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Simulated Clinical Scenarios of Laser-Induced Thermotherapy in Breast Tumors: A
Parametric Study Using Enhanced Bioheat Models
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ABSTRACT: Laser-Induced Thermotherapy (LITT) has emerged as a promising minimally invasive treatment
for localized breast tumors, offering targeted thermal ablation with minimal impact on surrounding tissues.
This research uses an extended bioheat transfer model for simulation on clinically motivated LITT scenarios
in MATLAB. We created a 3D breast tissue model with an embedded tumor. This model simulates realistic
laser fiber placement and irradiation. Time-dependent laser power, time-dependent optical absorption, time-
dependent adaptive blood perfusion and spatial distribution of nanoparticles representing any of the key
physiological and treatment-dependent parameters are systematically varied to simulate potential clinical
conditions. We added these non-linear thermal effects to the Pennes bioheat equation and the resulting
equation of the Pennes bioheat is then numerically solved utilizing a finite difference scheme. The tissue
viability is determined using the Arrhenius damage model which makes it possible to dynamically follow the
evolution of necrotic volume. They are simulated under various conditions of treatment such as different tumor
sizes, different durations of laser and orientation of fibers to see their effect on thermal damage profile and
effectiveness of ablation. Results show that temperature-dependent optical properties and perfusion feedback
greatly impact on the heat penetration and localization of damage. The enhancement of absorption using
nanoparticles leads to the significant increase in the area of necrosis with the simultaneous decrease in energy
demand. This parametric study helps to improve LITT treatment planning. It provides a virtual platform for
testing when clinical data is scarce and is a kind of a virtual platform to test it in case of lacking experimental
or clinical information. The study helps in the preparation of more personalized and safer lasers to be used
in the treatment of breast cancer.

Keywords: Laser-Induced Thermotherapy (LITT), invasive treatment, breast tumor, simulation,
MATLAB, tumor geometry, adaptive blood perfusion, clinical, Pennes Bio Heat Equation, necrotic vol-
ume, thermal damage, ablation efficiency, laser therapies, breast cancer.
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2. Introduction

Laser-Induced Thermotherapy (LITT) is a minimally invasive and emerging treatment of solid tu-
mors, especially the breast cancer one. It delivers local thermal energy through optical fibers. This allows
precise tumor ablation and avoid as much damage to surrounding healthy tissues as possible [1]. Breast
tumors hold a special place with respect to LITT-based interventions because they can be easily accessed
and have uniform structure. The procedure is clinically viable and has a short recovery time. This has
created great interest in its simulation in the modeling of cancer treatment [2]. Within Laser-Induced
Thermotherapy (LITT), conventional modeling employed is based on the classical Pennes Bioheat Trans-
fer Equation that labels homogeneous tissue properties and take constant perfusion rate. This gives a
basic understanding of heat distribution. But it misses complex physiology such as dynamic perfusion,
temperature-sensitive optical properties and the nonlocal transport of the nanoparticles. Current innova-
tions are geared towards filling this gap and applying variable thermal conductivity, intelligent perfusion
response and real time energy deposition profiles to bioheat models [3, 4]. Of great effect is the use of
nanoparticles like gold nanoshells or silica coated nanorods whose use in thermal therapy increases light
absorption and ensures that heat is concentrated and generated in the tumor [5, 6].Laser-Induced Ther-
motherapy (LITT) in combination with temperature-sensitive absorption, Gaussian spatial distributions
and nanoparticle has a more effective and realistic simulation framework. Adaptive perfusion modeling
improves it further. This model responds to vasodilation and blood flow changes from thermoregulation,
both of which affect profiles of thermal damages [7-12]. Simultaneously, there has been improvement in
the modeling of bio heat transfer making simulations on tissue response to laser heating more accurate.
The classical Pennes bioheat equation was used as the basis of heat transfer modeling in biological tissues,
but with the simplifications of uniformity of perfusion and of constant tissue properties; it exaggerates
the biological reality. Recent developments have attempted to solve this by introducing temperature-
dependent perfusion rates and dynamic thermal conductivities and better boundary conditions repre-
senting the heterogeneity of tissues and physiological control mechanisms. [13, 14]. Such enhancements
are particularly critical to breast tissue, where the vascularity and thermal response of the tumor have
large spatial and temporal heterogeneity, which affects treatment efficacy and safety. Moreover, the cal-
culation of clinical situations needs more than precise physical simulation, it also needs a computation
flexibility. MATLAB-based platforms offer flexible platform to implement unique thermal models, adap-
tive parameters and parametric study loops, enabling researchers to study treatment conditions over
fairly broad ranges. This is unlike commercially available solvers that have predetermined modules, in
custom coding one has full control of specifics like the shape of the laser pulses, energy deposition rates,
temperature damage estimation in form of Arrhenius kinetics etc. [15, 16]. Through these features, the
researchers are able to replicate clinical variability, explore the physiological sensitivity, and optimize the
procedures prior to the translation in the physical settings. Nevertheless, there have been continuing
difficulties converting the theory model to clinical applications. Although experimental verification is
constrained by ethics and practicality, the explored clinical conditions can present an effective simulation
of the drug action dynamics under different physiological and optical settings. Current work thus provides
a sophisticated MATLAB-based simulation platform of Laser-Induced Thermotherapy (LITT) in breast
cancerous tumors with an incorporated temperature-dependent optical properties, adaptive perfusion, as
well as spatial distributions of nanoparticles. It aims at modeling realistic clinical results and informing
optimization of treatment in the absence of experimental evidence.

3. Materials and Methodology

This section typically includes the computational framework, model geometry, governing equations,
assumptions, parameter values, and simulation strategy used in the study. Since our article is a simulation
based parametric study using MATLAB with enhanced bioheat models, this section will include the
following subsections.

3.1. Geometry and Computational Domain

The computational model in this study represents a simplified three-dimensional (3D) geometry of
the female breast tissue containing a centrally embedded tumor mass. The domain is constructed as
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a regular Cartesian grid to approximate the shape and thermal characteristics of the breast, which is
modeled as a semi-ellipsoidal region. The tumor is positioned at the geometric center of the domain to
simulate a clinically relevant scenario of localized heating. The tumor itself is assumed to be spherical
with a diameter of 10 mm, surrounded by healthy breast tissue. To achieve sufficient spatial resolution,
the domain is discretized into a uniform voxel grid with resolution N, x N, x IN,, where each voxel
represents a cube of side length h. The choice of voxel size h is optimized to balance numerical accuracy
and computational efficiency. This discretized grid allows precise application of finite difference schemes
for solving the governing heat transfer equations and tracking thermal damage across the tissue volume.

3.2. Governing Equation

The heat transfer within breast tissue during laser-induced thermotherapy is modeled using the Pennes
bioheat equation, modified to incorporate laser energy absorption, nanoparticle-enhanced optical prop-
erties, and temperature-dependent perfusion effects. The transient heat conduction is described as:

PC% =V- (kVT) + pvcy W(T; Q)(Ta - T) + Qlaser(xa t)a (31)

Where p and c are the tissue density and specific heat capacity, respectively, k is thermal conductivity,

T is the local tissue temperature, pp, ¢, and w(T, Q) represent blood density, specific heat, and adaptive

perfusion rate as functions of temperature and damage, respectively; Ty, is arterial blood temperature; and

Qlaser (7, 1) is the spatially and temporally varying laser heat source. To capture the optical absorption
enhancement due to nanoparticles, the absorption coefficient p, (7, z) is expressed as :

pa(T, ) = prao (1 + B(T = Tp)) [1 + k()] , (3.2)

Where 40 is the baseline absorption coefficient, [ is the temperature sensitivity coefficient, & is the
nanoparticle absorption enhancement factor, and ¢(x) defines the spatial distribution of nanoparticles as
a Gaussian profile centered at the tumor:

_ 2
¢($) = d)max €xXp <_|$Tf0> (33)

0

We used the Arrhenius rate process model to evaluate thermal damage:

Q1) = /0 " Aexp (—iji%) dr, (3.4)

Where, 2 is is the damage integral, A is the frequency factor, E, is the activation energy, and R is
the universal gas constant. The resulting damage fraction D(z,t) is then computed as:

D =1—exp(—) (3.5)

A damage threshold D > 0.63 or higher is typically used to define irreversible tissue necrosis. These
equations are solved numerically using a finite difference scheme over a 3D domain to simulate temperature
rise and lesion formation in breast tumors during laser exposure.

3.3. Laser Source Model

We modeled the laser energy in the tissue as a spatially and temporally varying volumetric heat
source. The laser source term Qjaser(,t) is defined based on the Beer Lambert law, which accounts for
exponential attenuation of light intensity due to tissue absorption. The heat source term Qager(2,t) is
given by:

Qraser (T, 1) = ,uEP(T, x) - I(x,t), (3.6)

Where uNF (T, x) is the effective absorption coefficient that includes both temperature dependence and
nanoparticle distribution, and I(z,t) is the laser intensity at location x and ¢. To capture nanoparticle-
enhanced absorption, the absorption coefficient is modified as:
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e (Tyx) = pa(T) - [1+ 5 - ¢()], (3.7)
Where
,U/a(T) = Ha0 - [1 + B(T - To)],

represents temperature-dependent absorption,

(b(l‘) = ¢)max - €xXp <_|x_502>

To
is the spatial distribution of nanoparticles centered at xy.  is the enhancement coefficient due to
nanoparticles, ¢max-
Assuming a Gaussian beam profile centered in the radial plane and exponential attenuation in depth,
the spatial distribution of laser intensity is modeled as is the maximum local concentration.

2P(t 2(z? + y?
I(Iay72’7t) = (2) exp <_(2) €xXp (—,ueﬂ‘Z) ) (38)
r rp
Where P(t) is the time-dependent laser power, r, is the beam radius, and peg is the effective attenu-
ation coefficient that considers scattering and absorption. In most simulations,

Heft A/ 3pta(pa + f1})

where p, is the reduced scattering coefficient. For simplicity, and under the assumption of low scattering
dominance, the term pes be approximated as p, when modeling absorption-dominant cases.

To include temporal modulation of laser input such as pulsed or ramped power profiles the laser power
P(t) can be defined as a user-defined function. For example, a ramped power input may be described as:

P(t) = {Pm‘“' (ti> , i<t (3.9)

Pmaxa lft > tT?

Where P, ax is the peak laser power and ¢, is the ramp duration. This allows greater flexibility in
simulating controlled laser heating protocols. Together, these formulations enable realistic modeling of
spatially focused and temporally controlled laser-tissue interactions, critical for accurate simulation of
LITT outcomes in heterogeneous breast tumor regions.

3.4. Thermal Damage Modelling

To quantify irreversible thermal damage to breast tumor tissue during laser-induced thermotherapy
(LITT), we employ the Arrhenius rate equation, which models the cumulative damage caused by elevated
temperatures over time. The thermal damage index (z,t) is defined as:

Qz,t) = /Ot Aexp <_RTE(’;,T)> dr, (3.10)

where A is the frequency factor [1/s], E, is the activation energy [J/mol], R is the universal gas constant
(8.314 J/mol-K), and T'(z,7) is the transient temperature field at position z and time 7. This integral
accumulates the thermal exposure over time, producing a dimensionless damage index.The damage index
Q is then transformed into a fractional damage variable D(z,t) representing the proportion of tissue that
has undergone irreversible damage, using the relation:

D(x,t) =1 —exp(—Q(x,1)). (3.11)

This formulation allows classification of tissue viability based on thresholds of D. For instance,
tissue is typically considered irreversibly damaged when D > 0.63 (corresponding to @ = 1), while
stricter thresholds like D > 0.9 may be used to define fully ablated regions.This thermal damage model
is numerically implemented using finite difference or trapezoidal integration methods, applied at each
spatial location over the simulation timeline. It enables the generation of 3D damage maps, which are
critical for assessing therapeutic efficacy and safety margins.
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3.5. MATLAB Implementation

We built the entire LITT simulation in MATLAB using a modular approach, enabling efficient control,
debugging, and extension of individual model components. A uniform voxel grid was applied to discretize
the 3D breast and tumor geometry and the bioheat transfer equation was solved by a structured finite
difference method (FDM) with Cartesian coordinate. The integration of the time was carried out by
explicit or semi-implicit scheme with a well-selected time step leading to stability and convergence.

All the modules within the codebase like domain establishment, assignment of thermal properties,
definition of laser source and establishment of boundary conditions were made as independent in order to
clarity and flexibility. The core solver proceeded in time with a loop through which the temperature field
was updated after the influence of temperature, perfusion, metabolic heating and laser absorption work
together, taking into account the temperature and nanoparticle-enhanced processes. After calculating
temperatures, damage integration world-wide and voxel-wise was calculated based on Arrhenius-based
damage integral, to estimate time-dependent tissue damage. Post processing routines included generation
of temperature slices, 3D damage maps, ablation volume calculations, and visualization of metrics such
as temperature-time profiles at the tumor center. This modular design facilitates future enhancements
such as GPU acceleration, adaptive meshing, or coupling with experimental data for clinical translation.

3.6. Parameter Settings

The simulation was conducted using physiologically accurate thermal and optical properties for breast
tissue, tumor, and blood. These parameters were obtained from previously validated literature sources
and incorporated to ensure biological relevance and numerical accuracy. Table 1 summarizes the key
properties including thermal conductivity, density, specific heat, blood perfusion rate, and optical ab-
sorption coefficients. These values reflect both native and enhanced tissue conditions, particularly where
nanoparticles alter absorption characteristics.

The simulation was run over a period of 600 seconds with a time step of 0.1 seconds, sufficient
to capture dynamic thermal changes during heating and subsequent cooling phases. Dirichlet boundary
conditions were applied at tissue boundaries, fixing the external surface temperature to body temperature
(37 °C), while adiabatic insulation was assumed along symmetry planes where applicable. Initial tissue
temperature was uniformly set to 310.15 K. The laser heating was applied continuously at the tumor
center for the first 300 seconds, followed by a relaxation phase to analyze post-laser thermal diffusion and
residual damage evolution. These conditions are chosen to reflect realistic interstitial thermal therapy
protocols.

Table 1: Thermal and optical properties of tumor tissue, healthy tissue, and blood

[ Ser | Property [ Tumor Tissue Healthy Tissud Blood | Reference
T | Density, p (kg/m?) 1050 1000 1035 | 17
2 | Specific Heat, ¢ (J/kg-K) 3600 3500 3650 17
3 | Thermal Conductivity, £ (W/m-K) 0.5 0.45 0.5 17
4 | Blood perfusion rate, w (1/s) 0.0045 0.0015 - 18
5 | Optical Absorption, i, (1/m) 300 (baseline varies with NP) 100 - 19
6 | Scattering coefficient, p5 (1/m) 1000 800 B 19
7 | Initial Temperature (K) 310.15 310.15 310.15 | [20

Table 2: Simulation Parameters

‘ Ser ‘ Parameter ‘ Value ‘ Reference
1 Total Simulation Time 600 seconds 21
2 Time Step 0.1 seconds 21
3 Initial Temperature 310.15 K 18
4 Laser Heating Duration 0-300 seconds 22
5 | Boundary Conditions Dirichlet (37°C outer), insulated symmetry planes [23
6 | Grid Spacing (voxel size, h) 1 mm 21
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Figure 1: Flowchart

4. Results and Discussion

4.1. Dynamic Thermal Response at Tumor Core
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Figure 2: Dynamic Thermal Response at Tumor Core
Discussion

Figure 2 shows the temperature change at the tumor center. It gives useful insights into the thermal
kinetics at the tumor center during laser irradiation, offering valuable information about the thermal
behavior of the treatment zone. The curve initially exhibits a rapid temperature rise, corresponding
to the immediate absorption of laser energy, particularly enhanced by the presence of nanoparticles.
This fast heating is crucial, as it initiates thermal damage such as protein denaturation and coagulative
necrosis. As time progresses, the curve gradually plateaus, indicating a dynamic equilibrium between
energy deposition and heat dissipation due to thermal conduction and perfusion-mediated cooling. This
phase reflects the balance between laser input and biological heat regulation mechanisms such as blood
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flow and tissue conductivity. Reaching and maintaining temperatures within the therapeutic window of
approximately 60—70°C ensures effective tumor ablation while minimizing collateral damage to healthy
tissue.

Moreover, this thermal profile is instrumental in evaluating treatment duration and laser exposure
strategies, whether continuous or pulsed. In clinical planning, such temperature-time curves help deter-
mine optimal irradiation times to maximize tumor destruction while protecting surrounding tissues from
excessive thermal spread.

4.2. Nanoparticle-Driven 3D Temperature Patterns
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Figure 3: Nanoparticle-Driven 3D Temperature Patterns

Discussion

This figure 3 presents the spatial distribution of temperature across three orthogonal planes (XY,
XZ, and YZ) within the breast tissue domain at the end of the laser treatment period. The tumor is
centrally located, and the thermal pattern clearly illustrates the enhanced heating effect achieved through
nanoparticle-assisted absorption. The XY plane shows a symmetrical heat profile centered around the
tumor, reflecting the Gaussian laser beam profile and localized nanoparticle concentration. As expected,
the maximum temperatures are concentrated at the tumor core, where nanoparticle density is high-
est and absorption is most efficient. The XZ and YZ planes display the depth-wise and lateral diffusion
of heat through surrounding healthy tissue. These slices reveal how thermal gradients evolve due to
thermal conduction and adaptive blood perfusion, which becomes more active in regions approaching
hyperthermic thresholds. This perfusion effect contributes to temperature regulation and reduces over-
heating of surrounding tissue. The overall pattern confirms that the simulation framework correctly
models temperature-sensitive absorption and adaptive perfusion, resulting in realistic heat propagation.
Importantly, the 3D perspective emphasizes that thermal injury is well-confined to the tumor region,
supporting the safety and precision of this enhanced LITT protocol.

4.3. Thermal Injury Accumulation over Time at Tumor Site

Graph
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Discussion

Figure 4 shows how thermal damage grows over time at the tumor center during Laser-Induced
Thermotherapy (LITT). The x-axis represents time in seconds, while the y-axis shows the corresponding
damage fraction, derived from the Arrhenius thermal damage integral. The curve starts near zero and
progressively rises toward 1, which signifies complete irreversible damage (coagulative necrosis).In the
early stages of laser irradiation, the temperature at the tumor site gradually increases, and the damage
fraction remains low. As the tissue temperature crosses the thermal threshold 43-60°C, the damage
accumulation accelerates rapidly due to the exponential nature of the Arrhenius function. This nonlinear
increase shows that tissue damage is very sensitive to small temperature rises above the threshold. Around
the mid-treatment window, a sharp inflection is visible, indicating the point where most of the tissue injury
occurs in a short period. Eventually, the curve plateaus, suggesting that the tissue has sustained maximum
possible damage, and further heating yields minimal additional effect at that location.This time-resolved
damage visualization is crucial because; It helps quantify the optimal treatment duration for complete
ablation at the tumor core, It validates whether the applied energy is sufficient to induce necrosis, It
provides insights into thermal safety margins, avoiding overtreatment that might harm adjacent healthy
tissue and It supports personalized treatment planning by comparing how different tumor locations or
perfusion profiles influence damage accumulation rates. In summary, this plot serves as a benchmark
for evaluating thermal efficacy and ensuring clinical reliability in nanoparticle-enhanced laser ablation
therapies.

4.4. Time-Resolved Ablation Volume Using Parametric Heating

Graph
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Figure 5: Time-Resolved Ablation Volume Using Parametric Heating

Discussion

Figure 5 shows the growth of the ablated tissue volume over time during Laser-Induced Thermotherapy
(LITT), as computed using a temperature-dependent damage integral. The x-axis represents simulation
time (in seconds), while the y-axis shows the corresponding volume of tissue that has reached irreversible
thermal damage (typically defined as a damage fraction). Initially, the curve rises gradually reflecting
the time required for the laser energy to accumulate and overcome initial heat losses due to perfusion
and conduction. This early phase is influenced strongly by local blood flow and the heat sink effect of
vasculature, which temporarily suppresses the thermal damage rate. When the thermal energy reaches
a certain level and the tissue temperature reaches to a certain dangerous level (usually of 60-70°C), the
curve begins a more violent growth state D > 0.8.Within this range, the ablated volume rises rapidly,
which reflects a transition point during which the thermal feedback and the nanoparticle-enhanced ab-
sorption causes the expedited damage growth. This stage is critical. A small change in laser time or
power can greatly change the treatment result. It indicates one of the major clinical tasks in Laser-
Induced Thermotherapy (LITT): producing efficient tumor ablation in accordance with minimal harm to
the neighboring healthy tissue. Finally, the curve reaches an asymptote, so some fraction of the desired
tumor volume has already been ablated and additional exposures will eventually have less than additive
effects. This plateau area contributes to establishing optimal therapeutic window and the emphasis on
parameter control (e.g., time-focused power modulation or manipulation of the distributions of nanopar-
ticles) to produce accurate and secure minimized margins.Model-wise, the graph proves the ability of the
elevated models of bioheat and damage to represent the effective projection of a shape of human response
to thermal treatment in clinically provided situations that gives a meaningful lesson during treatment
planning and an individualized dose delivery during Laser-Induced Thermotherapy (LITT) procedure.

4.5. Voxel-Wise Histogram of Fractional Damage: Clinical Insight

Graph
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Figure 6: Voxel-Wise Histogram of Fractional Damage: Clinical Insight

Discussion

This histogram shown in figure 6, provides a quantitative overview of the spatial distribution of thermal
damage within the breast tissue following nanoparticle-assisted laser therapy. The x-axis represents the
damage fraction D (ranging from 0 to 1), where D = 1 denotes complete tissue necrosis and D = 0
represents completely undamaged tissue. The y-axis shows the number of tissue voxels corresponding
to each damage level. The observed distribution is characteristically bimodal. A substantial number of
voxels are clustered around low-damage fractions (e.g., D < 0.2) indicating regions where heat diffusion
and perfusion prevented significant thermal injury. Conversely, a second prominent peak occurs near high
damage fractions (e.g., D < 0.9) reflecting successful ablation within the tumor core and its immediate
vicinity, where the laser energy and nanoparticle-enhanced absorption were concentrated.This spatially
resolved damage profile offers critical clinical insight by highlighting; The efficiency of thermal confinement
to the target region,the extent of collateral thermal exposure to surrounding healthy tissue and the
potential refinement of treatment planning parameters, such as power duration, nanoparticle placement,
and perfusion adaptation. Such voxel-wise analysis is invaluable in optimizing therapeutic precision,
supporting the integration of simulated models into personalized thermal oncology workflows. It also helps
validate the damage thresholds used in safety and efficacy assessments, aligning with histopathological
benchmarks observed in experimental studies.

5. Conclusion

We presented a detailed simulation framework for Laser-Induced Thermotherapy (LITT) in breast tu-
mors using advanced bioheat models and MATLAB-based implementation. Our model uses nanoparticle
absorption, temperature-dependent properties, and adaptive blood perfusion. This gives a true picture of
heat transport in tissue of heat transport and tissue response during interstitial laser therapy.The results
demonstrate that spatially distributed nanoparticles significantly improve thermal confinement and ab-
lation precision. Dynamic simulations revealed realistic thermal and damage patterns, while parametric
control of laser input enabled time-resolved insights into ablation volume. Voxel-wise histograms further
illustrated the tissue damage spectrum, providing a detailed map of necrotic and viable zones, essential
for treatment planning.This theoretical and simulation-based work creates a strong platform. It supports
noninvasive clinical decisions, particularly in personalized cancer therapy. Although the model lacks di-
rect experimental validation, it paves the way for future work incorporating clinical imaging data and
patient-specific geometry. Future efforts may also integrate real-time feedback mechanisms and explore
various tumor morphologies, offering a pathway to translational, image-guided thermal oncology.The
developed simulation model may help in treatment planning for breast cancer.
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