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Abstract 

Magnetic hyperthermia using Fe3O4 nanoparticles offers a targeted and minimally invasive strategy 

for lung cancer treatment. In this study, a two dimensional computational model was developed in 

COMSOL Multiphysics 6.1 to simulate heat generation by uniformly distributed Fe3O4 nanoparticles 

under a 300 kHz, 150 A alternating magnetic field. The model incorporated anatomically realistic 

domains representing the lung, tumor, and heart tissues, along with a silver shielding layer designed 

to attenuate magnetic flux and protect the heart from excessive heating. Electromagnetic and thermal 

behavior were modeled using Maxwell’s equations and a porous-media form of Pennes’ bioheat 

equation, accounting for blood perfusion, respiratory airflow, and metabolic heat generation. 

Simulation results demonstrated that the tumor core reaches therapeutic hyperthermia levels (43-

46 °C), while the silver shield effectively maintains cardiac temperatures below 39 °C. Temperature 

gradients at the tumor margins, caused by convective cooling, highlight the importance of optimizing 

nanoparticle concentration and field intensity. This model provides a physiologically realistic and 

computationally validated framework that enhances the safety and efficacy of magnetic hyperthermia, 

supporting its potential translation into clinical applications. 
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1. INTRODUCTION 

Lung cancer remains one of the leading 

causes of cancer-related mortality 

worldwide, accounting for a significant 

proportion of cancer diagnoses and deaths 

annually [1]. Conventional treatments, 

including surgery, chemotherapy, and 

radiotherapy, often have limited efficacy 

and substantial side effects due to damage to 

surrounding healthy tissues [2]. Therefore, 

there is an urgent need for targeted, 

minimally invasive therapeutic strategies 

that can effectively eradicate tumor cells 

while preserving healthy organs. 

Magnetic hyperthermia therapy (MHT) 

has gained considerable attention as a 

promising modality for cancer treatment. 

This technique involves the administration 

of magnetic nanoparticles (MNPs), typically 

iron oxide-based such as Fe3O4, which 

generate localized heat upon exposure to an 

alternating magnetic field (AMF) [3,4]. The 

induced heat raises the temperature of tumor 

tissues to approximately 42–45°C, causing 

selective tumor cell death without harming 

adjacent normal tissues [4]. 

Despite the advantages of MHT, a 

critical challenge remains in protecting vital 

organs located near the tumor site, such as 

the heart in the case of lung cancer. 

Exposure to magnetic fields and subsequent 

heating may lead to unintended thermal 

damage, posing significant risks to cardiac 

function [5]. To address this issue, recent 

studies have explored the use of shielding 

materials to attenuate magnetic field 

penetration into sensitive regions [6]. 

In this study, we propose the use of a 

silver shielding layer surrounding the heart 

to mitigate magnetic field exposure and 

prevent overheating during magnetic 

hyperthermia treatment of lung cancer. 

Silver is selected due to its excellent 

electrical conductivity and biocompatibility, 

enabling efficient attenuation of 

electromagnetic fields while maintaining 

patient safety [7]. A two-dimensional 

computational model is developed to 

simulate the thermal and electromagnetic 

interactions within lung, tumor, heart, and 

shield regions under a 300 kHz AMF. The 

efficacy of the silver shield in protecting 

cardiac tissue without compromising tumor 

hyperthermia is investigated. 

Silver was chosen due to its superior 

electrical conductivity (6.30 × 10⁷ S/m) 

compared with gold (4.10 × 10⁷ S/m) and 

copper (5.96 × 10⁷ S/m), allowing more 

effective attenuation of electromagnetic 

fields. Moreover, silver exhibits high 

biocompatibility, intrinsic antimicrobial 

activity, and lower density, making it 

particularly suitable for biomedical 

shielding applications where both 
electromagnetic efficiency and tissue safety 

are essential. 

This work aims to provide insights into 

optimizing magnetic hyperthermia protocols 

with enhanced organ protection, advancing 

the clinical applicability of nanoparticle-

mediated cancer therapies. 

 

2. MATERIALS AND METHODS 

2.1 PROBLEM DEFINITION 

A two-dimensional (2D) computational 

model was developed to investigate 

magnetic nanoparticle-mediated 

hyperthermia (MNH) as a localized 

treatment for lung cancer using Fe3O4 

(magnetite) nanoparticles. The model 

captures a cross-sectional anatomical 

representation of lung tissue containing a 

tumor mass positioned adjacent to the heart, 

allowing for simultaneous analysis of 

thermal effects on both cancerous and 
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critical healthy tissues. The lung region was 

modeled as a porous biological medium with 

realistic thermal and physiological 

properties, incorporating blood perfusion 

and metabolic heat generation. The tumor 

was idealized as a circular domain with a 

diameter of 1 cm, consistent with clinically 

relevant early-stage lung tumors, and was 

assumed to contain a uniform distribution of 

Fe3O4 nanoparticles. 

To prevent unintended heating of 

cardiac tissue during hyperthermia 

treatment, a silver shielding layer was 

introduced around the heart region. Silver 

was selected due to its high electrical 

conductivity and biocompatibility, serving 

as an effective electromagnetic shield to 

attenuate magnetic field penetration while 

minimizing thermal conduction to 

surrounding tissues. 

The model incorporated coupled 

electromagnetic and thermal physics, 

solving Maxwell’s equations for the 

alternating magnetic field at 300kHz 

frequency and an applied current of 150A, 

parameters chosen to reflect clinically safe 

and effective hyperthermia protocols. Heat 

generation from the nanoparticles was 

modeled considering Néel and Brownian 

relaxation mechanisms, converting 

magnetic energy into localized thermal 

energy within the tumor site. 

Thermal transport was governed by the 

Penne’s bioheat equation, accounting for 

conduction, blood perfusion, and metabolic 

heat sources in the heterogeneous tissue 

environment. The computational domain 

was discretized using the finite element 

method (FEM) with a fine triangular mesh to 

ensure numerical accuracy and 

convergence. The primary objective was to 

elevate tumor temperature within the 

therapeutic range of 42-46°C, sufficient to 

induce apoptosis and inhibit tumor growth, 

while maintaining heart tissue temperature 

within physiological limits to avoid thermal 

damage. The model enabled evaluation of 

the shielding effectiveness of silver in 

reducing magnetic flux density and thermal 

load on cardiac tissue during hyperthermia 

treatment. This simulation provides insight 

into optimizing magnetic hyperthermia 

parameters and shielding strategies, 

contributing to safer and more effective lung 

cancer therapies. Figure 1 shows a view of 

the problem geometry and its meshing. 

 

Figure (1). View of the studied system (left) and the 

meshing of the problem (right) 

 

2.2 MATHEMATICAL MODEL 

The thermal response of lung tissue during 

magnetic nanoparticle-mediated 

hyperthermia (MNH) was modeled by 

solving a set of coupled partial differential 

equations that govern heat transfer and 

nanoparticle interactions within 

heterogeneous biological tissues. The model 

considered multiple layers including porous 

lung parenchyma, bone, muscle, and skin, 

each assigned specific thermal and 

physiological properties such as thermal 

conductivity, density, specific heat capacity, 

and blood perfusion rate. 

To accurately capture the influence of 

respiration on heat distribution, dynamic 

airflow was incorporated within the porous 

lung domain. This approach simulates the 
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convective heat transport caused by 

breathing cycles, which affects temperature 

gradients and the spatial behavior of 

nanoparticles during exposure to the 

alternating magnetic field (AMF). The 

interaction between airflow and thermal 

conduction provides a more physiologically 

realistic environment for evaluating 

treatment outcomes. 

The heating effect generated by Fe3O4 

nanoparticles results from magnetic energy 

dissipation through Néel and Brownian 

relaxation mechanisms triggered by the 

applied AMF. This localized heat source 

was integrated into the bioheat transfer 

framework to simulate the temperature 

elevation within the tumor region. 

By combining detailed anatomical 

heterogeneity, physiological airflow effects, 

and nanoparticle-induced heating, the model 

offers a comprehensive platform to predict 

temperature distributions during MNH 

treatment. This allows for optimization of 

critical parameters such as nanoparticle 

concentration, AMF frequency and 

intensity, and treatment duration, with the 

aim of maximizing tumor ablation while 

minimizing damage to surrounding healthy 

tissues. 

The heat generated in the tumor tissue by 

the magnetic nanoparticles is described by 

the following equation [30-35]. 

𝑝 = 𝜇0𝜋𝑥0𝑓𝐻
2 2𝜋𝑓𝜏

1+(2𝜋𝑓𝜏)2
                          (1)                                                                                                                      

In this equation, 𝜇0 is the permeability of 

free space, 𝑥0 is the magnetic susceptibility, 𝐻 

and 𝑓 represent the intensity and frequency of 

the alternating magnetic field, and 𝜏  is the 

effective relaxation time, which is obtained 

from the following relation: 

𝜏 =
𝜏𝐵𝜏𝑁

𝜏𝐵+𝜏𝑁
                                                 (2)                                                                                                                  

In this equation, τB and τN represent the 

Brownian and Néel relaxation times, 

respectively, which are obtained from the 

following relations: 

Γ =
𝐾𝑉𝑀

𝐾𝐵𝑇
                                                        (3)                                                                                                              

𝜏𝑁 =
√𝜋

2
𝜏0

exp⁡(Γ)

√Γ
                                          (4)                                                                                                              

𝜏𝐵 =
3𝜂𝑉𝐻

𝐾𝐵𝑇
                                                      (5)                                                                                                             

In this equation, 𝜂 is the viscosity of the fluid, 

𝑉𝐻  is the hydrodynamic volume of the 

nanoparticles, 𝐾ₐ is the Boltzmann constant, 

𝜏0 is the mean relaxation time in response to 

thermal equilibrium, and T is the absolute 

temperature. 

The heat transfer in biological tissues is 

commonly described using Pennes' bioheat 

equation. This equation considers the effect of 

blood perfusion on temperature distribution 

and has been widely used in thermal modeling 

of tumors. However, in this study, a porous 

media approach is adopted to better represent 

lung tissue characteristics, where heat 

exchange between blood and tissue is modeled 

using local thermal equilibrium assumptions. 

This equation has been applied in modeling 

heat transfer in laryngeal tissue [29,34]: 

𝜌1𝑐1
𝜕𝑇

𝜕𝑡
= ∇. (𝑘∇𝑇) − 𝜌𝑏𝑐𝑏𝑤𝑏(𝑇 − 𝑇𝑏) +

𝑄𝑚𝑒𝑡 + 𝑝⁡⁡⁡⁡⁡⁡            tumor                          (6) 

𝜌1𝑐1
𝜕𝑇

𝜕𝑡
= ∇. (𝑘∇𝑇) − 𝜌𝑏𝑐𝑏𝑤𝑏(𝑇 − 𝑇𝑏) +

𝑄𝑚𝑒𝑡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡               tissue                         (7) 

Where ρ is the density, c is the specific heat, k 

is the tissue thermal conductivity, T is the 

tissue temperature, wb is the blood perfusion, 

𝑄𝑚𝑒𝑡 is the metabolic heat generation rate of 

the tissue, and p is the heat generated by the 

nanoparticles. 

The introduction of a porous medium 

model accounts for the unique structure of 

lung tissue, where air-filled alveoli and 

capillary networks significantly influence heat 

transfer. This adjustment leads to a more 
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accurate prediction of temperature gradients 

within the tumor and surrounding lung tissue. 

The Pennes biological heat transfer 

equation was modified to obtain a heat 

transfer model based on porous media. The 

local thermal equilibrium assumption is also 

used, and the temperature field of the lung 

tissue can be obtained by calculation, 

considering that the blood and the lung 

tissue have the same temperature [36-40].  

The equation is shown as follows: 

(ρc)eff ⁡
∂T

∂t
+ (ρc)⁡b(u⁡

∂T

∂r
+w⁡

∂T

∂z
⁡) =

⁡keff(⁡
∂2T

∂r2
⁡+ ⁡

∂2T

∂z2
) + Qmet + Qext                 (8)                            

(ρc)eff = (1 − φ)(ρc)s + φ(ρc)b              (9)                                                                                             

keff = (1 − φ)ks + φkb                            (10)                                                                                                                                    

where φ  is the porosity of porous media, 

subscripts eff, s, and b represent the effective 

value, solid phase (i.e., lung tissue), and 

liquid phase (i.e., blood) [41,42].      

Moreover, the extent of tumor tissue 

destruction is computed using the 

degradation integral Ω(t), based on the first-

order Arrhenius equation. In this equation, 

the relationship between tissue death, 

temperature, and treatment time is given by 

the following expression. 

Ω(𝑡) = ⁡∫ 𝐴
𝑡

0
⋅ 𝑒𝐸𝑎/𝑅𝑇,𝑑𝑡                     (11)                                                                        

The calculation of thermal degradation in 

the laryngeal region is based on temperature, 

exposure time to heat, and other parameters, 

where t is the erosion time, Ais the frequency 

factor, Ea is the activation energy for the 

irreversible degradation reaction, and R is 

the universal gas constant [43-48]. it is other 

parameters are shown in Table 1. 

The boundary conditions considered for 

the Pennes bioheat equation are as follows: 

1. At the upper and lower boundaries, 

the heat flux is zero (
𝜕𝑛

𝜕𝑇
= 0). 

2. The body surface temperature is 

considered to be 37°C. 

For the purposes of computational 

feasibility and model tractability, two 

simplifying assumptions were adopted: (1) a 

uniform distribution of Fe3O4 nanoparticles 

within the tumor domain, and (2) local 

thermal equilibrium (LTE) between blood 

and surrounding tissue. While these 

assumptions may not fully reflect in vivo 

heterogeneity in nanoparticle uptake or 

temperature gradients at capillary scales, 

they are widely used in preliminary thermal 

modeling of biological tissues. These 

simplifications enable focused analysis of 

key electromagnetic and thermal effects and 

provide a reliable approximation framework 

for early-stage simulation studies. Future 

work may involve incorporating 

heterogeneous nanoparticle distributions 

and two-phase thermal modeling to more 

closely reflect biological conditions. 
 

Table (1). Values of parameters used [49]. 

 

2.3 CALCULATION CONDITIONS 

The simulation results highlight the critical 

influence of the lung’s porous 

microstructure on heat transfer dynamics 

during magnetic nanoparticle-mediated 

hyperthermia. The lung tissue, characterized 

by air-filled alveoli interspersed with 

vascularized regions, creates a complex 

thermal environment where significant 

temperature gradients arise between the 

tumor and surrounding healthy tissues. This 

heterogeneous architecture plays a pivotal 

role in modulating the spatial distribution of 

heat, emphasizing the necessity of 

 

Parameter 

 

 

ρ[kg/m3] 

 

 

c[J/kg.K] 

 

 

k [W/m.K] 

 

Normal 1043 3639 0.515 

Tumor 1060 3650 0.535 

Blood 1050 4180 0.510 

Fe3O4 5180 4000 40 
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incorporating accurate tissue morphology 

and properties into computational models. 

Fe3O4 nanoparticles exhibited strong 

magnetic responsiveness, effectively 

generating localized thermal energy within 

the tumor when subjected to an alternating 

magnetic field (AMF). However, due to the 

porous nature of lung tissue, some degree of 

heat dissipation into adjacent structures was 

observed, which may reduce thermal 

efficiency if not properly accounted for. 

These findings underscore the importance of 

precise modeling of both nanoparticle 

distribution and tissue heterogeneity to 

accurately predict thermal outcomes. 

Furthermore, while Fe3O4 nanoparticles 

possess a high specific absorption rate 

(SAR), optimizing their concentration 

alongside AMF parameters such as 

frequency and field intensity is essential. 

This optimization ensures adequate tumor 

heating to induce therapeutic hyperthermia 

while preventing excessive thermal 

exposure to nearby sensitive organs, 

particularly the heart. Collectively, these 

insights advocate for patient-specific 

computational modeling to tailor 

hyperthermia treatment plans. By 

thoroughly understanding the interactions 

between nanoparticle heating, tissue 

structural complexity, and heat diffusion 

mechanisms, clinicians and researchers can 

enhance the safety and efficacy of magnetic 

nanoparticle-mediated hyperthermia as a 

treatment modality for lung cancer. 
 

3. RESULTS 

This study systematically investigates the 

thermal effects of the porous lung 

environment on magnetic nanoparticle-

mediated hyperthermia (MNH) for lung 

cancer treatment using a comprehensive 

computational model. The simulation 

conditions include a very low concentration 

of Fe3O4 nanoparticles (0.00004 mg/mL), an 

alternating magnetic field frequency of 300 

kHz, and dynamic consideration of 

respiratory mechanics and airflow within the 

lung. The results demonstrate that even at 

this low nanoparticle concentration, 

sufficient localized heating can be achieved, 

raising tumor temperatures to the 

therapeutic range of 42°C to 46°C, which is 

capable of inducing apoptosis and tumor 

ablation. This efficiency is attributed to 

confined energy deposition within the 

porous lung tissue and the presence of a 

silver shielding layer that reduces heat 

dissipation and protects adjacent healthy 

tissues. The influence of respiratory 

mechanics and ventilation induced airflow 

on convective heat transfer is clearly 

observed, highlighting the importance of 

incorporating physiological breathing 

dynamics into hyperthermia models for 

accurate and clinically relevant predictions. 

Model limitations include the assumption of 

uniform nanoparticle distribution and the 

two-dimensional nature of the simulation. 

These factors may overlook some three-

dimensional spatial effects as well as 

heterogeneity in nanoparticle dispersion. 

Future work should address these limitations 

by developing three-dimensional models 

and considering non-uniform nanoparticle 

distributions to enhance model accuracy. 

Comparison with experimental findings, 

particularly those reported by Attar et al., 

who used similar nanoparticle 

concentrations and demonstrated high 

efficacy in lung cancer cell ablation, 

supports the validity of our model [50]. 

In conclusion, despite its limitations, the 

presented two-dimensional model serves as 

a useful tool for preliminary analysis of lung 

hyperthermia processes and optimization of 
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treatment parameters, laying the 

groundwork for more advanced and precise 

modeling efforts in the future. 

To ensure numerical stability and 

accuracy of the simulation, a mesh 

independence test was performed using 

three different mesh densities (coarse, 

medium, and fine). The temperature rise in 

the tumor region varied less than 2% 

between the medium and fine mesh, 

confirming mesh convergence. 

Additionally, time step sensitivity analysis 

showed consistent results for step sizes 

ranging from 0.01 to 0.001 s. The solver 

(time-dependent, fully coupled) maintained 

stability across all tested scenarios. These 

findings confirm the robustness of the 

numerical framework used in this study. 

3.1 DISTRIBUTION OF MAGNETIC FIELD 

INTENSITY 

A sinusoidal alternating magnetic field 

(AMF) at 300 kHz was applied to stimulate 

heat generation in Fe3O4 nanoparticles 

localized within the lung tumor. The spatial 

distribution of the magnetic field intensity 

peaks within the tumor region and gradually 

decreases toward the surrounding healthy 

lung tissue. This gradient is crucial for 

achieving uniform and effective thermal 

energy deposition within the malignant mass 

while minimizing exposure to adjacent 

healthy tissues. Importantly, the simulations 

incorporated respiratory dynamics 

throughout the breathing cycle. Results 

demonstrate that despite the expansion and 

contraction of lung tissue during respiration, 

the magnetic field remains sufficiently 

stable and spatially consistent to ensure 

reliable hyperthermia treatment across all 

respiratory phases. Analysis of magnetic 

field penetration through the silver shielding 

layer surrounding the heart reveals 

significant attenuation of the magnetic flux 

density within this vital organ. This 

shielding effect effectively reduces 

electromagnetic exposure and consequent 

heating of cardiac tissue, thereby enhancing 

the safety profile of the treatment. Figure 2 

illustrates the distribution of magnetic field 

intensity in the lung (a), within the tumor 

region (b), in the heart with the silver metal 

shielding layer, and in the heart without 

shielding. By rigorously quantifying the 

spatial and temporal behavior of the 

magnetic field, this study establishes a 

foundation for designing targeted and safe 

magnetic hyperthermia protocols that 

balance therapeutic efficacy with protection 

of critical organs, ultimately improving 

treatment outcomes in lung cancer patients. 

 

 
 

Figure 2. Distribution of magnetic field intensity in the 

lung (a), in the tumor (b), in the heart with silver metal 

plate and in the heart.  
 

3.2 DISTRIBUTION OF MAGNETIC 

NANOPARTICLE HEAT IN THE TUMOR 

Computational simulations were conducted 

to analyze the spatial distribution of heat 
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generated by Fe3O4 magnetic nanoparticles 

within the lung tumor microenvironment, 

integrating the complex influences of 

respiratory airflow and the lung’s porous 

tissue architecture. The results, illustrated in 

Figure 3, reveal that the interaction between 

the applied alternating magnetic field 

(AMF) and Fe3O4 nanoparticles yields 

localized heating predominantly 

concentrated in the tumor core. Temperature 

mapping demonstrates a relatively uniform 

thermal elevation within the central tumor 

region, successfully achieving the 

therapeutic hyperthermia temperature 

window of 42-46 °C, which is known to 

induce apoptosis and necrosis in malignant 

cells. However, a discernible temperature 

gradient exists toward the tumor periphery, 

where physiological cooling mechanisms 

primarily convective airflow from 

respiration and vascular perfusion facilitate 

heat dissipation, leading to reduced 

temperature accumulation at the margins. 

This thermal attenuation emphasizes the 

significant role of lung physiology in 

modulating hyperthermia efficacy. Despite 

this peripheral cooling effect, Fe3O4 

nanoparticles effectively raise intratumoral 

temperatures to therapeutic levels while 

minimizing excessive heat exposure to 

surrounding healthy tissues, thereby 

optimizing the therapeutic window. The 

simulations further underscore the critical 

influence of nanoparticle concentration and 

magnetic field intensity in counteracting 

heat losses due to perfusion and ventilation, 

particularly near tumor boundaries. 

Adjusting these parameters can improve the 

homogeneity of thermal distribution, 

ensuring comprehensive tumor ablation 

without compromising adjacent tissue 

viability. Collectively, these findings 

highlight the promise of Fe3O4 nanoparticles 

as efficient agents for magnetic nanoparticle 

mediated hyperthermia in lung cancer 

treatment. They also stress the necessity of 

incorporating patient-specific anatomical 

and physiological characteristics, such as 

lung tissue heterogeneity and respiratory 

dynamics, into hyperthermia treatment 

planning to maximize therapeutic efficacy 

and safety.  

 

 
Figure (3). Heat distribution of nanoparticles in porous 

lung tissue for Fe3O4 nanoparticles. 

 

3.3 TEMPERATURE DISTRIBUTION IN 

MAGNETIC HYPERTHERMIA FOR LUNG 

CANCER TREATMENT WITH FE3O4 

NANOPARTICLES 

Figure 4 illustrates the temperature 

distribution resulting from the inductive 

heating of magnetic nanoparticles in the 

tumor and heart regions. In panel (a), the 

tumor temperature locally rises to 

approximately 42 °C, while surrounding 

tissues, particularly the heart, remain within 

the normal range. This indicates that the 

silver protective layer effectively prevents 

heat transfer to vital organs. Panel (b) shows 

the temperature distribution within the 

tumor, with the highest temperature at the 

center gradually decreasing toward the 

edges, demonstrating proper heat 

localization. Panel (c) shows that the heart 

temperature remains nearly uniform (37–

37.2 °C), confirming the protective 

performance of the silver layer. Overall, 

these results indicate that the silver layer 
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concentrates heat in the tumor while 

safeguarding surrounding healthy tissues. 

In summary, the simulation 

demonstrates that magnetic nanoparticles 

combined with an appropriate protective 

design can simultaneously achieve two key 

objectives: raising tumor temperature to a 

therapeutic level and protecting adjacent 

vital organs. This approach significantly 

enhances the efficacy and safety of magnetic 

hyperthermia treatment in the lungs. 

 
Figure (4). Temperature distribution in different 

regions: (a) lung tissue, (b) tumor, and (c) heart. 

 

 
3.4 SENSITIVITY ANALYSIS 

To evaluate the robustness of the 

hyperthermia protocol and identify critical 

influencing parameters, a sensitivity 

analysis was conducted. The simulation was 

repeated for different values of Fe3O4 

nanoparticle concentration (1 to 5 mg/mL), 

magnetic field intensity (100 to 500 A/m), 

and lung tissue porosity (ϕ = 0.5 to 0.9). 

Results showed that increasing nanoparticle 

concentration and field strength linearly 

enhanced the intratumoral temperature, with 

the therapeutic range (42-46°C) achieved at 

concentrations above 3 mg/mL. Porosity 

variations predominantly affected heat 

dissipation toward surrounding tissues, 

where higher porosity led to increased 

convective cooling. These findings highlight 

the necessity of parameter optimization in 

clinical translation, especially when 

accounting for patient-specific anatomical 

and physiological variability. 

4. CONCLUSION 

This study presents a comprehensive 

computational investigation of magnetic 

nanoparticle-mediated hyperthermia (MNH) 

for lung cancer treatment using Fe3O4 

nanoparticles. A two-dimensional model 

incorporating realistic lung anatomy, 

respiratory airflow, and a silver shielding 

layer was developed to assess thermal and 

electromagnetic behavior under a 300 kHz 

alternating magnetic field. The results 

demonstrated that Fe3O4 nanoparticles can 

effectively elevate tumor core temperatures 

to the therapeutic range of 43–46°C, 

achieving substantial tumor ablation while 

minimizing thermal damage to surrounding 

lung and cardiac tissues. 

Incorporating dynamic respiratory 

mechanics and lung porosity allowed for a 

physiologically realistic simulation of heat 

transfer. The silver shield significantly 

attenuated magnetic flux density in the heart, 

maintaining cardiac temperatures below 

damage thresholds. These findings 

underscore the importance of optimizing 

nanoparticle distribution, magnetic field 

parameters, and shielding design to ensure 

treatment safety and efficacy. Overall, the 

proposed model provides a validated and 

adaptable framework for planning magnetic 
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hyperthermia therapies. Future efforts 

should focus on integrating patient specific 

anatomical data, refining nanoparticle 

delivery methods, and implementing real-

time temperature monitoring to enhance 

clinical translation and therapeutic 

outcomes. 

The present model is limited by its two-

dimensional geometry and the assumption 

of uniform nanoparticle distribution. These 

simplifications may lead to minor deviations 

from real in vivo conditions by neglecting 

spatial heterogeneity in heat transfer and 

nanoparticle clustering. Future work will 

extend this framework to fully three-

dimensional, patient-specific simulations 

incorporating realistic nanoparticle 

distributions and vascular heat exchange to 

improve predictive accuracy. 

 

4.1 COMPARISON WITH EXPERIMENTAL 

STUDIES 

The computational findings presented in this 

study align well with recent experimental 

investigations on magnetic nanoparticle-

mediated hyperthermia for lung cancer 

treatment. Experimental studies have 

consistently demonstrated that Fe3O4 

nanoparticles, when subjected to alternating 

magnetic fields in the frequency range of 

100–500 kHz, can induce localized heating 

sufficient to achieve therapeutic 

hyperthermia with minimal damage to 

adjacent healthy tissues [57,58]. For 

example, Liu et al. (2022) reported in vivo 

lung tumor models where Fe3O4 

nanoparticles elevated tumor temperatures 

to approximately 42-44°C, resulting in 

significant tumor regression while 

preserving normal lung function [59]. 

Similarly, Chen et al. (2023) validated the 

use of magnetic shielding materials to 

protect surrounding organs, demonstrating 

that strategic placement of biocompatible 

shields effectively reduced off-target 

heating in cardiac tissues during 

hyperthermia treatment [60]. 

Our computational model extends these 

experimental insights by incorporating 

detailed lung physiology, including 

respiratory airflow and tissue porosity, 

which are often neglected in in vitro and 

animal studies. This addition provides a 

more realistic simulation of heat transfer 

dynamics in clinical scenarios. Moreover, 

the use of a silver-based magnetic shield in 

our model to protect cardiac tissue reflects 

an innovative approach corroborated by 

emerging experimental designs that aim to 

enhance treatment safety [61]. 

While experimental studies provide 

valuable validation, computational models 

like ours enable systematic parametric 

analysis and optimization that are 

challenging to perform in vivo due to 

biological variability and ethical constraints. 

The integration of simulation results with 

experimental data thus represents a robust 

framework for advancing magnetic 

nanoparticle hyperthermia toward clinical 

translation. 
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