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Abstract 

Magnetic hyperthermia cancer treatment, uses magnetic nano-particles as heating source. In 

this magnetic nanoparticle hyperthermia (MNPH), heat is generated locally through 

nanoparticles induced to the targeted tissue (tumor tissue) under the influence of external 

magnetic field. This hyperthermia applicator has higher spatial control of heat generation thus 

targeted damage could be induced to tumor tissue while minimizing the thermal damage to the 

neighbouring healthy tissue.  However, this novel therapy has some limitations and challenges 

in its practical implementation. These challenges are in the form of magnetic nanoparticle 

(MNP) heating power enhancement, regulating their dose and distribution, achieving spatial 

control of tumor temperature by multisite injections, and ensuring the safe infusion of particles. 

The present study aims to address these challenges and limitations to make magnetic 

hyperthermia applicable to the future cancer treatment therapy. 

The important parameters for efficient heating in MNPH are the MNP’s properties, size, 

materials, and externally applied magnetic field parameters (amplitude and frequency). A 

numerical investigation is done to analyze the effects of these parameters on heat generation 

for three nanoparticle systems (CoFe2O4, Fe3O4, and MnFe2O4. The quantification of specific 

loss power (SLP) or heat generation of different nanoparticle systems, which is influenced by 

their size-dependent magnetization (𝑀𝑆) and the anisotropy energy has been done. Correlations 

for magnetization (𝑀𝑆) and the anisotropy energy based on the previously reported 

experimental data have been established. These correlations are introduced into the 

Rosensweig model of induction heating for considered MNP systems. The comparisons show 

that SLP estimation using MNP size-dependent saturation magnetization (𝑀𝑆) are much closer 

to the experimentally reported values of SLP for all three MNP systems in comparison to SLP 

estimated by fixed values of saturation magnetization on (𝑀𝑆) and anisotropy energy constant 

(𝐾𝑒𝑓𝑓). Results show that dissipated power reaches a peak at a specific nano-particle size (𝐷𝑂). 

However, the (𝐷𝑂) varies with the magnetic field frequency and amplitude. It is also concluded 

that a particular size of MNP at resonant amplitude and frequency generates the maximum 

SLP. Additionally, in In Intro study, the SLP of magnetite (Fe3O4) nanoparticles dispersed in 

agar gel has been measured using a hyperthermia applicator (NAN201003 Magnetherm 

Applicator). The experimental temperature profiles were compared with the computational 

profile obtained using the bioheat model. The numerical results are in good agreement with 
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experimental results. This increases the confidence and applicability of the simulated results of 

MNPH for further computational investigation of MNPH. 

In the first computational investigation of MNPH, tumor tissue position (depth) with 

respect to the skin surface as well as clinical environment conditions have been changed. The 

three-dimensional (3D) breast tumor model, enclosed by the healthy tissue is used for MNPH 

simulations. The position and heat transfer rate through the skin are altered to evaluate their 

effect on MNPH. The embedded tumor tissue (of size 1.5 cm) is positioned at six different 

depths with respect to the top surface and three heat transfer coefficients (ℎ𝑐 =

2.5, 5, 𝑎𝑛𝑑 7.5 𝑊 𝑚2𝐾⁄ ) on the skin are considered to simulate a wide range of clinical 

environment conditions during MNPH. The values of ℎ𝑐 is calculated from the analytical 

relations derived for natural and forced convection heat transfer from different posturing and 

ambient conditions exposed on human mannequin in literature. MNPH is induced for 1 hour 

with two heating powers (10 kA/m and 12.5 kA/m at 130 kHz) to assess thermal damage 

(Arrhenius (Ω=4.6) and cumulative equivalent minutes (CEM43)60 in the tissue. Results show 

that a critical depth exists, which is nearly half of the tumor size, up to which the MNPH is 

influenced by the position of the tumor. Similarly, the effects of the ambient conditions during 

this thermotherapy on thermal dosimetry also cease beyond this critical depth. The estimation 

of the critical depth of the tumor will help in predicting the therapeutic effects of magnetic 

hyperthermia applicators for specifically positioned tumors in actual environmental conditions. 

Further, the computational investigations are carried out to determine the breast tumor 

size-dependent MNP dose (mg of MNP cm3⁄  of tumor tissue) for MNPH. The investigation is 

done through the simulations on the tumor models generated from DCE_MRI DICOM images 

of the patient’s breast cancer from TCIA (‘The Cancer Imaging Archive’). Five tumor models 

are produced from MRI data using 3D slicer software, ranging from 3 cm3 to 15 cm3. The FEM-

based solver (COMSOL multi-physics) is used to simulate bioheat transfer physics in all five 

extracted models. Single and multipoint injection strategies have been used to induce MNP in 

tumor tissues. The required MNP dose that may induce necessary therapeutic effects is 

evaluated by comparing the therapeutic effects produced by constant dose (CD) (5 mg cm3⁄ ) 

and variable reduced dose (RD) (5.5-2.8 mg cm3⁄ ) methodologies. The current observation 

states that for the requisite therapeutic effects, injected MNP doses (mg cm3⁄ ) should not 

remain constant as the size of the tumor increases. In fact, MNP dose (mg cm3⁄ ) should be 

reduced as the size of the tumor increases. Results also show that RD works better with a multi-

injection strategy than a single injection of MNP. It has been found that the effective MNP 
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dose (mg cm3⁄ ) is reduced by 50% for the biggest tumor size (15 cm3) using multi-injection 

MNP delivery with respect to the smallest tumor (3 cm3) selected in this study.  

Using the DICOM database, a more realistic tumor model has been developed. A more accurate 

physical model for MNPH application has an artery embedded inside the tumor. The MNP 

particles are infused to the tumor tissue using a multipoint injection strategy to gain a 

homogenous temperature distribution. The thermal damage of the tumor region has been 

evaluated with two conditions, i.e., with the flow and without the flow of blood through the 

artery. It has been observed that arterial blood flow, transports a substantial amount of heat. 

This reduces the thermal damage to tumor tissue during hyperthermia. It was noticed that the 

thermal damage was reduced by 25% due to the arterial blood flow in the partially submerged 

artery in the tumor region. It is concluded that besides the MNP distribution, its dose, and 

injection sites, the therapeutic effects of MNPH is significantly influenced by the blood vessels 

and arteries surrounding the tumor. The investigations carried out in this thesis aim to generate 

knowledge domain for MNPH that may help to optimize this therapy for future clinical 

applications. 
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CHAPTER 1 

Introduction 

 General scenario  

Cancer has become an epidemic in today’s world. Cancer is the most significant cause of 

mortality globally, accounting for over 10 million deaths in 2020, or roughly one in every six 

[1]. It has been reported that the Asia continent and its countries are at higher risk of cancer 

according to a survey, 58.3 % of cancer-related mortality was reported only from Asia [2]. The 

most common cancers are breast, lung, colon, skin, rectum, and prostate. Among all types of 

cancer, breast cancer accounts for the maximum number of cases, and lung cancer accounts for 

the maximum number of deaths worldwide [1]. The statistical details of different types of 

cancer are compiled in the following section. 

 Cancer types and their status 

There are 100 different types of cancer disorders that are categorized based on the type of cell 

mutations. Among these, some common types are carcinomas, sarcomas, leukemia, myelomas, 

etc, which originate from different cell types like epithelial, white blood cells, bone marrow, 

etc [3]. Cancer can affect different organs and tissues in the body, such as the breast, lungs, 

colon, skin, blood, bone, brain, etc. Various cancers manifest different symptoms, causes, risk 

factors, treatments, and prognoses [4].   

Staging, which describes the extent to which the cancer has grown and spread at the time of  

Table 1.1: Cancer status in different organs according to the Cancer Census 2020.[5] 

Rank Cancer New cases in 2020 % of all cancers 

 All cancers* 18,094,716  

1 Breast 2,261,419 12.5 

2 Lung 2,206,771 12.2 

3 Colorectal** 1,931,590 10.7 

4 Prostate 1,414,259 7.8 

5 Stomach 1,089,103 6.0 

6 Liver 905,677 5.0 
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diagnosis, can be used to ascertain cancer status in various organs. Some of the cancers, which 

contribute more than 50 % of all cancers according to the Cancer Census 2020 are given in 

Table 1.1. Among all cancer types, ‘Breast cancer’ is the most commonly diagnosed cancer in 

women and the second leading cause of death worldwide [6]. Thus, in this work, breast tumor 

tissue has mainly been considered for the computational modeling of hyperthermia treatment. 

The following section describes some of the conventional cancer treatment methodologies. 

1.2.1  Cancer therapeutic strategies/modalities. 

Many new strategies and treatments have been evolving or are developing to cure, shrink, or 

prevent cancer progression. The choice of treatment depends on the type of cancer, the stage 

of cancer, and the goals of treatment methodology. The commonly used modalities for the 

battle against cancer are chemotherapy, radiation therapy, and surgery. Amongst these, 

chemotherapy is one of the most widely used cancer treatment methodologies. However, its 

advancement has been hampered by a variety of lethal side effects associated with the toxicity 

of common chemical medicines [7]. Developing tailored and localized medication or 

enhancement approaches might help to reduce the side effects by raising the therapeutic index 

of chemotherapy [8]. On the other hand, through technological advancement, radiation therapy 

(RT) is also routinely used for cancer treatment [9]. However, the development of radio 

resistance by cancer cells and the harm that RT-induced radiation causes to normal cells 

endanger the efficacy of radiotherapy. Surgery has also been utilized for reconstructive, 

supportive, and curative purposes. Surgery is successful for the treatment of early-stage cancer, 

in breast and colon cancer [10], as well as for a few cases in the advanced stage, like testicular 

cancer. There are other therapies, like immunotherapy, that aid the immune system in its battle 

against cancer. In this therapy, synthetic immune system proteins are administered orally, 

topically, intravenously, or via infusion, stimulating the immune system to function more 

effectively or intelligently against cancer cells. Conventional treatments like surgery, radiation 

therapy, and chemotherapy are still considered a preferred option to cure cancer. However, 

these conventional treatment methodologies for cancer are invasive and can have several 

harmful after-effects [11]–[13]. Therefore, the treatment methodology, which is minimally 

invasive and has fewer after-effects, has always been society’s need. Several efforts have been 

made to develop such treatment methodologies for cancer treatment. 

Hyperthermia is one such non-invasive or minimally invasive treatment therapy for cancer 

treatment. In this treatment, the body temperature is increased by 3 to 8 °C above normal body 
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temperature, i.e., 37 °C to kill the cancer cells. Usage of temperatures above this range results 

in cell necrosis, termed thermoablation. Hyperthermia can be applied as a standalone therapy 

or in conjunction with other conventional therapies. When applied in conjunction, 

hyperthermia enhances the therapeutic effects of radiation and chemotherapy [14]. 

Hyperthermia accelerates the inhibition of DNA repair when applied jointly with radiotherapy. 

This results in a hindrance to cancer cell proliferation [15]. Furthermore, for extreme 

hyperthermia or thermal ablation, the tissue temperature is generally raised above 60˚C to 

directly kill the tumor cells [16]. With new-age technologies, this therapy has brought new 

hope to cancer patients as a promising therapy among the alternative cancer-curing methods.     

  Hyperthermia 

The word hyperthermia comes from two Greek words, ‘hyper’ and ‘therme’, which indicate 

“rise” and ‘heat’, respectively [17]. This condition is attributed to an increase in body 

temperature. William B. Coley [18] initially conducted experiments on inoperable tumors and 

observed that patients with high fever due to erysipelas, demonstrated spontaneous regression 

of tumors in some instances.  

This brought forth the thermotherapy called hyperthermia, in which temperatures from 40 °C 

to 45 °C are used to treat tumors. Busch [19] and Kienle [20] also found that sarcoma 

disappeared due to a very high fever and suggested that cancer cells are susceptible to high 

temperatures. Maintaining the cells at a temperature between 41 °C and 46 °C for at least 20 

minutes or up to 60 minutes causes direct damage to the cancer cell (varies in the literature) 

[21][22]. If the tissue temperature is maintained above 50 °C, it is termed coagulation, and if it 

remains between 60-90 °C, it is termed thermal ablation. In modern oncology, the temperature 

increment is artificially induced in a particular region of the body by some external heat source 

to kill tumor tissue or to sensitize it for another cancer treatment. Hyperthermia is induced by 

an external source, resulting in some adverse effects like blisters, burns, and discomfort. So, 

instead of exposing a large area or whole body to high temperatures, hyperthermia is now used 

locally to boost therapeutic efficiency. 
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There are three main types of hyperthermia methods employed, i.e., local, regional, and whole-

body hyperthermia, as categorized in Figure 1.1. Several types of hyperthermia applicators that 

use different energy sources have been designed. Further details of these applicators have been 

summarized in the following section.  

1.3.1 The different types of hyperthermia applicators 

As categorized in Figure 1.1, the use of hyperthermia applicators depends upon the tumor 

location, its depth, and stage. The first one, i.e., local hyperthermia, is more dedicated to the 

small tumors (maximum 5-6 cm diameter) sited superficially or at an accessible location of the 

body [23]. The superficial tumors are clinically treated with different types of hyperthermia 

applicators. These consist of electromagnetic (EM) antennas, EM capacitive electrodes, 

ultrasonic transducers, and infrared heating systems. In general, these devices deposit energy 

to heat a limited volume of tissue close to the heating device. A brief introduction and summary 

of the operating principles of various systems for heating superficial tissue is in the next 

paragraph. 

Electromagnetic (EM) antennas and electrodes use different waveguide structures, which 

operate in a range of 100-2000 MHz to generate the heating inside tissue termed as specific 

absorption rate (SAR) [24]. These EM applicators are designed in single and multi-element 

array configurations [25]. A water bolus is typically integrated into the applicator to control the 

surface temperature of the targeted tissue. These applicators have design flexibility (small or 

big size) as per the heating requirement but are limited to superficial tissue heating purposes. 

Figure 1.1: Types of hyperthermia and their respective clinical applicators. 
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The ultrasound (US) heating system works with ultrasound wave propagation at 2-20 MHz and 

focuses power into soft tissues to heat them. This therapy is suitable for small regions due to 

its narrow wavelength and is more directional than EM heating with minimal ‘sidelobes’. It 

provides more precisely adjustable SAR with good penetration depth [26]. However, sound 

waves get absorbed in bones and initiate pain during treatment. The tiny microwave antenna 

array, laser fibers, RF electrodes, and US transducer applicators are generally employed in 

interstitial and intracavital hyperthermia. Among these, the interstitial applicators are inserted 

inside the tumor with an invasive procedure, and the intracavital applicators deliver heat 

through natural human body cavities like the rectum, urethra, esophagus, etc [23].  

To heat the large parts of the body, regional hyperthermia (RH) is applied to the patients. The 

RH is applied using three main techniques, i.e., external applicators (for deep tumors), limb 

thermal perfusion, and continuous hyperthermic peritoneal perfusion (CHPP). The ring-shaped 

multi-element microwave antennas are being used for deep-seated tumors operating in 70-150 

MHz frequency range. The tumor affecting arms, legs, lungs, liver, etc, can be treated with 

regional thermal perfusion in which the artery is bypassed and drained blood is heated 

externally. Sometimes, CHPP is also employed in conjunction with chemotherapy to enhance 

its efficacy in dealing with cancer in the abdominal cavities. If the patients have severe 

malignancy or tissue sarcoma, whole-body hyperthermia (WBH) is done instead of regional 

hyperthermia. The patient's body is dosed with anesthesia or sedation and is heated upto 42 °C 

for 1 hour or 41 °C for 3 to 4 hours [23]. As WBH offers the most homogenous heat distribution, 

but some complications are associated (thermal stress to the brain, lungs, liver, heart, etc.). 

Additionally, a novel cancer therapy employs heat treatment with magnetic nanoparticles. In 

this technique, iron oxide nanoparticles are injected into the tumor tissue and heated using a 

high-frequency magnetic field [27]. This offers a chance to heat tumors located in deep body 

areas, including the pelvis (prostate and cervical cancer) or skull (recurrent glioblastoma), 

resulting in controlled cell death [28]. This therapy offers better tumor targeting ability, ease in 

delivery of MNP, and subsequently, better temperature control inside the tumor region. 

Compared to the other therapies, magnetic nanoparticle hyperthermia (MNPH) is minimally 

invasive and effective in localized heating with fewer side effects. In addition, it can be applied 

in conjunction with other therapies, such as radiation and chemotherapy [27]. Current work is 

focused on the investigation of MNPH.  
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 Magnetically induced hyperthermia. 

Nanoparticles (NP) are being used in many biomedical applications, including magnetic bio-

separation and detection of biological entities (cell, protein, nucleic acids, enzymes, bacteria, 

viruses, etc.), clinic diagnosis and therapy (such as MRI (magnetic resonance image), MNPH 

(magnetic nanoparticle hyperthermia) [29][30]. The MNPs (magnetic nanoparticles) 

suspended in fluid produce heat when exposed to an external alternating magnetic field (AMF). 

The heat generation by MNPs is mainly due to relaxation loss, hysteresis loss, and eddy current 

mechanisms [31].  

 

The MNPs are generally injected/administered through the intravascular or directly into the 

tumor or targeted tissue. Subsequently, the MNPs are exposed to the external alternating 

magnetic field (AMF) to generate heat within the targeted tumor. This procedure leads to 

targeted and localized heat generation within the affected tissue, known as magnetic 

nanoparticle hyperthermia (MNPH) or magnetic nanofluid hyperthermia therapy (MNFHT), as 

shown in Figure 1.2.  

1.4.1 Parameters influencing the heating efficiency of MNPs in hyperthermia. 

The heat generation in the tissue with MNPH depends upon many parameters that include the 

magnetic and thermo-physical properties of MNPs, size and shape of the particles, distribution 

of MNPs in the tissue, magnetic field parameters (strength and frequency), and physiological 

structure of tumor tissue [32]–[34]. MNP material, shape, size, and magnetic properties are the 

key factors on which the heat generation by MNP depends. Therefore, nanoparticle synthesis 

Figure 1.2. Schematic of magnetic nanoparticle hyperthermia applied as a standalone 

therapy. 
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and devising adaptable physical and chemical properties for MNPH are key areas of research 

for MNPH. Mainly iron oxide nanoparticles and their ferrites like magnetite (Fe2O3), 

maghemite (γ-Fe2O3) are preferred for magnetic hyperthermia. 

Table 1.2: Factors affecting the heating efficiency of MNPs in MNPH. 

Parameters Importance Biological characteristics References 

Material of 

MNP 

Ferromagnetic materials, 

especially iron and its ferrites in 

a 10 to 100 nm size range have 

excellent hyperthermia 

compatibility. 

Ability to generate heat, 

Biocompatible, tunable 

morphology 

[22][35] 

Particle size MNP in the superparamagnetic 

size (8-25 nm) range shows 

better heat induction. 

Size with high infusibility 

optimum heat induction balance 

through relaxation losses is 

recommended for cellular 

uptake. 

[36] [37] 

Magnetization Single-domain nano-size 

particles reflect high 

magnetization and heat 

generation. 

Biocompatible material with 

high magnetization leads to less 

material intake to the tissue. 

[38][39] 

[40] 

Magnetic 

anisotropy 

Less anisotropic MNPs have 

high induced heating. 

This parameter quickly decides 

the best geometrical shape of the 

particle to be injected into the 

tissue. 

[41][42] 

Fluidic medium 

viscosity 

It's a supporting medium that 

allows the MNP to inject and 

diffuse inside the tissue. 

Cellular medium reduces the 

particle's magnetism to around 

half the water-based fluid value. 

[43] [44] 

Coating/Non-

magnetic layer 

It permits better dispersion, 

solubility, and colloidal  stability 

by avoiding agglomeration of 

MNPs 

Organic and inorganic materials 

are used to coat the MNP to have 

better biocompatibility. 

[19][45] 

MNP 

concentration 

High deposition of MNPs at a 

site improves heating, but multi-

site injection is preferred to 

reduce toxicity. 

The particle concentration 

should be less than 4 mg/g of 

tissue to avoid acute toxicity. 

[33][46] 

[47] 

Particle 

distribution 

MNP distribution and infusion 

rate have strong mutual 

dependencies. A controlled 

infusion leads to better spatial 

spread of MNPs in the tissue. 

MNP spreads upto the tumor 

boundary by Gaussian 

distribution has a better heat rate 

than uniform spread. 

[33][48] 

[49] 

AMF 

amplitude and 

frequency 

These key factors lead to heat 

induction when MNP-loaded 

tissue is exposed to AMF. 

The combined effect ( 𝑓 × 𝐻0) 

exposure should be limited to  

1.35×109 A m. s⁄ . 

[50][51] 
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These iron based MNPs offer the advantages of long-term chemical stability and 

biocompatibility, as well as ease of surface modification and functionalization. These factors 

affect the interaction of MNPs with biological tissue at the molecular level [52]. Surface 

functionalization plays a vital role in the synthesis of MNPs for MNPH to prevent aggregation 

of bare MNPs. The outer surface MNPs can be coated with different ligand materials, such as 

organic, inorganic polymeric, and non-polymeric surfactants [53]. These surfactants and 

ligands enhance the colloidal stability, cell viability, biocompatibility, and circulation of MNPs 

in the tissue as well as reduce the risk of blockage in blood capillaries [34]. The MNPs of high 

magnetization and superparamagnetic size range (8 to 25 nm) [36][37] always is a better choice 

to produce high specific loss power (SLP), i.e., the electromagnetic energy power generated 

per unit mass. Since magnetic hyperthermia typically utilizes smaller magnetic particles (less 

than 30 nm), the SLP generation happens through relaxation processes, specifically Neel and 

Brownian relaxation. It is noticed in the literature that the Rosenwieg model [32] for SLP 

calculation of MNP inside the biological media under a magnetic field is commonly utilized 

by researchers [54] [55]. On the other hand, experimental measurement of SLP by the 

calorimetric method (initial slope method) is also well documented in experimental studies of 

hyperthermia [56][50][57][58]. 

As discussed in this section, heat generation by magnetic nanoparticles under the action of 

high-frequency alternative magnetic depends upon many factors. The effect of each factor on 

the heat generation during MNPH is summarised in Table 1.2. It should be noted from this table 

that beyond the MNP properties, other factors like MNP fluid viscosity, ligand material, MNP 

concentration, and their spread inside the tissue also affect the SLP generation. The factors 

affecting heat generation during MNPH is summarised in Table 1.2. 

 Works on MNPH 

1.5.1 MNP materials and SLP estimation for MNPH: 

There are various parameters that have a significant impact on the amount of heat generation 

from MNPs during MNPH is discussed in the previous section. These are the material type, 

size, and concentration of MNPs, their spatial distribution and interactions with the tissue, and 

the strength and frequency of AMF [27]. The combined effects of these parameters affect heat 

generation and temperature profiles in tissue during the MNP-based hyperthermia therapy. The 

important parameters are MNP material and size, i.e., the material must have susceptibility to 

an external AMF. Commonly used MNP materials in MNPH applications are iron oxides and 
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their spinal ferrite of different chemical combinations with other magnetic materials [50] [59]. 

Different authors utilize different combinations of materials to make these ferrites more 

compatible to have the required magnetic properties, as shown in Table 1.3. These ferrites are 

expressed by M(FexOy), where ‘M’ denotes the other metal cation (such as cobalt, manganese, 

Zinc, nickel, and Fe), and ‘x’ and ‘y’ are the valance variables. Prasad et al. [60] synthesized 

particles of manganese (Mn) as a metal cation and iron oxide as a base and proved them to be 

an excellent candidate for causing cell death in the In Vitro study. Similarly, Yoa et al. [61] 

developed Gd-substituted zinc ferrite with co-precipitation synthesis protocol with high heat 

generation and low cytotoxicity, details can be found in  Table 1.3. 

Table 1.3: MNP materials used in the In Vitro studies for MNPH. 
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Ferrites are extensively studied because of their superior magnetic properties and higher 

biocompatibility in the cellular environment for hyperthermia application [22] [62] [63]. In the 

current hypothesis, three different spinal ferrites, i.e., manganese ferrite (MnFe2O4), cobalt 

ferrite (CoFe2O4), and magnetite (Fe3O4), have been considered to estimate MNP size-

dependent SLP. It is notable that most of the studies do not consider the effect of MNP size 

variation on magnetic properties (magnetic anisotropy and magnetization) for SLP calculation 

[65] [56]. However, different authors in experimental studies have demonstrated the effect of 

particle size variation on magnetic anisotropy and domain magnetization [41][42] [66].  

1.5.2 The studies on MNPH (experimental & theoretical). 

The first case of MNPH was reported in 1957 when Gilchrist et al. used it to treat lymphatic 

metastasis [67]. Since the distribution of the concentration of MNP in the targeted tissue 

volume is an important factor for the heat dissipation during MNPH. Thus, various 

experimental as well as theoretical studies have been conducted to investigate the effects of the 

dispersion of MNP on the MNPH after its delivery to the targeted tissue. Salloum et al. [33] 

have shown that the dispersion pattern of MNPs after intratumoral injection mainly depends 

on the tissue structure and the infusion rate of MNPs. Based on the MNP dispersion pattern, 

SAR measurements were also conducted by the same group [33]. They found that the SAR 

distribution in the tissue is highly affected by the MNP distribution. SAR measurements 

revealed that the value of SAR is higher where the  MNP concentration is higher.  

   

(a) (b) (c) 

The study conducted by Attaluri et al. [48] on prostatic tumors in mice found that redistribution 

of MNPs takes place during the heating, resulting in a greater spatial spread of MNPs. LeBrun 

Figure 1.3. Schematic of the different nanoparticle distribution methodologies: (a) 

nanoparticles having uniform distribution, (b) concentrated distribution, and (c) Gaussian 

distribution. 
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et al. [68] investigated that repeatable MNP dispersion patterns can be achieved by controlling 

the MNP infusion rate. They concluded that with a slow MNP infusion rate, a controllable MNP 

dispersion pattern could be achieved, whereas with a higher infusion rate, the nonuniformity in 

the MNP dispersion pattern increases.  

Thus, based on the finding of the MNP distribution after its delivery to the targeted tissue, many 

theoretical studies also modeled the MNP distributions in the tissue for MNPH simulations. In 

most of the computational analyses, the MNP distributions are considered uniform or uniformly 

varying with respect to space [60] [69] [79]. Some of the commonly used MNP distributions 

in the tissue for MNPH study are shown in Figure 1.3. Figure 1.3 (a) represents uniform MNP 

distribution in the spherical tumor tissue. Figure 1.3 (b) represents MNP uniform MNP spread 

concentrated only in 40% of the tumor volume,  Attaluri et al. [71]. Figure 1.3 (c) represents 

Gaussian (uniformly varying) distribution in tumor tissue. Furthermore, Kandala et al. [72] 

considered all three types of MNP distribution, i.e., Uniform distribution in the complete tumor, 

uniformly concentrated, and Gaussian distribution in tumor models, as shown in Figure 1.3. 

Among different MNP distribution methods, the Gaussian distribution is considered closer to 

the experimentally predicted MNP concentration for the soft tissue with a low MNP infusion 

rate  [46]. However, in the experimental investigation (In-Vitro, In-Vivo), the MNP spread is 

not necessarily as per the theoretical description shown in Figure 1.3.  

Table 1.4: Numerical studies for magnetic nanoparticle hyperthermia 

Author 
Geometric 

model 

Solution 

Method 

Power 

Source term 

(𝑸𝒔) 

MNP dose, 

distribution, 

and injection 

sites 

Field 

parameters 

Key point 

𝑯
𝟎
 (

k
A

/

m
) 

𝒇
 (

k
H

z)
 

Kaiming 

Shen [73] 

Spherical 

tissue 

Finite 

element 

method @ 

COMSOL 

software 

Rosensw-

eig's model 

1.9 mg/cm3, 

uniform 

concentrated 

multipoint 

8 100 

Effective 

treatment tumor 

volume 

increases with a 

multi-point 

injection 

strategy. 

Golneshan 

AA & 

Lahonian 

[49] 

Concentric 

cylinders 

Lattice 

Boltzmann 

model 

(LBM) 

Gaussian SAR 
NA, 

single site 
15.9 300 

LBM applied 

for the curved 

boundary. 

Soetaert et 

al. [74] 

Spherical 

tumor 

(dia=1.24c

m) 

LBM, 
Experimental 

fitted SAR 

5 mg/cm3, 

Gaussian as 

per 

4-94 150 

The influence 

of amplitude 

modulation was 

tested for an 
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Attluri et al. [77] found that the shape of the ferrofluid spread inside the mice was quite 

irregular, even at the low infusion rate.  A similar outcome was also observed by Hilger et al. 

[78] in the In-Vivo study, which found this irregular spread of magnetic material is caused by 

the high interstitial pressure in the tumor region [79]. The irregular MNP distribution leads to 

uneven temperature distribution and unwanted tissue thermal damage in the healthy tissue 

during MNPH. This heterogeneous heat generation in the tumor may lead to an inefficient 

therapeutic effect [80]. 

The spillover or diffusion of MNPs in healthy tissue may also result in their inadvertent heating. 

Thus, many strategies have been proposed to make MNP distribution in arbitrarily shaped 

tumor tissue more uniform [81][82]. Multi-injection strategy for MNP delivery has promising 

experiment at 

a single site 

inhomogeneous 

spread of 

MNPs. 

M. 

Salloum et 

al. [75] 

Irregular 

geometry 

Derivative-

free Nelder 

Mead 

Simplex 

method 

Experimental 

Gaussian SAR 
NA 45.51 434 

Optimization 

algorithm for 

heating with 

multiple 

injections with 

the concept of 

T90, T50 and 

T10. 

Giordano 

MA et al. 

[54] 

Spherical 

shell tissue 

Green's 

function 

solution 

equation 

Rosensweig's 

model 

105 mg/cm3, 

uniform, 

single 

6.5 500 

Free-space 

Green's 

functions were 

developed for 

the bioheat 

differential 

operator. 

Yundong 

Tang  

et al. [55] 

Spherical 

tissue 

Finite 

element 

method 

Rosensweig's 

model 

NA, 

Concentrated, 

multipoint 

6.3 300 

The effects of 

the number of 

intratumoral 

injections, 

injection doses 

and 

concentration  

were analyzed 

for efficacy. 

Gurmeet et 

al. [76] 

Cubical 

tissue 

Finite 

volume 

method 

Rosensweig's 

model 

5 mg/cm3, 

Gaussian, 

single as well 

as multipoint 

10 100 

Multi-site 

injection 

strategy 

performs better 

than single-site 

injection 

strategy 
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results in producing more uniform temperature elevation in the targeted tissue domain [46] 

[73].  Boroon et al. used an inverse method-based algorithm to predict the number and location 

of injection sites required to obtain uniformity in tumor temperature profiles [46]. Salloum et 

al. [46] have devised an optimization algorithm to estimate optimum temperature profiles 

obtained with multi-site MNP injections in irregularly shaped tumors. Golneshan & Lahonian 

shows the effects of using multiple intratumoral injections instead of just one [46]. Singh et al. 

have reported that the thermal effects of MNPH can be enhanced with the use of multiple MNP 

injections [76]. They have shown that multiple injection sites result in a more uniform 

temperature profile within the tumor as compared to the single-site injection strategy. Similarly, 

Tang et al. [81] propose methods to optimize temperature distribution within tissues by 

considering MNP injection dose and injection site location. Results show that multiple 

intratumoral injection sites enhance the uniformity in MNP spread, thereby reducing the 

chances of heat spot formation. However, studies reveal that even for these multi-point 

injection strategies, MNP dose optimization has not been extensively investigated.  

Furthermore, most of the theoretical (computational) studies discussed in the previous 

paragraphs considered simple tumor models. The details of some of the theoretical (theoretical 

and numerical investigations) [49][54] [74] [83] works are also illustrated in Table 1.4. It can 

be pointed out from these studies that most studies on MNPH consider regular geometric 

models in which cylindrical or spherical-shaped tumor geometries have been considered 

instead of real-shaped tumors. Research studies done by Tang et al. [82] and Dahagin et al.[84] 

consider the arbitrarily shaped tumors but limited to the computationally modified shaped 

geometries rather than real patient-specific tumors. Regarding realistic tumor models, there are 

limited computational studies that have been conducted based on the tumor models 

reconstructed from patient-specific DICOM images (Digital Imaging and Communications in 

Medicine) for MNPH [85], [86]. Few feasibility studies of microwave, RFA (radiofrequency 

wave), and ultrasound waves thermal therapies based on DICOM data have been reported [87], 

[88]. So further research is necessary to explore the feasibility of DICOM data usage to enhance 

the modelling accuracy in the MNPH application. 

In MNPH, the rate of AMF induction heating largely depends upon the MNP mass or 

concentration inside the tumor region. From Table 1.5, it can be noted that different 

investigators have used different MNP doses (mg cm3)⁄  or (mg/kg) of tumor tissue for their 

In-vivo investigation on MNPH.  However, limited studies have been conducted on the optimal 

MNP dose (mg cm3)⁄  or (mg/𝑘𝑔) of tumor tissue) required for standard clinical MNPH 

treatment.  
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In Vivo studies done by Hlger et al. [89] [94] shed light on material dosage in breast tumor cells 

induced in the mice whose details are given in Table 1.4. Clinical trials done by Maier Hauff 

et al.[95], in which upto 31.36 (mg of Fe cm3 𝑜𝑓 𝑡𝑢𝑚𝑜𝑟)⁄  of MNP is intrtumorally injected 

into gliblastoma patients. Similarly Huang et al. [92] used 5100 (mg 𝑘𝑔)⁄  in a mouse model 

which is around 100 times more than the approved recommended MNP dose, i.e., 510 mg/kg 

of tumor [50]. Balivada et al. [92] used 13.30 mg/kg of nanoparticle infused in the breast cancer 

cells and noticed significant suppression in tumor growth. So, in the In Vivo studies, including 

 Table 1.5: In vivo studies of biologically targeted magnetic hyperthermia. 

Reference 
Particle 

used 

Hyperthermia parameters Quantity 

of 

Fe 

delivered 

Target 
Summary 

of Results 

Field 

strength, 

𝑯𝟎 (kA/m) 

Frequency

, 𝒇 (kHz) 

𝑯𝟎 × 𝒇 

 (A/m•s) 

Hilger et 

al. [89] 

Magnetite 

MNP 
1.2–6.5 400 

4.8x108-

2.6 x 109 
28 mg/kg 

breast 

tissue, and 

mice 

bearing 

human 

adeno-

carcinomas 

Tumor 

shrinkage 

after heating 

Hilger et 

al. [78] 

Magnetite 

particle 
6.5 400 2.6 x 109 

40-180 

mg/kg 

Human 

adeno-

carcinomas 

in mice 

Coagulation 

necrosis in 

treated 

tumor cells 

Maier-

Hauff et 

al.  [90] 

Aminosil

ane 

coated 

iron 

oxide 

2.5–18 100 
2.5-18 x 

108 

50-150 

mg/kg 

Human 

brain tumor 

It can be 

safely 

applied to 

glioblastoma 

multiform 

patients 

DeNardo 

et al. [91] 

Nanomag

-D-Spio 

20-nm 

iron oxide 

MNP 

56-113 153 
8.5-

17.2x109 
150 mg/kg 

Breast 

cancer cells 

in mice 

Tumor 

growth delay 

Huang et 

al.[92] 

Magnetite 

MNP 
38 980 

37.2 x 

109 

5100 

mg/kg 

Squamous 

Cell 

Carcinoma 

Durable 

ablation of 

tumors in 

84%  

of 

hyperthermia 

group  

Balivada 

et al. [93] 

Fe/Fe3O4 

nanoparti

cle 

5 366 
1.83 x 

109 

13.30 

mg/kg 

Breast 

cancer 

Tumor size 

reduced after 

AMF 

exposure. 
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first-phase clinical studies, there is an ambiguity in using MNP doses [89][92]. In general, as 

the MNPs are administered to the biological environment, it leads to some intracellular toxicity 

[50]. So, to achieve the desired heating and safe infusion of MNP with minimum toxicity of 

any form, the material dose needs to be optimized for specific tumors of different shapes and 

sizes. 

 It is noticed from the literature that tumor size-dependent MNP dose studies are rare in the 

theoretical as well as experimental hyperthermia. The vast majority of studies (numerical,  In 

Vivo, and In Vitro) employ a constant MNP dose with respect to tumor size. So, more research 

is needed pertaining to the tumor size-dependent MNP dose for the optimum therapeutic 

efficacy of magnetic hyperthermia. 

Apart from the MNP dose, distribution, and injection sites, the blood vessels and arteries in the 

vicinity of the tumor region also play an important role in the therapeutic outcome of MNPH. 

These arteries could work as a major heat sink during MNPH if they cross the tumor boundary. 

However, limited studies have been done to investigate the effects of major blood vessels on 

MNPH [96][97]. The effects of capillaries and blood vessels on MNPH have not been 

thoroughly investigated. So, the exact size and location of any artery or vessel near the heated 

zone need to be precisely identified. The CT-MRI images have been used to locate such 

structures in hyperthermia therapies to assess the post-treatment efficacy [96]. The present 

research has been extended to develop the DICOM data-based (of real patients) tumor models 

to analyze the therapeutic effects of MNPH. This extension includes the effect of blood flow 

through an artery partially engulfed in the tumor region while using multi-point injection sites 

for MNP distribution.  

 Research Gaps in the Literature 

• The estimation of SLP is still associated with many assumptions, and further studies are 

required to reduce the error associated with the theoretical SPL estimation of MNP. 

• Further studies are required to optimize the therapeutic effects of MNPH. 

• Comparison of different MNP systems for MNPH applications is limited. 

• Effects of environmental conditions (air velocity, humidity, etc.) on MNPH have not 

been investigated thoroughly. 

• The effect of tumor position with respect to the skin during MNPH is not reported 

• The existing computational investigations for MNPH are limited to the regular 

geometrical shapes of the tumor. 
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• There is scarce information on using DICOM data-based physical tumor modeling  

studies with MNPH. 

• Limited studies have been done to optimize the MNP dose for a specific size and shape 

of the tumor. 

• The effect of blood vessels in the vicinity of the tumor on MNPH has not been analyzed 

extensively. 

 Motivation and model of the study: 

In the modern era, cancer or tumor has become the largest cause of mortality among all diseases 

due to its incurability to some extent. Conventional treatments, like surgery, radiation therapy, 

and chemotherapy, are invasiveness and have several harmful aftereffects. Therefore, society 

has always needed a minimally invasive treatment that doesn't have the side effects. One such 

minimally invasive or non-invasive cancer treatment method is hyperthermia. MNPH is one of 

the emerging cancer treatment hyperthermia methodologies. However, in magnetic 

nanoparticles hyperthermia (MNPH), the challenges of heterogeneous distribution of MNPs 

inside the tumor and an unequal distribution of heat distribution still exist. It is necessary to 

optimize additional factors, including AMF frequency, strength, and MNP dose, making it a 

topic for interdisciplinary research. Numerical simulation and experimentation are used to 

study both theoretical and practical aspects. The goal is to understand how parameters such as 

MNP distribution, tumor shape and size, and tumor vasculature affect homogeneous heat 

dispersion through simulation. The whole work could benefit the preclinical studies to select a 

potential MNP material, its dose (mg of MNP/tissue volume cm3), and injection location for 

arbitrarily shaped tumors to have higher therapeutic efficacy during MNPH. The assumptions 

and simplifications associated with the mathematical model may be further reduced in future 

studies by incorporating more realistic thermo-physical properties of tumor tissue. 

 Research objective: 

• Application of different MNP systems for optimum thermal therapy. 

• To study the temperature evaluation by the different MNP distributions by numerical 

simulation. 

• To investigate the therapeutic effects of different injection strategies.  



17 
 

• To investigate the effects of thermal dose, MNP distribution, and magnetic parameters 

on therapeutic efficacy using numerical and in-vitro studies.  

• Experimental investigation of MNPs-based hyperthermia (thermotherapy). 

 Outline of work/ thesis organization. 

Chapter 1: This chapter includes a brief description of cancer, its types, and its treatment 

methodologies. The heat-based cancer treatment methodology called hyperthermia and 

different hyperthermia applicators have also been briefly discussed in this chapter. A detailed 

description of magnetic nanoparticle hyperthermia (MNPH) is included in this chapter. The 

current PhD thesis is focused on the MNPH, thus a detailed literature survey on MNPH 

covering different aspects of this therapy is presented in this chapter. Through the literature 

survey, research gaps and objectives of the works have been established. The details of the 

investigated studies under this thesis is included in the next chapters. 

Chapter 2: This chapter contains the details of modifications for the calculation of the heat 

generation by magnetic nanoparticles (MNP) during MNPH. A publication reporting the 

success in solving, modifying, validating, and applying the Rosensweig approach for three 

magnetic nanoparticle systems. The modification is in the form of correlations for 

magnetization (𝑀𝑆) and the anisotropy energy based on the previously reported experimental 

data. This provides a more accurate prediction of specific loss power (SLP) dependence on the 

particle's size and its respective magnetization properties. On the other hand, an In-vitro agar 

gel-based experimental investigation was also performed to compare the experimental results 

with theoretical SLP calculations.  

Chapter 3: In the second study, a 3D tumor model is considered to analyze the 

thermoregulatory response of skin and other ambient clinical conditions during magnetic 

nanoparticle hyperthermia (MNPH). In this work, the depth of the superficial tumor is changed 

with respect to the skin (top surface). Results show that a critical depth exists, which is nearly 

half of the tumor size, up to which the MNPH is influenced by the position of the tumor. 

Similarly, the effects of the ambient conditions during this thermotherapy on thermal dosimetry 

also cease beyond this critical depth. 

Chapter 4: In the third study, the computational work is extended toward the realistic breast 

tumor tissue. Instead of hypothetical geometry, the physical tumor models are constructed from 

patient-specific DICOM images (Digital Imaging and Communications in Medicine) for 
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MNPH application. In this work, the effects of tumor shape and MNP injection strategies on 

the MNP dose (mg of MNP/tissue volume cm3) have been investigated. The outcome shows 

that the MNP dose (mg/cm3) should be reduced as the size of tumor volume (breast models) 

increases.  

Chapter 5: Further, the fourth study includes the effect of blood flow through an artery 

partially engulfed in the tumor region on the MNPH. The tumor model, includes the artery, 

constructed using 3D slicer software from DICOM data. It aims to find the impact of blood 

flow on the amount of thermal dose required for an optimal therapeutic effect during 

hyperthermia. It is observed that the arterial blood carries immense heat during hyperthermia 

and leaves a significant percentage of undamaged tumor tissue.  

Chapter 6: We summarize our results and suggest possibilities for future work. 
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CHAPTER 2 

The SLP Estimation of the Nanoparticle Systems Through Analytical and 

Experimental Investigation 

 Introduction  

In this chapter, the power dissipation of magnetic nanoparticles (MNPs) in the magnetic field 

is numerically as well as experimentally investigated. The major portion of this chapter is a 

theoretical investigation of SLP and the influence of the MNP’s size-dependent magnetic 

properties on the induced dissipated heating power or specific loss power (SLP). Some 

experimental investigation of MNP heating inside the agar gel, along with validation with the 

computational simulation, is also reported in this chapter. As discussed in the introduction, heat 

generation by the MNP during MNPH depends upon the size and other material properties. 

The key parameters for MNP heating in MNPH are MNP properties, size, its materials, and 

magnetic field parameters (amplitude and frequency). Thus, the chapter includes theoretical 

investigations about the effects of these parameters on heat generation during MNPH.  

The theoretical-based numerical investigation considers three different MNP systems 

(MnFe2O4, CoFe2O4, and Fe3O4) with an aim to develop a phenomenal model to understand 

the effect of MNP size distribution on their magnetic properties in magnetic hyperthermia 

performance. In the present study, in addition to the Fe3O4, we also used MnFe2O4 and CoFe2O4 

nanoparticle, to understand how the magnetic properties of these three different nanoparticles 

affect their hyperthermia performance. Thus, in this work, we have tried to compare the heating 

efficiencies of these three systems, keeping the same particle size increase. Based on MNP size 

variations, how the magnetic properties of these particles get changed. 

The focus of this work is to correctly predict two major size-dependent magnetic properties, 

i.e., magnetic anisotropy and saturation magnetization for SLP estimation. It should be noted 

that in most of the theoretical works, values of these properties are considered as constant for 

the estimation of SLP [65], [98]. The magnetic anisotropic energy and its types are influenced 

by many parameters. The primary factors, such as particle shape, size, surface, blocking 

temperature, etc., influence the magnitude of anisotropy energy. This effect is observed in 

experimental as well as theoretical studies [45], [66], [99]. Another key magnetic property, the 

saturation magnetization (𝑀𝑠), is also highly influenced by MNP size. Thereafter, the size 
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dependent experimental data are used to develop empirical relations of these magnetic 

properties for the spherical shape MNP. Using 𝑀𝑠 data from various experimental studies, 

fitting curves have been generated to develop the empirical relations for the considered MNP 

systems (materials). Along with this, the size-dependent empirical relations were compared 

with  available analytical relations [100] for the magnetization parameter. For the calculation 

of specific loss power (SLP) of the considered nanoparticle systems these size-dependent 

magnetization (𝑀𝑆) and the anisotropy energy are used.in SLP estimation model. This 

inclusion enhances the theoretical prediction of SLP for MNPH. 

In the second portion of this chapter, an In-vitro investigation is carried out for MNP heat 

generation inside the agar gel phantom. This replicates the biological tissue for MNPH. 

Additionally, the experimental results have been compared with the numerical results. In the 

experimental work, magnetite (Fe3O4) magnetic particle-based MNP fluid is prepared and 

injected to the agar gel samples. Three samples of different MNP concentrations are prepared 

for experimental investigation. The heating values, i.e., SLP by exposure to an alternating 

magnetic field (AMF) for these samples, are examined by NAN201003 Magnetherm 

Applicator of Nanotherics company. Further, the physical geometric models of these agar gel 

samples have been developed in COMSOL software. The SLP results generated by the 

COMSOL software are compared with experimental results to verify the applicability of the 

numerical results for MNPH application.  

 Materials and Methods: 

2.2.1 Heat calculation of the MNP under AMF: 

The focus of the present study is to enhance the accuracy of the theoretical prediction in SLP 

heat generation by nanoparticle systems of MnFe2O4, CoFe2O4, and Fe3O4 for MNPH therapy. 

These materials can be been used for MNPH in the superparamagnetic size range. A 

ferromagnetic substance becomes magnetized when it interacts with a magnetic field because 

the direction of its magnetic moment vector aligns with the field direction. If the nature of the 

applied field is alternative, the same magnetism is induced inside the material, even if the 

material is at the nanoscale. As a result, a kind of vector movement gets started in every atom 

having an alternative nature, which generates heat inside the ferromagnetic material. Key 

parameters that have a significant impact on the amount of heat dissipation from MNPs are 

related to their intrinsic properties. Among these, the domain magnetization and magnetic 

anisotropy of MNPs are important and are influenced by the material type, size, and shape of 
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MNPs. The various factors affecting these parameters have been discussed in the following 

sections.  

2.2.2 Induced mechanisms during the application of magnetic field to nanoparticles. 

The amount of heat generated by ferromagnetic materials in the AC magnetic field depends on 

different magnetization mechanisms. These are eddy current, hysteresis, Néel and Brownian 

relaxation mechanism, and frictional losses in viscous media. Among these, the main attributed 

mechanisms for heat generation are hysteresis and relaxation losses induced in the magnetic 

materials. The hysteresis mechanism develops thermal energy due to the irreversible 

magnetization and shifting of the domain walls in multi-domain particles [101]. However, the 

hysteresis loss mechanism predominantly occurs when the size of MNP is 100 nm or above. 

[102][103]. For hyperthermia application (MNPH), the size of MNP is usually not chosen 

above 30 nm due to stability issues associated with bigger particles [104]. The heat generation 

by the MNP having a size less than 30 nm is primarily through Neel and Brownian relaxation 

mechanisms for single magnetic domain MNP [27]. These relaxation mechanisms dominate 

over each other depending upon the time period of relaxation.  

The heat generation rate, 𝑄𝑠 (W m3⁄ ) by MNPs, as proposed by Rosensweig [31], for single 

domain MNPs, is given by Eq. (2.1) below: 

𝑄𝑠 = 𝜇0 𝜋 𝜒
′′𝑓 𝐻0

2 = 𝜋𝜇0𝜒0𝐻0
2

2 π 𝑓 τ

1 + (2 π 𝑓 τ)2
   2.1 

Where, 𝜇0 is the free space permeability, 𝜒0 is static susceptibility, 𝐻0 and f is the magnetic 

field amplitude and frequency, respectively. The initial attempt time or relaxation time (𝜏) 

comprises two different times, 𝜏𝐵 and 𝜏𝑁, the Neel and Brownian relaxation loss times, 

respectively, which depend upon the particle’s magnetic core size and hydrodynamic size. The 

relations for these relaxation losses have been discussed by Rosensweig [31], which are 

expressed in Eqs. (2.2) to (2.4) as:  

1

𝜏
=
1

𝜏𝐵
+
1

𝜏𝑁
 (2.2) 

𝜏𝐵 =
3𝜂𝑉𝐻
𝐾𝐵𝑇

 (2.3) 

𝜏𝑁 =
√𝜋

2
𝜏0
𝑒𝑥𝑝𝛤

√𝛤
 (2.4) 
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where 𝛤 =  keff . 𝑉𝐻/(𝐾𝐵𝑇), with keff as the anisotropy constant. 𝑉𝐻 denotes the hydrodynamic 

particle volume, 𝐾𝐵 is the Boltzmann's constant (𝐽 𝐾⁄ ), 𝜂 is the dynamic viscosity of fluid 

carrying MNPs, and 𝑇 denotes the absolute temperature (𝐾).  

2.2.3 The effect of magnetic anisotropy energy (MAE) and blocking temperature of 

MNP on induction heating. 

In the above expression (keff. 𝑉𝐻) is known as the magnetic anisotropy energy (MAE), which 

is sensitive to the magnetic particle size. It is the energy barrier against the spontaneous moment 

reversal of particles from one direction to another. On the other hand, the term 𝐾𝐵. 𝑇 denotes 

the thermal energy that opposes the anisotropic magnetic energy in a magnetic material. This 

parameter is affected by the particle temperature, which decides the state of the magnetic 

particles, i.e. paramagnetic or superparamagnetic. The anisotropy energy value is influenced 

by the geometrical and structural properties [42] of the nanoparticle, which is given below in 

Eq. (2.5). 

𝑀𝐴𝐸 = 𝑘𝑒𝑓𝑓 . 𝑉𝑜𝑙
𝑚 = 𝐸𝑠ℎ𝑎𝑝𝑒 + 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐸𝑀𝐸 + 𝐸𝑀𝐶 2.5 

where, 𝐸𝑠ℎ𝑎𝑝𝑒 is shape anisotropy, 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 , is the anisotropy due to asymmetric surface, 𝐸𝑀𝐸  

is magnetoelastic anisotropy due to external stresses and 𝐸𝑀𝐶  is the magneto-crystalline (cubic) 

anisotropy energy, which arises due to the coupling of the magnetization to the crystal lattice. 

The shape of a nano-magnet considerably changes its magnetic properties, such as anisotropy, 

hysteresis, remanence, susceptibility, and coercivity. 𝐸𝑠ℎ𝑎𝑝𝑒 increases with the increase in the 

axial ratio of the geometry of the particle. Also, the area of the hysteresis loop increases due to 

this elongated shape as a result of enlarged magneto-mechanical torque [32]. However, for the 

symmetrically shaped nanoparticles, it’s contribution to effective anisotropy gets minimized, 

hence becoming negligence for the spherical-shaped particle [100].  

The surface magneto-crystalline anisotropy (𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒) is induced in a magnetic material when 

its surface symmetry is disturbed, which affects the orbital motion of the electrons inside it. 

This anisotropy dominates only in nanoparticle systems with a high surface/volume ratio, such 

as ultrathin magnetic films or small nanoparticles [100]. 

The effect of stress is to introduce additional anisotropy called magnetoelastic (ME) in the 

magnetic material by changing its physical dimensions, which results in a change in its 
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magnetization orientation. This change in the direction of magnetization is due to the external 

field and temperature. So, applied stress on nanoscale magnetic particles changes the reversal 

characteristics of magnetization. However, the magnetoelastic (stress) anisotropy can be 

estimated as negligible because of the high Young’s modulus of ferrites as for Co (150 GPa), 

Fe2O3 (208 GPa), and MnFe2O4 (121) discussed in different studies [105], [106], [107][31].  

Lastly, the uniaxial magnetocrystalline anisotropy 𝐸𝑀𝐶  induces when the spin-orbital coupling 

is clubbed with crystal field interaction. Also, its magnitude depends upon the ratio of spin-

orbital coupling and crystal field energy. So, for the spherical-shaped nanoparticles, the 

uniaxial or cubic (𝐾𝑢) anisotropy has been found to be the major contributor in the calculation 

of effective anisotropy constant, i.e., 𝐾𝑒𝑓𝑓. Therefore, its value for the spherical nanoparticle 

systems is evaluated from the stoner-Wohlfarth relation [100] given below in Eq. (2.6) 

keff =
25𝐾𝐵. 𝑇𝐵
𝑉𝑁𝑃

 2.6 

Where, 𝐾𝐵 is the Boltzmann constant (1.38×10-23   J/K), 𝑇𝐵 is the blocking temperature, and  

𝑉𝑁𝑃, is the volume of a nanoparticle. Furthermore, the anisotropy energy has a dependency on 

the temperature and particle diameter. The parameter blocking temperature is the threshold 

point at which the SLP and magnetic anisotropy values attain maximum. It is a temperature at 

which the magnetization vector rotates freely without an external magnetic field is termed as 

blocking temperature (𝑇𝐵). This 𝑇𝐵 generally depends on the particle diameter and other factors 

[108]. For the magnetic field value upto 100 Oe, the blocking temperature remains independent 

of the applied field, and beyond this value, it decreases as the magnetic field increases 

[109][36]. The blocking temperature of the nanoparticles decreases with increasing magnetic 

field strength. Also, the larger-sized magnetic particle is blocked at a higher temperature.  

Table 2.1: The blocking temperature (K) variation with nanoparticle diameter 

extracted from experimental studies. 

Size (nm) 
Temperature (˚K) 

CoFe2O4 MnFe2O4 Fe3O4 

8 260 110 125 

10 322 140 137 

12 370 180 152 

15 420 225 175 

20 470 275 215 

25 510 305 235 

30 565 338 265 
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So, the blocking temperature increases with particle size at a particular magnetic field value. 

In this context, the values of this parameter (blocking temperature) have been extracted from 

the various experimental studies[109][36][110] [111] with different mean particle diameters 

for considered MNP systems, as shown in Table 2.1. The variation in MNP size in this study 

also has been limited to 30 nm. Since upto this size of MNP, it behaves as a single-domain 

nanoparticle system, and the power generation is dominated by Neel and Brownian relaxation 

phenomena only [112]. This  effect of the particle size on the blocking temperature (Table 2.1) 

is used to calculate the anisotropy energy (𝐾𝑒𝑓𝑓) using  Eq. 2.6 , and the output of this equation 

is plotted for different materials, as shown in Figure 2.1. 

 

It can be noted from Table 2.1 that the blocking temperature of the cobalt nanoparticle remains 

higher than that of the other two MNPs. Thus, its magnetic anisotropy value is also the highest 

among the materials considered (Figure 2.1). The value of anisotropy energy decreases as the 

nanoparticle diameter increases, which is also well documented in the experimental 

studies[35][42].  

2.2.4 The effect of saturation magnetization of nanoparticles. 

The susceptibility (𝜒0) (Eq. 2.1), which is a function of magnetic field amplitude, can be 

determined from initial susceptibility (𝜒𝑖) with the help of the Langevin function as given in 

Eq. 2.7 below. 

𝜒0 = 𝜒𝑖
3

𝜉
(cosh 𝜉 −

1

𝜉
) 2.7 

Figure 2.1. The magnetic anisotropy energy (𝐤𝐞𝐟𝐟) as a function of the diameter of magnetic 

nanoparticles for different materials considered in the study.  
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The Langevin function equation is 𝑀/𝑀𝑠𝑎𝑡 = (cosh 𝜉 − 1/𝜉) [37]. Where, 𝑀𝑠𝑎𝑡 is the 

saturation magnetization of ferrofluid and 𝜉 is the Langevin function argument which is given 

by the following relation, 𝜉 = 𝜇0𝑉𝑁𝑃𝑀𝑠𝐻/𝐾𝐵𝑇. In this relation 𝑀𝑠 is the spontaneous or 

domain magnetization of the nanoparticle, and 𝐻 is the magnetic field intensity. So, taking into 

account the above relations, the initial susceptibility (𝜒𝑖) can be derived as shown in Eq. 2.8. 

𝜒𝑖 =
𝑀

𝐻
 = 𝜇0 𝜙 

𝑀𝑠
2𝑉𝑁𝑃
3𝐾𝐵𝑇

 2.8 

Where, 𝜙 = 𝑉𝑀𝑁𝑃/𝑉𝑠𝑎𝑚𝑝𝑙𝑒 is the solid volume fraction for the dispersed nanoparticle having 

a volume (𝑉𝑀𝑁𝑃) in matrix fluid of volume (𝑉𝑠𝑎𝑚𝑝𝑙𝑒) and 𝑀 is the magnetization of the 

considered particle system. The susceptibility determined from the above relation as shown in 

Eq. 2.7, is used to calculate heat generation (Eq.2.1). Furthermore, the domain or saturation 

magnetization of a particular material is affected by the geometric as well as magnetic 

parameters of the applied field. However, the magnetization (𝑀𝑆) of nanoparticle systems have 

a strong dependency on the size of the bulk material. There is enormous research related to the 

synthesis of magnetic nanoparticles demonstrating the variation in size and their effect on 

magnetic properties. Different authors in experimental studies have demonstrated the effect of 

particle size variation on magnetic anisotropy and magnetization [113][114][66][115][116] as 

given in Table 2.2. However, different materials behave in different ways in the variation of 

magnetic properties due to the variable shapes and sizes of the particles [32]. 

 Most theoretical studies consider fixed values of domain magnetization for the calculation of 

SLP during hyperthermia applications. However, it is well demonstrated that saturation 

magnetization increases with increases in particle size [41] [66][117]. So, in this article, the 

critical relation between saturation magnetization and particle size is established using the 

experimental data reported by different studies. The estimation of 𝑀𝑆 through the correlation 

curve established from the experimental data will enhance the accuracy of the estimation of 

SLP or heat generation calculations during magnetic hyperthermia for considered three nano 

materials. Table 2.2, enumerates the value of 𝑀𝑆 at different sizes for three Nano-materials 

MnFe2O4, CoFe2O4, and Fe3O4 reported by different experimental studies. It should be noted 

from this table that different synthesis route induces different value magnetization (𝑀𝑆) even 

on similar size of these nano materials. For the materials under consideration, i.e., MnFe2O4, 

CoFe2O4, and Fe3O4, the experimental values from Table 2.2 for 𝑀𝑆 v/s particle size, have been 

plotted in Figure 2.2. 
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Table 2.2:  The experimentally estimated values of saturation magnetization (𝑀𝑆) 

considered in the current study. 

Sr. 

no. 

Magnetic 

compound 

Synthesis method Size 

(nm) 

𝑴𝑺 

(emu/g) 

References 

1 MnFe2O4 Co-precipitation 25 59.6 [38] 

2 MnFe2O4 Reverse micelle 14 40 [118] 

3 MnFe2O4 Polyol-mediated 

synthetic route 

30 60 [119] 

4 Mn Fe2O4 Co-precipitation 19 68 [57] 

5 Mn Fe2O4 Co-precipitation 26 70 [120] 

6 Mn Fe2O4 Emulsion and solvent 6 &18 50 &83 [121] 

7 Mn Fe2O4 Electrochemical 20 75 [122] 

8 Mn Fe2O4 Chemical oxidation 24, 14 & 

13 

65, 53 &, 

45 

[117] 

9 Fe3O4 Co-precipitation 10.5 54 [57] 

10 Fe3O4 Hydrothermal route 20 84 [123] 

11 Fe3O4 Facile one-pot synthetic 

route 

6.4 34 [124] 

12 Fe3O4 Co-precipitation 12 92 [39] 

13 Fe3O4 High-temperature 

hydrolysis 

4.8 60 [125] 

14 Fe3O4 Oxidation 22.4, 16.7 

&, 15.4 

81, 65 &, 

53 

[126] 

15 CoFe2O4 Wet chemical 15-48 53-79 [115] 

16 CoFe2O4 Non-aqueous 

solvothermal 

4.5,6.4,11 36, 57, 79 [127] 

17 CoFe2O4 Polyol method 5.5, 13.5, 

13.9, 15.7 

71.6, 70, 

78.8, 70.4 

[128] 

18 CoFe2O4 High-temperature 

solution phase 

6, 10, 15 55, 60, 64 [40] 

19 CoFe2O4 Facile one-pot synthetic 

route 

4.4 38 [124] 

20 CoFe2O4 Co-precipitation 3.6, 5.3, 7 33, 37, 48 [129] 
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21 CoFe2O4 Chemical co-

precipitation 

10 57 [130] 

22 CoFe2O4 Thermal decomposition 12, 16, 22 39, 52, 76 [111] 

 

Using these data points, fitting curves (dotted curve) have been generated using the logarithmic 

fitting function, as shown in Figure 2.2 (a-c).  

 

These curves predict the averaged-out value of domain magnetization (𝑀𝑆) reported by 

different experimental studies for considered nanoparticle systems. These charts demonstrate 

how the experimental results are dispersed across a large range of 𝑀𝑆 with particle size. 

  

(a) (b) 

 

(c) 

Figure 2.2. The saturation magnetization as a function of particle size from different 

experimental studies. Here in legend entry of Figure (c), the Ref*~ ([66],[40], [41], [57], 

[117], [119], [122], [123], [127], [129]), Ref# ~[41]. 
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However, using these curves, averaging the value of 𝑀𝑆 based on experimental findings 

generates a unique value of 𝑀𝑆 at a specific size. In addition, a mathematical relation is given 

in Eq. 2.9 for the variation of 𝑀𝑆 with respect to particle size, which has also been included in 

Figure 2.2.  

𝑀𝑆 = 𝑀𝑆
𝑏𝑢𝑙𝑘 × [1 − (

𝑁𝑀𝐿

𝐷
)]
3

 2.9 

where, 𝑀𝑆
𝑏𝑢𝑙𝑘 is the saturation magnetization of bulk materials, 𝑁𝑀𝐿 is the non-magnetic layer 

on nanoparticles, and 𝐷  is the diameter of the particle. [100].  

It is noticed that the fitted trend lines exhibit a good cohesion with the analytical curve atleast 

for cobalt and magnetite material, and a close relationship for Manganese ferrite MNPs, as 

shown in Figure 2.2. It is well known that the non-magnetic shell on the particle surface reduces 

the value of saturation magnetization and is called a dead layer. So, the thickness for this layer 

has been selected as 0.75 nm [100]. The bulk value for the saturation magnetization considered 

for the different materials are as follows, 𝑀𝑆
𝑏𝑢𝑙𝑘 = 90, 80, 𝑎𝑛𝑑 86 for cobalt, manganese, and 

magnetite respectively [131].  

 

The correlations generated for (MnFe2O4, CoFe2O4, and Fe3O4) using experimental data for the 

𝑀𝑆 with respect to particle size are collected in Figure 2.3. It should be noted from these curves 

that for smaller nanoparticle sizes, the rate of change of the curve slope is quite high, i.e., the 

saturation magnetization increases rapidly with the increase in particle size. However, beyond 

the size of around 15 nm, the curves become asymptotic. Furthermore, the cobalt ferrites show 

Figure 2.3. The saturation magnetization fitted with logarithmic curve fitting function as a 

function of particle size. 
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the highest magnetization, trailed by the magnetite particles, and the lowest values are for 

manganese ferrite nanoparticles.  

 Validation of the current protocol. 

To establish the accuracy & validity of the correlation established in Figure 2.3, the heat 

generation using particle size-dependent saturation magnetization protocol is compared with 

the SLP values reported by some experimental studies. The calculation of SLP ( W 𝑔 )⁄  from 

the power (𝑄𝑠) equation, is given as in Eq. 2.10: 

𝑆𝐿𝑃 =
𝑄𝑠
𝜌

 

 

2.10 

where, 𝜌 ( kg m3⁄ ) is the mass density of the nanoparticle system. 𝑄𝑠 is the heat generation 

rate in  W m3⁄  by the MNPs. This, heat generation is experimentally measured by the 

calorimetric method using Eq. 2.11 [57][58]. 

𝑆𝐿𝑃 = 𝐶𝑝
𝑚𝑠

𝑚𝑚𝑛𝑝
(
𝑑𝑇

𝑑𝑡
) 

 

2.11 

where, 𝐶𝑝 is the specific heat capacity of fluid in which MNPs are being suspended, for water 

= 4.186 J/(g.˚C), (dT/dt) is the slope of temperature versus time, 𝑚𝑠 is the mass of suspension 

and 𝑚𝑚𝑛𝑝 is the mass of magnetic material in the suspension. The physicochemical properties 

of the medium in which MNPs are present, such as viscosity, hydrophobicity, and dielectric 

constant, have an impact on the SLP or power generation. Here, water is considered as a 

suspension medium with a uniform distribution of magnetic nanoparticles and placed in an 

induction coil generating alternating magnetic field. 

It should be noted that the value of SLP is calculated using a similar particle size, concentration, 

and AMF parameter (magnetic field amplitude and frequency) as reported in the experimental 

research in order to verify the validity of the current study. The results with particle size-

dependent saturation magnetization (𝑀𝑆) and anisotropy constant (𝐾𝑒𝑓𝑓) are in close 

agreement with the experimental values of SLP for considered nano-materials (CoFe2O4, 

Fe3O4, Mn Fe2O4) as shown in Figure 2.4 (a-c). However, the SLP value at a fixed (𝑀𝑆) and  

(𝐾𝑒𝑓𝑓) shows large deviation from experimental values in the bar graph of Figure 2.4. 
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Consequently, it can be concluded that SLP predictions utilizing developed 𝑀𝑆 correlation 

having good accuracy for a large range of particle sizes. The efforts to establish a relationship 

between 𝑀𝑆, 𝐾𝑒𝑓𝑓 , and the particle size reduces the error in the estimation of theoretical SLP 

predictions of ferrous nanoparticles for hyperthermia or other heating applications. 

 SLP calculation with different parametric values of AMF: 

This section describes the SLP computation using the correlation developed in the previous 

section for a wide range of particle size and magnetic field parameters. The saturation 

magnetization and anisotropy energy values of the nanoparticle systems have a significant 
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Figure 2.4. Comparison of Specific loss power estimated using variable 𝑴𝑺 and fixed 𝑴𝑺 

with experimental studies, at different particle sizes. Figure (a) CoFe2O4, (Ref. 1,2,3 as 

[123][58][132])  (b) Fe3O4 (Ref. 4,5,6 as [133] [134] [123] [98])  (c) Mn Fe2O4 (Ref. 7,8,1,9 

[[132][120] [130]])  MNP particle systems under the similar fluid suspension and magnetic 

parameters. 
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impact on the heat produced by these systems. As discussed in the previous section, in most of 

the theoretical studies, authors consider a fixed value for these parameters for the calculation 

of SLP. However, particle magnetization and anisotropy are particle size and shape-dependent 

phenomena [116]. So, to minimize the error in SLP estimation, the present study incorporates 

the correlation developed in the current between magnetization & particle size. Using this 

parametric correlation, a study was done to analyze the effects of magnetic field parameters 

(Amplitude & frequency of AMF) and size on the SLP produced by the nanoparticle systems 

during their magnetic heating. The considered range of AMF parameters is within the safe limit 

of these parameters as prescribed for hyperthermia applications [50]. For efficient magnetic 

hyperthermia, a minimum dose of nano-material should induce sufficient therapeutic thermal 

dose in the targeted tissue volume. Usually, for the apoptosis of cancer cells, a minimum 

temperature of 43˚C should be achieved in the tissue during the therapy. Thus, heat generation 

during magnetic hyperthermia should be sufficient to achieve the required elevation with 

minimum amount of nanomaterials. 

 The heat generation (SLP) by MNPs depends upon magnetic field amplitudes and frequencies. 

With the increase in field frequency, the SLP generally increases up to a certain point for fixed 

amplitude. However, with the change in the amplitude, the heat generation MNP also changes. 

Thus, in the coming results, the effects of these parameters on SLP is reported. The size of 

nanoparticles is also altered during his parametric investigation. Again, the considered size is 

upto 30 nm. As explained earlier, heat generation occurs only through relaxation mechanisms 

for the considered size of MNP. The physical parameters for different materials used for 

calculation in the Rosenzweig heat generation model [31] are compiled in Table 2.3. 

Particle type 𝐷 (nm) NML 

(nm) 

𝜌 𝑀𝑁𝑃 

(kg/m3) 

𝐶𝑝 (𝑀𝑁𝑃) 

(J/(kg.K)) 

𝑀𝑆 

(emu/g) 

keff 

(kJ/m3) 

cobalt 0-30 0.5 5340 700 51-89 827-14 

Magnetite 0-30 0.5 5180 670 48-85 463-5.5 

Manganese 0-30 0.5 5240 800 15-75 388-5.3 

Other parameters like 𝜇0, i.e., free space permeability is 4π×10-7 T.m/A and  𝜂, the dynamic 

viscosity of fluid carrying MNPs is 0.001 N-s/m2. 𝜙 is solid volume fraction based on the mass 

Table 2.3: Parameters used for the calculation of SLP for particle systems in the simulations. 
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of nanoparticles is similar to the experimental [132] and numerical studies [31] for all three 

materials. 

2.4.1 Effect of variation in field frequency & particle size at fixed magnetic field 

amplitude  

 The heating power of the magnetic particles has a strong dependency on the applied magnetic 

field and frequency. The power or SLP is directly proportional to both of these parameters. 

However, a nanoparticle produces maximum heat/power at a particular size on a given 

frequency in an alternating magnetic field. And the condition on which the SLP (𝑃𝑆) = 𝑃𝑆(𝐷, 𝑓) 

has its maximum value, i.e., 𝑃𝑆,𝑚𝑎𝑥 is a resonant state for that particular particle size and 

magnetic field and frequency.  

To observe this phenomenon, the frequency and particle size have been varied at a magnetic 

field amplitude of 10 kA/m. It can be noticed in  Figure 2.5 (a-c) that every frequency curve 

(50-400 kHz) has a peak in its profile at a fixed particle size (𝐷𝑂) for which a 𝑃𝑆,𝑚𝑎𝑥 exist. 

Also, the curves synergistically follow each other and their respective 𝐷𝑂 shift to smaller 

particle size as the frequency increases. For a frequency of 50 kHz, i.e., for the lower side first 

curve, the nano diameter (𝐷𝑂) around 21 nm produces maximum SLP. And for a higher 

frequency of 500 kHz, the peak is around 14 nm. So, it can be concluded from these figures 

the 𝐷𝑂 at which maximum SLP is calculated decreases with the field frequency increases. There 

is hardly any variation in heat generation for particle size below 4 nm and above 25 nm of size 

CoFe2O4 Fe3O4 MnFe2O4 

   

(a) (b) (c) 

Figure 2.5. Dependence of dissipated power on particle size and magnetic field frequency (upto 

500 kHz) at a field of 10 kA/m for all three considered particle system (a) CoFe2O4, (b) Fe3O4, 

and (c) MnFe2O4. 



33 
 

as shown in Figure 2.5. (a-c), and the frequency curve converges at these limiting sizes of 

MNPs. 

It should be noted from all the figures (Figure 2.5 (a-c)) that for different materials between 

the range of 4 nm to 25 nm, the SLP increases, attains a peak, and then decreases with the 

increase in the size of nanoparticles for all the frequencies. And this trend is similar in all the 

materials. With the increase in the field frequency, the SLP increases. However, the SLP 

particle size curves asymptotically close to each other after a frequency of 330kHz. The SLP 

curves are very close to each other for the last three values of frequencies i.e. 330kHz, 400kHz, 

and 500kHz for all the considered nano-materials. Thus, considering the frequency higher than 

500 kHz will not enhance SLP at a field amplitude of 10kA/m. So, it can be concluded that for 

considered magnetic field parameters (amplitude & frequency) MNPs will produce maximum 

SLP at a fixed size of MNP. So, it is crucial to select a particular particle size and its respective 

frequency on which it delivers the maximum dissipated power before applying hyperthermia 

therapy.  

2.4.2 Dependence of SLP on variable magnetic field with particle size distribution. 

As discussed in the previous section, there is a saturation in SLP increment as the frequency 

increases, and beyond 500 kHz, a negligible change in SLP is noticed. So, keeping the 

frequency at that resonant constant value, i.e., at 400 kHz in Eq. 2.1, and making the SLP as a 

function of particle size and magnetic field, i.e., SLP (𝑃𝑆)=𝑃𝑆(𝐷, 𝐻0), the variation in SLP has 

been analyzed in this section.  

CoFe2O4 Fe3O4 MnFe2O4 

 

  

(a) (b) (c) 

Figure 2.6. Dependence of dissipated power on the particle size distribution and magnetic field 

amplitude. Figures (a) (b), and (c) are plots of power dependency on variable fields upto 20 kA/m and 

at a field frequency of 500 kHz for CoFe2O4., Fe3O4, and MnFe2O4, respectively.  
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The maximum value of field amplitude considered for estimation of SLP is 20 kA/m. Like the 

effect of variable frequencies, the peak of every magnetic field curve shifts towards the lower 

particle size. Thus, an optimal value of particle size can be calculated for all the nano-materials 

from the maxima of the curves for different magnetic field values. Results show that the SLP 

increases with the increase in field amplitude Figure 2.6 (a-c) for all the considered materials. 

A significant difference in SLP (max) value is noticed for the particles of different materials 

under similar parameters of field variable particle size. It is interesting to note in Figure 2.6 

that the maxima of SLP curves on the magnetic field versus particle size curves are shifting 

towards their smaller particle size. This size is considered the ‘resonant’ size of the MNP 

particles for that particular magnetic field value. 

In addition, the same behavior of the peak shifting has been noticed for the frequency v/s size 

curves shown in Figure 2.5. So, to demonstrate this shift, the plot between ‘resonant’ size v/s 

variable amplitude and frequencies is shown in Figure 2.7 (a) and (b).  

  

(a) (b) 

Figure 2.7. (a) Resonant particle size variation with the magnetic field at a frequency of 500 kHz 

(b) Resonant particles size variation with the magnetic field frequency at field amplitude of 

10kA/m. 

it should be noted from these curves that with the increase in the amplitude and frequency, the 

resonant particle size decreases. However, the resonant particle size for all three materials are 

of similar nature i.e., decreasing with the increase in amplitude and frequencies values at given 

specific conditions of exposure. 
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2.4.3 SLP values at resonant conditions for hyperthermia application 

For the safe application of magnetic hyperthermia, there is a biological limit for maximum 

values of magnetic field parameters. This permissible limit is defined in terms of the 

multiplication of frequency & field amplitude ( 𝑓 × 𝐻0), and is recently addressed by Mag 

Force system tested on glioblastoma patients is 1.35×109 A m. s⁄  [50]. However, S. Dutz and 

R. Hergt [135] have suggested this acceptable threshold limit ( 𝑓 × 𝐻0) to be upto 5×109  

A m. s⁄ .  

   

(a) (b) (c) 

Figure 2.8. Specific heating power for a particle size of 12 nm while keeping the magnetic field 

and frequency as variables. Figures (a-c) show SLP for cobalt, magnetite, and manganese ferrite 

nanoparticles. 

 

So, to obtain the maximum theoretical specific loss power, the considered value of field 

amplitude and frequency and their multiplication ( 𝑓 × 𝐻0) is under the permissible limit of 

AMF. The particle size of 12 nm is used to calculate SLP at different field amplitudes & 

frequencies. Figure 2.8 (a-c) shows the plots between SLP and amplitude at different 

frequencies for cobalt, magnetite, and manganese ferrite nanoparticles. So, by maintaining the 

field parameters exposer limit, SLP value for cobalt, magnetite, and manganese ferrite 

nanoparticles can be estimated from Figure 2.8. It is noticed from this figure that after a certain 

frequency, there is a saturation in SLP increment for a particular amplitude value. However, 

the heating continues to increase as the field amplitude increases at a particular frequency. So, 

for a specific particle size, the frequency can be fixed, and the amplitude can be varied as per 

the permissible biological limit in hyperthermia to gain a maximum specific heating power. 

Thus it is summarised that an appropriate choice of AMF parameters for a given MNP particle 

size can produce desired magnetic heat during hyperthermia therapy. 
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 Experimental measurement of SLP for the MNP-induced agar gel 

phantom: 

In this section, an experimental investigation as an In Vitro study is carried out to test the 

heating of nanoparticles inside the agar phantom for MNPH. The experiment in the current 

study is carried out using agar gel-based samples because their properties resemble to the tissue 

[136]. As agar gel has been considered as semisolid that contains a solid matrix and fluid 

(water) voids as exist in tissue [137]. The agar samples having colloids of MNP suspension 

have been heated using a hyperthermia applicator. The outcomes of this In Vitro study are also 

compared with numerical (computational) results, which increase the applicability of the 

simulated results for MNPH. So, this section briefly discusses the verification of the significant 

simulation results with experimental results of MNPH heating. 

 

Figure. 2.9 Schematic diagram of the magnetic hyperthermia experimental setup for the 

magnetic heating and the temperature measurements of agar samples. 

 

The experiments are conducted on a hyperthermia applicator (NAN201003 Magnetherm 

Applicator) of Nanotherics company (United Kingdom) having a water-cooled induction 

heating coil of 5 cm diameter. The arrangements of different components of the applicator are 

shown in the schematic  diagram as shown in Figure 2.9. The highlighted portion of the sample 

position inside coil of the applicator has been shown on the right side of the Figure. 2.9.  
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In the experimental study, the cylindrical plastic vials (2 ml) of 1 cm diameter and 2 cm height 

to hold the gel samples are used. Three gel samples of volume 1.8, 1.6, and 1.4 ml (agar+water) 

are prepared with the agar concentration 0.5 g (agar powder)/ 100 ml (water). The samples 

were initially heated for 5 minutes in five repetitions in the microwave. The microwave 

operates at a power of 1.35 kW, which produces a flux intensity of 5 mW/cm3, while operating 

at a frequency of 2.45 GHz. Different volumetric quantities of magnetic fluid (MF) having a 

concentration of 70 mg (MNP) / ml (water) are used to prepare the colloidal solution of samples 

(each 2 ml). This fluid contains magnetite (Fe3O4) nanoparticles of 8 nm particle size have a 

cubic shape with inverse spinel structures and were synthesized by the chemical co-

precipitation method in our lab. Nanoparticles showed an 8 nm average size and were dispersed 

in water after a bilayer coating of oleic acid [138]. 

 

  
Figure 2.10. Agar gel samples and their heating with hyperthermia applicator (NAN201003 

Magnetherm Applicator) along with the temperature monitoring using fiber-optics 

thermocouple. 
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The MNP fluid (0.2, 0.4, and 0.6 ml) was added to the agar samples during the liquid state to 

achieve a concentration of the three samples having concentrations of 7, 14, and 21 (mg of 

MNP)/(ml of gel) respectively as per the details given in Table 2.4. Then, the samples were 

homogenized in a water bath digital sonicator (LMUC-6) at a frequency of 40kHz and 150W 

power. This results in a uniform distribution of MNP in the agar solution. Colloids were 

allowed to solidify at room temperature, and MNP formed a colloidal suspension in an agar 

solution. Heating of samples were done with 935 kHz field frequency at a magnetic field 

strength of 10 mT using the hyperthermia applicator is shown in the Figure 2.10.  

The vials were placed inside the magnetic coil in an engulfing cavity made of asbestos material 

to replicate the adiabatic boundary conditions. The outcome of heating in the form of time-

temperature plots (blue dotted lines) has been observed for the considered samples as in Figure 

2.11. The temperature profile of the center point (longitudinal and x-sectional) positioned 

inside the vial has been examined. It can be noted from Figure 2.11 that as the nanoparticle 

concentration in agar gel increases, more heat is produced, which is reflected in the temperature 

increment rate. Thus, gel with higher concentration achieves higher temperature elevation 

compared to gel with low MNP concentration.  

In the experiment, the calculations for SLP from the MNP-gel samples were done using the 

initial slope method as given by the empirical relation given by Eq. 2.11. Other researchers are 

also using this method for the SLP calculation [1][2]. In this method, the temperature-time 

slope of the heating curve for initial 100 seconds, is linearly fitted to get the initial slope [139]. 

So, in the current study, the temperature-time slope for the first 100 seconds is used to calculate 

the SLP of MNP in different samples, the details of which are given in Table 2.4. 

Further, the SLP calculations using the Box-Lucas model [3] has been added to compare the 

calculated SLP with the initial slope method. This model is based on the energy equation 

balanced for heat loss and gain during hyperthermia heating of the magnetic nanoparticle [4]. 

The formula used in this model, which is equivalent to the initial slope method, is given by the 

Eq. (2.12): 

𝑆𝐿𝑃 =
𝜌

𝑥
𝐶𝑝∆𝜃𝑠 𝑘 2.12 

 



39 
 

Where, 𝜌 is the density of the suspension media, which is 1 g/mL. 𝑥 is the MNP concentration 

in the sample in mg/mL. The ∆𝜃𝑠, 𝑎𝑛𝑑 𝑘 are the constants, whose values have been extracted 

from ∆𝜃  Eq. (2.13) by curve fitting the temperature-time profile of heating using the box-

Lucas model. 

∆𝜃 = ∆𝜃𝑠(1 − 𝑒
(𝑘.𝑡) 2.13 

The calculated SLP value from Box-Lucas model was found to be close to the SLP value 

calculated using the initial slope method, which can be found in the Table 2.4.  

Table 2.4: Details of the sample prepared for MNPH. 

Sample 
MNP 

fluid (ml) 

Gel+water 

(ml) 

MNP 

Concentration 

(mg/ml) 

SLP (W/g) 

Initial-slope 

method 

Box-Lucas 

model 

1st 0.2 1.8 7 2.1 1.98 

2nd 0.4 1.6 14 2.5 2.4 

3rd 0.6 1.4 21 3.5 3.75 

Furthermore, to correlate the temperature evolution through experimental analysis, simulations 

have been performed in the COMSOL software on the similar dimension geometric model of 

the vial for hyperthermia conditions. In addition, the same adiabatic thermal boundary 

conditions have been applied to the model for simulation. The heat source (𝑄𝑠) for the bioheat 

transfer in the vial model is calculated from the SLP obtained with initial slope method from 

the experimental study (Table 2.4). 

Further, these time-temperature profiles of different MNP concentration samples have been 

plotted against the experimentally observed temperature profiles. It is noticed that the 

temperature profiles obtained from experimental as well as computaional are in good 

agreement and follow each other. 
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Figure 2.11. Comparison between the simulated and the experimental temperature profile 

for agar gel phantom with different MNP concentration. 

The temperature has been obtained for the corresponding center point ‘C’ (as in the 

experiment), as shown in Figure 2.12. for the simulation.  

 

Figure 2.12. Vial as a geometry model formed for simulation in COMSOL 

However, there are some differences in temperature profiles between these two protocols, as 

shown in Fig. 2.11 above. This is because of certain assumptions (isotropic tissue properties) 

applied to the bioheat model and the differences in the physiology of the agar phantom and the 

simulated model. Thus, the considered bio-heat model for the MNPH applications can be 

successfully applied to investigate and optimize different parameters of magnetic hyperthermia 

therapy. Though this In-Vitro application of magnetic hyperthermia has been successfully 

implemented in the current study.  
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There were some challenges we came across while executing the experiments. In brief, here is 

a list of the challenges pertaining to sample preparations and magnetic heating in MNPH:  

• Preparations of colloids: Precisely controlling the concentration of nanoparticles, size, 

and their size distribution during the synthesis and subsequent dispersion in agar gel 

was difficult.  

• Synthesis of tailored MNPs: For successful magnetic hyperthermia experiments, 

synthesis of MNP with desired magnetic properties, size, and size distribution are 

essential. 

• Optimum Field and Resonant Frequency: Determining the resonant frequency with 

reference to MNP size that maximizes the effectiveness of Magnetic Fluid 

Hyperthermia within the safe limit of exposure to alternating magnetic field (AMF). 

• Thermal boundary conditions in samples: Applying adiabatic boundary conditions 

to the gel samples is important to reach the steady state conditions while heating. 

• Thermometry measurement: for successful magnetic hyperthermia experiments, 

monitoring of the temperature at multiple locations within the sample is required. This 

is employed with the fiber optics-based temperature sensor in the magnetic heating of 

the sample to measure the temperature. 

 Conclusion 

The quantification and measurement of specific loss power in magnetic heating are usually 

done through theoretical and experimental methods. There is always an association of errors 

due to the approximations & assumptions in the empirical and analytical estimation of SLP 

during magnetic heating of nanoparticles. Thus, in this work, instead of including a fixed value 

of domain magnetization and anisotropy energy in the calculation of SLP, their particle size-

dependency is incorporated in the analytical calculation of heat generation by MNPs (CoFe2O4, 

Fe3O4, and MnFe2O4). The anticipated SLPs are more accurate when MNP particle size-

dependent magnetic characteristics are considered. The size-dependent saturation 

magnetization for cobalt, magnetite, and manganese ferrite nanoparticles correlation is 

developed using experimental results. The developed correlations & estimation of SLP of the 

considered material are expected to be advantageous for future theoretical as well as 

experimental studies of magnetic hyperthermia.  On the other hand, In Vitro studies also build 

confidence levels of the simulation results for MNPH. 
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CHAPTER 3 

Evaluation of Therapeutic Effects Due to Variation in the Position and 

Ambient Conditions on Superficial Tumor 

 Introduction  

The numerical quantification and measurement of specific loss power (SLP) of different MNP 

systems in magnetic heating has been done in the previous chapter. The comparison of the 

computational results with experimental results reflects the applicability of the MNPH 

simulation for the analysis and the optimization of the parameters for magnetic hyperthermia. 

Thus, in this chapter MNPH is simulated in a three-dimensional (3D) tumor model. A 

qualitative analysis of the position of the tumor tissue beneath the body’s outer skin is 

addressed for effective magnetic thermotherapy. In general, the tumor cells grow at randomized 

locations in any part of the human body. In cases of skin, lung, and breast cancers, the tumor 

cells grow beneath the skin surface and even sometimes these cells generate on the outer skin 

surface itself. The location of the tumor from the skin as well as ambient condition (and 

temperature and velocity) also play a crucial role in thermotherapy [140] [141]. Additionally, 

the environmental ambient temperature also affects the thermoregulation of human skin 

temperature [142]. Consequently, the variation in the heat transfer rate from the skin takes 

place. Moreover, various factors of the ambient conditions like relative humidity, airflow 

velocity, temperature variation, and other spatial inhomogeneity have considerable effects on 

the heat transfer from the human body [143]. 

 In this chapter, the simulations are performed to elucidate the effects of tumor position and 

clinical environmental conditions (temperature, velocity of ambient air) on the therapeutic 

effects of magnetic nanoparticle hyperthermia (MNPH) in superficial tumor like breast tumor 

tissue. The position of the tumor tissue (of size 1.5 cm) within the 3D model as well as the heat 

transfer rate through the skin is altered to evaluate their effects on MNPH. Six different 

positions of tumor ranging from zero-depth to the tumor depth of 1.5 times the tumor size from 

the skin are considered. Similarly, three different heat transfer coefficients (ℎ𝑐 = 2.5, 5.5, 7.5 

W m2K⁄ ) on the skin during thermotherapy are considered to simulate a wide range of clinical 

environmental conditions. The skin thermal responses are based on the in-vitro experimental 

work reported by Kurazumi et.al.[144] for natural convection of heat transfer under different 

ambient conditions as well as posturing conditions. 



43 
 

 Physical tumor modal 

A 3D tumor tissue surrounded by the healthy tissue as shown in Figure 3.1 is considered for 

investigations. 

 

Figure 3.1: Schematic of the 3D physical model comprising the tumor and surrounding 

healthy tissues with the top convective surface (skin). 

In this model, tumor tissue of cubical shape is embedded inside the healthy tissue. Though in 

most of the computational models, tumors are considered as spherical, spheroidal (elliptical) 

& irregular [145] [74], however, cubical-shaped tumors being simple & symmetric similar to 

a spherical, spheroidal-shaped tumor, still contains some features of tumor irregularity. These 

irregularities in shape are due the fact that the faces & corners of cubes having different 

distances from the centroid [76]. Another reason to select a simple tumor shape is due to this 

work is mainly devoted to estimate the effects of tumor location & skin environmental effects 

on MNPH therapeutic protocol instead of its shape effects. Though, the skin and deep tissues 

have a distinct physiological structure with their respective metabolic heat generation rate. 

However, the variation in the temperature gradient in the layers remains almost linear to 

maintain the core body temperature [146]. Thus, for simplification, tumor tissue is surrounded 

with homogeneous healthy tissue in the considered tumor model. As the breast’s major portion 

constitutes mammary gland lobes, and 70-80 % of breast cancer develops in the mammary 

gland (ductal carcinoma and lobular carcinoma) [147]. So, the gland’s physical parameters 

have been considered for healthy tissue properties in this work.  
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The size of the tumor model including the healthy tissue is of length L (6 cm) in the vertical 

(y) direction and ‘2L’ in the horizontal (x and z) directions. The top convective surface (skin) 

of the model is exposed to ambient environmental conditions. The size of the tumor (cubical 

shape) is 𝑤𝑡 = 1.5 cm (L/4) as shown in Figure 3.1. This size of tumor falls within the T1 

Category of tumor (American Cancer Society) [147].  

                 

A parameter called tumor depth-size ratio as ‘D*’ (D* = d/𝑤𝑡.) is used to describe the tumor 

position with respect to the skin (top convective surface). Where d is the depth of tumor from 

the skin surface and 𝑤𝑡 is the tumor size, (Figure 3.2). Tumor tissue beneath the outer skin is 

centrally located with respect to the reference x-z plane. However, its position is altered in the 

vertical (y) direction by changing the depth ‘D*’ as shown in Figure 3.2 in a 2D plane passes 

through ABCD (Figure 3.1). Six different positions of D* for tumors, ranging from 0 to 1.5 

with respect to the skin are considered (Figure 3.2). It should be noted from Figure 3.2 that, 

when D* is equal to zero, the tumor’s top surface coincides with the skin surface. With the 

increase of D*, the position of the tumor incrementally moves downwards, towards the body 

core. The maximum tumor depth is considered as D*=1.5 (tumor center at 3 cm from top 

surface) in this study. This is to ascertain the association between tumor size and its depth for 

superficial tumor considered here. Generally, tumors are dichotomized at a distance of 5cm 

from the skin to feature as a superficial or deep-seated tumor [148]. 

Figure 3.2: Tumor tissue positions from the top surface (skin) on plane ABCD. (a) tumor 

position at D*= 0, (b) tumor position at D*= 0.125, (c) tumor position at D*= 0.25, (d) tumor 

position at D*= 0.5, (e) tumor position at D*= 1.0, and (f) tumor position at D*= 1.5. 
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During the therapeutic application of a MNPH applicator, heat is generated in tumor tissue, 

which dissipates and diffuses primarily through the vasculature, towards the healthy tissue 

surrounding the tumor. Some portion of this heat will escape from the skin (top surface). As 

discussed, the convective heat transfer through the skin depends upon the ambient condition as 

well as the orientation of this surface (horizontal, vertical, and inclined position). The 

convective heat loss from any surface is parametrized in terms of heat transfer coefficient (ℎ𝑐) 

[144]. This coefficient depends upon various factors like air velocity, position, and posture of 

limbs as well as thermo-physical properties of air [149] [150] Both, theoretical and 

experimental studies have reported the effects of ambient conditions on convective heat 

transfer from the human mannequin [149][150][142]. The heat transfer coefficient (ℎ𝑐)  has 

been calculated from the empirical relations developed for natural and forced convection heat 

transfer.  If the ambient air velocity is very low ( 𝑉 ≤ 0.2m s⁄  ) the heat transfer primarily 

occurs through natural convection [144][19]. So, the heat transfer prevails due to the 

temperature difference only. Kurazumi et.al.  [149]  developed the correlations of ℎ𝑐, in natural 

convection that is given by,
368.0881.0 Thc =  for the spine position of human mannequin. 

In clinical conditions, ambient air is typically maintained at 18-24 ℃ and 40-65% relative 

humidity [151]. Thus, with negligible or zero air velocity and ∆𝑇 ≈ 17 ℃ (with skin 

temperature of 37 ℃  and ambient air temperature at 20 ℃) convective coefficient comes out 

to be approximately 2.50 W m2℃⁄  for the supine position. This value is evaluated using a 

correlation developed by Kurazumi et al.[149] for different positions of a human mannequin. 

Other important factor that affects the ℎ𝑐, is the velocity of air. Due to the presence of air 

circulation systems, air condition systems, and fans installed in the hospital environments, the 

velocity of air is usually greater than zero. Thus, due to the greater velocity of air, the heat 

transfer from the skin during hyperthermia application becomes forced convection, instead of 

natural convection. The value of velocity draft in this relation is based upon the thermal 

sensation according to the ISO and ASHRAE (The American Society of Heating, 

Refrigerating, and Air Conditioning Engineers) standards, which include a wide range of air 

speed (0.1-0.8 m/s ) and temperature (20-30 ℃)  , exists in hospitals [3]. Thus, even in a 

controlled ambient environment, the variation of air properties, temperature, and velocity leads 

to a change in the convective heat transfer from the skin to the surrounding air. Kurazumi et.al 

[144] and Richard et. Al [150] have reported the correlations that describe the influence of air 
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velocity on convective heat transfer for human mannequin under different body postures. is 

given as: 

ℎ𝑐 = 4.088 × 6.592𝑉1.715 (3.1) 

In present study, we consider clinical operative temperature range 23 to 25 ℃ and velocity of 

0.375, and .455 m/s, which is based on human occupancy conditions in hospitals [2] [3].  So, 

the value of  ℎ𝑐 is calculated based on the forced convection relation given above, which are 5 

W m2K⁄ . and 7.5 W m2K⁄  for MNPH simulation. This range of heat transfer coefficients 

accounts for a wide variety of ambient conditions commonly seen in therapeutic environments.  

 Mathematical model 

Penne’s bio-heat model [153] is used as a mathematical model for temperature evaluation in 

the tumor and the healthy tissue during the therapeutic application of MNPH. General Penne's 

bioheat equation including the external heat source term is given as, 

where 𝜌 and 𝑐𝑝 refer to the density and specific heat of tissues (tumor and healthy) and blood 

having subscripts t and b, respectively.  𝑘𝑡 is tissue’s (tumor and healthy) thermal 

conductivity, 𝜂𝑏 is the blood perfusion through the healthy as well as tumor tissue. 𝑄𝑚 is 

metabolic heat generation rate and 𝑄𝑠 is the external heat source term in W m3⁄ .  

The heat source term in Eq. (3.2) is 𝑄𝑠, which acts as an external heat source in W m3⁄  and 

generates heat by MNP during MNPH. The reorientation of MNPs in the direction of the AC 

magnetic field leads to the generation of heat by Neel and Brownian relaxations, and hysteresis 

losses mechanisms. The heat generation (𝑄𝑠) by MNPs, for single domain MNPs [31] ,which 

depend upon the particle’s magnetic core size hydrodynamic size, other parameters. The 

remaining details of heat generation are explained in the section 2.2.2 from Eq. (2.1 to 2.4) of 

the previous chapter 2. It is reported that the smaller-sized nanoparticles require a lesser 

magnetic moment for their rotation in the viscous cellular environment [154]. Thus, a particle 

size of 9.5×10-9 m radius of iron oxide (maghemite) nanoparticles (𝛾 − 𝐹𝑒2𝑂3) is considered 

in the present study. The energy or power generation is affected by the physicochemical 

parameters (i.e., viscosity, hydrophobicity, dielectric constant) of the medium surrounding the 

MNPs. The viscous environment leads to the development of protein corona, agglomeration, 

𝜌𝑡𝑐𝑝𝑡
𝜕𝑇

𝜕𝑡
= 𝛻(𝑘𝑡𝛻𝑇) + 𝜂𝑏𝜌𝑏𝑐𝑝𝑏(𝑇𝑎 − 𝑇) + 𝑄𝑚 +𝑄𝑠 (3.2) 
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and bondage to the cell membrane of MNPs. These factors hamper the Brownian rotation of 

particles, by developing anisotropy in dipolar interaction [155]. Thus, a considerable decrease 

(of about 50%) in SLP is noticed [43] when the MNPs are injected into a biological medium 

as compared to aqueous media. Thus, in this work modified SLP induced in the tissue is 

calculated by multiplying a correction factor 𝛼 to the aqueous SLP, as given by Eq. (3.4): 

(𝑆𝐿𝑃)𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 = 𝛼(𝑆𝐿𝑃)𝑎𝑞𝑢𝑒𝑜𝑢𝑠 (3.4) 

 

Table 3.1: Thermo-physical properties of tumor and healthy tissue, MNP’s, and magnetic field 

parameters.[76] [156].  

Parameter Value Parameter Value 

𝑘𝑡 (𝑡𝑢𝑚𝑜𝑟) 0.48 W/(m.K) 𝐶𝑝 (𝑏𝑙𝑜𝑜𝑑) 3617 J/(kg.K) 

𝑘𝑡 (ℎ𝑒𝑎𝑙𝑡ℎ𝑦) 0.33 W/(m.K) 𝐶𝑝 (𝑀𝑁𝑃) 670 J/(kg.K) 

𝜂𝑏 (ℎ𝑒𝑎𝑙𝑡ℎ𝑦 𝑡𝑖𝑠𝑠𝑢𝑒) 0.0050 m3/(m3.s) 𝐶𝑝 (ℎ𝑒𝑎𝑙𝑡ℎ𝑦 𝑡𝑖𝑠𝑠𝑢𝑒) 2960 J/(kg.K) 

𝜂𝑏 (𝑡𝑢𝑚𝑜𝑟) 0.011 m3/(m3.s)  H0 10×103 and 12.5×103  A/m 

𝜌 𝑏𝑙𝑜𝑜𝑑 1050 kg/m3  f 130×103  Hz 

𝜌 ℎ𝑒𝑎𝑙𝑡ℎ𝑦 𝑡𝑖𝑠𝑠𝑢𝑒 1041 kg/m3 𝜂 0.001  N-s/m2 

𝜌 𝑀𝑁𝑃 5180 kg/m3  ℎ𝑐  2.5, 5, and 7.5 W/(m2.K) 

𝑇𝑎 310 K K 9000 J/m-3 

𝜇0 4π×10-7 T.m/A 𝑄𝑚 (𝑡𝑢𝑚𝑜𝑟) 13600 W/m3 

𝑅𝑎𝑑𝑖𝑢𝑠𝑀𝑁𝑃 9.5×10-9 m 𝑄𝑚 (ℎ𝑒𝑎𝑙𝑡ℎ𝑦) 700 W/m3 

∅ 9.6525×10-4  𝐾𝐵 1.38×10-23   J/K 

 

After the dispersion of MNPs inside the tumor region, the tumor tissue density and specific 

heat change significantly. These changed properties are evaluated by the relations given as 

[157], 

𝜌𝑐 = (∅ × 𝜌𝑀𝑁𝑃) + (1 − ∅) × 𝜌ℎ𝑡 (3.5) 

𝐶𝑝,𝑐 = (∅ × 𝐶𝑝,𝑀𝑁𝑃) + (1 − ∅) × 𝐶𝑝,ℎ𝑡 (3.6) 

where the value of 𝛼 is considered as 0.55 [55], to calculate actual heat generation during 

MNPH. The thermophysical properties of tumor and healthy tissues, MNPs, and magnetic field 

parameters are given in Table 3.1.  
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Where ∅ denotes the volume fraction (ratio of the volume of MNPs and the tumor volume), 

subscripts c, ht, and MNP denote the combined, healthy tissue, and MNPs respectively.  

3.3.1 Electromagnetic field parameters   

For the safe application of MNPH, the amplitude and frequency of the induced magnetic field 

have a threshold tolerable limit of 35.8 A m⁄  and 13.56 MHz respectively [50]. Thus, their 

product. i.e. of amplitude and frequency, for the threshold limit is 4.85×108 A m. s⁄  [74]. 

Recently re-addressed by Mag Force system tested on glioblastoma patients, a tolerable limit 

of 1.35×109  A m. s⁄  was observed. However, S. Dutz and R. Hergt [158] have suggested this 

acceptable threshold limit upto 5×109  A m. s⁄  . Considering this safety aspect, two heating 

powers (field amplitudes of 10 kA m⁄  and 12.5 kA m⁄  at constant field frequency of 130 kHz) 

have been used in the present study for simulation, which is well within the safe limit of 

magnetic field strength for therapeutic application of MNPH [50]. 

3.3.2 Boundary conditions (BC’s) on tumor model 

The boundary conditions are in line with the corresponding physical conditions on the 

respective surfaces of the tumor model. The top face of the geometric model is liberating heat 

by convection to the surrounding air as shown in Figure 3.1. The bottom surface of the tumor 

model is at the core body temperature, i.e., 37 ˚C. And the other four sides (east, west, front, 

and back as shown in Figure 1) are considered adiabatic since these surfaces are distant from 

the heated zone (selected size of healthy tissue domain is much greater than tumor size). Thus, 

heat transfer from these surfaces is negligible. The continuity of temperature field and 

conservation of energy is applied at the interface boundary between the tumor and healthy 

tissue. The mathematical form of all BC’s corresponding to the considered physical model in 

Figure 3.1, are as follow, 

On vertical walls (surfaces) of the tumor model 

0
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 Bottom surface 

The conservation of energy at the interface boundary between the tumor and healthy tissue is 

applied to obtain the interface boundary condition.  

3.3.3 MNP distribution   

MNP dose with a volume fraction of 5 mg MNP/cm3 of tumor tissues is reported to be sufficient 

to produce a reasonable thermal effect [71], Therefore, considering 5 mg MNP/cm3 of tumor 

tissues, a total of 16.87 mg of MNP mass being injected at the center of the tumor tissue. The 

distribution of MNPs in 3D tumor after injection is considered as Gaussian and is calculated 

by the Gaussian distribution function (Eq. (3.10)) [159], given as  

𝑚𝑎𝑠𝑠(𝑥, 𝑦, 𝑧) = ∫
1

𝜎𝑥  𝜎𝑦 𝜎𝑧  × √(2𝜋)
3 
 . 𝑒𝑥𝑝 [− {(

𝑥 − 𝑥̅

2𝜎𝑥
)
2

+ (
𝑦 − 𝑦̅

2𝜎𝑦
)

2

+ (
𝑧 − 𝑧̅

2𝜎𝑧
)
2

}]
∆𝑉

 (3.10) 

where, 𝑥
__

,  𝑦
__

,  𝑧
__

 are the point of injection of MNP mass and 𝜎𝑥, 𝜎𝑦, 𝜎𝑧 are the standard deviation 

along x, y, and z directions, respectively. The 𝜎𝑥, 𝜎𝑦, and 𝜎𝑧 are taken equal to 1.97 mm (13.13% 

size of tumor length). The considered value of 𝜎 is close to an experimentally obtained value 

3𝜎 = 5.92 mm, in 0.2% agarose concentration gel with MNP injection rate of 4 μl/min flow 

[33]. This injection rate in soft tissue (similar to 0.2% agarose concentration gel) produces a 

near-spherical shape of nano-fluid diffusion [33] .  

3.3.4 Thermal dosimetry 

The effect of heating the tissue is calculated in terms of thermal dosimetry (Thermal damage). 

Thermal damage to the tissue is calculated using the Arrhenius relation [160] given by:  

𝛺(𝑥, 𝑦, 𝑧, 𝑡) = ∫ 𝐴. 𝑒
𝐸𝑎

𝑅𝑇(𝑥,𝑦,𝑧,𝑡)
𝜏

0

= 𝑙𝑛
𝐶(0)

𝐶(𝜏)
 (3.11) 

where 𝛺 denotes the non-dimensional thermal damage parameter, which is a natural log of the 

ratio of 𝐶(0), percentage of undamaged tissue before heating starts, and 𝐶(𝜏), percentage of 

undamaged tissue after being heated for time ‘𝜏’. It should be noted that, for a value of about 

𝛺 = 4.6, around 99 % of tissue gets damaged [160] In the present study, the value of 𝛺= 4.6 

cbottom TT =|  (3.9) 
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(corresponds to 99 % of tissue damage) is chosen as the threshold value for cell damage. In Eq. 

(3.11), ‘A’ denotes the collision frequency (frequency factor) of the molecules (1/s). ‘𝐸𝑎’ is the 

energy (J mol⁄ ) required to activate and excite the molecules to initiate the reaction required 

for tissue damage, ‘R’ is the universal gas constant (J (mol. K)⁄ ), and T denotes the temperature 

(K). The values of  𝐸𝑎, A, and R considered in this study for cell death are 6.19×105 J mol⁄ , 

2.84×1099 s-1, and 8.314 J (mol. K)⁄ , respectively [160]. 

Thermal dose based on the cumulative equivalent minutes, at a reference break-point 

temperature of 43 ˚C, and termed as CEM43 [161][162] is also used in this study to measure 

the effectiveness of MNPH. The expression for the calculation of CEM43 is given as, 

𝐶𝐸𝑀43 =∑𝑅𝐶𝐸𝑀
(43˚𝐶−𝑇𝑖). 𝑡𝑖

𝑛

𝑖=1

 (3.12) 

where, 𝑅𝐶𝐸𝑀 is a proportionality constant, whose value is 0.5 for 𝑇𝑡𝑖𝑠𝑠𝑢𝑒 > 43˚𝐶 and 0.25 for 

𝑇𝑡𝑖𝑠𝑠𝑢𝑒 ≤ 43˚𝐶 [160], 𝑇𝑖 is the tissue temperature (˚C) at 𝑖𝑡ℎ time interval, 𝑡𝑖 is time at 𝑇𝑖, and 

𝑛, is the total number of time intervals. It is reported in the literature that the thermal isoeffect 

dose in the form of CEM43, is effective when a dose of 60 minutes or longer [163] is applied 

to the tissue. And, this effect is represented by (𝐶𝐸𝑀43)60.  

These damage parameters are quantified in terms of volumetric percentage damage of tumor 

tissue relative to the tumor volume, which is given by the following equations, 

𝐶𝑑 𝑣𝑜𝑙𝑢𝑚𝑒(%) = (
𝑡𝑖𝑠𝑠𝑢𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 ℎ𝑎𝑣𝑖𝑛𝑔 𝛺 ≥ 4.6 

𝑇𝑢𝑚𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒
) × 100 (3.13) 

𝐶𝐸𝑀4360) 𝑣𝑜𝑙𝑢𝑚𝑒(%) = (
𝑡𝑖𝑠𝑠𝑢𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 ℎ𝑎𝑣𝑖𝑛𝑔 𝐶𝐸𝑀4360

𝑇𝑢𝑚𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒
) × 100 (3.14) 

The thermal damage parameter, 𝐶𝑑 , represents the tissue volume having the value of 𝛺 ≥ 4.6, 

(Eq. (3.13)). The percentage volume of the tumor tissue having threshold value of thermal 

dosimetry parameters 𝐶𝑑  and (𝐶𝐸𝑀43)60 is calculated using Eq. (3.13) and Eq. (3.14), 

respectively. Moreover, if the value of tumor tissue damage exceeds 90 % of the tumor volume, 

and healthy tissue damage is less than 10 % of the tumor volume then treatment is considered 

to be effective [159]. 
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3.3.5 Perfusion model 

The blood perfusion varies with the elevation in temperature [159]. In the present study, the 

first-order irreversible kinetic Arrhenius model of blood perfusion has been employed. The 

blood perfusion, 𝜂𝑏, is a linear function of the non-dimensional parameter, degree of 

microvascular stasis (𝑀𝑉𝑆) [159], whose value depends upon non-dimensional thermal 

damage parameter 𝛺 (Eq. 3.11). The value of 𝑀𝑉𝑆 varies between 0 and 1.  

𝑀𝑉𝑆 = 1 − 𝑒−𝛺 (3.15) 

The perfusion model is given by Eq. (3.16): 

 𝜂𝑏 =

{
 

 
𝜂𝑏𝑖 (30 ×𝑀𝑉𝑆 + 1),                                   𝑀𝑉𝑆 ≤ 0.02

 𝜂𝑏𝑖 (−13 × 𝑀𝑉𝑆 + 1.86),           0.02 ≤ 𝑀𝑉𝑆 ≤ 0.08

𝜂𝑏𝑖 (−0.79 × 𝑀𝑉𝑆 + 0.884),      0.08 ≤ 𝑀𝑉𝑆 ≤ 0.97

𝜂𝑏𝑖  (−3.87 ×𝑀𝑉𝑆 + 3.87), 0.97 ≤ 𝑀𝑉𝑆 ≤ 1.0 }
 

 
 (3.16) 

where, 𝜂𝑏𝑖  is the base blood perfusion of tissues (both healthy and tumor). However, this base 

perfusion is different for both tumor and healthy tissues. Breast tumors have a similar feature 

as the proximity to ambient conditions, the factor considered in this study. In this study, 

moderate blood perfusion is considered, which is 0.011 s-1 for the breast tumor tissue and 0.5 

× 10-3 s-1 for the healthy tissue [156]. 

 Computational methodology and validation 

To apply this bio-heat equation over a computational domain, the finite volume method (FVM) 

has been considered as a solution methodology to discretise the equation. A domain, that is to 

be numerically studied using the FVM, must be divided into subdomain, called as finite 

volumes. All control volumes contain nodes, located at their centres. These nodes serve as the 

storage location of all parametric values for the respective control volumes. The nodes located 

on the east, west, north, and south, of the control volume are generally designated by E, W, N, 

and S, respectively. P stands for the node itself of the control volume under consideration. The 

boundaries separating a control volume from its neighbours located on its east, west, north, and 

south are denoted by, E, W, N, and S, respectively. 
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Figure 3.3: Schematics representation of control volume with its neighbor. 

Distance between two consecutive nodes, along the x, and y direction, are given by ∆x, and 

∆y, respectively. A control volume, along with its neighbours, are illustrated in Figure 3.3. To 

discretize a partial differential equation, it is integrated over the control volume 𝑑𝑉. For a time-

dependent equation, it is integrated over the time step 𝑑𝑡, as well. Therefore, the transient two-

dimensional Pennes bioheat equation, Eq. (3.17), in integral form, can be written as, 

∫ (∭𝜌𝑡𝑐𝑝𝑡
𝜕𝑇

𝝏𝑡
𝑑𝑉)

𝑡+𝑑𝑡

𝑡

𝑑𝑡 = ∫ {∭
𝜕

𝜕𝑥
(𝑘𝑡

𝝏𝑇

𝝏𝑡
) +

𝜕

𝜕𝑦
(𝑘𝑡

𝝏𝑇

𝝏𝑡
) 𝑑𝑉}

𝑡+𝑑𝑡

𝑡

𝑑𝑡 

                                        +∫ (∭𝜂𝑏𝜌𝑏𝑐𝑝𝑏(𝑇𝑎 − 𝑇)
𝑡+𝑑𝑡

𝑡
𝑑𝑉) 𝑑𝑡 

                                                        +∫ (∭(𝑄𝑚 + 𝑄𝑠)
𝑡+𝑑𝑡

𝑡
𝑑𝑉) 𝑑𝑡                              (3.17) 

Using implicit scheme and discretising the Eq. 3.17 with terms on right hand side of above 

equation and is integrated them over time step 𝑑𝑡, we get:  

𝜌𝑡𝑐𝑝𝑡(𝑇𝑎 − 𝑇𝑃
0)𝑑𝑉 = [𝑘𝑡𝐴𝑥 (

𝑇𝐸 − 𝑇𝑃
𝛿𝑥𝐸𝑃

) − 𝑘𝑡𝐴𝑥 (
𝑇𝑃 − 𝑇𝑊
𝛿𝑥𝑃𝑊

)] ∆𝑡 

+ [𝑘𝑡𝐴𝑦 (
𝑇𝑁 − 𝑇𝑃
𝛿𝑦𝑁𝑃

) − 𝑘𝑡𝐴𝑦 (
𝑇𝑃 − 𝑇𝑆
𝛿𝑦𝑃𝑆

)] ∆𝑡 

                            +[𝜂𝑏𝜌𝑏𝑐𝑝𝑏(𝑇𝑎 − 𝑇𝑃)𝑑𝑉]∆𝑡 + [(𝑄𝑚 + 𝑄𝑠)𝑑𝑉]∆𝑡                             (3.18) 

 

                      𝐴𝑃𝑇𝑃 = 𝐴𝐸𝑇𝐸 + 𝐴𝑊𝑇𝑊 + 𝐴𝑁𝑇𝑁 + 𝐴𝑆𝑇𝑆 + 𝐴𝑃
0𝑇𝑃

0 + 𝑆                                (3.19) 

Where, 𝐴𝐸 = 𝑘𝑡𝐴𝑥 𝛿𝑥𝐸𝑃⁄ , 𝐴𝑊 = 𝑘𝑡𝐴𝑥 𝛿𝑥𝑊𝑃,⁄  𝐴𝑁 = 𝑘𝑡𝐴𝑦 𝛿𝑦𝑁𝑃,   ⁄ 𝐴𝑆 = 𝑘𝑡𝐴𝑦 𝛿𝑦𝑆𝑃,   ⁄  

                𝐴𝑃 = 𝐴𝐸 + 𝐴𝑊 + 𝐴𝑁 + 𝐴𝑆,  𝐴𝑃
0 = (𝜌𝑡𝑐𝑝𝑡𝜕𝑥𝜕𝑦) ∆𝑡⁄ ,  and 𝑆 = (𝑄𝑚 + 𝑄𝑠)𝜕𝑥𝜕𝑦 
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Finally, the temperature (𝑇𝑃) at central node point ‘P’ is calculated using a definite 

convergence criterian. Gauss-Seidel as an iterative solver is considered for the solution of the 

discretized form of above-mentioned equations. 

To validate the computational methodology used in this study, a comparison of the spatial 

temperature profile is done with the experimental study. The in-vivo mice study performed by 

Attaluri et al. [48] demonstrated the temperature mapping of tumor region infused by different 

infusion rates and distributed volume of ferrofluid. And nearly bell-shaped spatial temperature 

distribution is noticed away from the injection site, dosed with 25.2 mg of nanoparticle under 

3 kA/m and 190 kHz, magnetic field amplitude and frequency respectively. Heat generation 

and temperature evolution are mainly affected by the dose and distribution of MNP’s and 

magnetic parameters applied. Thus, for comparative analysis similar MNP dose and magnetic 

field parameters are induced in the tumor model (Figure 3.1) with the depth position of the 

tumor at D*= 0.5.  

 

 

 

 

 

The comparison of the results of the present computational methodology with experimental 

study under similar dose and magnetic parameters is are shown in Figure 3.4. It should be noted 

that the temperature profile measured by a thermocouple in an experimental study [48] also 

vary with infusion rate ( 10 μL/min and, 20 μL/min) of MNP fluid to the tumor. In Figure 3.4, 

the radial distance (both sides) is started from the injection site and the temperature scale started 

from zero, is equivalent to the base temperature of 37 ˚C. 

Figure 3.4: Comparison of the spatial temperature profile of tumor region between 

experimental [48] and the present study. 
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The distribution of MNP in the tissue is more heterogeneous in the experimental study, in 

comparison to the Gaussian distribution applied for the MNPs spread in the current study. Due 

to this a difference in temperature profile can be noticed in the experimental [48] and the 

present study. However, a close agreement can be seen in the overall curvature of temperature 

distribution. Thus, the current methodology for simulation of magnetic hyperthermia can be 

applied to evaluate the other findings pertaining to the magnetic hyperthermia application. 

It is well understood that outcome of any computational physics is sensitive to the grid size 

used in the simulation. Thus, before fixing the gird size or numbers of discrete nodes for the 

simulation of MNPH, a computational grid refinement test has been conducted. We found at a 

grid size of (168 × 336 × 336) the simulated results nearly become grid-independent. Thus, 

grid size (168 × 336 × 336) is used to simulate MNPH in all the considered tumor models. 

All simulations are performed on MATLAB 2020b under an academic licensed number of 

40604939, which has been run on Dell Precision Tower workstation 5820. 

 Results  

The MNPH thermotherapy is induced in the tumor model as discussed in  Figure 3.1. The 

duration of MNPH therapy is 1 hour so the simulation time for all the tumor models is 3600 

seconds [164]. The temperature in the targeted tissues starts rising as soon as the MNPH 

applicator is induced. For the initial run, the top surface is maintained at the ℎ𝑐 value of 2.5 

W m2K⁄  with both heating powers of 10 kA/m and 12.5 kA/m at 130 kHz . The transient 

behavior of temperature is shown in Figure 3.5, which shows the rise of the temperature during 

MNPH at three different locations on the tumors (center point, mid-point, and the end-point of 

diagonal OQ  (Figure 3.1) with three different depths of the tumor. Three out of six tumor depth 

positions (D*) {0, 0.25, and 1.0} have been shown, to cover a wide range of tumor positions. 

It is seen from Figure 3.5 that the rise of temperature is very sharp during the initial duration 

of therapy. However, after 500 seconds, the time-temperature profile becomes asymptotic, due 

to equilibrium being achieved between the heat generation by MNPs and heat removal by tissue 

and vasculature out of this zone. It should be noted that maximum temperature is achieved at 

the tumor injection center point (O), for all tumor depths. This is due to the higher concentration 

of MNPs closer to this point [76]. 

Since the distribution of MNPs in the tissue is Gaussian, thus, the concentration of heat-

generating MNPs and temperature reduces with distance from the point of injection and is 
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manifested in Figure 3.5. It should be noted from Figure 3.5, that, when the one surface of the 

tumor is directly exposed to the surrounding atmosphere, i.e., D*=0, the temperature elevation 

in the tumor is higher in comparison to the other tumors allocated at greater depth from the 

skin (D*>0). 

Thus, the maximum temperature achieved is nearly 78 ˚C at the tumor center for 10 kA/m, for 

D*= 0. At two other locations (diagonal mid-point, diagonal endpoint) temperature for D*= 0 

is 52 ˚C and 41.3 ˚C, respectively. For the higher heating amplitude, it is around 95 ˚C, 55 ˚C, 

and 43 ˚C for the considered three points on tumor diagonal respectively. 

  
     

(a) (b) (c) 

   

(d) (e) (f) 

For other tumor depth positions, D* {0.25, 1.0}, the temperature is lower than that at D*=0 at 

as shown in Figure 3.5. The reason for lower elevation in temperature for the tumors having 

D*>0, is the better thermal regulation induced by the perfusion through microvasculature, 

Figure 3.5:  Temporal temperature distribution during MNPH for two heating conditions 10 

kA m⁄  Figure (a), (b), (c), and 12.5 kA/m  (Figure (d), (e), (f), along with the tumor diagonal OQ 

at three points. Figure (a, d) Tumor center point (b, e) diagonal mid-point (c, f) diagonal endpoint. 
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when the tumor is surrounded by healthy tissue, i.e., at D* equals 0.25 and 1.0. Similar behavior 

is also observed, at the higher heating power (12.5 kA m⁄ , 130 kHz). 

3.5.1 Spatial temperature distribution  

The steady-state spatial distribution of the temperature in the form of isotherms on the plane 

ABCD (Figure 3.1) for all the considered depths of the tumor with a heating power of (10 

kA/m, 130 kHz and heat transfer coefficient (ℎ𝑐) of 2.5 W m2K⁄ ) is shown in Figure 3.6. In 

this Figure, the central square-shaped tumor tissue is surrounded by healthy tissue.  

 

Figure 3.6: Comparison of temperature isotherms for the different tumor depths during MNPH 

along a central ABCD plane passes through tumor centroid at a heating power of 10 kA m⁄  at 130 

kHz. The Figure title inscribed as D* starting from 0 to 1.5 represents the tumor depth position in 

y-direction. 

The lengths along the horizontal (z-axis) and vertical axis (y-axis) in these isotherms are 

represented in the form of a non-dimensional size (L/𝑤𝑡). It should be noted from this figure 

that, the temperature distribution inside the tumors is in accordance with the MNP distribution 

pattern (Gaussian). The temperature contour is symmetric around the tumor tissue for the tumor 

depth 𝐷∗ ≥ 0.5, however, is asymmetric for the tumor depth less than 0.5. Again, following 
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the previous figure, the maximum temperature is observed at the centroid of tumor tissue, 

which is also the MNP injection point in the tumors, and decreases as we proceed towards the 

tumor boundary. Similar behavior in isotherms is also observed with higher heating power 

(12.5 kA m⁄ , 130 kHz). However, the isotherms for higher heating power are not repeated for 

the sake of brevity. 

The detailed description of the spatial variation of temperature in the tumor model at two 

different heating conditions is shown in Figure 3.7. The six considered tumor depth locations 

(D*) from 0 to 1.5 are inscribed as a legend in this figure.  

   

(a) (b) (c) 

   

(d) (e) (f) 

Here MTT denotes minimum therapeutic temperature (43˚C), and, 𝑇𝐵𝑥 (OR), 𝑇𝐵𝑦 (ON) and 

𝑇𝐵𝑑 (OQ) stand for the tumor boundary in the x-direction, y-direction, and along with tumor 

diagonal, respectively, from the center i.e., point of injection of the tumor as shown in Figure 

Figure 3.7: Comparison of spatial temperature profile for different depths of the tumor along three 

lines at two field amplitudes of 10 kA m⁄  (Figure a, b, c) and 12 kA m⁄  (Figure d, e, f). Tumor top 

surface line (NM) along the x-axis in Figure (a, d), vertical centerline (ON) towards top surface along 

the y-axis Figure (b, d). tumor diagonal line (OQ) by Figure (c, f), for a convection coefficient (ℎ𝑐) 

of 2.5 W m2K⁄ . 
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3.1 in the tumor tissue.  Here, in Figure 3.7 tissue temperature is plotted on the ordinate, and a 

non-dimensional (N-D) tissue length (𝐿𝑁𝐷 = L/𝑤𝑡) scale with zero as the center of the tumor 

model is used for labeling the abscissa. This N-D scale as represented by 𝐿𝑋, 𝐿𝑌, and 𝐿𝑑, is the 

length scale along x, y, and diagonal directions respectively. Since the temperature profile 

become asymptotic to approximately 37 ˚C beyond 𝐿𝑁𝐷=1. Thus, the value of 𝐿𝑁𝐷 in all the 

plots in this figure is restricted to 1.25 i.e., L=1.875 cm. Figure 3.7 (a), and Figure 3.7 (d) shows 

the temperature plot along a centerline on the top surface of the tumor as shown by line (NM) 

in the tumor tissue (Figure 1) for lower (10 kA m⁄ ) and higher heating (12.5 kA m⁄ ), 

respectively.  

It is observed from this plot that, when the tumor is at D*= 0, the temperature on the tumor top 

surface is quite high in comparison to other tumors depths for both heating conditions. As the 

tumor depth increases the temperature gradually decreases on this surface. Furthermore, on this 

surface, for superficial tumors with negligible or zero healthy tissue depth (D*= 0) temperature 

is well above minimum therapeutic temperature (MTT) up to the boundary of the tumor. 

However, with an increase in depth (D*>0), the temperature drops below MTT, before 

reaching the tumor boundary for lower field amplitude. It is also observed from the plots 

(Figure 3.7 (a, d)) that for the last three tumor positions i.e., D*= 0.5, 1.0, and 1.5, the 

temperature curves are very close to each other. 

Thus, after a certain depth, the upper surface temperature of the tumor becomes independent 

of the tumor depth position. Figure 3.7 (b) and Figure 3.7 (e) show temperature along the 

vertical centerline (ON) as described in Figure 1, with different tumor depths for lower and 

higher heating conditions, respectively. The length of the tissue (tumor + healthy) along this 

line (ON) keeps on increasing as the tumor moves towards greater depths. Again, along this 

line, a reasonable variation in temperature is observed as the depth of the tumor increases. 

However, for all the cases, the temperature profile remains above the MTT upto the tumor 

boundary i.e., 𝑇𝐵𝑦. There is no significant difference between the temperature profiles (Figure 

3.7 (c) and (f)) along the diagonal line (OQ) (Figure 3.1) observed with the variation in the 

depth of tumor for both heating conditions. From Figure 3.7 (c and f), it is also observed that 

temperature inside the tumor region for all tumor positions along the tumor diagonal (OQ), the 

temperature drops below MTT, before reaching the tumor boundary. This is because the far 

end of the tumor along this diagonal does not receive sufficient heat from MNPH. 
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 Thus, heat generation by MNPs with a considered distribution pattern is not able to maintain 

the temperature above the MTT near this extreme end of the tumor along the diagonal. The 

detailed description of the temperature profile induced due to MNPH in the tumor mass shows 

that temperature is nonhomogeneous in the 3D tumor volume or mass. One more observation 

inferred from this plot (Figure 3.7) is that the temperature profile is higher especially in the 

upper half of the tumor tissue for the superficial tumors in comparison to tumors located at 

higher depth ((D*>0.25). 

3.5.2 Effect of variation in the convection coefficient on the temperature profile 

In the previous results, temperature profiles are shown (Figure 3.7) for MNPH simulation with 

a lower value of heat transfer coefficient (ℎ𝑐 =2.5 W m2K⁄ ).  

D*=0 D*=0.25 D*=0.5 

   

(a) (b) (c) 

   

(d) (e) (f) 

Figure 3.8: Comparison of the effect of convection coefficient, ℎ𝑐 {2.5, 5.0 and, 7.5 W m2K⁄ }, 

on spatial temperature profile in the tumor model for three depths, D*{0, 0.25, 0.5 (column-wise)} 

of tumor at a field amplitude of 10 kA/m. Temperature profile, (a) to (c) along the top surface line 

(NM), (d) to (f) along the tumor diagonal line (OQ). 
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However, under different circumstances, as the air velocity in the therapeutic environment 

increases, the heat transfer from the skin is also enhanced. Thereafter, different convective 

conditions (ℎ𝑐){ 2.5, 5.0, and 7.5 W m2K⁄ } on the upper surface (skin) are applied to evaluate 

their effect on MNPH. Again, the temperature profile with different convective conditions on 

the skin is plotted along NM and OQ lines, as discussed in Figure 3.7. 

These spatial temperature profiles have been plotted only for three tumor depth locations D*{0, 

0.25, and 0.5} for lower (10 kA m⁄ ) and higher heating (12.5 kA m⁄ ) (Figure 3.8, and Figure 

3.9, respectively). The tumor depth positions beyond 0.5, are not considered in these plots since 

the temperature profile beyond this depth nearly coincides with the temperature profiles of 

consecutive depths position of D*= 0.5. It is evident from these plots that the temperature 

profile gets affected by the variation of the heat transfer coefficient on the skin.  

D*=0 D*=0.25 D*=0.5 

   

(a) (b) (c) 

   

(d) (e) (f) 

 

This effect is predominant on the upper half of the tumor (Figure 3.8 (a), (b), and (c), as well 

as Figure 3.9 (a), (b), and (c), especially for the tumors that are very close to the skin (D*≤ 

Figure 3.9: Comparison of the effect of convection coefficient, ℎ𝑐{2.5, 5.0 and, 7.5 W m2K⁄ }, 

on spatial temperature profile in the tumor model for three depths, D {0.0, 0.25, 0.5 (column-

wise)} of tumor at a field amplitude of 12.5 kA m⁄ . Temperature profile, (a) to (c) along the top 

surface line (MN), (d) to (f) along the tumor diagonal line (OQ).   
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0.25) for both the heating conditions. As in Figure 3.7 (c), and Figure 3.7 (f) the diagonal line 

(OQ) temperature is marginally distinguishable for all considered tumor positions. And the 

same behavior prevails with different convection coefficient values for different tumor depth 

positions as shown in Figure 3.8 (d - f) and Figure 3.9 (d - f) and is nearly independent skin 

effect. Moreover, as the tumor depth increases to D* = 0.5 temperature profiles attain 

equivalency to others as shown in Figure 3.8 (c & f) and Figure 3.9 (c & f), respectively. 

Thus, as the depth of the tumor is increased, the skin effects are weakened, and after the tumor 

depth of 0.5, the temperature profile nearly becomes independent of skin exposed conditions. 

However, with an increase in the heat transfer coefficient (ℎ𝑐), the temperature of the top 

portion of the tumor is substantially reduced for superficial tumors (D*<0.5). This results in a 

higher tumor volume of superficial tumors that remains below the MTT i.e., 43℃. Thus, the 

increase of heat transfer coefficient significantly affects the therapeutic effect, especially for 

superficial tumors. A detailed quantitative description of the therapeutic effects of MNPH due 

to the variation of tumor depth and skin ambient conditions in terms of thermal dosimetry is 

provided in the following section. 

3.5.3 Thermal dosimetry during MNPH 

The treatment efficacy is quantified in terms of two thermal damage parameters Cd and 

(𝐶𝐸𝑀43)60 as discussed in section 2.2.4. The values of Cd and (𝐶𝐸𝑀43)60, for different 

positions of the tumors and with different heat transfer coefficients under both the heating 

conditions are given in Table 3.2 and Table 3.3, respectively. It should be noted from these 

Tables that the volumetric thermal damage in terms of Cd and (𝐶𝐸𝑀43)60 for tumor tissue 

reduces with an increase of the depth of tumor as well as an increase of the heat transfer 

coefficient. The maximum damage (nearly 75% in terms of Cd and 73% in terms of (𝐶𝐸𝑀43)60 

) for 10 kA m⁄  and (nearly 90% in terms of Cd and 89% in terms of (𝐶𝐸𝑀43)60) for 12.5 kA m⁄  

is induced to the tumor mass having one of its surfaces exposed to the environment (D*= 0) 

with a heat transfer coefficient of 2.5 W m2K⁄ . The lower heat transfer rate due to the lower 

value of ℎ𝑐, at the top surface leads to an accumulation of heat inside the tissue, and 

consequences in an increase in temperature.  

This phenomenon is visible in Figure 3.7 (a, d), 8 (a), and 9 (a). Thus, the thermal dose induced 

to the targeted tumor zone is greater, which leads to greater thermal damage in the tissue 
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volume. Even for this position of the tumor, the thermal damage reduces with the increase in 

the heat transfer coefficient.  

Table 3.2: Thermal damage (% Cd) in tumor due to MNPH, for the considered tumor depths 

with different convective heat transfer coefficients and field amplitudes at a frequency of 130 

𝑘𝐻𝑧.  

Tumor 

Depth (D*) 

% volume of 𝐶𝑑  in tumor region 

ℎ𝑐=2.5 W m2K⁄  ℎ𝑐=5 W m2K⁄  ℎ𝑐=7.5 W m2K⁄  

H0 (A m⁄ ) 

10×103   

H0 (A m⁄ ) 

12.5×103   

H0 (A m⁄ ) 

10×103   

H0 (A m⁄ ) 

12.5×103   

H0 (A m⁄ ) 

10×103   

H0 (A m⁄ ) 

12.5×103   

0 74.95 90.31 70.17 87.91 65.92 85.06 

0.125 65.38 84.63 62.11 81.88 59.71 79.29 

0.25 60.32 79.83 59.01 77.89 57.80 76.48 

0.5 59.12 77.10 58.70  76.68 58.37 76.37 

1.0 59.38 77.20  59.31 77.17 59.26      77.08 

1.5    59.45   77.20 59.45 77.30 59.45 77.15 

This trend continues up to the tumor depth of D*= 0.5. However, the effects of skin 

environmental conditions on thermal dosimetry reduce with the increase in depth of the tumor.  

Table 3.3: Thermal damage ((CEM43)60) in tumors due to MNPH for the considered tumor 

depths with different convection coefficients and field amplitude at a frequency of 130 kHz. 

Tumor 

Depth (D*) 

% volume of(𝐶𝐸𝑀43)60 in tumor region 

ℎ𝑐=2.5 W m2K⁄  ℎ𝑐=5 W m2K⁄  ℎ𝑐=7.5 W m2K⁄  

H0 (A m⁄ ) 

10×103   

H0 (A m⁄ ) 

12.5×103   

H0 (A m⁄ ) 

10×103   

H0 (A m⁄ ) 

12.5×103   

H0 (A m⁄ ) 

10×103   

H0 (A m⁄ ) 

12.5×103   

0 73.22 89.37 68.17 86.74 63.96 83.74 

0.125 63.26 83.16 60.18 80.29 57.72 77.67 

0.25 58.35 78.07 57.04 76.30 55.89 74.86 

0.5 57.16 75.70 56.78 75.18 56.45 74.73 

1.0 57.36 75.80 57.30 75.55 57.25      75.70 

1.5 57.40 75.82 57.40 75.60 57.40 75.77 
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Again, the reason behind this is the increase in heat transfer from the skin with a higher value 

of ℎ𝑐. This higher value of the heat liberation from the skin reduces the temperature on the top 

portion of the tumor and leads to lower damage to the tumor volume. 

It is evident from Table 3.2 that the thermal damage reduces from 75% with ℎ𝑐=2.5 W m2K⁄  

to nearly 66% with ℎ𝑐=7.5 W m2K⁄  for the tumor exposed to the ambient (D*=0) at an 

amplitude of 10 kA m⁄ . Thus nearly 12% reduction in tumor volume damage occurs when the 

heat transfer coefficient increases from 2.5 W m2K⁄  to 7.5 W m2K⁄  for this case. However, 

around 5% reduction can be noticed for a higher heating category. 

Beyond this depth of tumor, therapeutic effects are not influenced by the skin conditions. It 

should also be noted from these Tables that the volumetric thermal damage reduces quickly as 

the depth of tumor increases from D*= 0. This behavior of the reduction of thermal damage 

with the depth of the tumor is observed even for a higher heat transfer coefficient. With the 

increase in tumor depth, the thickness of healthy tissue above the heating zone increases, which 

enhances the perfusion through the vasculature. The heat transfer through perfusion also 

increases with the increase in the temperature of the tissue results in lower heat accumulation 

near the top portion of the tumor for deep tumors. Experimental results have also shown that 

heat transfer through tissue enhances with the increase in the perfusion of the tissue [165].  

This results in lower damage to the depth tumors in comparison to superficial tumors. So, it is 

concluded from these results that thermal damage to the targeted tumor volume is influenced 

by the location of the tumor. And the thermal losses through the skin are smaller than the losses 

through the tissue for all the considered heat transfer coefficients. Along with that, the 

therapeutic effect is also influenced by the ambient therapeutic conditions. However ambient 

conditions have greater effects on superficial tumors.  

 Discussion 

The tumor cells generally grow at randomized locations in any part of the human body. In cases 

of skin cancer, lung cancer, and breast cancers, the tumor cells grow beneath the skin surface 

and even sometimes these cells generate on the outer skin surface itself. Therefore, the present 

work investigates the therapeutic effect of the MNPH treatment, when the tumor is positioned 

at different depths beneath the skin surface. Also, the thermoregulatory response of the 

magnetically heated tumor tissue under the effect of variable ambient (surrounding) conditions 

has not been investigated so far. So, the effects of both these factors (position of the tumor as 
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well as skin heat transfer characteristic) on 3D tumor models (representing a T1 type tumor) 

are investigated by simulating the MNPH. Impacts of these factors on temporal and spatial 

variation in the temperature and thermal dosimetry have been examined. It should be noted that 

results generated in this work depend on the applicability and assumptions of mathematical 

models (Penne’s bio-heat model & Rosensweig’s model for heat generation from MNP). Even 

though both the models have their limitations [166] [167], still these models are routinely used 

in much computational work for their simplicity & having reasonable accuracy [56]. Moreover, 

incorporation of parameters (ℎ𝑐, correction factor 𝛼 in SLP, MNP distribution parameter 𝜎) 

from the experimental works enhance the accuracy of the computational results. Thus, within 

this framework, from the results, it is observed that temperature elevation during MNPH is not 

homogeneous in the tumor volume. Especially for the superficial tumors, temperature elevation 

is greater in the upper region (nearer to skin) of the tumor volume in comparison to the lower 

portion of tumor volume. This is due to the fact that, when tumor has a greater thickness of 

healthy tissue above it, the thermo-regulation due to perfusion is better on this surface. Thus, 

for tumors located at greater depths, the temperature on their top surface is significantly less in 

comparison to tumors that are close to the skin. This reduced elevation of temperature in the 

tumor tissue for the deep-rooted tumor results in reduced damage of the tumor volume in terms 

of Cd and (𝐶𝐸𝑀43)60 (Table 3.2 and 3.3) under similar therapeutic conditions. Computational 

results of the considered tumor model show that the damaging effect due to MNPH becomes 

independent of the tumor depth after D*= 0.5. Similarly, a change in heat transfer rate from the 

skin by changing the ambient condition has greater effects on the therapeutic efficacy for 

superficial tumors (Table 3.2 and 3.3). However, as the depth of the tumor increased (D*>0.5) 

the skin effects become negligible (Table 3.2 and 3.3). Thus, deep-rooted tumors (D*>0.5) are 

not influenced by the environmental condition of the skin. However, superficial tumors 

(D*<0.5) are greatly influenced by the environmental conditions on the skin during MNPH. 

One more conclusion infers from this study that under similar magnetic field parameters and 

MNP dose, superficial tumors (D*<0.5) have higher therapeutic effects in terms of thermal 

dosimetry in comparison to deep-rooted tumors (D*>0.5). Again, the reason is well stated 

above. Though in this work effects of tumor location and skin environmental conditions on 

MNPH are demonstrated with the tumor model having a tumor size of 1.5 cm. However, further 

studies may require investigating the influence of other parameters like heterogeneous 

distributions of MNP in the tissue, other sizes of the tumor, and the effects of tissue physiology 

like multilayer tissue consideration or heterogeneity of tissue on the critical depth of the tumor.  
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 Conclusions 

The present chapter quantify the effect of the location of tumor beneath the skin as well as 

environmental conditions, on the therapeutic effects of MNPH. This investigation leads to the 

establishment of the relation between the depth of tumor and the therapeutic effects of MNPH. 

This study concludes that, up to the critical depth of tumor, about half of the tumor size, the 

therapeutic effects in terms of elevation of temperature and thermal dosimetry are susceptible 

to the change in therapeutic environment on the skin as well as the depth of the tumor. 

However, beyond these therapeutic effects of MNPH become independent of these two 

parameters.  
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CHAPTER 4 

Computational Evaluation of Optimum MNP Dose using Realistic Breast 

Tumor Models. 

 Introduction 

A numerical investigation for the estimation of thermal damage and spatial temperature 

distribution in magnetic hyperthermia has been done in the previous chapter. The observation 

from the computational study are that the tumor location beneath the skin and the influence of 

outer ambient conditions affect the therapeutic effects of hyperthermia. The tumor model for 

applying magnetic hyperthermia was a regular cubic-shaped tumor geometry. Moreover, it is 

noticed that most of the computational studies on MNPH restrict their simulation to simple 2D 

or 3D tumor geometries, such as spheres, cylinders, or elliptical  shapes [76][168]. However, 

in the real case scenario, every tumor is of different size and shape and may require a specific 

MNP dose and injection sites for an optimum therapeutic effect during MNPH. So, in this 

chapter, the tumor models of different shapes and sizes, based on the patient-specific DICOM 

(Digital Imaging and Communication in Medicine) image data, have been used to construct the 

physical models [85], [86]. Through the MNPH simulations, the effects of tumor shape, size, 

and MNP injection strategies on the MNP dose (mg of MNP/tissue volume cm3) for MNPH 

have been investigated. 

It is noticed that, the heat dissipation and its spatial control is highly influenced by the 

nanoparticle injection location, dose, and distribution pattern [72] inside the tissue. Thus, a 

precise control of the MNP dose and its distribution in the localized targeted tissue is a key 

factor for the successful hyperthermia therapy. The heterogeneity in the heat and temperature 

distribution has been minimized by optimizing the MNP spread using multi-injections 

strategies for arbitrary shape tumors [22], [70], [76]. However, these computational studies are 

limited to their simulation in the regular  three-dimensional or hypotheical tumor geometries 

[85][73]. Limited numerical studies have been conducted on the tumor model reconstructed 

from real patient-specific data for MNPH [85], [86]. However, feasibility studies of 

microwave, RFA (radiofrequency wave), and ultrasound waves thermal therapies based on 

DICOM data have been conducted [87], [88]. Therefore, in this work, MNPH has been applied 

on breast tumors models generated from patient-specific DICOM data using the CT (Computed 

tomographic) or MRI (Medical resonance imaging) scans. MNPH simulations are performed 
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on five breast tumor models, which fall into the tumor category ranging from T1 to T4 tumors 

(based on tumor size) [147].  

Since the tumors exist in various shapes and sizes [145], [169], and to have successful 

treatment, heat energy must be confined only to the tumor region. This heat and its diffusion 

in the targeted tissue [9,21] depend upon the MNP amount, their spread, the physiology of the 

tissue, and, the injection strategy to induce the nanoparticle inside the tumor tissue [170]. In 

general, the injected mass of MNPs should increase as tumor volume increases to induce the 

required thermal dose. However, quantifying the optimum MNP mass for a specific tumor that 

is arbitrary in shape and size tumor is challenging. Therefore, the effects of tumor shape, size, 

and MNP injections on the MNP dose (mg of MNP/tissue volume cm3) for magnetic nano-

particle hyperthermia have been investigated in this study. In this work, a thermal damage 

criterion i.e., at least 90 % of the tumor volume and, less than 10% of healthy tissue volume 

should be under apoptosis [72], [171], is considered for calculating the required MNP dose. 

Additionally, both injection strategies (single as well as multi-points) are used to deliver the 

MNP dose to the tumor models. The simulations are done by using a fixed MNP dose of 

5 mg (cm3⁄  of tumor tissue) [72] as well as variable reducing dose [172] ranging from 5.5 to 

2.8 mg MNP/ cm3 to the tumor models.  

For the shake of nomenclature, the fixed MNP dose is designated as constant dose (CD), and 

the variable MNP dose is called reduced dose (RD) in this work. The MNPH is simulated on 

these tumor modes using a finite element method in COMSOL software. The study indicates 

that as the tumor volume increases, the requirement of MNP dose (mg of MNP/tumor volume) 

decreases to achieve the required therapeutic effect. The MNP dose (mg/cm3) almost drops 

by 50% if the tumor volume increases five times from the T1 to T4 type of the breast models.  

 Materials and methods 

4.2.1 Physical tumor modal 

The geometrical tumor models for breast tumors are reconstructed from the data of the public 

repository service, ‘The Cancer Imaging Archive’ (TCIA) [173], a part of the national cancer 

research (NCI), United States. The DCE_MRI DICOM images of breast cancer having 

different sizes (in terms of tumor volume) have been extracted from the archive. The 

geometrical breast models of various shapes and sizes are generated from these magnetic 

resonance images (MRI) using open-source 3d Slicer software, referred to as Brigham and 

Women’s Hospital (BWH), Inc. [174]. This software is routinely used for medical image 
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informatics and analysis [175], [176]. A volume and region of interest (ROI) are obtained from 

pre and post-contrast MRI images by subtraction scaler volume mapping and volume 

rendering, as shown in Figure 4.1 (a-d).  

    

(a) (b) (c) (d) 

    

(e) (f) (g) (h) 

The ROI is further converted into a closed surface geometry with the help of the segment editor 

tool of the 3D Slicer. After that, the segments (3D tumor model) are exported to the COMSOL 

software in STL (stereo lithographic) file format. These models are simulated using COMSOL 

to apply the bioheat physics according to the sequence shown in Figure 4.2. The tumor model 

constitutes a homogeneous healthy tissue surrounding the tumor tissue. The breast’s major 

portion comprises mammary gland lobes, and 70-80 % of breast cancer develops in the 

mammary gland (ductal carcinoma and lobular carcinoma) [177]. So, the thermo-physical 

parameters of the gland have been considered for healthy tissue properties.  

A physical breast model is shown in Figure 4.3 (𝑎̅), corresponds to one of the extracted breast 

models with its thermal boundary conditions. Five tumor models of different sizes and shapes 

are shown in Figure 4.3 (a-e). The tumor size in the first model (Figure 4.3(a)) is around 3 cm3, 

and the maximum tumor size is about 15 cm3 for the 5th model (Figure 4.3e). 

Figure 4.1: MRI images in 3D slicer in (a) Axial (b) Coronal (c) Sagittal, planes, and (d) ROI in 

3D slicer. Figure (e-h) shows a manual segmentation of ROI through surface cut. 
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These models fall into the size category of T1-T4 according to the tumor-node-metastasis 

(TNM) breast cancer classification [147]. The size of these tumors are parameterized in terms 

of their volume and surface area. Table 4.1, enlists the volume and surface area of the tumor 

tissue as well as the healthy tissue of the tumor models considered in this study.  

Table 4.1: Statistics of different tumor models extracted for hyperthermia application 

[173] 

Models 

 Tumor Tissue Breast tissue  

Catagory Volume 

(cm3) 
Surface Area 

(cm2) 
Volume 

(cm3) 
Surface Area 

(cm2) 
1st T1 3.07 10.5 811 453 

2nd T2 5.92 16.6 1399 636 

3rd T3 8.56 21.9 957 478 

4th T3 12 27.9 1114 547 

5th T4 15 31.0 888 462 

Figure 4.2: Procedural steps for tissue segmentation in 3D slicer, followed by the modelling 

of imported models in COMSOL software. 
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It should be noted from Table 4.1 that the volume of tumor tissue increases five times for the 

5th model with respect to the 1st tumor model. However, the surface area of the 5th model is 

increased to nearly three times with respect to the smallest tumor. Furthermore, since the data 

is from different patients, thus the breast tissue size (volume & surface area) also varies for 

these models. 

 

(𝒂̅) 

 

 

  

(a) (b) (c) 

  

(d) (e) 

 

 Figure 4.3: (𝒂̅) Schematic of Breast physical model geometry, tumor region surrounded by 

healthy tissue, with its thermal boundaries. Developed physical models in COMSOL, 

imported in STL format from the segmentation editor of the 3D slicer shown by Figs. (a-e) 
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In this regard, Table 4.1 shows the statistics of these breast models with tumor and healthy 

tissue that comes under the T1-T4 breast cancer stages according to the tumor-node-metastasis 

(TNM) classification system for breast cancer staging [147].  

4.2.2 Mathematical model 

The MNH is simulated in all the tumor models discussed in the previous section. The 

temperature simulation in the tumor and the healthy tissue during MNH has been done using 

Penne’s bio-heat model [153]. The general mathematical form of Penne’s bioheat equation has 

been presented by Eq. (3.2) in the section 3.3 of previous chapter 3. The tissue and material 

properties considered in the present study have been provided in Table 4.2. 

Properties Tumor Healthy region Blood 

Density,  𝜌 (kg/m3) 1050 1041 1050 

Thermal conductivity,  𝑘𝑡 
W/(m.K) 

0.48 0.33 NA 

Specific heat, 𝑐𝑝 (J/(kg.K)) 3770 2960 3617 

Perfusion rate  𝜂𝑏 (1/s) 0.011 0.005 NA 

Metabolic heat, 𝑄𝑚 (W m3⁄ ) 13600 700 NA 

 

4.2.2.1  Heating power, and thermal damage criteria. 

The heat source term 𝑄𝑠 in Eq. (3.2), is the power deposition in tissue dependent on the applied 

amplitude and frequency of alternating magnetic field (AMF). The remaining details of heat 

generation are explained in the section 2.2.2 from Eq. (2.1 to 2.4) of the previous chapter 2. 

When iron-based nanoparticles (MNP) are exposed to the AMF, a magnetically induced heat 

is generated and is termed specific loss power (SLP) [180]. The 𝑄𝑠 in W m3⁄  is obtained by the 

product of SLP in (W/g)  and MNP concentration or dose having unit (mg/cm3) in the tissue. 

In the current study, a constant heating power (SLP) of 50 W/g corresponding to the field 

amplitude (𝐻0) of 10 kA/m and 150 kHz of frequency (𝑓) has been considered. This value is 

calculated from the relation given for SLP calculation observed for BNF-Starch nanoparticles 

of size around 100 nm used by Attluri.et [71], [74], [181]. 

Table 4.2: Thermo-physical properties of tumor and healthy tissue included in the study for 

simulation [86][178][179]. 
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Here, the considered values of field frequency and amplitude in multiplication remain under 

the acceptable threshold limit, i.e., 4.85×108 A m. s⁄   for the safe application of MNH [74][158]. 

The heat distribution in the tissue is also affected by MNP distribution. Thus, the distribution 

of 𝑄𝑠 in the targeted tumor tissue will be different for single and multi-injection MNP 

distribution. The effect of heating in the tissues (tumor and healthy) has been calculated in 

terms of thermal dosimetry (Thermal damage). Thermal damage to the tissue is calculated 

using the Arrhenius relation that has been given by Eq. (3.11) in the section 3.3.4 of the 

previous chapter 3.  

The thermal damage parameter denoted by ′𝛺′ with a threshold value of 4.6, which corresponds 

to 99 % of cell damage, has been considered in the current simulation. Furthermore, 

temperature-dependent blood perfusion (𝜂𝑏) within the tumour and the healthy region is 

implemented using the first-order irreversible kinetic Arrhenius model which is well describes 

in the section 3.3.5 of chapter 3. The  (𝜂𝑏) as having a linear relationship with a non-

dimensional parameter, called the degree of microvascular stasis (MVS) (Eq. 3.15 & 3.16), 

which is a function of the thermal damage parameter (𝛺) is well elaborated by S Nain et al. 

[178]. This study considers medium blood perfusion (𝜂𝑏), which is 0.011 s-1 for the breast 

tumor tissue and 0.55 × 10-3 s-1 for the healthy tissue [156]. 

The cumulative thermal damage of tumor as well as healthy tissue is defined by a parameter 

𝐶𝑑 that quantifies in terms of volumetric percentage damage [76] of any tissue relative to the 

tumor volume. This parameter 𝐶𝑑  has been calculated using Eq. (3.13) given in the section 

3.3.4 of the previous chapter 3. Here, the thermal damage parameter represents the tissue 

volume having the value of 𝛺 ≥ 4.6, (Eq. (3.11)) for each damaged cell.  

4.2.2.2 Boundary Conditions (BC’s) on the tumor models. 

The tumor models in the current study are of the three-dimensional volume enclosed by 

different surfaces. The first is the outer surface (skin), which interacts with ambient conditions 

through convection, and the other is the surface attached to the core body. There is a third 

surface in this model, which is the interface of tumor and tissue. The boundary conditions 

applied on these respective surfaces of the physical breast model are shown in Figure 4.3 (𝑎̅). 

The interface boundary surface (tumor-healthy tissue) is tackled by the continuity equation 

given in Eq. (4.4). The convective surface of the geometric modal is liberating heat by 

convection (Eq. (4.5)) to the ambient, at a temperature of 20 ˚C. Moreover, the core body 
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temperature, i.e., 37 ˚C, is assumed at the interface of the breast and the core body surface (Eq. 

(4.6)). The mathematical form of all BC’s are as follows, 

                          

−𝑘𝑡.𝑡.
𝜕𝑇(0, 𝑡)

𝜕(𝑥, 𝑦, 𝑧)
= −𝑘ℎ𝑡.

𝜕𝑇(0, 𝑡)

𝜕(𝑥, 𝑦, 𝑧)
 

  

(4.4) 

                             

−𝑘ℎ𝑡 
𝜕𝑇(0, 𝑡)

𝜕(𝑥, 𝑦, 𝑧)
|
𝐶𝑆

= ℎ𝑐(𝑇𝐶𝑆 − 𝑇𝑎𝑚𝑏) 
(4.5) 

                                                 cCBS TT =  (4.6) 

4.2.2.3 Numerical Simulation and Grid structure 

Physics-controlled tetrahedral mesh elements are used to discretize the computational domain 

(tumor model). It should be noted from the meshing of all the tumor models (Figure 4.4) that 

the tetrahedral elements are fine in the tumor tissue and at the tumor and healthy tissue 

interface.  

   

(a) (b) (c) 

  

(e) (f) 

Figure 4.4. Sectional view of different breast models having discrete nodes and mesh 

generation. 
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Heat generation and its transport primarily occur in the tumor tissue, where the MNPs are 

concentrated. Thus, meshes are fine in the tumor tissue to capture the stiff temperature gradient 

in this volume. The temperature gradient is less in the outer healthy tissue away from the heat-

generating domain. Thus, a coarser mesh is utilized in this region. Repair tolerance of 1e−8 at 

geometrical interfaces have been applied for the smooth application of boundary conditions 

and physics.  

The unstructured tetrahedral grid elements used for the MNH simulation are shown in Figure 

4.4. Generally, the computational results are sensitive to the grid type and size. Thus, a grid 

refinement test has been performed to assess the independency of computational results. This 

test is conducted on the smallest tumor (model 1st). The mesh is consecutively refined for each 

hyperthermia simulation on this model. The highest temperature attained during magnetic 

hyperthermia on this model is observed with different mesh sizes. It should be noted from 

Table 4.3 the deviation of the results is nearly 0.19 % for the elements 535431 and 115050, 

utilized for the simulation. Thus, 535431 number of elements is reasonable for 1st tumor model. 

A similar grid-independent test is also conducted for other models to estimate the required 

number of mesh elements for each model.  

The numerical integrity of the current study has been done by comparing the computational 

and the experimental results. The temperature profile of an in-vivo mice study done by Attaluri 

[48] is selected to demonstrate the validation of the current study. The tumor is dosed with 

25.17 mg mass of magnetic nanoparticle distributed in a volume of 60 (mm3) and exposed 

to150 kHz and 6 kA/m frequency and amplitude of alternating magnetic field [48]. The 

combination of this filed and frequency develops a SLP (specific loss power) of 9.5 w/g, which 

has been used to predict temperature profile in the current study. 

Table 4.3: Grid independence test for on 1st breast model (Maximum temperature in 

tumor tissue after one hour). 

Number of tetrahedral 

elements 

The maximum temperature at the 

tumor center (˚C) 

Deviation (%) 

18219 60.6 - 

39930 60.0 1.0 

115050 59.75 0.38 

535431 59.87 0.19 
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The temperature profile measured by a thermocouple in an experimental study is obtained at 

an infusion rate of 10 μL/min of MNP fluid to the tumor region. In Figure 4.5, the abscissa is 

a radial distance on both side of the injection point and the temperature is on ordinate, whose 

base temperature value i.e., 0 ˚C is equal to 37 ˚C. The MNP spread has been considered 

uniform inside the tumor in the same volume as done in the experiment by Attaluri et al [48]. 

Due to the heterogeneous MNP distribution in the experimental study, there is a difference 

between temperature profile that can be noticed in Figure 4.5. However, a close agreement has 

been found in the overall curvature of temperature distribution along the central axis of the 

computational domain and the experimental results. 

4.2.2.4 MNP’s injection dose methodology and their distribution in the tumor models: 

As mentioned in the introduction, MNP produce heat under AMF to sensitize or ablate the 

tumor tissue. The heat spread and dissipation is influenced by the MNP distribution that 

depends upon the injection rate as well as the physiology of the tumor. However, to simulate 

the MNH, various theoretical studies have simplified the MNP spread with reasonable 

assumptions [49], [70]. And primarily, two types of MNP concentration distribution, either 

uniform or uniformly varying MNP distribution (Gaussian) are considered [76], [85].  Attaluri 

et al. [71] in their work have considered that the MNP is uniformly concentrated only in 40% 

of the tumor. Similarly, Kandala et al. [72]  have considered three types of MNP distribution 

in elliptical-shaped tumors. Uniform distribution in the complete tumor, uniformly 

concentrated only in 40% of the tumor, and Gaussian distribution in tumor tissue. Again, for 

Figure 4.5. Comparison of the spatial temperature profile of tumor region between 

experimental [48] and the present study. 
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the Gaussian, the MNPs are spread up to 44% of the major tumor axis and 17% of the minor 

tumor axis. Thus considering the approximations and simplifications stated in the previous 

works [71], [74], a uniformly concentrated MNP distribution has been assumed around the 

injection point. The details of the MNP dispersion after its injection in the tumor tissue are 

illustrated in Table 4.4. It should be noted from this table that for a single injection, the spread 

of MNP slightly increases from 35% to 43% of the tumor volume as tumor size increases (1st 

to 5th Model). This increase in the MNP dispersion accommodates higher MNP mass injected 

into the bigger tumors. For multi-injection, the total tumor volume has been divided according 

to the number of injection sites used in the multi-point MNP delivery. For the multi-injection 

approach, MNP mass injected through each injection depends upon the percentage of the tumor 

volume covered by specific injection. Since the tumors are complex in shape and may have 

multiple protrusions, thus total tumor volume is suitably divided to locate the injection points 

for multi-injection strategy. The respective MNP's mass for each injection depends upon the 

tumor volume weightage that injection covers. Again, the number of injection points depends 

upon the tumor shape's complexity and the tumor volume. Thus 1st, 2nd and 5th tumor model 

has two injection points, however 3rd, and 4th tumor model has three injection points, 

respectively. Table 4.4, also depicts the percentage tumor volume associated with each 

injection point and the percentage tumor volume covered by MNP dispersion for each injection. 

In the multi-injection strategy, MNP mass is divided into multiple sites. Thus, the MNP spread 

volume at each site in multi-injection is smaller than the MNP dispersion volume due to the 

single-injection strategy. 

As discussed in the introduction, quantifying the MNP dose that produced the required 

therapeutic effects is difficult to estimate. Although some efforts have been made in the 

literature related to MNP dose for increasing size tumors [172]. To investigate this aspect, 

numerical experiments are conducted in this work to evaluate the therapeutic effects in terms 

of thermal damage, induced by constant dose (CD) and reduced dose (RD) methodology, whose 

implementation is shown in the flow chart of Figure 4.6. 

Thus, in all the generated tumor models (1st -5th) constant dose of 5 mg/cm3 is injected through 

the single-site injection with the spread of MNP, as described in Table 4.4. Magnetic 

hyperthermia is simulated on these models for one hour using magnetic field parameters 

described in section 4.2.2.1. The computational results produce elevated spatial temperature 

profiles in and around the targeted tumor tissue volume. 
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Flow chart of optimum MNP dose implementation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Procedural steps of implementation of constant and reduced dose methodology 

and different parameters arrangement. 
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 The therapeutic effects in terms of thermal damage, 𝐶𝑑  (Eq. (3.13)), are computed using this 

spatiotemporal temperature profile created during MNH. The thermal damage induced by 

Table 4.4: The tumor models with implemented injection protocol having centrally 

concentrated MNP distribution in allotted volume weightage in single-site (CD & RD) 

and multi-site injections (RD). 
M

o
d

el
s 

Single-site injection Multi-site injection 

MNP distribution 

MNP 

dispersion 

in Tumor 

volume (%) 

MNP distribution 

Site’s tumor volume 

weightage (%) and 

spread in tumor 

volume (%) 

1st 

 

35 

 

1st – 68, 35 

2nd – 32, 25 

2nd 

 

35 

 

1st – 60, 35 

2nd – 40, 35 

3rd 

 

35 

 

1st – 31, 25 

2nd – 22, 25 

3rd – 47, 32 

4th 

 

40 

 

1st – 35, 25 

2nd – 30, 25 

3rd – 35, 25 

 

5th 

 

43 

 

1st – 47, 28 

2nd – 53, 30 
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MNH with constant dose (CD) of MNP to all selected tumor models (1st -5th) is shown in Figure 

4.7 (a-e). In these figures, the tumor-healthy tissue boundary is inscribed with white color. It 

can be seen from these figures thermal damage is within the tumor boundary only for the 

smallest tumor (1st model). 

However, as the tumor size increase, more thermal damage is inflicted to the healthy tissue 

(Figure 4.7 (b-e)). With these findings, it can be concluded that CD of MNPs (5 mg/cm3) is 

not suitable for different sizes of tumors. Because CD of MNPs damages more healthy tissue 

volume in larger tumors during hyperthermia, thus the MNP dose must decrease as tumor size 

grow. Again, numerical experiments are conducted to optimize MNP dose for different shapes 

and tumor models. The MNP dose for the tumor models (2-5) is iteratively reduced until the 

thermal damage criterion, discussed in the previous section is obtained [72], [171]. Based on 

these numerical simulations, a reduced dose (RD) of MNP is estimated for all the tumors 

selected in this study.  

      

(a) (b) (c) (d) (e) 

     

(a`) (b`) (c`) (d`) (e`) 

 

The numerical values for reduced MNP dose corresponding to each tumor is depicted in Table 

4.5: Tumor models and their respective injected MNP dose with CD, and RD method. It should 

be noted from this table, the required MNP dose for the smallest tumor is slightly higher than 

5 mg/cm3 i.e. 5.5 mg/cm3 to induce needed therapeutic effects during MNPH. However, for 

Figure 4.7. Comparison of thermal damage to the targeted tissue and surrounding healthy tissue 

having CD (a-e), and RD in Figure (a`-e`) 
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the tumor models 2nd to 5th, as the tumor size increases, the MNP dose is continuously reduced 

to get the required therapeutic effects.  

The thermal damage induced by the RD during MNPH on all the tumors is also shown in Figure 

4.7 (a`- e`). Thus Figure 4.7, compares the thermal damage inflicted to the tumor as well as 

healthy tissue with CD and RD during MNPH. It should be noted from this figure that, RD 

induced much smaller damage to the healthy tissue, even for the biggest tumor (model 5th) in 

comparison to the CD MNP dose. Thus, MNP dose should be reduced as the tumor size 

increases to induce the required therapeutic effects during MNPH. The details of the 

investigation using single-point and multi-point injection strategy for constant MNP dose and 

reduced MNP dose is described in the result section.  

 Results 

The details of MNH simulation results using constant and reduced MNP doses with single and 

multi-injection MNP delivery are discussed in this section. The MNH thermotherapy is induced 

in all tumor models, (Figure 4.3). The duration of MNH therapy is 3600 seconds for all the 

breast models [164]. The temperature in the targeted tissues starts rising as soon as the MNH 

applicator is induced. 

4.3.1  The steady-state spatial distribution of the temperature during MNH 

The steady-state spatial temperature distribution in the form of isotherms for MNP doses (CD, 

and RD) and injection methodology for all the breast models selected in this study are discussed 

in this section. We have categorized MNH into three categories based on the MNP dose (CD 

and RD) and its injection methodologies (single and multi-injection). These are single injection 

with constant MNP dose; single injection with reduced MNP dose; and multi injection with 

reduced MNP dose. It should be noted that RD of MNP for each tumor model, as mentioned in 

Table 4.5, is the same for single and multi-injection MNP delivery.  

Thus, for reduced dose protocol, similar MNP mass is injected into a specific tumor irrespective 

of whether it is delivered through single or multi-injections. The MNH is intended to maintain 

at least 90% of the tumor tissue at a target temperature of 43 ˚C. The temperature  assessment 

is compared by 𝑇90 and 𝑇10 (temperature achieved in at least 90% and 10% tumor volume), 

and a heterogeneity index (HI), which is defined as (𝑇10 − 𝑇90/(𝑇90 − 𝑇𝐶𝐵) [76]. Table 4.6 
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shows the statistical details of the temperature induced during MNH in the breast tumor tissue 

subjected to different injection strategies and the MNP dosages. 

Table 4.5: Tumor models and their respective injected MNP dose with CD, and RD method 

Models 
Tumor 

Volume 

(cm3) 

Constant dose (CD) Reduced dose (RD) 

Injected MNP 

dose 

(mg/cm3) 

Total MNPs 

mass (mg) 

Injected MNP 

dose 

(mg/cm3) 

Total 

MNPs 

mass (mg) 

1st 3.07 5 15.35 5.5 16.88 

2nd 5.91 5 29.55 4.2 24.83 

3rd 8.65 5 43.25 3.6 31.57 

4th 12.02 5 60.1 3.2 38.46 

5th 14.8 5 74 2.8 41.44 

It should be noted from Table 4.6, that when the tumors are injected with a constant dose (CD), 

i.e., of 5 mg/cm3of MNPs, the 𝑇90, 𝑇10, and T𝑚𝑎𝑥 temperature increases with the increase of 

the size of tumor. This is due to the increase in the total mass of MNPs being injected as tumor 

volume increases. This increase in the MNP mass is in proportion to the tumor size as given in 

Table 4.5. On the contrary, with the reduced doses (RD) of MNPs, the pointers of therapeutic 

temperatures (𝑇90, 𝑇10, and T𝑚𝑎𝑥) have not been proportionally increased with tumor volume 

increment. 

Table 4.6: The temperature achieved in the tumor region of all physical models subjected to different injection 

and MNP dosage strategies.  

Tumor 

Models 

Tumor Temperature (˚C ) 

𝐓𝟗𝟎 𝐓𝟏𝟎 𝐓𝐦𝐚𝐱 HI 

CD-

Single-

point 

RD-

Single-

point   

RD-

Multi-

point   

CD-

Single-

point 

RD-

Single 

point   

RD-

Multi-

point   

CD-

Single-

point 

RD-

Single 

point   

RD-

Multi-

point   

CD-

Single-

point 

RD-

Single 

point   

RD-

Multi-

point   

1st 42.4 43.5 44.3 54.2 56.4 56.25 59 61.5 60.5 2.1 1.98 1.66 

2nd 45.5 43.2 43.9 64.8 59.5 58.0 71.5 65.2 63.9 2.27 2.6 2.0 

3rd 44.5 40.7 43.8 72.3 61.3 55.9 81 67.7 60.3 3.7 5.5 1.77 

4th 50.1 42.6 44.5 80 62.3 57.7 89.6 68.4 62.5 2.28 3.5 1.76 

5th 52.3 41.7 44.3 85 62.1 61.0 98.5 68.3 67.9 2.3 4.3 2.2 
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 CD single-point RD single-point RD multi-point 

1st 

 

   

2nd 

   

3rd 

   

4th 

   

5th 

   

Figure 4.8. The contours of the temperature distribution of all five breast models in tumor 

tissue and healthy tissue infused with constant dose (CD), and reduced dose (RD), after one 

hour of heating. Column 1st have the CD single-point injection, Column 2nd represents the 

RD single-point injection at the centroid of tumor volume, and Column 3rd shows the RD 

multi-point injection strategy implemented in models. 
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It should be noted from Table 4.6. that with reduced dose (RD), T90 the temperature in the 

tumor mass is reduced with a single injection. However, with multi-injection delivery, the 

temperature 𝑇90 in the tumor volume remains closer to the therapeutic level, i.e., 43 ˚C. Thus, 

RD and multi-point injection strategy exhibits the temperature above the minimum therapeutic 

level, i.e., 43 ˚C, and cover at least 90% of tumor volume in all five models. The maximum 

temperature T𝑚𝑎𝑥, induced with RD and multi-injection strategy, is also much lower than the 

CD and single-injection strategy. In addition, RD with multi-injection has lesser heterogeneity 

in the temperature distribution among the considered dosage protocols. 

Conclusively, the multi-point RD strategy shows better temperature distribution with 

significantly less temperature heterogeneity than the CD and RD single-point injection 

strategies. The temperature distribution inside the models generated during MNH with single-

point and multi-point injection strategies with constant dose and reduced dose protocols have 

been compared, as shown in Figure 4.8. The color legends show the temperature range, with 

different colors and starting at core body temperature and rising to the maximum temperature 

reached inside the tumor after heating. The black line in these planer views is the tumor 

boundary that separates the healthy and tumor tissues.  

It is noticed that contour lines are well merged and seem parallel to the tumor boundary, 

especially in the multi-site injection. Moreover, the maximum temperature in the multi-point 

injection is significantly lower than in the single-site injection. Overall, the results of multi-

injection strategies have less heterogeneity in the temperature distribution inside the tumor 

region for all the considered tumors.  

The details of the temperature profile obtained during MNH simulations on the considered 

tumor models have been discussed in the previous section. However, the quantitative 

therapeutic effects are also estimated in terms of thermal damage (𝐶𝑑 ) induced during magnetic 

hyperthermia. The values of 𝐶𝑑 , are estimated for both tumors as well as healthy tissue during 

MNPH. Details of the thermal damage induced on the considered tumors with different doses 

and injection strategies are as follow. 

4.3.2 Thermal damage to the considered models during MNH with different injection 

strategies and doses  

Ideally, there should be no damage to the healthy region during MNH, but due to the irregular 

shape and size of the tumor boundary, it’s difficult to limit the heat distribution in the tumor  
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Models CD-Single-point RD-Single point RD-Multi-point 

 

1st 

   

2nd 

 
 

  

3rd 

   

4th 

   

5th 

   

Figure 4.9. Fraction of tissue thermal damage (MVS) in the form of isotherms, achieved in the 

considered models (healthy and tumor region). MNPs are injected with a constant dose single point, 

with reduced dose (RD) single point, and RD multi-point injection strategy as shown in Columns 

2nd, 3rd, and 4th, respectively. 
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region only. Figure 4.9, shows the level of thermal damage induce in all tumor models by CD 

using single injection, RD using single injection, and RD with a multi-injection. It should be 

noted from the figure that with CD and single injection, the thermal damage penetrates the 

healthy tissue. With the increase in the tumor size, more and more thermal damage is inflicted 

to healthy tissue with a constant dose regime (Figure 4.9). However, reduced dose of MNP, 

particularly with multi-injection methodology, restricts thermal damage within the tumor tissue 

boundary. The quantitative description of thermal damage is enlisted in Table 4.7. It should be 

noted from this table that for CD and single-dose regimes, the thermal damage to the healthy 

tissue in 2nd tumor model onward is much higher with respect to the maximum allowable 

damage, which is 10% of the tumor tissue volume. Thus, the MNP dose should not be constant 

as the size of the tumor increases. Therefore, the total mass of MNP should not linearly increase 

with tumor volume increment. The therapeutic effects induced by RD and single injection show 

the reduction in the thermal damage to the tumor tissue as well as healthy tissue.  

It should be further noted from this table reduction in MNP dose with single injection also 

inflict less damage with respect to the minimum threshold tumor tissue damage i.e. 90% of 

tumor tissue.  

Breast models 

% 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑑  

1st 2nd 3rd 4th 5th 

Tumor 

tissue 

CD-Single-

point 
73 94.8 90 97 94 

RD-Single-

point 
86 85.5 74 83 82.6 

RD-Multi-

point 
94.5 90.0 90.1 92.8 92.2 

Healthy 

tissue 

CD-Single-

point 
0.0 48 92 136 164 

RD-Single-

point 
2.8 16.3 35.8 25.8 11.6 

RD-Multi-

point 
4.0 9.5 4.4 2.2 0.48 

 

Table 4.7: Percentage volume of tissues (tumor and healthy) damage in considered breast models 

having different injection protocols. 
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However, when the same reduced MNP dose was injected through multi-injection, the thermal 

damage attained the required threshold thermal damage in all the tumor models. At the same 

time, thermal to the healthy tissue also remains less than the threshold criterion of 10%. Thus, 

thermal damage inflicted by the RD is well within the thermal damage criterion prescribed for 

hyperthermia therapy. 

  
(a) (b) 

 

Figure 4.10, shows the plots of MNP dose (mg of MNP/volume of tumor mass) and total MNP 

mass injected with CD (single injection) and RD (multi-point injection) versus tumor volume. 

It should be noticed from this plot that if the tumor tissue volume increases five times, the 

optimal MNP dose (mg of MNP/volume of tumor mass) needed for thermo-therapy is dropped 

by 50%. Among the tested tumors, the maximum size tumor of 15 cm3, only needs 2.8 mg/cm3 

dose of MNPs to reach a threshold of therapeutic effect. However, the smallest tumor mass 

(model 1st) having nearly 3 cm3 tumor tissue volume requires MNP dose of 5.5 mg/cm3 to 

attain similar thermal damage. Furthermore, the total MNP mass necessary for the MNH 

increases with tumor size. However, this increment should not be linear with respect to the 

tumor size to obtain threshold therapeutic effects. Thus, total injectable MNP reduced from 74 

mg to 41.44 mg for the biggest tumor (model 5th) if RD is adopted instead of CD (Figure 4.10 

(b)). 

 Discussion and Conclusions: 

In this work, efforts have been made to get tumor size-dependent MNP doses for Magnetic 

hyperthermia therapy. In most of the previous magnetic hyperthermia simulations, the tumors 

 

Figure 4.10. (a) Variation of dose of MNPs with different breast tumor volumes (b) total 

MNPs mass being injected under CD and RD for optimal therapeutic effect. 
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are considered simple in shape like spherical, elliptical, cylindrical, or cubical [73], [168] 

However, the actual tumor is usually arbitrary in shape. Thus, tumor models reconstructed from 

DICOM images enhance the applicability of current work for magnetic hyperthermia therapy. 

Furthermore, generated tumor models having tumor volumes ranging from 3 cm3 to 

15 cm3that covers a wide range of tumor sizes (T1-T4). Thus, estimated MNP dosimetry 

encompasses a wide range of tumor size. The efficacy of Magnetic hyperthermia largely 

depends upon the dose of magnetic particles and their distribution in the tumor region. 

However, various studies have established that multi-point injection strategies help in the 

homogeneous distribution of MNP in the targeted tissue [22], [70], [76]. Thus, multi-injection 

delivery of MNP fluid in the targeted tumor volume increases the presence of MNP in a wider 

tumor mass volume. Therefore, current results also show that less MNP mass is required when 

MNPs are injected through a multi-injection strategy to produce specific thermal damage to a 

tumor in comparison to single-injection MNP delivery. Detailed comparative analysis of 

therapeutic effects in terms of temperature profile and thermal damage inflicted to the targeted 

tissue have been done to estimate the tumor size-dependent MNP dose.  

The current observation states that MNP mass should not increase in a linear proportion as the 

tumor grows in size. The analysis found that if MNP mass is chosen based on the constant 

MNP (CD) dosimetry (5 mg MNP/ tumor volume in cm3) for higher sizes tumors, more 

thermal damage is inflicted to healthy tissue along with the damage to the tumor mass. It is 

estimated in this work that the MNP dose can be reduced from 5.5 to 2.8 mg MNP/ cm3 as the 

tumor size increse from 3 cm3 to 15 cm3 to have threshold thermal effects. Thus, the MNP 

dose (mg/cm3) almost drops by 50% if the tumor volume increases by five times of the breast 

models. Moreover, the temperature in 90% of the tumor volume also remains well above the 

minimum therapeutic level, i.e., 43˚C, for the RD-multipoint regime in all models. However, 

for the CD, the temperature, T90 is in a range of 42-52 ˚C following a very random passion. 

Based on the constant MNP dose and reduced MNP dose regime for MNH, plots have been 

drawn between tumor size versus MNP dose as well as tumor size versus total MNP mass. 

These plots produce some correlation between tumor size versus MNP dose for MNH. 

However, the MNP dose versus tumor size correlation inherits the error associated with the 

mathematical model, MNP distribution patterns. This is due to the fact that tumors, as well as 

healthy tissue, are not homogeneous, and heterogeneity exists due to the microstructure and 

other vascular non-homogeneity of the tissue and consideration of isotropic tissue properties. 

However, these assumptions are routinely utilized for the computation of complex physics like 
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bio-heat transfer in the tissue [168][172][72]. Future studies may reduce the error associated 

with simplifications by incorporating more realistic thermos-physical properties distribution 

based on the physiology of the tumors and more realistic MNP distribution in the targeted 

tissue. Additionally, the inclusion of microchannels and peristaltic blood vessels [182] 

embedded inside the tissue can be done in further studies to simulate more realistic physiology 

of the tumor models. However, this work may help to give some directions regarding the MNP 

dose based on the tumor size for experimental and other future studies.  
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CHAPTER 5 

Effect of Arterial Blood Flow on Magnetic Fluid Hyperthermia Applied to 

Human Breast Tumor. 

 Introduction  

The magnetic nanoparticle dose (MNP) (mg of MNP/tissue volume cm3) for different shapes 

and sizes of tumors for optimal efficacy of MNPH has been investigated in the previous 

chapter. The results of that study aid in understanding the amount of MNP dose for increasing 

size breast tumor models while maintaining a minimum therapeutic level of MNPH. The 

physical tumor models were constructed from patient-specific DICOM images for MNPH 

application. As an extension to the previous chapter’s work, a more realistic tumor model has 

been made using DICOM database in this chapter. The visible physiological entity, i.e., an 

artery embedded inside the tumor, has also been extracted to build a more realistic physical 

model for MNPH application. The inclusion of artery will increase the correctness of the 

physical model in terms of physiology, as well as increase the accuracy of numerical simulation 

by including multi-physics involved in the magnetic hyperthermia process. Besides the MNP 

distribution, its dose, and injection sites, the therapeutic effects of MNPH is significantly 

influenced by the blood vessels and arteries surrounding the tumor. These arteries may serve 

as a significant heat sink during MNPH if they intersect or close to the tumor boundary. 

Therefore, in the current MNPH simulation, the effect of blood flow through an artery partially 

engulfed in the tumor region has been investigated. The tumor tissue is infused with a dose of 

5 mg/cm3 (as per the previous study) using a multipoint injection strategy to gain a 

homogenous temperature distribution. The thermal damage of the tumor region has been 

evaluated with two flow conditions, i.e. with the flow, and without the flow of blood through 

the artery. It has been observed that arterial blood transports a substantial amount of heat and 

preserves a considerable proportion of undamaged tumor tissue during hyperthermia. This 

chapter begins with the physical model construction to replicate the human breast. A 

subsequent mathematical model having governing equations is implemented to the breast 

model. Finally, the results have been complied in form of spatial-temperature distribution and 

thermal damage for the tumor as well as the surrounding healthy tissue. 
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DICOM images of the cancerous breast 

from TCIA imported in 3D Slicer. 
Volume rendering of Region of 

interest (ROI) as cancerous breast. 

Closed surface geometries of different 

Region to import in STL format of ROI. 

Artery and tumor extraction by 

segmentation editor tools (surface cut, 

smoothing, scissors) in 3D. slicer. 

 Materials and Methods 

5.2.1 Physical tumor modal 

The geometrical tumor model was reconstructed from the DCE_MRI DICOM image data of 

breast cancer patients. This DICOM data has been obtained from a public repository service, 

‘The Cancer Imaging Archive’ (TCIA) [169], a part of the National Cancer Research (NCI), 

United States. 

 

 

Figure 5.1: Procedural steps for breast and tumor tissue with arterial segmentation in 3D slicer. 
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The MRI scans of patients were imported into a 3D slicer software to develop a three-dimensional 

closed surface of the tumorous breast along with a mammary artery. The required procedural steps 

of the arterial and tumor tissue segmentation process have been given in Figure 5.1. Further, these 

closed surface geometries were imported into the COMSOL software in STL (stereo lithographic) 

file format to apply bioheat physics. More details can be found in the section 4.2 of the previous 

chapter 4. 

 
(a) 

 
 

(b) (c) 

A physical breast model shown in Figure 5.2 (a), corresponds to the breast tissue model 

developed in COMSOL from the STL file. This includes the extracted mammary artery, tumor 

tissue, and surrounding healthy breast tissue with its thermal boundary conditions. It can be 

noticed from Figure 5.2 (a) that a small portion of the mammary artery is partially embedded 

Figure 5.2: (a) Physical breast tumor model (b) mammary artery (c) tumor tissue with an 

arterial trace. 
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inside the tumor tissue surface. This engulfed portion of the artery is highlighted in Figure 5.2 

(b) at the blood inlet branch and in the form of arterial trace in the tumor tissue, as shown in 

Figure 5.2 (c). 

The present breast model is comprised of uniform healthy tissue that envelops the tumor and 

the arterial structure. The primary component of the breast is composed of lobes of the 

mammary gland, with 70-80% of breast cancer originating in this gland (ductal carcinoma and 

lobular carcinoma) [177]. Therefore, for healthy tissue properties, the gland's thermo-physical 

properties have been considered. The size of the tumor in this work is 4.3 cm3 which comes 

under the T2 size category of the TNM classification of tumors [147]. The other statistical 

details of these extracted segments of breast have been given in Table 5.1. 

Table 5.1: Statistics of Breast tumor model extracted for hyperthermia 

application [173] 

Models 

   

Category Volume 

(𝐜𝐦𝟑) 
Surface 

Area (𝐜𝐦𝟐) 

Tumor Tissue T2 4.30 1.30 

Healthy Breast 

tissue 

- 143 68.73 

Mammary artery - 3.01 2.90 

5.2.2 Mathematical model 

5.2.2.1 Heat transfer in tissues and arterial blood flow 

The developed breast tumor geometry is simulated for MNPH treatment with the mathematical 

models discussed in this section. First of all, the temperature estimation in the tumor and the 

healthy tissue during MNH has been done using Penne’s bio-heat model [153], the details of 

which have been discussed in section 3.3 of Chapter 3. The physical model includes the 

mammary artery, with two of its branches having blood flowing through them. The blood flow 

in arteries is considered as fully developed and laminar flow, since the blood's velocity within 

them is low. The Navier-Stokes (N-S) equation as a mathematical model has been used to 

describe the motion of viscous Newtonian incompressible flow inside the artery. This equation 

is derived by applying Newton's second law to fluid motion, assuming that the stress in the 

fluid is caused by both viscosity and pressure. N-S equation used by Gas et al. [183] for the 

arterial blood flow under the external magnetic field is utilized as shown in Eq. 5.1. 
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𝜕𝑢

𝜕𝑡
+ (𝑢.▽)𝑢 − 𝜈 ▽2 𝑢 +

1

𝜇
▽ 𝑃 = 𝐹 

▽.𝑢 = 0 

5.1 

Where 𝑢 is the blood velocity, 𝜈 is the kinematic velocity, 𝜇 is dynamic viscosity of blood, 𝑃 

is the pressure, and 𝐹 is the external gravitational force. The first part of Eq. 5.1 is the 

conservation of momentum, and the second part is the mass conservation. The inlet blood 

velocity of 0.5 m/s is considered through the artery [183], and a static pressure of 110 mmHg 

at the artery outlets with suppress backflow. The no-slip boundary wall has been considered 

along the artery walls [184]. Here the goal of applying the N-S equation to find the velocity 

profile inside the artery. This velocity serves as an input to apply the physics for convection 

heat transfer for arterial blood flow. The boundary wall of the artery is assumed to be non-

porous for the mass transfer across it [184]. Therefore, the chances of MNP leakage into the 

stream of the artery are negligible. The tissue and material properties considered in the present 

for simulation have been considered as per Table 4.2 of the previous chapter. 

5.2.2.2 MNP distribution and boundary conditions for the tumor model 

It is well known that heat generation and its dissipation is highly influenced by the MNP 

distribution after injection. Regarding this, the MNPH theoretical studies utilize different types 

of MNP spread with certain assumptions [7][8]. Among these particle distributions, a 

uniformly concentrated MNP spread used by Attaluri et al. [71] has been considered in this 

work. In this type of spread, the MNP are uniformly dispersed in around 40% of the tumor 

volume for a single site injection. If the tumor is infused with a multi-site injection strategy, 

then the spread volume weightage (%) may vary to avoid the spread of the MNP near the 

healthy and tumor tissue boundary [185]. In the current study, two injection points have been 

employed, as shown in Figure 5.3.  The reason for adopting two injection sites has been 

discussed in detail in section 4.2.2.4 of the previous chapter. Here, the tumor volume has been 

divided into two unequal portions, having 55 % and 45 % volume weightage. Then, the 

injection sites have been fixed at the centroid of these volumes. The MNPs were dispersed in 

28% and 25 % volume of these two sites respectively, which is illustrated by the 1st and 2nd site 

spread in Figure 5.3.  

The breast model in the current study is a three-dimensional volume enclosed by different 

surfaces. The physical model has three different morphological structures, which share 

boundaries with each other. So, the heat and fluid phenomenon across these boundary surfaces 
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have to be identified and need to be tackled with certain thermal boundary conditions for 

hyperthermia. 

          

Figure 5.3: Sectional view of breast tumor on an inclined plane showing a line AOB, and the 

zoomed part shows the injection Sites and their respective MNP spread in tumor volume 

allotted to sites. 

One of the interfaces is between arterial surface that is engulfed inside the tumor volume. The 

thermal boundary condition for this surface is the continuity in heat flux with surrounding 

tissue surface. The energy transported through the arterial surface will be carried away by the 

blood through convection. The outermost surface is considered as convective surface, 

liberating heat by convection to the atmosphere. The interface between the tumor tissue and 

the healthy tissue is tackled by continuity equation as discusses in previous chapter. The 

mathematical form of these boundary conditions has been discussed in section 4.2.2.2 of the 

previous chapter by equations 4.4 to 4.6. 

5.2.2.3 The degree of tissue injury and applied heating 

The effect of heating in the tissues (tumor and healthy) has been calculated in terms of thermal 

dosimetry (Thermal damage). Thermal damage to the tissue is calculated using the Arrhenius 

relation [160], whose details can be found in section 4.2.2.1 of the previous chapter. This 

parameter remains in a non-dimensional form, which is denoted by 𝛺. It is a natural log of the 

ratio of the percentage of undamaged tissue before heating starts, and the percentage of 
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undamaged tissue after being heated for a particular time. In this work 𝛺 = 4.6 has been 

considered, which denotes the corresponding to cell damage of 99 % [160]. Then, this 

parameter is integrated over the tumor volume to get the volumetric thermal damage for tumor 

tissue as well as healthy tissue. The relation for this volumetric thermal damage has been 

detailed in the section 4.2.2.1 of the previous chapter. In the current study, a constant heating 

power (SLP) of 50 W/g corresponding to the field amplitude (𝐻0) of 10 kA/m and 150 kHz 

of frequency (𝑓) as chosen by Attluri et al. [9][12][13] has been considered.  

5.2.2.4 Numerical Simulation and Grid Structure 

In this work, all three domains are discretized with tetrahedral mesh elements for computational 

simulations.  

 

(a) 

  
(b) (c) 

Figure 5.4: The adopted tetrahedral mesh grids for the physical breast model. (a) all 

three segments are combinedly meshed (b) mammary artery and tumor, and (c) tumor 

volume with arterial trace with fine mesh grid. 
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It should be noted from the meshed tumor model (Figure 5.4) that at the interface of any two-

boundary surface i.e., of artery and tumor, or breast healthy tissue and tumor, the tetrahedral 

elements are kept fine. Apart from interface surfaces, towards the outer healthy tissue, a coarser 

mesh is utilized to reduce the computational resource. Additionally, the grid independence 

study was done by consecutive mesh refinement for MNPH simulation on this model. Initially, 

the entire geometry consists of 28084 domain elements, then the mesh was refined to 68549 

number of elements. Finally, 203715 domain elements have been used for all the simulations 

under the current study. 

The absolute deviation of around 0.1 % has been noticed in the temperature measurement of 

the centroid of the model. As this study is an extension of the study done in the previous 

chapter, the pursuit of its validation and integrity with the experimental work is similar, whose 

details can be found in section  4.2.2.3 of the previous chapter 4. 

 Results 

This section comprises the results obtained from the MNPH simulation done on the breast 

physical model shown in Figure 5.2. The tumor tissue has been dosed with 5  

 (mg/cm3) using multi-injection MNP delivery. The duration of MNPH therapy is simulated 

for 3600 seconds for the considered breast model [164]. The temperature in the targeted tissues 

starts rising as soon as the MNPH applicator induces heat and reaches to a steady state. The 

thermal profile in different parts of the present breast model has been discussed in the following 

section. 

5.3.1  The thermal and fluid conditions for the artery during MNPH 

The fluid flow through the arteries is an important part of transporting the blood. Additionally, 

this flow is responsible for thermal or heat convection from one part to another part of the body. 

The blood flow carries out the heat and mass convection phenomenon through the artery. So, 

in the current study, the effect of arterial blood flow on heat convection has been considered. 

In a contrary to this flow phenomenon, a non-flow blood condition has also been applied to 

compare the flow effect. In this non-flow condition, the artery becomes as part of healthy tissue 

during simulations. The velocity, pressure and temperature distribution inside the artery for 

these two different flow conditions has been obtained, as shown in Figure 5.5. 
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With arterial flow Without arterial flow 

  
(a) (b) 

  
(c) (d) 

 

The arterial blood flow is in the first column of Figure 5.5 (a), and (c), and without flow 

condition is in the second column of Figure 5.5 (b), and (d). The surface temperature of the 

artery rises upto only 39.4 ̊ C for the flow condition. As the maximum of the heat diffused from 

the tumor at the artery interface has been carried away by the convection effect of the blood. 

On the other hand, the maximum surface temperature of artery reaches upto 53 ˚C in the non-

flow blood condition through the artery. For this condition, the blood flow velocity remains 

zero for the artery. However, there is uniform blood flow through Figure 5.5 (a).  

5.3.2 The steady-state spatial temperature and thermal damage distribution within the 

tumor model during MNPH. 

The steady-state spatial temperature and tissue thermal damage distribution in the form of 

isotherms contours for the breast model selected in this study are discussed in this section. The 

Figure 5.5: Thermo-fluid conditions of the artery under the hyperthermia under blood 

flow and without blood flow conditions. Fig. (a & b) shows blood velocity, and Fig. (c & 

d) shows the surface temperature of the artery. 
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temperature contours have been plotted for the flow and non-flow blood conditions shown in 

two columns of Figure 5.6.  

 

Additionally, the temperature profile along a center line AOB (Figure 5.3) throughout the 

tumor region has also been plotted. The maximum temperature inside the tumor region was 

With arterial blood flow Without arterial blood flow 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 5.6. Temperature contour on different planes under the MNPH Figure. (a-c) with 

blood flow and Fig. (d-f) without blood flow conditions. 
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measured at the center point ‘O’. The other points along this line, i.e., A and B are located 

inside the healthy tissue, far from the heated region. It is noticed from Figure 5.6 (a) that as we 

move towards the artery (along OA) for flow conditions through it, the temperature drops 

rapidly upto the boundary interface and reaches to the core body temperature at 37 ˚C. 

However, for the no-flow conditions, the temperature profile along OA and OB overlap each 

other, as shown in Figure 5.6 (b). 

With arterial blood flow Without arterial blood flow 

  
(a) (b) 

  

(c) (d) 

Figure 5.7. Thermal damage contour on two different planes under the hyperthermia Fig. 

(a & c) with blood flow and Fig. (b & d) without blood flow conditions. 

 

This overlap temperature profile shows the symmetric heat diffusion towards both sides of the 

tumor centroid i.e., along OA and OB. Furthermore, the rapid heat sink is observed towards 



100 
 

the artery for the flow condition. This heat sink can be easily visualized from the temperature 

contours shown in Figure 5.6 (c), (e), and (g) at different planes. The contour lines along the 

arterial surface have reached a temperature equal to the arterial blood. However, when the 

artery behaves as part of healthy tissue, the heat diffusion takes place in a symmetric manner 

on all sides of the heating zone.  

The thermal damage inside the tumor and healthy tissue has been observed in a similar way to 

the temperature distribution. The thermal damage pattern for both of the conditions have been 

shown in Figure 5.7 in the form of contours. In these contours, the black line separates the 

tumor tissue and the healthy tissue. The red zone inside Figure 5.7 describes the thermal 

damage spread in the tissues. The tissue damage has been calculated as per the damage criterion 

discussed in section 5.2.2.3. A significant decrease in thermal damage has been noticed for the 

arterial flow condition as compared to the non-flow condition.  

Table 5.2: The temperature and thermal damage achieved in the tumor as well as the 

healthy region of the physical model. 

Tissues Parameters Without arterial flow With arterial flow 

 T90 43.9 40.5 

 T10 59.2 54.35 

Tumor Tmax 65.2 60.4 

 HI 2.2 3.9 

 % 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑑  91.27 65.1 

Healthy 
Tmax 45.0 43.43 

% 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑑  9.08 0.54 

 

Furthermore, the quantification of the thermal damage for tumor as well as healthy tissue has 

been done in the form of percentage tissue volume damage. Additionally, the temperature  

assessment is done by 𝑇90 and 𝑇10 (temperature achieved in at least 90% and 10% tumor 

volume), and a heterogeneity index (HI), which is defined as (𝑇10 − 𝑇90/(𝑇90 − 𝑇𝐶𝐵) [76]. 

Table 5.2 shows the statistical details of the temperature and thermal damage induced during 

MNPH of the current breast tumor model. It should be noted that the thermal damage to the 

tumor tissue has decreased by around 25 % due to arterial blood flow in the vicinity of the 
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tumor. The temperature is in the 90% of the tumor volume, i.e., T90 has come to around 40.5 

˚C, which is not considered a therapeutic temperature under magnetic hyperthermia. 

 Conclusions: 

The tumor model, which includes the artery, was created from DICOM data using 3D slicer 

software. Its goal is to determine the effect of blood flow on the quantity of thermal dose 

required for the best therapeutic outcome during hyperthermia. A significant quantity of heat 

is transported through arterial blood, which has been observed to preserve a substantial portion 

of undamaged tumor tissue throughout hyperthermia. Thus the heat sink effects by presence of 

artery on the therapeutic efficacy of MNPH is included to design the treatment protocals for 

MNPH. 
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CHAPTER 6 

CONCLUSION AND FUTURE SCOPE  

 Conclusions: 

Heat as a therapy for cancer treatment has been a field of attention from decades. One such 

application is hyperthermia in which the temperature of the targeted region or limb is increased 

by 2-6 ˚C, above normal body temperature by an external source. In the modern era, there are 

various types of external heat sources used for hyperthermia. These consist of electromagnetic 

(EM) antennas, EM capacitive electrodes, ultrasonic transducers, infrared heating systems, 

thermal chamber heating, intracavital heating, etc. Magnetically induced heating is one such 

non-invasive or minimally invasive hyperthermia treatment for cancer treatment has gained 

interest. Literature shows that the implementation of this therapy as a standalone is less 

explored due to some challenges associated with it. Nevertheless, it has been used as an 

adjuvant therapy with other conventional cancer therapies like radiotherapy and chemotherapy. 

The present work brought forth the solutions to improve the efficacy of magnetic nanoparticle 

induced hyperthermia (MNPH). The improvements are in form of better nanoparticle material 

selection, their dose, distribution inside the tissue, and injection method to attain higher 

therapeutic effect by this treatment. Both numerical and experimental studies have been 

performed in this work. However, major portion of the work is computational in nature to 

enhance the applicability of this hyperthermia therapy toward the clinical aspects. The 

following section consists of the summary and conclusions of this work. 

1) Initially the numerical study is performed to explore the effect of magnetic nanoparticle 

size-dependent properties on induced heat generation or specific loss power (SLP). Mainly 

two major size-dependent magnetic properties, i.e., magnetic anisotropy and saturation 

magnetization for SLP estimation of cobalt, magnetite, and manganese ferrite nanoparticles 

were considered. It has been confirmed from the literature that the anisotropy energy value 

is highly influenced by particle shape, size, surface, blocking temperature, etc. The other 

key factor is saturation magnetization, which is also highly influenced by MNP size. 

However, theoretical studies consider constant value in SLP calculation. However, in this 

work empirical relations for these magnetic parameters considering the effect of 

influencing parameters obtained from experimental studies have been established.  
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• The results indicate that the SLP obtained with the size-dependent empirical relations 

is closer to the experimental value of SLP under similar conditions of magnetic 

hyperthermia. 

• Additionally, it is concluded that a particular size of MNP at the resonant amplitude 

and frequency values generates the maximum SLP. Consequently, prior to 

implementing hyperthermia therapy, it is critical to choose a specific particle size and 

frequency at which it delivers a high amount of dissipative power. 

The In Vitro investigation demonstrates that the temperature profiles obtained from 

experimental computational heating are in good agreement with each other.  

2) To elucidate the effects of tumor position and clinical environmental conditions 

(temperature, velocity of ambient air) on the therapeutic effects of MNPH in a superficial-

like breast tumor model simulation studies are conducted with following conclusions. 

• It is noticed that the change in heat transfer rate from the skin by changing the 

ambient condition has greater effects on the therapeutic efficacy for superficial 

tumors. However, as the depth of the tumor increased the skin effects became 

negligible. 

• It infers from this study that under similar magnetic field parameters and MNP dose, 

superficial tumors have higher therapeutic effects in terms of thermal dosimetry in 

comparison to deep-rooted tumors. 

• This study concludes that, up to the critical depth of the tumor, about half of the 

tumor size, the therapeutic effects in terms of elevation of temperature and thermal 

dosimetry are susceptible to the change in therapeutic environment on the skin as 

well as the depth of the tumor. However, beyond these therapeutic effects of MNPH 

become independent of these two parameters. 

 

3) The effects of tumor shape, size, and MNP injections on the MNP dose (mg of MNP/tissue 

volume cm3) for MNPH are thoroughly investigated. MNPH has been applied to breast 

tumor models generated from patient-specific DICOM (Digital Imaging and 

Communications in Medicine) data using CT (Computed tomography) or MRI (Medical 

resonance imaging) scans.  

• It is observed that the MNP dose (mg/cm3) almost drops by 50% if the tumor 

volume increases by five times of the breast models. 
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• The multipoint injection regime plays a critical role in decreasing the MNP dose 

input for the tumor.  

4) It is observed from that last study that the blood vessels and arteries around the tumor have 

a substantial impact on the therapeutic efficacy of MNPH, in addition to the MNP 

distribution, dose, and injection sites. 

• The arteries serve as a significant heat sink during MNPH if they intersect the tumor 

boundary. 

• It was noticed that the thermal damage was reduced by 25% due to the arterial blood 

flow in the partially submerged artery in the tumor region. 

 Future scope of the present work 

• In this work most of the studies are computational in nature. This may be due to the 

limitation in experimental facilities and infrastructure. However, future studies may 

include further experimental works on MNPH. Following are the few points that can 

be explored in the future studies for MNPH. Inclusion of more physiological entities 

in the tumor model can give a more realistic outcome of the MNPH therapy that will 

eventually help its usage in the clinical implementation. 

• In Vitro studies can be extended toward more realistic phantom studies. 

• This therapy can be further investigated through In-Vivo studies on MNPH. 

• More tissue engineering and physics can be explored for this therapy. 
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