, B, 1.5 mm/s, C, and 2 mm/s, D, and laser power of 300, 350, 400, and 450 mW. E, Experimental measurements of cubic spline
interpolation fittings in a three-dimensional plot. The red circles represent the mean values of thermal injury depth measurements, and the
black lines indicate the SD for these measurements. A minimum of five laser ablation was conducted on ex vivo sheep esophagus at each
laser incident power level (in ~50 mW increments)

thermal effect that would cause ablation at the first  Figure 10E, irregularities in the depth of photothermal
0.6 mm depth, which was mainly associated with the damage were also recorded. This may have two main rea-
mucosa layer [31]. On the other hand, as shown in sons: (a) the difficulty in ensuring that the distance
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between the probe and the surface remains constant
across the tissue surface and (b) relatively short working
distance provided by the cone-shaped fiber probe.

As a complementary study, experimental measure-
ments of laser-induced thermal injury depths were per-
formed for various combinations of surface scanning
speed and laser power. These combinations included
scanning speeds of 0.5, 1, 1.5 and 2 mm/s and laser power
of 300, 350, 400, and 450 mW. A minimum of five laser
ablation was conducted on ex vivo sheep esophagus at
each laser incident power level (in ~50 mW increments)
to demonstrate reproducibility.

Figure 11A-D shows thermal injury depth measure-
ments with SD as a function of laser power for each sur-
face scanning rate, respectively. Figure 11E demonstrates
experimental measurements in a three-dimensional plot.
The red circles represent the mean values of thermal
injury depth measurements, and the black lines indicate
the SD for these measurements. Besides, the surface
graphs plot cubic spline interpolation fittings to experi-
mental data. The three-dimensional plot is linked to a
colormap ranging from 0.4 to 1.1 mm of the measured
depth of injury. The calculated SD varies with speed-
power combinations. In general, this high margin of error
can be explained by local differences in tissue samples
and their inhomogeneity, as well as the very short work-
ing distance provided by the cone-shaped fiber probe.

4 | DISCUSSION AND
CONCLUSION

Prevention of the unintended consequences of BE endo-
scopic thermal therapy, such as organ narrowing, bleed-
ing, or perforation, has been challenging because of the
combination of deep thermal damage depth and multiple
therapy sessions. Hence, the presence of effective endo-
scopic approaches that specifically provide a confined
depth of thermal injury on the lining layer is still attrac-
tive in the treatment of BE. For example, studies using
optical coherence tomography (OCT) technology have
suggested to continuously measure or image the depth of
the RF thermal effect to avoid further damaging to deep
tissue layers [37, 38]. However, existing RF ablation pro-
bes developed for use only with white light endoscopic
imaging completely conceal the area under treatment for
OCT imaging [15, 39]. This allows OCT imaging of tis-
sues before and after treatment, or only OCT imaging of
local points.

In this context, it may be of interest to implement
fiber-based probes that can form a fiber optic basis
for real-time optical imaging during photothermal
ablation therapy. More interestingly, fiber-based probe

approaches that enhance the superficial effect of
photothermal therapy of mucosal tissue may aid in min-
imally destructive deeper tissue injury in a single-
session therapy, and may result in improved postopera-
tive patient quality-of-life.

This preliminary study investigates the feasibility of a
cone-shaped fiber probe that provides continuous-wave
IR laser radiation for SPLA in an ex vivo sheep esopha-
geal model. A cone-shaped fiber tip was obtained with
the chemical etching technique previously examined for
various fiber optic applications, including optical trap-
ping [40] and photocoagulation [41]. In summary, we
have designed, built, and tested a fiber probe that pro-
vides a tightly focused laser beam at close range for high-
efficiency photothermal ablation. The prototype probe
allowed the use of relatively low laser power for a high-
temperature rise in the superficial tissue, while also accu-
mulating sufficient energy to thermally damage the
mucosa layer of the sheep esophagus, ex vivo.

However, several limitations should be discussed in
this preliminary feasibility study. First, the Arrhenius
integral is generally and predominantly used to charac-
terize thermal damage to biological tissue using direct
protein denaturation measurements with increased scat-
tering. On the contrary, it should be noted that this rate
formulation does not take into account the nonlinear
response of the tissue to laser-induced thermal effects.

Second, a more accurate beam diameter analysis is
required to determine the beam diameter and focal
length produced by the fiber probe. Such a high-focus
laser beam provided by the cone-shaped fiber probe can
be measured employing a high-resolution laser beam pro-
filer or knife-edge method using a high precision photo-
detector with low ripple.

Third, the tip of the single-mode fiber probe becomes
more fragile after chemical etching. Furthermore, the
probe with a chemically etched fiber produces a relatively
narrow area (~1.3 x 10~'* m?) of ablation on the tissue
surface at one time. Therefore, it is important and neces-
sary to investigate a more suitable design that can com-
bine a cone-shaped fiber bundle with a capsule that
provides a recessed area and slides along the esophageal
surface to cover a large region. In this way, the design
may allow SPLA while avoiding short working distance
and sensitive surface scanning issues.

Forth, the depth of local superficial therapy, which
can be fixed by the rapid focus of the laser beam at the
optimized wavelength, does not necessarily correlate to
an anatomical landmark. Furthermore, the thickness of
the mucosa layer may vary significantly from one patient
to another. On the other hand, laser ablation of large sur-
faces (>2 cm in length) with a small diameter laser beam
will take considerably longer in terms of treatment time.
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This may limit the control of the therapy depth due to
residual thermal effects.

Finally, a more rigorous histological analysis of ther-
mal damage to the mucosa layer combined with an
in vivo animal model is required to determine an optimal
therapeutic window for consistent and reliable
photothermal mucosa ablation using presented probe.

Our preliminary results presented in this article have
demonstrated that the cone-shaped fiber probe using
1505-nm IR laser radiation is capable of providing both
superficial and highly effective photothermal mucosa
ablation of the sheep esophagus, ex vivo. This probe
approach with further development may hold promise
for endoscopic therapy of targeted-lining areas during a
single-session procedure. More interestingly, with our
technology, it may be possible to extend the same concept
to other endoscopy therapy applications such as colon

polyps.
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