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A B S T R A C T

Laser-induced thermal therapy is a promising minimally invasive option for localized prostate cancer, yet 
excessive heat diffusion to the rectal wall remains a critical safety concern. While hyaluronic acid (HA) spacers 
are commonly used to mitigate rectal heating, the combined influence of spacer thickness and temporal laser 
modulation has not been systematically clarified. This study developed a numerical framework to investigate the 
coupled effects of continuous and multi-pulse laser irradiation with varying HA spacer thicknesses on rectal wall 
temperature and thermal damage. The generalized dual-phase-lag (GDPL) bioheat model was employed to 
capture non-Fourier heat transfer in biological tissue, and thermal injury was quantified using an Arrhenius 
damage model. Compared with continuous irradiation, multi-pulse modes markedly reduced both the peak rectal 
wall temperature and thermal damage. Without an HA spacer, the maximum rectal wall temperature decreased 
by 10.2%, 15.7%, and 20.4% for the 2-pulse, 3-pulse, and 4-pulse modes, respectively, while the corresponding 
thermal damage decreased by 16.9%, 25.4%, and 26.6%. The results further showed that increasing pulse 
number could partially compensate for reduced HA thickness. An HA spacer thickness of 3–4 mm was identified 
as sufficient for effective rectal wall protection. These findings provide practical guidance for improving safety 
and optimizing spacer usage in prostate laser therapy.

1. Introduction

Prostate cancer remains one of the most prevalent malignancies 
among men worldwide, with approximately 1.4 million new cases and 
more than 375,000 deaths reported in 2020 [1]. Although localized 
prostate cancer is often associated with favorable survival, treatment- 
related morbidity remains a major clinical concern because of the 
close anatomical proximity between the prostate and the anterior rectal 
wall [2–5]. As a result, thermal injury to adjacent healthy tissue con
tinues to be a critical challenge in prostate cancer therapy.

Among emerging treatment modalities, laser-induced thermal ther
apy has gained attention as a minimally invasive option for localized 
prostate cancer. This technique enables localized energy deposition 
within tumor tissue, generating temperatures sufficient to induce 
coagulative necrosis while reducing invasiveness compared with con
ventional approaches [4,5]. However, effective treatment requires a 

balance between adequate tumor ablation and protection of surrounding 
normal tissues. In particular, excessive heat diffusion toward the rectal 
wall may cause complications such as rectal injury, bleeding, and long- 
term functional impairment [6,7]. To mitigate this risk, interstitial 
spacers such as hyaluronic acid (HA), polyethylene glycol (PEG), 
collagen, and balloon-based materials have been introduced to increase 
the prostate–rectum separation distance. Previous clinical and numeri
cal studies have demonstrated that these spacers can significantly reduce 
rectal thermal exposure, with HA showing particularly favorable pro
tective performance [8–10].

Reliable prediction of heat transfer in biological tissue is therefore 
essential for optimizing laser-based treatment protocols. The classical 
Pennes bioheat equation is widely used because of its simplicity, but it 
does not adequately represent finite-speed and non-Fourier thermal 
transport under rapid heating conditions such as laser irradiation 
[11,12]. More advanced formulations, including the dual-phase-lag 
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(DPL) and generalized dual-phase-lag (GDPL) models, have been pro
posed to address these limitations by incorporating phase-lag effects 
between the heat flux and temperature gradient. Compared with the 
classical Pennes model, these formulations provide a more realistic 
description of transient thermal response in biological media exposed to 
short-duration or high-intensity heat sources [11–13]. In particular, the 
GDPL model offers greater flexibility for describing nonequilibrium 
thermal behavior and is therefore more suitable for the present laser- 
heating problem, where rapid thermal propagation and time- 
dependent energy delivery play important roles.

In parallel, recent studies have shown that treatment outcome is 
highly sensitive to controllable parameters such as laser power, expo
sure time, and energy-delivery strategy [14]. While most previous 
spacer-assisted prostate laser studies have focused on continuous irra
diation or fixed delivery conditions [9,10], pulsed and repeated-pulse 
laser modes have been reported to alter heat accumulation, coagula
tion behavior, and thermal damage evolution [15–17]. These findings 
suggest that temporal laser modulation may serve as an additional 
control parameter for improving treatment safety. Nevertheless, the 
coupled effects of laser irradiation mode and HA spacer thickness on 
rectal wall thermal protection have not yet been systematically exam
ined within a multilayer prostate model using an advanced non-Fourier 
bioheat formulation.

Therefore, the present study numerically investigates the combined 
effects of continuous and multi-pulse laser irradiation and HA spacer 
thickness on temperature distribution and thermal damage during 
prostate cancer treatment. A two-dimensional multilayer biological 
model consisting of the rectal wall, HA spacer, the fat layer, prostate, 
and tumor is developed. The GDPL bioheat formulation is employed to 
capture transient non-Fourier heat transfer, and thermal injury is eval
uated using an Arrhenius damage model. The specific objectives are to 
examine (i) the influence of pulse number and temporal energy delivery 
on rectal wall heating, (ii) the effect of HA spacer thickness on thermal 
protection, and (iii) the resulting thermal damage in both tumor and 
rectal wall regions. The findings of this study are expected to provide 
practical guidance for optimizing laser-delivery protocols and spacer 
design to improve both treatment safety and therapeutic effectiveness in 
prostate cancer therapy.

2. Mathematical formulation

2.1. Governing equations

To describe laser-induced heat transfer in vascularized biological 
tissue, a local thermal non-equilibrium (LTNE) formulation was adop
ted. In this framework, blood and tissue are treated as two interacting 
phases with distinct local temperatures, denoted by Tb and Tt respec
tively. This approach is more suitable than the classical Pennes model 
for the present problem because it explicitly accounts for thermal 
interaction between blood and tissue and provides a foundation for 
incorporating non-Fourier heat transfer behavior under rapid laser 
heating conditions. The transient energy equations governing the blood 
and tissue phases can be written as follows [13,16,18].

Blood Phase: 

ε(ρc)b

(
∂Tb

∂t
+V • ∇Tb

)

= εkb

(

∇2Tb + ahhb(Tt − Tb)+wρbcb(Tt − Tb)

+ εQmb + εQlaser (1) 

Tissue Phase: 

(1 − ε)(ρc)t
∂Tt

∂t
= (1 − ε)kt

(
∇2Tt

)
− ahhb(Tt − Tb) − wρbcb(Tt − Tb)

+ (1 − ε)Qmt +(1 − ε)Qlaser (2) 

The interfacial heat exchange between blood and tissue is 

represented by a lumped coupling coefficient, defined as 

G = ahhb +wcb (3) 

where ah denotes the capillary surface area per unit tissue volume, hb is 
the convective heat transfer coefficient at the blood–tissue interface, and 
w is the blood perfusion rate. Here, ε is the issue porosity, while Qmb, Qmt 
and Qlaser denote the metabolic heat generation in the blood phase, the 
metabolic heat generation in the tissue phase, and the laser heat source, 
respectively. Under LTNE conditions, the transient thermal interaction 
between the two phases can be written as [17–19]. 

ε(ρc)b
∂Tb

∂t
= G(Tt − Tb) (4) 

Rearranging Eq. (4) gives the following relationship between the 
tissue and blood temperatures: 

Tt = Tb +
ερbCb

(ahhb + wcb)

∂Tb

∂t
= Tb +

ερbCb

G
∂Tb

∂t
(5) 

By combining Eqs. (1) and (2), a modified expression under LTNE 
conditions is first obtained as 

ε(ρc)b
∂Tb

∂t
+(1 − ε)(ρc)t

∂Tt

∂t
+ ε(ρc)b(V • ∇Tb)

= εkb
(
∇2Tb

)
+(1 − ε)kt

(
∇2Tt

)

+(1 − ε)Qmt + εQmb +Qlaser (6) 

Substituting Eq. (5) into Eq. (6) and rearranging the resulting terms 
yields the following reduced dual-phase-lag-type formulation in terms of 
the blood temperature: 

∂Tb

∂t
+ τq

∂2Tb

∂t2 +
ε(ρc)b

(ρC)eff
(V • ∇Tb) = αeff

(

∇2Tb + τt
∂
∂t
(
∇2Tb

)
)

+
εQmb + (1 − ε)Qmt + Qlaser

(ρC)eff
(7) 

For convenience, the effective thermophysical properties used in Eq. 
(7) are defined as follows [11,16]: 

(ρC)eff = ερbCb +(1 − ε)ρtCt (8) 

keff = εkb +(1 − ε)kt (9) 

αeff =
keff

(ρC)eff
(10) 

where (ρC)eff , keff and αeff denote the effective volumetric heat capacity, 
effective thermal conductivity and effective thermal diffusivity, 
respectively. The phase-lag times associated with the heat flux and 
temperature gradient are given by 

τt =
ε (1 − ε)

[
ε

ktb
+ (1 − ε)

]
ρbCb

G
(11) 

τq =
ε (1 − ε)

[
ε

Ctb
+ (1 − ε)

]
ρbCb

G
(12) 

where Ctb = Ct/Cb and ktb = kt/kb Here, τt denotes the phase-lag time 
associated with the delayed establishment of the temperature gradient, 
whereas τq represents the phase-lag time associated with the delayed 
response of the heat flux. These lag times arise from the thermal 
nonequilibrium between blood and tissue and reflect the finite-speed 
nature of thermal propagation in vascularized biological media. Physi
cally, they characterize the temporal mismatch between local energy 
deposition and the subsequent thermal response, which becomes 
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particularly important under rapid and transient heating conditions 
such as laser irradiation. Therefore, the inclusion of τt and τq enables the 
model to capture non-Fourier thermal behavior more realistically than 
the classical Pennes formulation [11].

Using the effective thermophysical properties and phase-lag pa
rameters defined above, the generalized dual-phase-lag (GDPL) bioheat 
equation employed in the present study can be written in terms of the 
tissue temperature as 

∂Tt

∂t
+ τq

∂2Tt

∂t2 −
G

(ρC)eff
(Tb − Tt) = αeff

(

∇2Tt + τt
∂
∂t
(
∇2Tt

)
)

+
εQmb + (1 − ε)Qmt + Qlaser

(ρC)eff 

+
ε(ρc)b

G(ρC)eff

(

ε εQmb

∂t
+(1 − ε) ∂Qmt

∂t
+

∂Qlaser

∂t

)

(13) 

In deriving Eq. (13), the temporal variation of blood velocity was 
neglected, i.e. ∂V/∂t ≈ 0, and the convective contribution was approx
imated through the interphase heat exchange relation under LTNE 
conditions [11,16]. Eq. (13) was employed as the governing bioheat 
equation in the prostate and tumor domains throughout the present 
simulations.

2.2. Laser heat source model

The volumetric heat source generated by laser irradiation was 
modeled using the Beer–Lambert law combined with a Gaussian radial 
beam distribution. This formulation accounts for both the exponential 
attenuation of laser intensity along the penetration depth and the non- 
uniform spatial distribution of energy around the laser axis [20–22]. 
Accordingly, the absorbed laser energy within the tissue domain can be 
written as 

Qlaser(r, z, t) = Q0(r, z)S(t) (14) 

where Qlaser denotes the volumetric heat generation term (W/m3), r and 
z are the radial and axial coordinates, respectively, Q0(r, z) is the 
spatially distributed laser heat source and S(t) is the temporal modula
tion function representing the irradiation pattern. Assuming a Gaussian 
beam profile at the tissue surface, the spatial laser source term is 
expressed as [14,23]. 

Q0(r, z) = αeff
P

2πσ2 exp
(

−
r2

2σ2

)

exp
(
− αeff Z

)
(15) 

where P is the laser power and σ is the standard deviation associated 
with the beam radius. In the present study, σ was related to the optical 
fiber radius rf through σ = rf

3. The effective attenuation coefficient was 
used to incorporate both absorption and scattering effects in biological 
tissue and was evaluated as 

αeff =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3α(α + αs(1 − g) )

√
(16) 

where α is the absorption coefficient, αs is the scattering coefficient, 
and g is the anisotropy factor. This expression enables the laser source 
term to reflect the combined influence of optical absorption and forward 
scattering during photon transport in tissue.

To distinguish between continuous and multi-pulse irradiation, a 
temporal modulation function S(t) was introduced. For generality, it is 
defined using the Heaviside step function H(⋅) as [16,17,20]

S(t) =
∑N

n=1

[
H
(
t − ton

n
)
− H

(
t − toff

n
) ]

(17) 

where N is the number of pulses, while ton
n and toff

n are the starting and 

ending times of the n-th irradiation interval, respectively. This formu
lation allows a unified representation of continuous, 2-pulse, 3-pulse, 
and 4-pulse laser delivery modes. The corresponding temporal irradia
tion profiles are illustrated in Fig. 1, and the irradiation scenarios are 
summarized in Table 1. To ensure a fair basis for comparison, the laser 
power was fixed at 3 W, the total laser-on time was maintained at 300 s, 
and the total simulation time was set to 600 s for all cases. Thus, the 
selected ON/OFF intervals yield identical total delivered energy, and the 
differences among cases arise solely from the temporal partitioning of 
that energy. This design enables the isolated effect of temporal laser 
modulation on rectal wall protection and tumor ablation performance to 
be systematically evaluated.

2.3. Geometry and boundary conditions

A two-dimensional axisymmetric domain was constructed to simu
late laser-induced heat transfer in a prostate tumor adjacent to the rectal 
wall with hyaluronic acid (HA) spacer protection, as shown in Fig. 2. The 
model comprises five subregions the rectal wall, HA spacer, the fat layer, 
prostate gland, and tumor. The rectal wall thickness was fixed at L1 =

2.6 mm, the fat layer thickness at L2 = 4 mm, and the prostate thickness 
at L3 = 40 mm. The HA spacer thickness, dx, was varied as 0, 2, 3, 4, and 
5 mm. A tumor with a diameter of 10 mm was positioned within the 
prostate near the laser heating zone [9].

The boundary and initial conditions employed in this study are 
depicted in Fig. 3. The axisymmetric r-z formulation was adopted to 
represent the radial spread and axial penetration of heat while reducing 
computational cost. Initially, the entire domain was assumed to be at the 
physiological temperature. 

T(r, z,0) = 37◦C (18) 

A convective boundary condition was imposed at the outer surface of 
the rectal wall, 

− k∇T⋅n = h(T − T∞) (19) 

with T∞ = 37◦C The symmetry axis satisfied. 

∂T
∂r

= 0 (20) 

whereas the remaining external boundaries were assumed adiabatic. 

− k∇T⋅n = 0 (21) 

Tu = Td (22) 

− ku∇Tu⋅n = − kd∇Td⋅n (23) 

These conditions ensure physically consistent heat transfer across the 
multilayer prostate-rectum system. Laser heating was modeled as a 
Gaussian volumetric source with depth-dependent attenuation, enabling 
simulation of both continuous and multi-pulse irradiation conditions.

2.4. Thermal damage model

Irreversible thermal injury may occur when biological tissue is 
exposed to elevated temperatures for a sufficient duration. In thermal 
therapy, accurate estimation of both temperature level and exposure 
time is therefore essential, particularly to ensure effective tumor 
destruction while preventing unintended damage in surrounding 
healthy tissues. In the present study, thermal damage was quantified 
using the Arrhenius model, which relates tissue injury to a temperature- 
dependent chemical reaction rate and has been widely applied in laser 
ablation and bioheat-transfer studies [13,15,16]. The damage integral is 
expressed as 
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Ω =

∫t

0

Ae

(

−
Ea

R(Tt+273)

)

dt (24) 

where Ω is the dimensionless thermal damage parameter, A is the fre
quency factor (s− 1), Ea is the activation energy (J/mol), R is the uni
versal gas constant (J/(mol⋅K)) and (Tt  + 273) is the local tissue 
temperature (K). The Arrhenius formulation relates cumulative thermal 
exposure to the degree of irreversible protein denaturation and cellular 
destruction. In general, tissue temperatures above approximately 
55–60 ◦C may initiate irreversible thermal injury if maintained for a 
sufficient duration. Within the Arrhenius framework, Ω represents the 
cumulative extent of thermally induced tissue damage. A value of Ω = 1 
is commonly interpreted as the onset of irreversible thermal injury, 
whereas Ω < 1 and Ω > 1 correspond to sub-threshold and more severe 
irreversible damage, respectively [16,17]. In the present study Eq. (24)
was applied to both the tumor and rectal wall regions in order to assess 
treatment effectiveness and collateral thermal injury simultaneously. In 
this way, the Arrhenius model provides a quantitative measure linking 

the transient temperature field predicted by the GDPL bioheat model to 
biologically meaningful tissue response.

2.5. Thermophysical properties used in the simulations

The thermophysical properties assigned to the computational do
mains are summarized in Table 2. The present model includes the 
prostate tissue, tumor tissue, rectal wall, the fat layer, and the 

Fig. 1. Temporal profiles of laser irradiation modes considered in the present study: (a) continuous, (b) 2-pulse, (c) 3-pulse, and (d) 4-pulse. In all cases, the laser 
power was fixed at 3 W, the total laser-on time was maintained at 300 s, and the total simulation time was 600 s.

Table 1 
Summary of continuous and multi-pulse laser irradiation scenarios used in the 
simulations.

Case Number of 
pulses

ON intervals (s) Total laser- 
on time (s)

Total 
simulation time 
(s)

Continuous 1 0–300 300 600
2-pulse 2 0–150, 300–450 300 600
3-pulse 3 0–100, 200–300, 

400–500
300 600

4-pulse 4 0–75, 150–225, 
300–375, 
450–525

300 600

Fig. 2. Multilayer geometry of the prostate tissue model used in the 
simulations.
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hyaluronic acid (HA) spacer, together with the blood-related properties 
required in the perfusion terms of the bioheat formulation. The selected 
parameters include density ρ, specific heat capacity c, thermal conduc
tivity k, blood perfusion rate wb, porosity ε, absorption coefficient α, 
scattering coefficient αs, and anisotropy factor g, depending on the role 
of each region in the thermal and optical modeling. In addition, αhand αc 
denote the absorption coefficients of healthy and coagulated tissues, 
respectively, whereas αs,h and αs,c represent the corresponding scattering 
coefficients. These optical parameters were used to determine the 
effective attenuation coefficient in the laser heat source model.

Because localized temperatures may exceed 100◦C under intense 
laser exposure, particularly for small spacer thicknesses or continuous 
irradiation, the thermal response in the high-temperature regime was 
represented using an effective heat-capacity treatment. For tempera
tures below 100◦C, the conventional heat capacity Cl was used. For 
temperatures above 100◦C, an effective high-temperature heat capacity 
Cpg was prescribed to account for the additional energy associated with 
tissue dehydration and water vaporization. This treatment improves the 
physical realism of the simulations in cases where strong localized 
heating occurs [14,23,24].

Among the modeled regions, the HA spacer plays a key role in 

limiting heat propagation from the laser-heated prostate and tumor re
gions toward the rectal wall because of its relatively low thermal con
ductivity. Therefore, the thermophysical contrast between the biological 
tissues and the HA layer directly influences rectal thermal protection. 
The properties listed in Table 2 were used consistently in all simulated 
cases to evaluate the coupled effects of irradiation mode and HA spacer 
thickness on temperature elevation and thermal damage.

3. Methodology

A numerical framework was established to investigate the effects of 
continuous and multi-pulse laser irradiation on heat transfer and ther
mal damage during prostate laser therapy with hyaluronic acid (HA) 
spacer protection. The analysis focused on the coupled effects of tem
poral energy delivery and spacer thickness on tumor ablation efficacy 
and rectal wall safety. The simulations were performed using the finite 
element method in COMSOL Multiphysics. A two-dimensional axisym
metric multilayer model was employed, consisting of the rectal wall, HA 
spacer, the fat layer, prostate gland, and tumor. The thicknesses of the 
rectal wall, the fat layer, and prostate were fixed at 2.6, 4, and 40 mm, 
respectively, whereas the tumor diameter was fixed at 10 mm. The HA 
spacer thickness was varied as 0, 2, 3, 4, and 5 mm [25].

The thermophysical and optical properties of each domain were 
assigned according to values reported in the literature. Laser heating 
was represented by a Gaussian volumetric heat source with a power of 3 
W. The total simulation time was set to 600 s, while the total laser-on 
time was fixed at 300 s for all irradiation modes. Four irradiation sce
narios were examined: continuous, 2-pulse, 3-pulse, and 4-pulse modes. 
The transient temperature distribution was calculated using the gener
alized dual-phase-lag (GDPL) bioheat model, while thermal damage was 
evaluated through the Arrhenius damage integral. For each case, the 
temperature history and thermal damage evolution were analyzed in 
both the tumor and rectal wall regions.

A mesh independence study was performed to ensure the numerical 
accuracy and convergence of the simulation results. As shown in Fig. 4, 
the predicted temperature varied noticeably at coarse mesh densities but 
gradually converged as the number of elements increased. Beyond 
approximately 40,000 elements, further mesh refinement produced only 
negligible changes in the temperature prediction. Therefore, a mesh 
containing about 60,000 elements was selected as an optimal compro
mise between computational efficiency and solution accuracy.

The overall computational workflow is illustrated in Fig. 5. This 
methodology provides a systematic basis for assessing whether multi- 
pulse irradiation can reduce rectal thermal injury without 

Fig. 3. Schematic of the computational domain and applied boundary conditions for the axisymmetric multilayer prostate model.

Table 2 
Thermophysical and optical properties of biological tissues, blood, and HA 
spacer used in the simulations [9,10,18,23].

Material/ 
Region

Prostate Tumor Blood The fat 
layer

Rectal 
wall

HA 
spacer

ρ
(

kg
m3

)
1079 1079 1000 1009 1027 1800

Cl

(
J

kg.K

)

T < 100◦ C

4000 4000 4180 2713 2372 2233

Cpg

(
J

kg.K

)

T > 100◦ C

2156 2156 2156 2713 2372 2233

k
(

W
m.k

)
0.52 0.52 0.51 0.36 0.39 0.272

wb

(
1
s

)
5.6 ×
10− 3

5.6 ×
10− 3

– 5 ×
10− 4

5 ×
10− 4

–

ε 0.28 0.28 – 0.1 0.1 –

α
(

1
m

)
αh 30 
αc 40

– – – – –

αs

(
1
m

)
αs,h8000 
αs,c18,000

– – – – –

g 0.95
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compromising tumor ablation performance.

4. Results and discussion

The numerical results are presented and discussed in this section to 
clarify the coupled effects of laser irradiation mode and HA spacer 
thickness on rectal wall thermal protection during prostate laser ther
apy. The analysis is based on the GDPL bioheat model, which is used to 
predict the temperature response and Arrhenius-based thermal damage 
in both the rectal wall and tumor regions under continuous and multi- 
pulse irradiation conditions. Particular attention is given to the roles 
of temporal energy modulation and spacer-assisted separation in 
reducing collateral thermal injury while maintaining effective tumor 
ablation. The reliability of the model is first examined through valida
tion against published data, followed by a systematic discussion of the 
resulting thermal behavior and treatment implications.

4.1. Model validation

To assess the reliability of the present numerical model, the pre
dicted transient rectal wall temperature was validated against the pub
lished results of Namakshenas and Mojra for focal laser ablation of a 
prostate peripheral zone tumor without a PEG-based hydrogel spacer. 
For consistency with the reference study, the HA spacer thickness in the 
present validation was set to 0 mm, and the boundary conditions were 
matched to those reported in the benchmark case. The validation was 
performed under identical operating conditions, with a laser power of 4 
W and irradiation durations of 5, 10, and 20 s, consistent with the 
benchmark case reported in the reference study. As illustrated in Fig. 6
the temperature histories predicted by the present model closely match 
the published results for all three irradiation durations. In each case, the 
model accurately reproduces the rapid rise in rectal wall temperature 
during laser irradiation, followed by a gradual cooling phase after laser 
shutoff. The agreement is particularly strong in terms of peak temper
ature, time to peak, and the subsequent cooling behavior.

4.2. Transient temperature evolution in the rectal wall without HA spacer

Fig. 7 presents the transient temperature histories of the rectal wall 
under continuous and multi-pulse laser irradiation in the absence of HA 
spacer protection. A clear difference in thermal response is observed 
among the irradiation modes, indicating that temporal energy delivery 
strongly influences heat accumulation within the rectal wall. Under 
continuous irradiation, the rectal wall temperature increases 

Fig. 4. Mesh independence study showing convergence with increasing element numbers.

Fig. 5. Schematic workflow of the numerical methodology for assessing rectal 
thermal injury reduction and tumor ablation performance during multi-pulse 
prostate laser therapy.
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monotonically during the laser-on period and reaches the highest peak 
among all investigated cases. This behavior occurs because laser energy 
is delivered continuously, allowing heat to accumulate progressively 
within the tissue with limited opportunity for dissipation during expo
sure. As a result, conductive heat transfer from the laser-heated prostate 
and tumor regions toward the rectal wall proceeds without interruption, 
leading to pronounced thermal buildup and the largest temperature rise. 
After the laser is turned off, the rectal wall temperature gradually de
creases; however, the overall thermal load remains substantially higher 
than that observed in the pulsed cases.

In contrast, the multi-pulse modes exhibit a distinctly oscillatory 
temperature profile, reflecting repeated heating and cooling cycles 
during the ON and OFF intervals. During each ON period, the rectal wall 
temperature rises due to laser-induced heating and subsequent thermal 
conduction through the intervening tissue layers. During each OFF 
period, partial cooling takes place, which interrupts continuous heat 
accumulation and reduces the peak temperature attained in the rectal 
wall. Consequently, the maximum rectal wall temperature decreases as 
the number of pulses increases. Among the pulsed conditions, the 4- 
pulse mode produces the lowest temperature peaks, followed by the 3- 
pulse and 2-pulse modes. From a physical perspective, this behavior is 
governed by the competition between energy deposition and thermal 
diffusion. Although the total laser-on time is identical in all cases, 
redistribution of the same total energy into shorter irradiation intervals 
introduces cooling windows that allow part of the stored heat to dissi
pate before the subsequent pulse begins. This suppresses cumulative 
heat buildup and lowers the peak rectal wall temperature. Similar trends 

have been reported in previous studies on pulsed or repetitive laser 
irradiation, where intermittent energy delivery was shown to reduce 
thermal accumulation and mitigate collateral heating compared with 
continuous exposure [16].

These results demonstrate that pulse modulation alone can signifi
cantly alleviate rectal thermal loading even without spacer protection. 
This finding suggests that temporal control of laser delivery can serve as 
an effective strategy for improving treatment safety, particularly in sit
uations where no protective spacer is used or where spacer thickness is 
limited. The observed reduction in peak rectal temperature with 
increasing pulse number is also consistent with the general thermal 
advantage of intermittent laser delivery reported in the literature.

4.3. Effect of a 4 mm HA spacer on rectal wall temperature

Fig. 8 compares the transient rectal wall temperature histories under 
continuous and multi-pulse laser irradiation when a 4 mm hyaluronic 
acid (HA) spacer is positioned between the prostate and the rectal wall. 
Compared with the no-spacer condition, the rectal wall temperature is 
markedly reduced for all irradiation modes, confirming the strong 
thermal protective effect of the HA layer. This reduction is primarily 
attributed to two mechanisms: the increased separation distance be
tween the laser-heated prostate region and the rectal wall, and the 
relatively low thermal conductivity of the HA spacer, both of which 
suppress conductive heat transfer toward the rectum. Under continuous 
irradiation, the rectal wall still reaches the highest temperature among 
the four irradiation modes. However, the peak temperature is substan
tially lower than that observed in the absence of the spacer, indicating 
that a 4 mm HA layer can effectively attenuate thermal propagation 
even under the most thermally aggressive delivery mode. In the multi- 
pulse cases, the rectal wall temperature rises more gradually and re
mains within a narrower range throughout the treatment period. Rela
tive to the no-spacer condition, the oscillatory behavior becomes less 
pronounced, particularly for the 3-pulse and 4-pulse modes.

From a physical standpoint, this smoother thermal response arises 
from the combined action of spatial insulation and temporal modula
tion. The HA spacer reduces the magnitude of heat conducted to the 
rectal wall, while the OFF intervals between pulses allow partial cooling 
before the onset of the subsequent heating cycle. Consequently, thermal 
accumulation is further suppressed, leading to a more stable rectal wall 
temperature history and a lower maximum temperature. Similar ther
mal benefits of intermittent or repetitive pulse delivery, compared with 
continuous irradiation, have been reported in previous studies on laser 
heating in biological tissues [20]. An important observation is that, once 
a 4 mm HA spacer is introduced, the temperature differences among the 
irradiation modes become much smaller than those observed without 

Fig. 6. Comparison of the predicted rectal wall temperature histories with the 
published results of Namakshenas and Mojra [9] for validation of the pre
sent model.

Fig. 7. Comparison of transient rectal wall temperature histories under 
continuous, 2-pulse, 3-pulse, and 4-pulse laser irradiation in the absence of HA 
spacer protection.

Fig. 8. Comparison of transient rectal wall temperature histories under 
continuous, 2-pulse, 3-pulse, and 4-pulse laser irradiation in the presence of a 4 
mm HA spacer.
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spacer protection. This suggests that, at this thickness, the dominant 
protective mechanism is the spatial thermal shielding provided by the 
spacer, whereas pulse modulation offers an additional but compara
tively smaller benefit. Nevertheless, the pulsed modes still maintain 
lower rectal wall temperatures than continuous irradiation, indicating 
that multi-pulse delivery remains advantageous even in the presence of a 
clinically relevant spacer thickness. Overall, these results show that 
combining a 4 mm HA spacer with pulse-modulated laser delivery im
proves rectal thermal safety more effectively than either strategy alone.

4.4. Thermal damage evolution in tumor and rectal wall

Fig. 9 shows the temporal evolution of thermal damage in the tumor 
for continuous and multi-pulse laser irradiation. In all irradiation modes, 
the Arrhenius damage parameter increases rapidly during the early 
stage of treatment and approaches the threshold associated with effec
tive thermal destruction of tumor tissue. Continuous irradiation reaches 
this level earliest, followed closely by the 2-pulse mode, whereas the 3- 
pulse and 4-pulse modes exhibit a slightly slower accumulation rate. 
Nevertheless, all cases ultimately approach a damage level close to Ω ≈
1, which is commonly regarded as the onset of irreversible tissue injury 
and therefore a practical indicator of effective thermal ablation. In the 
present study, this criterion was interpreted together with the corre
sponding tumor temperature history rather than in isolation. Since the 
tumor region reached the therapeutic coagulation range while the pre
dicted damage parameter approached Ω ≈ 1, the results indicate that 
effective tumor ablation can still be achieved even when the same total 
laser-on time is redistributed into multiple pulses. From a physical 
standpoint, this behavior reflects the fact that the tumor is located 
closest to the laser heat source and therefore experiences the highest 
local energy deposition. Consequently, although short cooling intervals 
slightly reduce the transient rate of damage accumulation, the cumu
lative thermal dose remains sufficient to sustain irreversible protein 
denaturation and cellular injury. Therefore, the multi-pulse strategy 
reduces excessive heating in surrounding tissue while preserving effec
tive tumor ablation.

In contrast, the rectal wall exhibits much greater sensitivity to irra
diation mode because it is separated from the heated tumor region and 
receives thermal energy mainly through conduction across the inter
vening tissue layers. As shown in Fig. 10, when no HA spacer is used, 
continuous irradiation produces the most severe thermal damage in the 
rectal wall, with Ω increasing steadily throughout the heating period 
and remaining markedly higher than in the pulsed cases. The 2-pulse, 3- 
pulse, and 4-pulse modes all reduce rectal wall damage substantially, 
and the magnitude of reduction becomes greater as the number of pulses 
increases. This trend is physically consistent with interrupted energy 
delivery: each OFF interval allows partial cooling and reduces cumula
tive heat build-up before the next pulse begins. As a result, the rectal 

wall experiences a lower effective thermal dose even though the total 
laser-on time remains unchanged. Previous studies on multiple-pulse 
and repetitive laser heating likewise reported that intermittent irradia
tion can mitigate collateral thermal damage relative to continuous 
exposure. [16,17]

The protective effect becomes even more evident when a 4 mm HA 
spacer is introduced, as shown in Fig. 11. Under this condition, rectal 
wall thermal damage is dramatically suppressed in all irradiation modes, 
and the corresponding Ω values remain substantially lower than those 
obtained without spacer protection. Continuous irradiation still yields 
the highest damage among the four modes, but its level is greatly 
reduced compared with the no-spacer case. The pulsed modes further 
suppress damage, with the 4-pulse condition producing the lowest rectal 
wall injury. This pronounced reduction is attributed to the combined 
effects of spatial and temporal protection. Spatially, the HA spacer in
creases the prostate–rectum separation and acts as a low-conductivity 
thermal barrier, thereby weakening conductive heat transfer toward 
the rectal wall. Temporally, pulse interruption introduces cooling in
tervals that further limit thermal accumulation.

An important overall finding is that pulse modulation and spacer 
protection play complementary roles. Pulse modulation alone can sub
stantially reduce rectal wall thermal damage when no spacer is present, 
whereas spacer insertion provides a dominant reduction in conductive 
heat transmission. When both strategies are combined, rectal wall safety 
is improved further while tumor damage remains close to the thera
peutic threshold. These results indicate that multi-pulse laser delivery, 
particularly when used together with a clinically relevant HA spacer 
thickness, offers an effective strategy for preserving tumor ablation 
performance while minimizing collateral thermal injury to the rectal 

Fig. 9. Temporal evolution of thermal damage in the tumor under continuous 
and multi-pulse laser irradiation.

Fig. 10. Rectal wall thermal damage histories without HA spacer under 
continuous and multi-pulse irradiation.

Fig. 11. Temporal evolution of the Arrhenius thermal damage parameter in the 
rectal wall under continuous, 2-pulse, 3-pulse, and 4-pulse laser irradiation 
with a 4 mm HA spacer.
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wall. The same general balance between adequate target damage and 
reduced off-target thermal loading has also been emphasized in prior 
studies of pulsed laser heating and spacer-assisted prostate ablation. 
[9,16, 17, 20]

4.5. Combined effect of pulse number and HA spacer thickness on 
maximum rectal wall temperature

Fig. 12 presents the combined effects of pulse number and HA spacer 
thickness on the maximum rectal wall temperature. Two clear trends can 
be observed. First, increasing the HA spacer thickness consistently re
duces the maximum rectal wall temperature for all irradiation modes. 
Second, for any given spacer thickness, increasing the number of pulses 
further lowers the peak rectal wall temperature compared with contin
uous irradiation.

To better relate these temperature results to thermal injury risk, the 
critical temperature thresholds of 55 ◦C and 60 ◦C are also indicated in 
Fig. 12. In general, temperatures around 55 ◦C are associated with the 
onset of irreversible thermal injury when sustained for a sufficient 
duration, whereas temperatures near 60 ◦C correspond to more rapid 
coagulative damage. These thresholds provide a practical reference for 
assessing whether the predicted rectal wall temperature remains within 
a safer range under different pulse configurations and spacer thick
nesses. In the absence of an HA spacer 0 mm, the maximum rectal wall 
temperature is highest under continuous irradiation, indicating the most 
severe thermal exposure to the rectum. Under this condition, pulse 
modulation alone provides a substantial thermal benefit. Specifically, 
the maximum rectal wall temperature decreases by approximately 
10.2%, 15.7%, and 20.4% for the 2-pulse, 3-pulse, and 4-pulse modes, 
respectively, relative to continuous irradiation. This result demonstrates 
that, even without a protective spacer, temporal redistribution of laser 
energy can significantly suppress excessive heat accumulation in the 
rectal wall. As the HA spacer thickness increases from 0 to 2 mm, a 
pronounced reduction in peak rectal wall temperature is observed for all 
irradiation modes. This indicates that even a relatively thin spacer 
provides an effective thermal barrier by increasing the prostate–rectum 
separation distance and reducing conductive heat transfer from the 
laser-heated prostate region toward the rectal wall [9,10]. With further 
increases in spacer thickness from 3 to 5 mm, the maximum rectal wall 
temperature continues to decrease, but the rate of reduction becomes 
progressively smaller. This behavior suggests a diminishing-return ef
fect, whereby once the spacer has sufficiently weakened conductive heat 
transport, additional thickness provides only a limited further reduction 
in rectal thermal loading.

The reduction in maximum rectal wall temperature results from the 
combined action of spatial and temporal protection. Spatially, the HA 
spacer acts as a low-conductivity intermediate layer and increases the 
distance between the heat source region and the rectal wall, thereby 
attenuating heat conduction across the multilayer domain [9,10]. 
Temporally, dividing the same total laser-on time into multiple pulses 
introduces OFF intervals that allow partial thermal relaxation before the 
next heating cycle begins. As a consequence, the cumulative thermal 
build-up in the rectal wall is reduced, leading to a lower peak temper
ature. Similar effects of intermittent laser delivery in limiting thermal 
accumulation have been reported in previous studies on repetitive and 
multiple-pulse laser heating in biological tissues [16,17].

An important observation from Fig. 12 is that the influence of pulse 
number is most pronounced when the spacer is absent or very thin, 
whereas the temperature difference among irradiation modes becomes 
smaller as the spacer thickness increases. This indicates that, at larger 
HA thicknesses, the dominant protective mechanism is the spatial 
thermal shielding provided by the spacer, while pulse modulation offers 
an additional but smaller reduction in peak rectal wall temperature. 
Nevertheless, the pulsed modes remain consistently lower than the 
continuous mode across the entire range of spacer thicknesses consid
ered, confirming that pulse modulation and spacer insertion play com
plementary roles in rectal thermal protection.

Overall, these results show that both increasing HA spacer thickness 
and increasing pulse number are effective strategies for reducing the 
maximum rectal wall temperature. In particular, multi-pulse irradiation 
becomes especially beneficial when spacer thickness is limited, whereas 
thicker HA spacers provide a stronger baseline thermal protection 
regardless of the irradiation mode. This combined behavior highlights 
the potential of integrating temporal laser control with spacer-assisted 
thermal shielding to improve treatment safety in prostate laser therapy.

4.6. Combined effect of pulse number and HA spacer thickness on rectal 
wall thermal damage

Fig. 13 presents the combined effects of pulse number and HA spacer 
thickness on rectal wall thermal damage. Two major trends are evident. 
First, rectal wall thermal damage decreases markedly as the HA spacer 
thickness increases. Second, for any given spacer thickness, multi-pulse 
irradiation consistently results in lower rectal wall damage than 
continuous irradiation. These results indicate that both spatial separa
tion and temporal modulation contribute to reducing collateral thermal 
injury during prostate laser therapy.

In the absence of an HA spacer 0 mm, continuous irradiation pro
duces the highest rectal wall thermal damage, indicating the most severe 
collateral injury. Under this condition, the thermal damage of the rectal 
wall decreases by approximately 16.9%, 25.4%, and 26.6% for the 2- 
pulse, 3-pulse, and 4-pulse modes, respectively, relative to continuous 

Fig. 12. Maximum rectal wall temperature as a function of HA spacer thickness 
for continuous and multi-pulse laser irradiation modes. The horizontal dashed 
lines indicate critical temperature thresholds associated with the onset of 
irreversible thermal injury (55 ◦C) and more rapid coagulative damage (60 ◦C).

Fig. 13. Combined effects of pulse number and HA spacer thickness on rectal 
wall thermal damage under continuous and multi-pulse laser irradiation.
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irradiation. This demonstrates that pulse modulation alone can sub
stantially reduce rectal wall injury even when no protective spacer is 
used. The reduction arises because redistribution of the same total laser- 
on time into shorter pulses introduces cooling intervals, which interrupt 
continuous heat accumulation and lower the effective thermal dose 
delivered to the rectal wall [16,17].

As the HA spacer thickness increases from 0 to 2 mm, rectal wall 
thermal damage decreases sharply for all irradiation modes. This rapid 
reduction indicates that even a relatively thin spacer can significantly 
weaken conductive heat transfer from the laser-heated prostate region 
toward the rectum by increasing the prostate–rectum separation dis
tance and introducing a low-conductivity thermal barrier [9,10]. When 
the spacer thickness is further increased from 3 to 5 mm, the damage 
continues to decline and approaches negligible levels, especially in the 
multi-pulse cases. In particular, the 4-pulse mode reduces rectal wall 
damage to nearly zero at a spacer thickness of 3 mm, whereas the 
continuous mode still predicts noticeable thermal injury at the same 
thickness. At 5 mm spacer thickness, rectal wall thermal damage be
comes minimal for all irradiation modes.

From a physical perspective, this behavior reflects the strong tem
perature sensitivity of the Arrhenius damage integral. Because thermal 
damage depends exponentially on temperature, even moderate re
ductions in rectal wall temperature can lead to substantial decreases in 
the accumulated damage parameter. Therefore, the combined reduction 
in peak temperature and thermal residence time produced by spacer 
insertion and pulse modulation results in a disproportionately large 
decrease in rectal wall thermal damage. Similar findings have been re
ported in previous studies, where hydrogel spacers reduced rectal 
thermal exposure in prostate laser ablation [9,10], while repetitive or 
multiple-pulse laser delivery mitigated thermal accumulation and 
collateral injury in biological tissues [16,17]. An important observation 
from Fig. 12 is that pulse modulation is most beneficial when spacer 
thickness is absent or limited, whereas the influence of pulse number 
becomes less pronounced as the spacer thickness increases. This suggests 
that, at larger HA thicknesses, spatial thermal shielding becomes the 
dominant protective mechanism, while temporal modulation provides 
an additional but smaller improvement. Nevertheless, the pulsed modes 
remain consistently below the continuous mode over the entire range of 
spacer thicknesses considered, confirming that pulse modulation and 
spacer insertion play complementary roles in rectal wall protection.

4.7. Overall implications for treatment optimization

The present results indicate that treatment safety in prostate laser 
therapy can be improved through the combined optimization of pulse 
modulation and HA spacer thickness. In all simulated cases, increasing 
the number of pulses reduced rectal wall temperature and thermal 
damage, while increasing spacer thickness provided additional protec
tion by suppressing conductive heat transfer toward the rectum. 
Importantly, the Arrhenius damage parameter in the tumor remained 
close to the ablative threshold in all irradiation modes, indicating that 
improved rectal protection was achieved without compromising tumor 
ablation efficacy. This balance between effective target destruction and 
minimization of collateral injury is central to treatment planning in 
laser-based prostate therapy, as also emphasized in recent optimization- 
oriented studies [13,14]. In the absence of a spacer, pulse modulation 
alone produced a clear protective effect. At 0 mm spacer thickness, the 
maximum rectal wall temperature decreased by approximately 10.2%, 
15.7%, and 20.4% for the 2-pulse, 3-pulse, and 4-pulse modes, respec
tively, compared with continuous irradiation, while the corresponding 
rectal wall thermal damage decreased by approximately 16.9%, 25.4%, 
and 26.6%. These trends confirm that temporal redistribution of laser 
energy can effectively suppress heat accumulation and collateral ther
mal injury, consistent with previous studies on repetitive and multiple- 
pulse laser heating in biological tissues [16,17]. Spacer insertion further 
enhanced rectal protection. Increasing HA thickness from 0 to 2 mm 

produced the most pronounced reduction in both maximum rectal wall 
temperature and thermal damage, whereas further increases from 3 to 5 
mm yielded smaller additional benefits, indicating a diminishing-return 
behavior once sufficient thermal separation had been achieved. This 
behavior is also consistent with clinical spacer literature, where the 
objective is to achieve sufficient prostate–rectum separation to reduce 
rectal exposure rather than to maximize spacing indefinitely. Reported 
clinical separations with hydrogel or HA-based spacers are often several 
millimeters to around 1 cm, but the incremental benefit of further sep
aration may diminish once adequate protection is achieved. Accord
ingly, the present value of 3–4 mm should be interpreted as a model- 
based optimum for laser therapy under the investigated conditions, 
rather than a direct substitute for clinically reported spacing targets 
[26,27].

In addition, the use of the GDPL bioheat model strengthens the 
physical interpretation of these results because it accounts for phase-lag 
effects and non-Fourier heat transfer behavior under rapid laser heating 
conditions more realistically than classical bioheat formulations 
[11,13]. This makes the present framework suitable for evaluating the 
coupled roles of temporal energy delivery and spatial thermal shielding 
in prostate laser therapy. From a clinical implementation perspective, 
the proposed multi-pulse strategy appears feasible because focal laser 
ablation systems already support programmable energy delivery and 
real-time thermal monitoring [28]. Thus, multi-pulse irradiation may be 
incorporated as a temporal modulation protocol within existing treat
ment workflows to reduce rectal heating while preserving ablative ef
ficacy. Nevertheless, direct clinical translation still requires further 
validation under patient-specific anatomical conditions and more real
istic treatment settings, particularly in view of the simplifying assump
tions adopted in the present model.

4.8. Comparison with previous numerical and clinical studies

Although the primary validation of the model was performed against 
published transient temperature histories, the predicted rectal protec
tion trends were also compared qualitatively with previous numerical 
and clinical studies relevant to spacer-assisted prostate therapy. Since 
many published studies report rectal protection using clinical sparing 
metrics rather than Arrhenius-based thermal damage, these studies were 
used here as external comparative evidence rather than for direct one-to- 
one validation. Nevertheless, they consistently support the same general 
trend observed in this study, namely that increasing prostate–rectum 
separation improves rectal protection. A comparative summary of the 
present study and the relevant previous studies is provided in 
Table 3. In the present simulations, increasing HA spacer thickness 
reduced both the maximum rectal wall temperature and the associated 
thermal damage. This trend is qualitatively consistent with the numer
ical study of Namakshenas and Mojra (2021) [9], who reported reduced 
collateral rectal heating with PEG hydrogel spacer insertion during focal 
laser ablation, and with clinical spacer studies showing that greater 
prostate–rectum separation improves rectal sparing. Song et al. (2013) 
[29] reported successful creation of at least 7.5 mm separation in most 
patients with corresponding rectal dose reduction, while Narukawa 
et al. (2023) [25] and Björeland et al. (2023) [27] further showed that 
HA or PEG-based spacers significantly reduced rectal dose metrics in 
clinical practice. Previous pulse-laser studies also support the present 
interpretation that temporal modulation can alter transient heat accu
mulation and thermal damage behavior. Dutta and Kundu (2022) [30]
showed that pulse-laser heating can better limit thermal injury to 
healthy tissue. Similarly, Wang et al. (2023) [31] demonstrated that 
pulse-laser irradiation significantly influences both thermal response 
and thermal damage behavior in biological tissue within a GDPL-based 
bioheat framework. Although these studies did not examine spacer- 
assisted multi-pulse delivery in the same framework as the present 
work, they strengthen the physical basis for the present finding that 
multi-pulse laser delivery can reduce rectal thermal loading while 
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maintaining tumor damage near the ablative threshold.
Overall, the present predictions are consistent with two comple

mentary lines of previous evidence: spacer-related studies showing that 
increased prostate–rectum separation improves rectal protection, and 
pulse-related studies showing that temporal modulation of laser delivery 
modifies thermal response and damage behavior. Although the reported 
outcome measures differ across studies, the overall agreement in trend 
provides additional support for the credibility of the present numerical 
framework.

4.9. Limitations of the present model

Despite these promising findings, the present model has several 
limitations. The tissue layers were assumed to be homogeneous and 
isotropic, while real prostate and rectal tissues are anatomically het
erogeneous and may exhibit anisotropic thermal behavior. In addition, 
patient-specific anatomy and irregular tumor geometry were not 
considered, and thermo-mechanical deformation, tissue shrinkage, and 
spacer displacement during heating were neglected. Therefore, the 
present findings should be interpreted as generalized trends rather than 
direct patient-specific predictions. Nevertheless, the model provides a 
useful framework for systematically examining the coupled effects of 
pulse modulation and HA spacer thickness on rectal wall thermal pro
tection. Future studies should incorporate patient-specific geometry, 
heterogeneous tissue properties, and thermo-mechanical coupling to 
improve clinical realism.

5. Conclusion

A numerical study was conducted to investigate the coupled effects 
of laser irradiation mode and hyaluronic acid (HA) spacer thickness on 
rectal wall thermal protection during prostate laser therapy. A two- 
dimensional axisymmetric five-layer model, consisting of the rectal 
wall, HA spacer, the fat layer, prostate gland, and tumor, was simulated 

using the generalized dual-phase-lag (GDPL) bioheat model, while 
thermal damage was evaluated through the Arrhenius integral. 
Continuous, 2-pulse, 3-pulse, and 4-pulse irradiation modes were 
compared for spacer thicknesses ranging from 0 to 5 mm.

The results showed that both pulse modulation and HA spacer 
insertion significantly reduced the maximum rectal wall temperature 
and thermal damage. Without a spacer, multi-pulse irradiation reduced 
rectal wall temperature by up to 20.4% and thermal damage by up to 
26.6% relative to continuous irradiation. Increasing spacer thickness 
provided further protection, with the most significant improvement 
observed between 0 and 2 mm, while additional benefit became less 
pronounced beyond 3–4 mm. Importantly, effective tumor ablation was 
maintained in all irradiation modes, with the tumor damage parameter 
remaining close to the therapeutic threshold.

Overall, the findings indicate that combining multi-pulse laser de
livery with HA spacer protection can improve treatment safety without 
compromising ablation efficacy. In particular, multi-pulse irradiation is 
most beneficial when spacer thickness is limited, whereas an HA 
thickness of approximately 3–4 mm appears sufficient to provide sub
stantial rectal thermal protection.

Nomenclatures

A Frequency factor in the Arrhenius damage model (s− 1)
aℎ Capillary surface area per unit tissue volume (m− 1)
cb Specific heat capacity of blood (J/kg⋅K)
ct Specific heat capacity of tissue (J/kg⋅K)
Ctb Ratio of tissue-to-blood specific heat capacity (− )
Ea Activation energy in the Arrhenius damage model (J/mol)
g Anisotropy factor (− )
ℎ Convective heat transfer coefficient at the outer rectal wall 

surface (W/m2⋅K)
hb Convective heat transfer coefficient at the blood–tissue 

interface (W/m2⋅K)
H Heaviside step function (− )
k Thermal conductivity (W/m⋅K)
kb Thermal conductivity of blood (W/m⋅K)
kt Thermal conductivity of tissue (W/m⋅K)
keff Effective thermal conductivity (W/m⋅K)
ktb Ratio of tissue-to-blood thermal conductivity (− )
N Number of pulses (− )
n Outward unit normal vector (− )
Ω Arrhenius thermal damage integral (− )
P Laser power (W)
Q0(r,z) Spatially distributed laser heat source term (W/m3)
Qlaser(r,z,t) Volumetric laser heat generation term (W/m3)
Qmb Metabolic heat generation in the blood phase (W/m3)
Qmt Metabolic heat generation in the tissue phase (W/m3)
r Radial coordinate (m)
R Universal gas constant (J/mol⋅K)
rf Optical fiber radius (m)
S(t) Temporal modulation function representing the irradiation 

pattern (− )
t Time (s)
ton
n Starting time of the n-th pulse (s)

toff
n Ending time of the n-th pulse (s)

T Temperature (K)
Tb Blood temperature (K)
Tt Tissue temperature (K)
T∞ Ambient temperature for convective boundary condition (K)
V Blood velocity vector (m/s)
w Blood perfusion rate (s− 1)
z Axial coordinate (m)
α Absorption coefficient (m− 1)
αs Scattering coefficient (m− 1)

Table 3 
Comparative summary of the present study and previous spacer- and pulse- 
related studies relevant to rectal protection in prostate therapy.

Spacer type / 
irradiation mode

Main finding relevant to the 
present study

Present study
HA spacer +
continuous / multi- 
pulse laser

Increasing HA spacer thickness and 
pulse number reduced maximum 
rectal wall temperature and 
thermal damage, with a model- 
based optimum around 3–4 mm.

Namakshenas and 
Mojra (2021) [9]

PEG hydrogel spacer

Numerical analysis showed that 
spacer insertion reduced collateral 
rectal heating during focal laser 
ablation of a prostate peripheral 
zone tumor.

Song et al. (2013) 
[29] PEG hydrogel spacer

Clinical results showed that 
increasing prostate–rectum 
separation reduced rectal exposure 
during prostate radiotherapy.

Björeland et al. 
(2023) [27] HA spacer

HA spacer provided clinically 
meaningful rectal sparing and 
reduced high-dose rectal exposure.

Narukawa et al. 
(2023) [25]

PEG hydrogel spacer

Greater spacer separation was 
associated with lower rectal dose 
metrics, confirming the benefit of 
adequate spacing.

Dutta and Kundu 
(2022) [30]

Pulse-laser heating
Pulse-laser heating was reported to 
better limit thermally induced 
damage in healthy tissue.

Wang et al. (2023) 
[31]

Pulse-laser 
irradiation / GDPL- 
based bioheat model

Pulse-laser irradiation significantly 
influenced thermal response and 
thermal damage behavior in a 
GDPL-based bioheat framework 
with temperature-dependent 
properties.
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αeff Effective attenuation coefficient (m− 1)
αth,eff Effective thermal diffusivity (m2/s)
ε Porosity (− )
ρ Density (kg/m3)
ρb Density of blood (kg/m3)
ρt Density of tissue (kg/m3)
(ρc)eff Effective volumetric heat capacity (J/m3⋅K)
σ Standard deviation of Gaussian beam distribution (m)
τq Phase-lag time associated with heat flux (s)
τt Phase-lag time associated with temperature gradient (s)

Subscript

b blood phase
t tissue phase
eff effective property
laser laser source term
mb metabolic heat generation in the blood phase
mt metabolic heat generation in the tissue phase
tb tissue-to-blood ratio
f optical fiber
∞ ambient or far-field condition
n pulse number
u upper side of an interface
d lower side of an interface
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