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Abstract: Interstitial laser treatment (ILT) using a diffusing applicator (DA) has been employed
to treat tumors. However, the treatment efficacy and safety of the emission profiles from DAs have
been poorly explored. This study investigated the effect of the emission profiles from DAs on
prostate tumor treatment. Dual-peak and proximal-/distal-end peak profiles using 980 nm laser at
5 W for 60 s were tested to compare the extent of thermal coagulation in soft tissue numerically
and experimentally. The numerical simulation predicted the temperature development in the
tissue. Ex vivo porcine liver and in vivo rat models were used to compare the performance of the
profiles. The dual-peak profile yielded a coagulation extent that was almost equivalent to that of
the flat-top profile (in simulation) and 1.3 times larger than those of the other profiles in both
ex vivo and in vivo. The dual-peak profile predictably entailed uniform coagulation within the
irradiated region. Further in vivo studies using different tumor sizes will be evaluated to warrant
the efficacy and safety of the dual-peak profile for the ILT of prostate tumors.
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1. Introduction

As reported by Global Cancer Observatory (GLOBOCAN), prostate cancer (PC) is the second
most common cancer and the second major cause of cancer death worldwide [1–3]. The PC is
often diagnosed in 112 countries, with the highest cases in high-income areas, such as North
America, Europe, New Zealand, and Australia, and the lowest cases in South Asia [4–6]. The
PC forms in men [7]. The age-standardized incidence and mortality rate of PC are 30.7 per
100,000 males and 0.54-41.7 per 100,000 males in 2020, respectively [4]. The highest mortality
rate of PC is primarily observed in low-income areas, for example, Africa [8]. In 2022, the
estimated number of new PC diagnoses is approximately 1.41 million for men worldwide and
268,490 for American males [7,9–11]. The estimated number of deaths from PC is 34,500 cases,
accounting for 11% of all deaths [11]. The predicted new diagnoses will reach 1,700,000 cases,
and the death number will be 499,000 in 2030 in the world [3,9]. Moreover, the PC incidence
of younger people (age< 50 years) has increased by five times over the past decade [12] due
to the gradually rising prevalence of PC risks, for example, alcohol usage, smoking, obesity,
reduced physical exercises, and metabolic syndrome [8,13]. The rising trend in the PC incidence
leads to increasingly diverse patient circumstances, including various PC stages and a greater
demand for personalized treatment strategies. The complexity of the patient circumstances
requires advancements in medical devices to ensure the personalized treatment solutions. Thus,
the development of effective treatments for PC is necessary to maximize clinical outcomes and to
minimize side-effects.

#540470 https://doi.org/10.1364/BOE.540470
Journal © 2024 Received 27 Aug 2024; revised 19 Oct 2024; accepted 5 Nov 2024; published 20 Nov 2024

https://orcid.org/0000-0002-0861-1354
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.540470&amp;domain=pdf&amp;date_stamp=2024-11-20


Research Article Vol. 15, No. 12 / 1 Dec 2024 / Biomedical Optics Express 6878

Thermal treatment (TT) is a well-known technique used for minimally invasive treatment
of various cancer types [14]. A number of the TT techniques have been investigated, such as
radiofrequency ablation (RFA), microwave ablation (MWA), high intensity-focused ultrasound
(HIFU), photodynamic therapy (PDT), and cryotherapy (CT) [14–19]. These techniques differ in
terms of physical phenomena in heat generation and the promotion of coagulative necrosis at the
targeted tissue. RFA generates coagulative necrosis resulting from ionic agitation and frictional
heats by transmitting the RF wave and alternating the current in an insulated electrode tip [20]. Due
to the increasing size of the targeted tissue and inhomogeneous tissue properties (e.g., electrical
conductivity, dielectric permittivity, and heat-sink effect), RFA suffers from the limitations, such
as impedance variations and excessive local heat [21]. MWA delivers the frequency of 900-2,500
MHz to induce heat via oscillation of water molecules in tissue [21]. Although MWA creates
more uniform thermal coagulation than RFA, MWA still requires a bulky system with big cables
and back-heating effects [21,22]. HIFU is a non-invasive modality and utilizes non-ionizing
radiation (i.e., converting mechanical energy into heat) to cause tissue destruction. The efficacy
of HIFU is limited by long treating time, penetration depth, and organ movement [17,23]. PDT
is a light-induced therapy that combines light excitation and photosensitizer (PS) to destroy the
targeted tissue. The drawbacks of PDT include the limited selectivity of the PDT agents, the
short penetration depth of light, and tissue oxygenation-dependent efficacy [24–26]. Lastly, CT
is a focal therapy inducing tissue injury by immediately freezing tissue with cold gas (liquid
nitrogen, liquid nitrous oxide, and compressed argon gas) for ice formation and cellular necrosis
at least -40 °C [27,28]. However, the downside of CT includes cryoshock, unfavorable organ
fracture, and bleeding complications due to the non-coagulation of injured vessels. Therefore,
the existing limitations of these techniques need to be overcome to enhance clinical outcomes
and to curtail the associated complications.

Recently, interstitial laser treatment (ILT) has gradually become a promising thermal therapy
for PC [16,17,29]. ILT utilizes an optical diffusing applicator (DA) to deliver light into a tumor
with high precision. High temperature from light-tissue interaction forms a volume of irreversible
thermal necrosis. Various imaging-guided techniques were combined with ILT to enhance
the efficacy and safety of ILT. As a result, ILT can be a feasible alternative to treat low or
moderate-risk PC [16]. However, as a single DA yields only a few centimeters of treatment range
and is affected by heat-sink effect [16,20,22,23], ILT presents risks in larger tumors and crucial
organs surrounding the tumor. Additionally, a non-uniform light emission profile is a challenge
for warranting the irradiation accuracy of DA application. The non-uniform profile along the
DA could produce irregular and unpredictable coagulation in tissue, leading to unfavorable
thermal injury to the adjacent healthy tissue [30]. Nevertheless, there is a lack of studies (or few
studies) that have explored the impact of the emission profile from DA on predicting temperature
variations and the formation of the thermal coagulation after ILT [31]. Thus, a uniform light
emission profile (also known flat-top profile), as well as ability to fabricate different light profiles
along the DA length is often desired to select and minimize these risks on varying in size and
shape of the tumor [31–33]. The purpose of the current study was to investigate the effect of three
different emission profiles (i.e., dual-peak, proximal-end peak, and distal-end peak) from DAs on
ILT of prostate cancer both numerically and experimentally. To compare the performance of
the emission profiles, 980 nm wavelength laser light was employed. The extent of the thermal
coagulation in tumor tissue was compared through simulations, ex vivo, and in vivo experiments.

2. Materials and methods

2.1. Numerical simulations

Numerical simulations were performed to predict spatio-temporal developments of temperature
and thermal damage in tissue during laser irradiation by using COMSOL Multiphysics software
(v5.6, COMSOL, Inc., Burlington, MA, USA). Porcine liver was considered as a tissue model for
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the simulation study. A 3D geometry consisted of two parts: liver tissue and DA. The tissue was
built in a cubic shape. The physical dimension of the tissue was 30× 30× 30 mm3. The DA had
a core diameter of 600 µm and was vertically situated inside the tissue. The fabricated active
length of the DA was 10 mm and protected by a cylindrical glass cap (i.e., outer diameter= 1.4
mm, thickness= 0.2 mm). A 0.2-mm gap between the DA and the glass cap was filled with air
(Fig. 1(a)), and the DA surface made full contact with the tissue. The liver tissue was assumed to
be homogenous and isotropic for the simulation, as shown in Table 1.

Fig. 1. Geometry for numerical simulations: (a) position of diffusing applicator in liver
tissue (30×30×30 mm3), (b) multiple point sources along applicator, and (c) four different
emission profiles used for simulations (P: proximal end and D: distal end).

Table 1. Physical parameters of liver tissue at 980 nm used for thermal damage simulation

Wavelength Absorption
coefficient
(µa, mm−1)

Scattering
coefficient
(µs, mm−1)

Anisotropy
factor (g)

Frequency
factor
(Af , 1/s)

Activation
energy
(Ea, J/mol)

Universal gas
constant
(R, J/mol·K)

Ref

980 nm 0.064 4.72 0.93 5.5× 1041 2.77× 105 8.314 [18]

The previous studies tested DA-delivered 980 nm laser wavelength at the power levels of 5∼30
W for 60 s or longer (in continuous mode) and showed a good ablation capacity in terms of low
complications and tumor recurrence [34–40]. Specifically, the DA-based ILT with 980 nm at 5 W
for 75 s presented the well-suited treatment with deep ablation of localized PC [41]. As a result,
the current study decided to employ the condition of 5 W for 60 s to simultaneously maintain
treatment efficiency and prevent the hazards of the long irradiation time of the high power laser
under laboratory conditions. Since the main parameter for light propagation is fluence rate, DA
was discretized as a sum of n-light point source [42,43]. At a distance from the DA surface, the
fluence rate ϕ(d) (W/mm2) from the DA was thus the sum of n light sources, as follows [42,43]:

ϕ(d) =
∑︂n

1
ϕ(dn) =

∑︂n

1

P
LDA

·
3µ′s

4πdn
· e−dnµeff · ∆L (1)
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where n =LDA
∆L , P= power of source (W), LDA =DA length (mm), ∆L= constant step length

of discretization between two continuous point sources (mm), µ′s= reduced scattering co-
efficient (mm−1)= (1-g)µs, µeff = effective attenuation coefficient (mm−1)=

√︁
3µa(µa + µ

′
s),

µa = absorption coefficient (mm−1), and dn = distance between the n-th point of the point
light source and the observing point (mm)=

√︁
x2

n + h2(xn mm, n: odd number). The n−1
2 point

was set as the coordinate origin at the middle of the LDA [44]. xn was the distance between the
n−1

2 point source and other point sources. h was the perpendicular distance from the point source
to the glass cap surface (Fig. 1(b)), representing the radius of glass cap. Table 2 presents all the
values used for the simulated variables.

Table 2. Variables used in diffusing applicator simulation

Variable Value Unit

P 5 W

Ldiffuser length 12 mm

∆L 0.5 mm

n 25

h 0.7 mm

xn 6–0.5×(n-1) mm

Numerical simulations evaluated four different beam profiles (Fig. 1(c)). Among them, a
flat-top beam profile (top left in Fig. 1(c)) was simulated as a reference (i.e., flat-top beam profile)
[31,45]. All the profiles had the equivalent laser power. The incident laser light from DA was
assumed to have a uniform distribution on the glass cap surface along the radial direction. No
light absorption by the air and the glass cap was assumed. The thermal response of tissue was
described by using the Pennes bioheat transfer equation with Beer’s law as below [18,45,46]:

ρc ·
∂T(r, z, t)
∂t

= ∇ · (k∇T(r, z, t)) + Qblood + Qmet + Qext (2)

where k (W/m·K) is thermal conductivity, ρ (kg/m3) is density, c (J/kg·K) is specific heat, and T
(K) is the local tissue temperature. The initial tissue temperature was set at 20 °C. Qblood (W/m3)
and Qmet (W/m3) express the internal heat source in blood perfusion and the metabolic heat
generation per unit volume, respectively. For simplicity, both Qblood and Qmet were neglected
(i.e., Qblood = 0 and Qmet = 0) owing to in vitro conditions. Qext (W/m3) is the heat source induced
by the laser light as calculated by:

Qext = µa × ϕ(d) (3)

The porcine liver tissue’s thermal properties (i.e., k (W/m·K), ρ (kg/m3), and c (J/kg·K)) were
determined by a function of temperature T in the range of 20-100 °C during laser irradiation
[18,46–48]:

k(T) = 0.419 · [0.133 + 1.36 · kk(T) · w] (4)

ρ(T) = 1000 · [1.3 − 0.3 · kρ(T) · w] (5)

c(T) = 4190 · [0.37 + 0.63 · kc(T) · w] (6)

where w is the mass percentage of water in the tissue (i.e., w= 69% for liver tissue). The values
of kk(T), kρ(T), and kc(T) are temperature-dependent for density, specific heat, and thermal
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conductivity of water, respectively, as shown below:

kk(T) = 1 + 1.78 × 10−3 · (T − 20◦C) (7)

kρ(T) = 1 − 4.98 × 10−4 · (T − 20◦C) (8)

kc(T) = 1 + 1.016 × 10−4 · (T − 20◦C) (9)
Table 3 presents all the thermal properties of both air and glass used for the current simulations.

Table 3. Thermal properties of materials used in numerical simulation

Property k (W/m·K) ρ (kg/m3) c (J/kg·K) Reference

Glass 1.3 2200 820 [18]

Air 0.0257 1.205 1005 [18]

The degree of thermal damage was quantified by using an Arrhenius damage integral equation,
which is exponentially dependent on the temperature and the exposure time as shown:

Ω(r, τ) = Af ·

∫ τ

0
exp

[︃
−Ea

RT(r, t)

]︃
dt (10)

whereΩ is dimensionless, Af (1/s) is the frequency factor, Ea (J/mol) is the denaturation activation
energy, R (J/mol·K) is the universal gas constant of 8.314, T (K) is the absolute temperature
in tissue, and τ (s) is the laser irradiation time (τ = 60 s for current damage model). Ω= 1
(i.e., log(Ω)= 0) demonstrates the irreversible thermal damage of the tissue when the tissue
temperature increases over 60 °C [47,49–51]. Table 1 lists the optical properties of the liver at
980 nm.

2.2. Device preparation

A CO2 laser system was employed to micro-machine the surface of optical fiber. Multimode
optical fibers with a 600-µm core diameter (FP600URT, Thorlabs Inc., Newton, New Jersey, USA)
were used to fabricate DAs with various emission profiles (i.e., dual-peak, proximal-end peak,
and distal-end peak emission profiles) (Fig. 1(c)). Proximal-end and distal-end peak profiles were
commonly found in the fabricated DAs, as observed in [18,32]. Although DAs were fabricated
by the CO2 laser processing technique [32], DAs still transmitted the forward light at the DA
distal end [32,52,53], which resulted in a non-uniform light distribution in the targeted tissue.
Due to the challenge of achieving the uniform emission [18,31], the flat-top profile was only
used for numerical analysis and comparison. The DAs were fabricated to have an active length
of 10 mm (Lcutting = 10 mm). With the same Lcutting value, the intensity peak position could be
controlled by cutting depth. The deep cutting depth yielded the intensity peak at the right-skewed
positions (i.e., proximal-end peak profile). On the other hand, the shallow cutting depth yielded
the intensity peak at the left-skewed positions (i.e., distal-end peak profile). Combination of both
deep and shallow cutting depth at respective proximal-end and distal-end directions produced
the dual-peak profile. After the fabrication, the DAs were sealed with a customized glass cap
(outer diameter= 1.4 mm, length= 15 mm) by using an epoxy. The distance between DA tips
and the top point of glass cap was 2 mm (Lgap = 2 mm). Before experiments, HeNe laser light
(λ=632 nm, Thorlabs Inc., Newton, New Jersey, USA), in conjunction with a digital camera
(D5100, Nikon Corp., Tokyo, Japan) was utilized to visualize and confirm the spatial emissions
of the DAs. The fabricated DA surface was captured by using a digital microscope (VHX-7100,
Keyence corp., Gyeonggi-do, South Korea). The longitudinal emission profile was measured
by employing a customized goniometric system (PD-300-3W, Ophir, Jerusalem, Israel) [32] at
multiple distances (i.e., d= 0.5, 1, 3, 5, 10 mm) from the DA surface to a sensor. For dual-peak
profile, the intensity difference between two intensity peaks was ∆I.
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2.3. Ex vivo tests

For ex vivo tests, liver tissues were procured from a local slaughterhouse and stored at 4 °C to
prevent any structural deformation and dehydration. Each tissue sample was cut into 30× 30× 30
mm3 and maintained at the room temperature (20 °C). A 17 G needle (1.47 mm outer diameter,
38 mm length, Sungshim Medical Co.,Ltd., Bucheon, Gyeonggi, South Korea) was used to make
a hole in the tissue to insert a DA prior to irradiation. A 980-nm diode laser system (EsoLight
Z360, TeCure Inc., Busan, Republic) in conjunction with the DAs was utilized to coagulate the
liver tissues interstitially. The conditions of 5 W and 60 s were selected for the applied power
and irradiation time, respectively, for ILT. After each ILT, the surface of glass cap was cleaned to
minimize any experimental error. Post-experimentally, each tissue was cut along the DA axis to
show the longitudinal sections of the tissue (Fig. 2(a)).

and maintained at the room temperature (20 °C). A 17G needle (1.47 mm outer diameter, 
38 mm length, Sungshim Medical Co.,Ltd., Bucheon, Gyeonggi, South Korea) was used to 
make a hole in the tissue to insert a DA prior to irradiation. A 980-nm diode laser system 
(EsoLight Z360, TeCure Inc., Busan, Republic) in conjunction with the DAs was utilized to 
coagulate the liver tissues interstitially. The conditions of 5 W and 60 s were selected for the 
applied power and irradiation time, respectively, for ILT. After each ILT, the surface of glass 
cap was cleaned to minimize any experimental error. Post-experimentally, each tissue was cut 
along the DA axis to show the longitudinal sections of the tissue (Fig. 2a).

Fig. 2. Schematics of experimental set-ups: (a) ex vivo test using porcine liver tissue, (b) in
vivo test in tumor-bearing mice, and (c) rectangular boundary determination. Note that the
applied wavelength was 980 nm and the treatment condition was 5 W for 60 s.

2.4. In vivo tests

For in vivo tests, tumor models were developed by seeding DU145 Human prostate cancer cells
to a BALB/c Nude male mouse (five weeks old; 20-25 g weight). A total of 12 mice were
procured from Hana Biotech (Suwon, Korea) and divided into four groups (i.e., sham, dual-peak,
proximal-end peak, and distal-end peak). DU145 from the Korean cell line bank was cultured
in Dulbecco’s modified Eagle’s Medium (DMEM, Corning, NY) with 10% fetal bovine serum
(FBS, Corning, NY) and 1% antibiotic-antimycotic (Gibco, Grand Island, NY). The cultured
cells were incubated at 37 °C with 5% CO2 and injected into the back side of each mouse by
7.0× 106. ILT was conducted on the tumor tissue at 5 W for 60 s. After the ILT, the animals
were anesthetized by using a respiratory anesthesia system (Classic T3, SurgiVet, Minneapolis,
MN, USA) with 3% isoflurane (Terrell isoflurane, Piramal Critica 1 Care, Bethlehem, PA, USA)
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in oxygen (0.6 L/min). As with ex vivo experiments, the surface of glass cap was cleaned
to minimize any experimental error after each ILT. The animal study of the current research
was conducted under the approval of Institutional Animal Care at Pukyong National University
(permit number: PKNUIACUC-2023-30).

All animals were euthanized 2 hours after ILT, and the entire tumor tissues were harvested
from the animals. To evaluate thermal damaged extent along DA, 2,3,5-triphenyltetrazolium
chloride (TTC) staining was conducted. For the TTC staining, the extracted tissues were sliced
into 2 mm sections (longitudinally) and incubated in 1% TTC solution for 30 min without light.
The sliced tissues were washed by using PBS for three times and fixed in 10% neutral formalin.
The TTC stained tissues were captured by using a digital camera (D5100, Nikon, Tokyo, Japan)
(Fig. 2(b)).

2.5. Geometric evaluations

The proximal (P)-/distal (D)-end positions of treatment devices can be utilized to determine the
extent of thermal coagulation inside tissue in in vivo experiments [54,55]. For both ex vivo and
in vivo tests, coagulation areas were bisected by the length of proximal-/distal end positions
LPD (LPD=Lcutting +Lgap = 12 mm). The P-D length was defined by the active length of the
glass cap-sealed DA (Fig. 2(c)). The P position was the starting position of laser cutting on the
DA surface whereas the D position was the top point of the glass cap. The coagulation areas
from the experiments were captured by using a digital camera. The coagulation areas were
defined as the discolored regions (i.e., tan color for ex vivo [56] and whitish color for in vivo
[57]) in the treated tissue. Each coagulation boundary was marked by a dashed line (Fig. 6:
dashed yellow line, and Fig. 7: dashed black line). The longitudinal sections were analyzed
by Image J software (Version 1.53 t, National Institute of the Health, Bethesda, MD, USA) for
dimensional measurement. Based on P-D positions and dashed lines, a rectangular boundary
(dashed red line) was created to identify the extent of thermal coagulation. The length of the
rectangular boundaries were tangent to the cross-sectional direction of the coagulation at the top
two points on the opposite sides. The rectangular length was equal to the LPD value. The width
of the rectangular boundaries were established by passing through the P-D points (Fig. 2(c)). To
identify the geometric uniformity of thermal coagulation, two geometric factors were considered:
symmetry ratio (SR) and filling-area ratio (FR). SR was defined as the ratio of the smaller
coagulation portion (Ss−half) to the larger coagulation portion (Sb−half) (SR= Ss−half /Sb−half ≤ 1).
Ss−half and Sb−half portions were determined by dividing the length of boundary into equal halves
as shown in Fig. 6. FR was defined as the ratio of the coagulation area (Scoagulation) to the
rectangular boundary area (Srectangle) (Fig. 6, FR=Scoagulation/Srectangle ≤ 1). Inkscape software
(version 0.92.4, Software Freedom Conservancy Inc., Brooklyn, NY, USA) and SOLIDWORKS
2016 software (Dassault Systumes SOLIDWORKS Corp., Waltham, Massachusetts, USA) were
implemented to estimate the rectangular boundary areas.

2.6. Statistical analysis

All the data were presented as the mean± standard deviation, and SPSS program (version 20,
SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Mann–Whitney U tests were
chosen to evaluate any statistical difference between two groups. Statistical significance was
considered as p< 0.05.

3. Results

Figure 3 characterizes various emission profiles measured from the fabricated DAs. The
normalized intensities (a.u.) were measured from the fabricated DAs. In Fig. 3(a) (top), the two
peaks occurred approximately at 3 and 9 mm along LPD, respectively. The ∆I value was 8%.
The intensity dropped at 6 mm from the DA tip and yielded a 53% lower intensity than the peak
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intensity. Comparing with a dual-peak profile, the highest peak position of proximal-/distal-end
peak profiles occurred at approximately 2 and 10 mm, respectively (Figs. 3(b) and 3(c); top).
Figure 3 (bottom) depicts that all the tips of DAs were etched into approximately a 25° conical
angle, as proposed in [32]. The intensity peak appeared at P position when the cutting depth was
deeper (Figs. 3(a) and 3(b); bottom) whereas the intensity peak occurred at D position when the
cutting depth was shallower (Fig. 3(c); bottom). In turn, the position of the intensity peak could
be contingent of the extent of the cutting depth.

Fig. 3. Characterization of various emission profiles measured from the fabricated DAs:
(a) dual-peak profile, (b) proximal-end peak profile, and (c) distal-end peak profile. The
top images show He-Ne light distributions from each diffusing applicator, and the bottom
images are the corresponding microscopic images (scale bar= 250 µm). The inlets (in top
images) represent the beam profiles measured between proximal (P) and distal (D) ends.

Figure 4 depicts spatio-temperature developments at the interface between tissue and glass cap
after irradiation at 5 W for 60 s with various emission profiles (top images). The red boundaries
represent the coagulation threshold (i.e., 60 °C) for irreversible tissue denaturation. Both flat-top
and dual-peak profiles had symmetry and elongated temperature distributions along the DA. On
the other hand, proximal-end and distal-end peak profiles generated asymmetry (pear-shaped)
temperature distributions. The bottom images in Fig. 4 exhibit the temporal developments of
the cross-sectional temperature acquired from the dashed lines in the middle position of the top
images. Regardless of emission profiles, the temperature increased with the irradiation time. In
Fig. 4(a), the maximum temperature of a flat-top profile was maintained at the middle of LPD and
showed the uniform coagulation characterized by an elliptical shape along the LPD. In Fig. 4(b),
the temperature difference (∆T) between the temperature at the position of intensity peak and
one at the position where intensity dropped (in dual-peak profile) decreased over the irradiation
time (i.e., ∼ 4 °C at 5 s, ∼2 °C at 30 s, and ∼0.7 °C at 60 s). Thus, ∆T gradually became
indistinguishable as the irradiation time increased. Moreover, the highest temperature tended to
appear in the middle of the simulation model (i.e., 15 mm position) over time as ∆T decreased.
In Figs. 4(c) and 4(d), the maximum temperatures of both proximal-end peak and distal-end peak
profiles were associated with the right-skewed and left-skewed distribution from the middle of
simulation model (i.e., 12 and 18 mm position, respectively) and caused the asymmetry of the
temperature development over time. The flat-top, dual-peak, and proximal-end peak profiles
yielded comparable maximum temperatures (i.e., 87, 84, and 86 °C, respectively). However,
the distal-end peak profile created ∼15% higher maximum temperature than the other profiles.
Similarly, both flat-top and dual-peak profiles had uniform temperature distributions, while both
the proximal-end and distal-end emissions accompanied asymmetry ones. It was noted that the
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dual-peak emission profile had a relatively flat and wide distribution of the maximum temperature
after sufficient time.

Fig. 4. Spatio-temporal developments of temperature acquired from numerical simulations
at 0 mm (interface between tissue and glass cap) measured at various irradiation times of 5,
30 and 60 s: (a) flat-top profile, (b) dual-peak profile, (c) proximal-end peak profile, and (d)
distal-end peak profile. The top images show the spatial distributions of the temperature
developed in tissue after 60-s irradiation. The bottom images are the cross-sectional
temperature profiles at various irradiation times.

Figure 5 displays temperature elevations at various tissue depths from the surface of DAs
(tissue depth: d= 0, 0.5, 1, 1.5, 2, and 5 mm) after irradiation for 60 s. According to Fig. 5(a), for
the flat-top profile, the highest temperature point was maintained at the center of simulation model
(i.e., 15 mm position), regardless of d values during 60-s irradiation. In case of the dual-peak
profile (Fig. 5(b)), the highest temperature occurred in the middle of the DA as shown similarly
in Fig. 4(b). Additionally, the positions of two highest temperature points were indistinct after
d> 1 mm. Therefore, the temperature development from the dual-peak profile became equivalent
to that of the flat-top profile with increasing d. In Fig. 5(c), the highest temperature from the
proximal-end peak profile at each d value was similar to that of the flat-top profile. Nevertheless,
the temperature distribution from the proximal-end peak profile was more right-skewed than that
of the flat-top profile. The similar tendency of the skewed temperature distribution (left-skewed)
was observed in the distal-end peak profile (Fig. 5(d)). When the d value increased, the highest
temperature points of both proximal-/distal-end peak profiles tended to displace toward the
middle of LPD, but the position displacement was insignificant after 60 s (i.e., from 12 mm and
18 mm when d= 0 mm to 13 mm and 17 mm when d= 5 mm, respectively, in simulation models).
The temperature distribution of the dual-peak profile could be more equivalent to that of flat-top
profile at 5 mm tissue depths.

Figure 6 compares the extent of thermal coagulation between simulations and ex vivo porcine
liver tissue experiments after 60-s irradiation. The boundary of each coagulation area was
determined by yellow dashed lines, as shown in Figs. 6(a) and 6(b). In both Figs. 6(a) and 6(b),
the coagulation area from the dual-peak profile reflected the elliptical shape, whereas the other
profiles (proximal-/distal-end profiles) were associated with the right-/ left-skewed coagulation
shapes, respectively. The rectangular boundary was used to evaluate the coagulation extent.
Figures 6(c) and 6(d) present the quantitative comparisons of coagulation extents inside the P-D
boundary. In Fig. 6(c), the dual-peak profile yielded an equal extent of coagulation on both P-D
sides and more uniform extent of coagulation than those of the proximal-/distal end peak profiles
(i.e., SRDP = 0.92± 0.06, SRPEP = 0.7± 0.1, and SRDEP = 0.19± 0.1, *p< 0.01, respectively).



Research Article Vol. 15, No. 12 / 1 Dec 2024 / Biomedical Optics Express 6886

Fig. 5. Temperature distributions at various tissue depths acquired from numerical
simulations after 60-s irradiations by (a) flat-top profile, (b) dual-peak profile, (c) proximal-
end peak profile, and (d) distal-end peak profile. Note that the measured tissue depths ranged
from 0 mm to 5 mm away from the applicator surface. (tissue depth: d= 0, 0.5, 1, 1.5, 2,
and 5 mm).

In Fig. 6(d), the dual-peak profile resulted in the largest extent of the coagulation within
the rectangular boundary (i.e., FR= 0.77 for simulation and FR= 0.86± 0.03 for experiment).
The dual-peak profile created a larger extent of the coagulation than the proximal-end peak
profile did (FRPEP = 0.7± 0.1, **p< 0.01) by about 1.2 times and the distal-end peak profile
(FRDEP = 0.6± 0.08, ##p= 0.002) by about 1.4 times experimentally. The same trends of SR
and FR comparisons were observed in the numerical simulations. Figure 6 shows that the
dual-peak profile produced an equivalent extent of coagulation (∼90%), compared to that of the
flat-top profile (i.e., for simulation: SRFP = 0.98, FRFP = 0.69, SRDP = 0.97, FRDP = 0.77 and for
experiment: SRDP = 0.92± 0.06, FRDP = 0.86± 0.03) and demonstrated a more uniform extent
of thermal coagulation than those of the proximal-/distal end-peak profiles.

Figure 7 describes the extent of thermal coagulation created by three fabricated DAs in prostate
tumor from in vivo experiments. A black dashed line was drawn to separate the boundaries of
thermally-injured and normal areas (Fig. 7(a)). White areas indicated thermal coagulation areas
whereas red areas indicated the normal areas. Sham-controlled models showed no thermally-
injured areas upon DA insertion. Overall, the comparison of SR and FR factors among the
profiles (Fig. 7(b)) followed the same trend as shown in Figs. 6(c) and 6(d). Similar to Fig. 6(c),
the SR value of the dual-peak profile was higher than that of the proximal-/distal-end profiles (i.e.,
SRDP = 0.88± 0.03, SRPEP = 0.66± 0.04, and SRDEP = 0.25± 0.03; p< 0.01 respectively). The
dual-peak profile exhibited a higher FR value (FRDP = 0.75± 0.03) than the proximal-end peak
profile (FRPEP = 0.58± 0.04) by 1.3 times and the distal-end peak profile (FRDEP = 0.55± 0.04)
by 1.4 times. The dual-peak profile could yield the extent of the thermal coagulation equivalent
to that of the flat-top profile as well as more uniform thermal coagulation than those of the
proximal-/ distal-end peak profiles along the LDP.
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Fig. 6. Longitudinal views on thermal coagulation in ex vivo tissue: (a) numerical
simulations, (b) ex vivo liver tests, and quantitative comparison of (c) symmetry ratio and
(d) filling ratio (N= 6, *p< 0.05, #p< 0.01, **p< 0.005, ##p< 0.001). Note that the values
on the color bar in Fig. 6(a) represent thermal damage and coagulation areas were measured
from the red dashed rectangles. Red dots were raw datas. * and ** were the p-value of
DP and PEP data sets. # and ## were the p-value of DP and DEP data sets. (FP=flat-top
profile, DP= dual-peak, PEP= proximal-end peak profile, DEP= distal-end peak profile,
P= proximal and D= distal ends, and S= coagulation area).

Fig. 7. Performance validation of various emission profiles in in vivo rat model: (a)
TTC-stained longitudinal thermal coagulation and (b) quantitative comparison of symmetry
and filling ratio. Red dots were raw datas. (DP= dual-peak, PEP= proximal-end peak
profile, and DEP= distal-end peak profile; N= 3).
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4. Discussion

The uniform emission profiles produced by DAs is a desirable factor for controlling thermal area
and attaining more predictable tissue responses during ILT [30,32,33,58,59]. Thus, the uniform
profile can result in the accurate irradiation from DAs and minimize unfavorable thermal injury
to the adjacent healthy tissue. The extent of coagulation inside the tissue depends on the spatial
emission profile of DAs. The aim of this study was to investigate the effect of various emission
profiles (i.e., dual-peak, proximal-end, and distal-end peak) on the performance of ILT for PC
treatment numerically and experimentally. According to Figs. 6 and 7, the dual-peak profile
could yield the equivalent extent of thermal coagulation to that of the flat-top profile and more
uniform extent of thermal coagulation than those of proximal-/ distal-end peak profiles along the
LDP. The forward light still existed at the fiber tip position regardless of fabrication methods
[32,52,58,60] and caused the excessive thermal coagulation during treatment. In this study, with
dual-peak and distal-end peak profiles, the forward light caused coagulation over the rectangular
boundary. With proximal-end peak profile, the forward light yielded a 37% higher symmetry
ratio of experiment (∼ 0.71) than that of simulation (∼ 0.45; Fig. 6(c)). Thus, the D position was
considered to be at the top point of the glass cap in this study due to the forward light (Fig. 3, top).
From the equations (1-3), the local tissue temperature (T, °C) is proportional to the laser intensity,
so the temperature development represents the laser intensity at specific position in tissue. The
laser intensity is inversely proportional to the beam width (w) (i.e., I∼1/w2 [61]). The beam width
(w) of an arbitrary laser profile could be defined by 1/e2 (∼0.135) intensity criterion [61], or a full
width at half-maximum (FWHM) [62,63]. According to the 1/e2 criterion, the w value is defined
as the distance between two points where the intensity level is ∼ 0.135 of the peak intensity. In
Fig. 1(c), while the w values of flat-top, dual-peak, and proximal-end peak profiles were 12 mm,
that of distal-end peak profile was around 10 mm. Thus, distal-end peak profile yielded higher
temperature than those of flat-top, dual-peak, and proximal-end peak profiles (Fig. 4).

In fact, the single peak formation of the dual-peak profile can be given by the partial
differential heat conduction equation: ∂T/∂t=α×∂2 T/∂x2 [64], for the explicit method,
[T(x,t+∆t)−T(x,t)]/∆t=α×[T(x+∆x,t)−2×T(x,t)+T(x−∆x,t)]/(∆x)2, where T(x+∆x,t) and T(x−∆x,t) are tem-
perature of two considered intensity peaks, T(x,t) is temperature (K) at x (m), x is the midpoint
position between two considered intensity peaks (m), t is irradiation time (s), ∆t is irradiation time
step (s), and α= k/ρ/c is thermal diffusivity (m2s−1) (k, ρ, and c are from Eq. (2)). The equation
explains the effect of heat flow on the temperature as the regions of high temperature cool down
while the regions of low temperature heat up. Consequently, the two highest temperature from
the dual-peak profile will form a single highest temperature gradually at the midpoint of light
source length (LPD) over time. In this study, T(x+∆x,t)−T(x−∆x,t) was proportional to ∆I (intensity
difference between two intensity peaks), T(x,t+∆t)−T(x,t) was equal to ∆T (temperature difference
in dual-peak profile between temperature at the position of intensity peak and one at the position
where the intensity dropped), and ∆x (mm) was the distance between the two highest temperatures
(or intensity peaks). Due to the same experiment conditions during profile comparisons, three
variables from the partial differential heat conduction equation (i.e., ∆I, ∆T, and ∆x) influenced
the heat flow effect. In Fig. 1(c), the two intensity peaks of the three profiles were considered
at 2 mm and 10 mm of LPD. The ∆I value of the dual-peak profile was 8%, whereas those
of proximal-/distal-end peak profiles were 63% and 88% respectively. After 60-s irradiation,
the dual-peak profile formed the uniform temperature distribution at the middle position of
LPD, while the proximal-/distal-end peak profiles respectively formed the right-/left-skewed
temperature distribution (Figs. 4, 6, and 7). The similar effect of ∆I value was also seen in the
previous studies [51,56,60]. The formed single intensity peaks became uniform with ∆I= 2%
[51,60] and ∆I= 6% [56] after the 60-s irradiation. In contrast, the single intensity peaks forrmed
the non-uniform distributions with ∆I= 25% (right-skewed) and 45% (left-skewed) in [32] and
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∆I= 28% (left-skewed) in [65]. Therefore, the low ∆I value can lead to the rapid formation of
the uniform temperature distribution at the same ∆x.

Figure 5(b) illustrates the effect of ∆T on temperature distribution. The ∆T value decreased
incrementally with the tissue depth [31]. After 60-s irradiation, the ∆T decreased from 4 °C
(at d= 0 mm) to 0.4 °C (at d= 2 mm). As a result, the dual-peak could yield an insignificant
difference of temperature distribution, compared to that of flat-top profile when d> 2 mm. The
relation between ∆x and the temporal temperature development from the dual-peak profile within
the tissues was evaluated in various studies [31,65,66]. The two highest intensity peaks became
indistinguishable at d= 1, 1.9, 3.3, and 4.6 mm when ∆x= 2, 3, 4, and 5 mm, respectively [31],
d= 10 mm when ∆x= 20 mm [65], and d= 30 mm when ∆x= 20 mm [66]. According to the
current study (∆x= 8 mm), the equivalent flat-top distribution appeared at d= 5 mm (Fig. 5(b)).
In addition, the dual-peak profile was evaluated by comparing the measurement difference
between the Fiber Bragg Grating (FBG) and thermocouple (TC) sensors (∆TW−TC - ∆TFBG) [67]
at d= 9 mm away from the DA center axis. At the different sensor positions along the active
length of DA, the ∆TW−TC - ∆TFBG values were insignificant (i.e., 3.7± 0.7 °C, 3.5± 0.2 °C,
3.5± 0.1 °C, and 3.2± 0.3 °C for 0, 2, 4, and 6 mm from center of DA, respectively). Thus, the
uniform temperature distribution from the dual-peak profile can be monitored at various tissue
depths, based on the values of ∆T and ∆x.

Although the current study compared the performance of various emission profiles for ILT
of PC, experimental limitations still remain. The forward light leakage was associated with
the fabrication method used in the current study (i.e., spiral-cutting on conical fiber tip by
CO2 laser) [18,32] as a few instances of the excessive thermal coagulation existed, as shown in
Figs. 6(b) and 6(d). The minimization of the forward light leakage can be achieved by coating the
reflective layers at the tip of the glass cap [32]. The two peaks at d= 0 mm also had the strongest
intensities. To prevent the overtreatment induced by light intensity and thermal diffusion, the
temporal development of the temperature in tissue layers close to the glass cap-tissue interface
should be monitored [31]. The blackbody radiation is a promising temperature monitoring
technique for addressing overheating issues [68]. The two intensity peaks could merge into a
single intensity peak over time at a given value of d and low ∆I. Due to the inherent factors, such
as blood perfusion [69], initial body temperature, and non-uniformity of cultured tissue [67,70],
the comparison of SR and FR values were different between ex vivo and in vivo experiments
(i.e., 4.5% and 12.8% for SR and FR, respectively). Additionally, both rat tumor size and DA
insertion without a guiding device in the current study could restrict the accurate determination
of the extent of thermal coagulation. Moreover, to prevent microcracking that affects profile
redistribution, the mechanical strength testing of the dual-peak profile DA should be considered
[71]. Pre-surgery imaging could provide data on tumor shape and size [72]. A capacity to have
different light profiles suggests that clinicians may be able to select a specific profile for each
determined tumor shape. Further in vivo models with diverse tumor sizes and different laser
parameters (power, irradiation time) should be tested to warrant the efficacy and safety of the
dual-peak emission profile for ILT of solid tumors.

5. Conclusion

The current study demonstrated the capacity to fabricate and the effect of various emission
profiles from DAs on ILT of PC numerically and experimentally. Because of the symmetry
emission profile, the dual-peak was able to yield larger and more predictable thermal coagulation
in tissue. Further in vivo experiments with different tumor sizes will be conducted to warrant the
performance of the dual-peak profile in terms of efficacy and safety of ILT for clinical translation.
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