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Magnetic hyperthermia is an emerging, minimally invasive modality for targeted cancer 

therapy, utilizing magnetic nanoparticles (MNPs) to induce localized heating within 

tumors. This study presents a comprehensive simulation-based analysis of magnetic 

hyperthermia applied to lung cancer. A two-dimensional axisymmetric finite element 

model was developed, incorporating key anatomical components tumor, air cavity, 

muscle, bone, skin to evaluate spatial thermal profiles under physiological respiratory 

dynamics. Magnetite (Fe₃O₄) nanoparticles (19 nm) were subjected to an alternating 

magnetic field (AMF) at 300 kHz and current intensity 300 A to induce localized heating 

through Néel and Brownian relaxation mechanisms. The model assessed thermal 

propagation during inhalation and exhalation, targeting tumor ablation temperatures 

(42–46 °C). Simulation results confirm the feasibility and thermal safety of MNP-

assisted magnetic hyperthermia for lung cancer. These findings offer a clinically relevant 

framework for optimizing treatment planning and nanoparticle design. The novelty of 

this study lies in the development of a physiologically accurate finite element simulation 

that incorporates respiratory dynamics. This integrated approach, combining porous 

media modeling with thermal distribution analysis under dynamic breathing phases, 

offers new insights into optimizing safe and effective hyperthermia treatments for 

thoracic malignancies. 

INTRODUCTION 

Magnetic hyperthermia therapy (MHT) has emerged as a 

promising, minimally invasive strategy for cancer 

treatment, leveraging the ability of magnetic nanoparticles 

(MNPs) to convert electromagnetic energy into localized 

heat when subjected to an alternating magnetic field 

(AMF). By elevating tumor temperatures to the therapeutic 

range (42–46 °C), MHT promotes apoptosis, enhances 

tumor perfusion, and potentiates the efficacy of 

chemotherapy and radiotherapy, while minimizing 

damage to surrounding healthy tissues. 

While MHT has demonstrated promising results in 

preclinical and clinical studies targeting glioblastoma, 

breast, and prostate cancers [1–3], its application to lung 

cancer remains underexplored due to the thoracic cavity’s 

complex anatomy and the proximity of critical structures 

such as the bronchi, and vasculature. These anatomical 

constraints pose significant challenges in achieving 

effective and localized thermal delivery without inducing 

off target heating or. To address these challenges, 

computational modeling has gained traction as a predictive 

and optimization tool for hyperthermia planning. 

Multiphysics simulations enable the integration of 

magnetic field dynamics, nanoparticle thermogenesis, 

blood perfusion, and tissue-specific heat transfer, thus 

offering insights into thermal dose distribution under 

realistic physiological conditions [4–6]. 

In this study, we present a finite element-based, two-

dimensional axisymmetric model that simulates magnetic 

hyperthermia for lung tumors, incorporating detailed 
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anatomical structures, respiratory airflow dynamics, and 

cardiac proximity. We use magnetite (Fe₃O₄) 

nanoparticles, which are widely accepted for clinical 

hyperthermia due to their biocompatibility. The 

simulations assess thermal distribution during respiratory 

cycles (inhalation and exhalation) under standard AMF 

exposure conditions. By simulating a physiologically 

accurate lung environment, this work provides a robust 

computational foundation for optimizing treatment 

parameters and ensuring safe, effective hyperthermia 

delivery for thoracic oncology applications. Our results are 

contextualized against recent experimental studies and 

propose directions for translational research in 

nanoparticle-assisted lung cancer therapy.  

MATERIALS AND METHODS 

Problem Definition 

A two-dimensional axisymmetric model of tumor 

geometry within human lung tissue was developed to 

simulate magnetic hyperthermia treatment. Figure 2 

depicts the anatomical structure of the lung, with an 

approximated tissue height of 13 cm. The tumor, 

representing lung cancer, was modeled as a circular region 

with a diameter of 1 cm, located adjacent to porous lung 

tissue and the airway. This configuration reflects the 

typical anatomical arrangement, ensuring clinical 

relevance and accuracy [8–11]. 

The Finite Element Method (FEM) was employed to 

solve the governing heat transfer equations and model the 

complex interactions between the alternating magnetic 

field and biological tissues. FEM is a powerful numerical 

technique that enables precise modeling of complex 

geometries and the solution of partial differential 

equations describing physical phenomena such as heat 

conduction and electromagnetic interactions. By 

discretizing the domain into finite elements, the method 

facilitates detailed analysis of thermal and magnetic 

effects within heterogeneous tissue structures [12–19]. 

For simplicity and uniformity, the distribution of 

magnetic nanoparticles (MNPs) within the tumor tissue 

was assumed homogeneous. Magnetite (Fe₃O₄) 

nanoparticles were selected due to their excellent 

biocompatibility, magnetic responsiveness, and chemical 

stability [20–25]. 

Heat generation within the tumor tissue arises 

predominantly from Néel and Brownian relaxation 

mechanisms. These phenomena enable magnetic 

nanoparticles to convert electromagnetic energy into 

thermal energy through internal magnetic moment 

relaxation and physical rotational motion, respectively. 

The generated heat elevates tumor temperature to 

therapeutic levels (42–46 °C), inducing apoptosis in cancer 

cells while minimizing thermal damage to adjacent healthy 

tissues [25–29]. Figure 1 Schematic representation of the 

tumor geometry within human lung tissue, highlighting the 

circular shape of the tumor and its location adjacent to 

muscle tissue and air. 

 

Fig. 1. View of the studied system (left) and the meshing of the 

problem (right). 

Mathematical Model 

In this study, a mathematical framework based on partial 

differential equations (PDEs) is utilized to model heat 

transfer and the interaction between magnetic 

nanoparticles (MNPs) and biological tissues during 

magnetic hyperthermia. The model simulates spatial and 

temporal temperature distributions across various tissue 

layers, including porous lung parenchyma, bone, muscle, 

and skin. It also accounts for the localized heat generation 

resulting from the presence of MNPs under an alternating 

magnetic field. 

To evaluate the influence of physiological conditions, 

pulmonary ventilation (breathing) was integrated into the 

model to represent airflow through the porous lung 

structure. This consideration impacts convective heat 

transfer and affects both the thermal response and 

distribution of nanoparticles within lung tissue, thereby 

enhancing the model’s accuracy and relevance to clinical 

scenarios. The finite element mesh consisted of triangular 

elements with refined meshing in the tumor region to 

capture sharp thermal gradients. A mesh independence test 

was performed to ensure solution accuracy, revealing 

minimal change in peak tumor temperature (<1%) beyond 

a certain mesh density. A commercial software was used 

to implement the model. Solver settings included a time-

dependent study with backward differentiation formulas 

(BDF), relative tolerance of 0.001, and a maximum step 

size of 0.5 seconds. 

The ultimate goal of the mathematical model is to 

optimize hyperthermia treatment parameters, such as field 

strength, exposure duration, and nanoparticle 

concentration, in order to achieve maximum therapeutic 

efficiency while minimizing adverse effects on 

surrounding healthy tissues. The heat generation within 

tumor tissue induced by MNPs is governed by the 

following equation [30–35]. 

𝑝 = 𝜇0𝜋𝑥0𝑓𝐻
2 2𝜋𝑓𝜏

1+(2𝜋𝑓𝜏)2
 (1) 

In this equation, μ0 is the permeability of free space, χ0 

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) 



60 Challenges in Nano and Micro Scale Science and Technology. 2024, 12(2) 

In this equation, τB and τN represent the Brownian and 

Néel relaxation times, respectively, which are obtained 

from the following relations: 

┌ =
𝐾𝑉𝑀

𝐾𝐵𝑇
 (3) 

𝜏𝑁 =
√𝜋

2
𝜏0

exp⁡(┌)

√┌
 (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 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]. 

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. 

The porous media model is justified by the anatomical 

characteristics of lung parenchyma, consisting of alveolar 

air sacs and a dense capillary network. Thermal properties 

and blood perfusion rates were obtained from literature 

sources and represent averaged physiological values. 

Assumption of local thermal equilibrium (LTE) between 

blood and tissue was applied, which is acceptable for the 

scale and duration of hyperthermia treatment modeled. 

Model Validation 

To ensure the reliability of the simulation, a mesh 

independence test was conducted. Furthermore, the 

temperature rise trends and final thermal distributions 

were compared with similar simulations and experimental 

studies reported in the literature [14, 21, 46]. These 

showed good agreement, particularly in reaching 

therapeutic tumor temperatures (42–46 °C). This supports 

the credibility and applicability of the numerical 

framework. 

We acknowledge the limitation of the 2D axisymmetric 

model. This choice was made to reduce computational cost 

while capturing the core thermal phenomena under 

dynamic respiratory conditions. We have now explicitly 

stated this in the manuscript and proposed the development 

of a 3D model as a future direction in the discussion 

section. 

RESULTS 

The study investigated the thermal behavior of magnetic 

hyperthermia in lung cancer by modeling a porous lung 

environment subjected to alternating magnetic fields. The 

respiratory cycle comprising inhalation and exhalation was 

included to capture realistic physiological airflow and 

tissue deformation. 

Simulations using Fe₃O₄ nanoparticles showed 

effective temperature elevation within the tumor region. 

The porous nature of the lung tissue, combined with 

airflow during breathing, had a measurable impact on heat 

distribution. Inhalation and exhalation phases caused 

distinct patterns of thermal dispersion, which were 

analyzed separately to understand their effect on treatment 

efficiency. 

Although tissue damage analysis was not included in 

this study, the temperature distributions obtained suggest 

that magnetic hyperthermia with Fe₃O₄ nanoparticles can 

achieve therapeutic temperature levels in a localized 

manner. These findings provide valuable insights into the 

optimization of nanoparticle-assisted hyperthermia for 

lung cancer and highlight the importance of considering 

respiratory mechanics in thermal treatment planning. 
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Fig. 2. Distribution of magnetic field intensity in the lung (a), 

and in the tumor (b). 

Magnetic Field Distribution 

The selection of a 300 kHz frequency is grounded in prior 

research demonstrating that this range optimally balances 

effective heat generation with minimal off target heating. 

Frequencies higher than this threshold risk inducing 

excessive thermal damage to healthy tissues, whereas 

lower frequencies may lead to insufficient energy 

absorption by the magnetic nanoparticles. Therefore, 

precise optimization of both frequency and magnetic field 

strength is essential to maximize therapeutic efficacy [47- 

49]. 

At the chosen frequency of 300 kHz, the magnetic field 

distribution exhibited stability and consistency for Fe₃O₄ 

nanoparticles across inhalation and exhalation phases. The 

magnetic field established a spatial gradient, with its 

intensity peaking centrally within the tumor and gradually 

diminishing towards the periphery. This near-uniform 

distribution facilitates controlled and consistent heat 

generation throughout the targeted area, thereby enhancing 

treatment effectiveness. Moreover, the field’s stability 

during different respiratory phases significantly improves 

treatment reliability, enabling precise thermal 

management despite physiological motion. Prior studies 

have underscored the critical role of stable magnetic field 

distributions in optimizing nanoparticle heating 

performance during hyperthermia therapies. 

Collectively, these results confirm that Fe₃O₄ 

nanoparticles benefit from a stable magnetic field at 300 

kHz, ensuring efficient, localized heat deposition within 

the tumor while minimizing thermal exposure to adjacent 

healthy tissues.  

Distribution of Magnetic Nanoparticle Heat in the 

Tumor 

The simulation results illustrate the heat distribution 

generated by magnetic nanoparticles within the tumor, 

considering the lung microenvironment and respiratory 

airflow dynamics during inhalation and exhalation phases. 

The alternating magnetic field at 300 kHz frequency 

effectively induces localized heating, resulting in 

temperature elevations within the tumor tissue. 

During inhalation, the increased airflow and expansion 

of lung tissue enhance convective heat dissipation, which 

slightly reduces temperature peaks, particularly at the 

tumor periphery. Conversely, during exhalation, reduced 

airflow and lung contraction facilitate more uniform heat 

retention within the tumor, leading to higher and more 

homogeneous temperature distribution. These findings 

demonstrate that respiratory phases significantly influence 

thermal profiles in lung tissue during magnetic 

hyperthermia. Understanding these dynamics is essential 

to optimize treatment parameters and ensure therapeutic 

temperatures (42–46 °C) are achieved consistently 

throughout the tumor while minimizing thermal exposure 

to adjacent healthy tissues.  

 

Fig. 3. Heat distribution of nanoparticles in porous lung tissue 

during respiratory phases: inhalation (a) and exhalation (b). 
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Temperature Distribution During Respiratory 

Phases: Inhalation and Exhalation with Cardiac 

Thermal Safety 
The temperature distribution within the lung tumor, 

surrounding tissues, and adjacent cardiac region was 

investigated under the inhalation and exhalation phases of 

respiration. Considering the proximity of the heart to the 

thoracic cavity, maintaining cardiac thermal safety is 

critical during magnetic hyperthermia treatment. 

Inhalation Phase: During inhalation, cooler air entering 

the lung enhances convective heat loss, which slightly 

reduces temperatures near airways and tumor margins, 

while the tumor core maintains therapeutic temperatures 

(42–46 °C) through efficient heat generation by magnetic 

nanoparticles. Importantly, thermal monitoring of the 

cardiac region indicated that the temperature remained 

below 39 °C, well within safe limits, thus preventing any 

risk of thermal injury to the heart. 

Exhalation Phase: In exhalation, decreased airflow 

reduces convective cooling, leading to improved heat 

retention and a more homogeneous temperature 

distribution within the tumor. Despite the overall 

temperature increase in the lung tissue, the cardiac region’s 

temperature stayed consistently below the critical 

threshold, confirming that hyperthermia treatment can be 

localized effectively without compromising cardiac safety. 

This dual-phase analysis highlights the necessity of 

incorporating respiratory dynamics and adjacent organ 

thermal constraints into computational models. The results 

demonstrate that magnetic hyperthermia can be optimized 

to deliver sufficient tumor heating while safeguarding vital 

organs like the heart, supporting its potential clinical 

applicability in thoracic oncology. 

 
Fig. 4. Temperature distribution during respiratory phases: 

inhalation (a) and exhalation (b). 

Temperature Contours in Lung 

Figure 5 show Spatial temperature contours in a vertical 

lung slice during inhalation and exhalation phases. During 

inhalation, cooler air entering the airway results in reduced 

peripheral heating, particularly near the upper bronchi. In 

contrast, during exhalation, heat dissipation is minimized, 

leading to a more homogeneous thermal profile and 

enhanced retention within the tumor region. These 

dynamics illustrate the impact of respiratory airflow on 

thermal distribution and highlight the importance of timing 

in hyperthermia treatment optimization. 

 

Fig. 5. Spatial temperature contours in a vertical lung slice 

during (a) inhalation and (b) exhalation. 

Time-Dependent Temperature During Magnetic 

Hyperthermia 

Figure 6 show Time-dependent temperature evolution in 

three anatomical locations during magnetic hyperthermia 

treatment: tumor center, tumor edge, and cardiac tissue. 

Fe₃O₄ nanoparticles were subjected to a 300 kHz, 300 A/m 

alternating magnetic field. The tumor center reached 

therapeutic temperatures (~44.5 °C) within 160 seconds, 

while the cardiac temperature remained consistently below 

the safety threshold of 39 °C (red dashed line), 

demonstrating localized heating and cardiac thermal 

safety. 

 

Fig. 6. Time-dependent temperature evolution in three 

anatomical locations during magnetic hyperthermia treatment: 

tumor center, tumor edge, and cardiac tissue. 

DISCUSSION 

Simulation results showed that airflow dynamics and lung 

tissue deformation significantly influence the thermal 

profile within the tumor region. Inhalation and exhalation 

phases produced distinct patterns of heat dispersion due to 

variations in convective flow and tissue density. These 

findings underscore the importance of including 
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respiratory mechanics in hyperthermia treatment planning, 

particularly for thoracic tumors located in highly dynamic 

anatomical regions. 

Fe₃O₄ nanoparticles demonstrated the ability to 

generate localized heating within the therapeutic 

temperature range (42–46 °C), which is essential for 

inducing apoptosis in cancer cells. Compared to simpler 

models that assume static tissues and homogeneous 

environments, the incorporation of porous media and 

respiratory dynamics yielded a more accurate 

representation of the thermal behavior in lung tissue. These 

insights can guide future experimental validation and the 

design of optimized clinical protocols. 

Although tissue damage modeling was beyond the 

scope of this study, the observed temperature elevations 

suggest a promising potential for effective tumor ablation 

under controlled conditions. Further investigations 

involving cellular response models and patient-specific 

geometries could strengthen the translational relevance of 

these findings. 

Additionally, only Fe₃O₄ nanoparticles were evaluated 

in this study. While they are well-established in 

hyperthermia applications due to their magnetic 

properties, future work may explore alternative materials 

with improved biocompatibility or targeted delivery 

mechanisms to enhance treatment efficiency and safety. 

Clinical Translation and Challenges 

Magnetic nanoparticle-mediated hyperthermia holds great 

promise as a minimally invasive therapeutic approach for 

lung cancer. However, several critical challenges must be 

addressed to enable its safe and effective clinical 

translation. 

Safety and Biocompatibility Concerns 

The long-term biocompatibility and biodistribution of 

magnetic nanoparticles remain primary concerns. That 

Fe₃O₄ nanoparticles are widely regarded as biodegradable 

and relatively safe for biomedical applications. Prolonged 

retention in vital organs such as the liver, spleen, and lungs 

may induce systemic toxicity or inflammatory responses. 

Therefore, optimizing surface functionalization and 

coatings is essential to improve biocompatibility, reduce 

immunogenicity, and facilitate efficient nanoparticle 

clearance. 

Targeted Delivery to Lung Tumors 

Effective nanoparticle accumulation in lung tumors is 

challenged by physiological barriers inherent to the 

pulmonary system. Direct intratumoral injection can 

achieve high local concentrations but is invasive and less 

practical for widespread clinical use. Intravenous 

administration demands the development of active or 

passive targeting strategies to maximize tumor specificity 

and minimize off-target effects. Alternatively, inhalation-

based delivery methods have emerged as a potential 

strategy to bypass systemic circulation and increase 

nanoparticle deposition directly within lung tissues, 

potentially improving therapeutic outcomes. 

Thermal Dose Optimization and Treatment Planning 

Uniform heat distribution within the tumor volume is 

critical for successful hyperthermia treatment. Clinical 

implementation is complicated by heterogeneous tumor 

vascularization, respiratory-induced motion, and 

variability in nanoparticle uptake, all of which may cause 

non-uniform temperature profiles and reduce treatment 

efficacy. Advancements in real-time thermal monitoring 

technologies, such as MRI-guided thermometry, are vital 

to dynamically adjust treatment parameters during 

therapy, ensuring optimized and safe thermal dosing. 

Combination of Hyperthermia with Conventional 

Therapies 

Given the complexity and heterogeneity of lung cancer, 

magnetic hyperthermia alone may not suffice for complete 

tumor eradication. However, it holds significant potential 

as an adjunct to established treatment modalities: 

Hyperthermia and Immunotherapy: Elevated 

temperatures can enhance immune activation, increasing 

tumor antigen presentation and stimulating cytotoxic T-

cell responses. This suggests a synergistic potential when 

combining Fe₃O₄ nanoparticle-mediated hyperthermia 

with immune checkpoint inhibitors (e.g., anti-PD-1/PD-L1 

therapies) to improve therapeutic outcomes. 

Hyperthermia and Chemotherapy: Localized 

hyperthermia increases chemotherapeutic drug penetration 

into tumor tissues, amplifying the cytotoxic effects of 

agents such as cisplatin and paclitaxel. 

Hyperthermia and Radiotherapy: Fe₃O₄ nanoparticles 

serve as radiosensitizers; therefore, Fe₃O₄ nanoparticles 

could simultaneously potentiate hyperthermia and enhance 

radiotherapy efficacy by increasing DNA damage within 

tumor cells. 

CONCLUSION 

This study presented a computational investigation of 

magnetic hyperthermia for lung cancer treatment using 

Fe₃O₄ nanoparticles. By incorporating the porous structure 

of lung tissue and simulating respiratory dynamics, the 

model offered a realistic representation of heat transfer 

under physiological conditions. The results demonstrated 

that magnetic nanoparticles can effectively raise tumor 

temperatures to the therapeutic range (42–46 °C), while 

the influence of inhalation and exhalation phases plays a 

critical role in shaping thermal distribution. 

The findings highlight the importance of considering 

airflow and tissue deformation in the thoracic region when 

designing hyperthermia-based cancer therapies. The 

approach provides a valuable foundation for optimizing 

treatment parameters such as nanoparticle concentration, 

magnetic field strength, and exposure duration. 

Although the current study did not model tissue 

damage or biological response, the thermal analysis 

supports the potential of magnetic hyperthermia as a 

minimally invasive and localized treatment strategy for 

lung cancer. Future work may expand upon this model by 

integrating biological effects, patient-specific geometries, 

and experimental validation to move toward clinical 

application. 
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