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 In this paper, we simulate magnetic hyperthermia process on a 
mathematical phantom model representing cancer tumor and its 
surrounding healthy tissues. The temperature distribution throughout 
the phantom model is obtained by solving the bio-heat equations, and 
the consequent cell death amount is calculated using the correlations 
between the tissue local temperature and the cell death rate. To obtain 
an estimate of the heat generated from typical magnetic nanoparticles, 
magnetite nanoparticles are synthesized, and the heat dissipation 
amount from the synthesized nanoparticles exposed to an alternating 
magnetic field is measured and used in the computer simulation. The 
impact of the amount of heat generated from the magnetic 
nanoparticles exposed to an alternating magnetic field and their 
distribution patterns in the tumor and hyperthermia process duration 
time on the cell death rate in both cancer and healthy tissues are 
investigated. It is indicated that while various factors contributing to 
the amount of the heat dissipation from the magnetic nanoparticles are 
important in the effectiveness of the magnetic hyperthermia process, 
the distribution pattern plays a major role in determining the efficiency 
of the process. 
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1. Introduction 
Magnetic nanoparticles (MNPs) are 
progressively and extensively used in various 
medical applications including magnetic cell 
sorting, magnetic drug delivery, magnetic 
resonance imaging (MRI), and magnetic 
hyperthermia for cancer treatment [1-5]. 
Magnetic nanoparticle hyperthermia 
combined with the anti-cancer drug targeted 
delivery to the tumor tissue is becoming an 
emerging approach in cancer therapy due to 
its effectiveness and non-invasive nature with 

minor side effects [6-9]. In this approach, the 
MNPs dispersed in a fluid, called nanofluid, 
are used as the drug carriers and heat-
generating elements into the target tissue. 
They are either directly injected or guided 
into the target tissue, and by implementing 
external alternative magnetic field, the tissue 
is locally heated up to 45 oC [10]. Since the 
cancer cells are more vulnerable to high 
temperature compared with the healthy cells 
[11, 12], the elevated temperature induces 
local cancer tissue cells death synergized by 
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higher amount of anti-cancer drug release (at 
a high temperature) leading to the local 
destruction of the cancer tissue with a 
minimal damage to the surrounding healthy 
tissues. Hyperthermia in higher temperatures 
(above 50 oC), called thermo-ablation, is also 
investigated in few studies on laboratory 
animals with successful results [13]. 
   Several factors contribute to the magnetic 
nanoparticle hyperthermia process including 
the MNPs chemical composition, 
concentration, mean diameter and shape, 
distribution pattern of MNPs within the tumor 
tissue, frequency and intensity of the 
magnetic field, duration of hyperthermia 
process, and physical properties of the target 
tissue [14]. To have an optimal thermotherapy 
with maximum damage to the cancer tissue 
cells and with minimal harm to the 
surrounding tissues, the optimum value for 
each mentioned factor has to be determined. 
Evaluating the effect of each factor on the 
hyperthermia process requires designing and 
performing several expensive experiments 
which is not cost effective. Computer 
simulation is an inexpensive alternative to the 
experimentation which provides useful and 
informative insights into the hyperthermia 
process. 
   Computer simulation of the hyperthermia 
process has been the topic of several studies 
since 1984 [15-18] until now [19-24]. The 
aim of these in silico studies is to find the 
temperature distribution throughout the 
cancer tumour tissue and its surrounding 
tissues. In some of these studies, a tissue 
phantom model with a regular geometric 
shape is also made and the temperature 
distribution in the tissue model is 
experimentally measured and its results are 
used to evaluate the computer simulation 
outputs [6, 25, 26].  

In the present study, we have mathematically 
simulated the cell death rate resulted from the 
hyperthermia process as a function of 
temperature distribution in a spherical cancer 
tumor and its surrounding healthy tissue 
phantoms. The physical properties of brain 
cancer tumor and brain healthy tissues are 
used for the simulated phantoms. Solving the 
bio-heat equations, the temperature 
distribution across the cancer tumor and 
healthy tissue phantoms is obtained, and the 
amount of cell death for each tissue 
(correlated with the tissue phantom 
temperature) versus time and position within 
the tissues is calculated. The effects of heat 
dissipation amount from MNPs, the MNPs 
distribution pattern inside the tumor tissue 
phantom, and the hyperthermia process 
duration on the amount of cancerous and 
healthy cells death are investigated. To have a 
real value for the amount of heat released 
from MNPs, a simple experimental setup is 
designed and the amount of heat dissipation 
from synthesized magnetite (Fe3O4) 
nanoparticles is measured and used in the 
computer simulation. The results indicate that 
the generated heat is effective in destroying 
the cancerous cells with minimal destructive 
effect on the cells in the healthy tissue 
phantom. 

2. Materials and methods 
2.1. Magnetite (Fe3O4) MNPs preparation 
The method developed by Chao Hui et al. 
[27] is adopted for synthesizing the magnetite 
nanoparticles. 36 g sodium nitrate (NaNO3) 
and 0.3 g sodium hydroxide (NaOH) are 
dissolved into 40 ml distilled water at 90 oC. 
Then, 1.8 g Iron (II) oxide (FeSO4.4H2O) is 
added to the solution, and the solution is 
stirred at 90 ℃ for 20 minutes. By chilling the 
solution, the nanoparticles precipitate and the 
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solution color turns into dark brown. The 
precipitated nanoparticles are washed with 
distilled water, and then dispersed with 
ultrasonic probe for 30 minutes. 

2.2. Heat dissipation measurement 
To measure the heat dissipation amount from 
magnetite nanoparticles, a solution of Fe3O4 
nanoparticles is prepared and put inside an 
alternating magnetic field generator (HF-H-
ST 45, Sadr Sanat Danesh Metallurgical 
Industries Engineering Co. , Iran) shown in 
Fig. 1. The amount of heat dissipation per unit 
mass of the MNPs, called specific loss power 
(SLP), is measured by running the generator 

at certain frequency and magnetic field 
strength and by measuring the solution 
temperature periodically. SLP correlates with 
periodic temperature measurements through 
the following equation [28]: 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐶𝐶𝑃𝑃 .
𝑚𝑚𝑓𝑓

𝑚𝑚𝑚𝑚
.
∆𝑇𝑇
∆𝑡𝑡

 (1) 

where 𝑚𝑚𝑚𝑚 and 𝑚𝑚𝑓𝑓 are masses of magnetic 
nanoparticles and solution, respectively; 𝐶𝐶𝑃𝑃 is 
the specific heat capacity of the solution, and 
∆𝑇𝑇/∆𝑡𝑡 is the slope of the temperature versus 
time curve which is measured at the very 
beginning of the experiment (i.e., at time 
zero). 

 

 

Figure 1. Induction heating with an alternating magnetic field generator. 

 

   To simplify Eq. (1), some assumptions are 
taken into account. It is assumed that the 
solution heat capacity is equal to the water 
heat capacity (i.e., 𝐶𝐶𝑃𝑃. = 4.185 𝐽𝐽 𝑔𝑔℃⁄ ) and 
the mass of solution is equal to the mass of 
pure water [28]. Since the water density is 1 
g/ml, Eq. (2) can be rewritten as follows [29]:  

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐶𝐶𝑃𝑃 .
1
𝐶𝐶𝑚𝑚

.
∆𝑇𝑇
∆𝑡𝑡

 (2) 

where Cm is the concentration of MNPs in 
solution. 

2.3. Bio-heat mathematical model 
The bio-heat equation is in fact the heat 
balance equations over the living tissues. 
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Several bio-heat equations are suggested in 
the literature and well reviewed in [30, 31], 
among which the Pennes equation is the 
widely used in several biological studies [32-

35]. The Pennes equation is a partial 
differential equation expressing the heat 
balance over the living tissues as follows 
[36]: 

𝜌𝜌𝜌𝜌
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝛻𝛻. (−𝑘𝑘𝑘𝑘𝑘𝑘) = 𝜌𝜌𝑏𝑏𝐶𝐶𝑏𝑏𝜔𝜔𝑏𝑏(𝑇𝑇𝑏𝑏 − 𝑇𝑇) + 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒 (3) 

 

where 𝜌𝜌𝑏𝑏 and 𝜌𝜌 are the densities of the blood 
and tissue, respectively; 𝑘𝑘 is the tissue 
thermal conductivity;  𝐶𝐶𝑏𝑏 and C are the blood 
and tissue specific heat capacity, respectively; 
𝜔𝜔𝑏𝑏 is the blood perfusion rate; 𝑇𝑇𝑏𝑏 and 𝑇𝑇 are 
the blood and tissue temperatures, 
respectively; 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 is the heat sink/source by 
metabolic processes, and 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒 is the heat 

generated in the tissue induced by external 
sources.  
   In the present study, since a phantom tissue 
model is used, the metabolic heat source and 
the heat transfer between the tissue and the 
blood vessels are assumed to be zero [37]. 
The physical properties of both tissues are 
indicated in Table 1. 

 

Table 1. 
Thermo-physical properties of tissues. 

Materials 𝑘𝑘 ( 𝑊𝑊
𝑚𝑚 𝐾𝐾

) 𝜌𝜌 ( 𝑘𝑘𝑘𝑘
𝑚𝑚3) 𝐶𝐶𝑝𝑝 (

𝐽𝐽
𝑘𝑘𝑘𝑘 𝐾𝐾

) 

Brain [38] 0.527 1050 3305 
Brain tumor [39] 0.550 1047 3560 

 
2.4. Cell survival model 
Various models have been proposed and used 
for the rate of cell survival following heating 
[40-51] which are described and compared in 
[52]. These models correlate the amount of 
survived cells and the temperature of the 
living tissue following the hyperthermia 
process. The first-order model is a simple cell 
survival model with one parameter (α) which 
provides predictions of cell injury degree 
following a wide range of heating protocols 
[45]; due to its simplicity, generality, and 
sufficient accuracy, it has been widely used in 
various studies [45-51]. It expresses the 
fraction of survived cells in a living tissue as 
a function of the tissue injury degree due to 
thermal ablation through the following 
equation: 

𝑆𝑆 = exp (−𝛼𝛼) (4) 

where 𝑆𝑆 is the fraction of survived cell with a 
value between 0 and 1, and 𝛼𝛼 is the degree of 
tissue injury during the hyperthermia process. 
𝛼𝛼 correlates with the tissue temperature in the 
Arrhenius equation: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐴𝐴. 𝑒𝑒𝑒𝑒𝑒𝑒(−
𝐸𝐸
𝑅𝑅𝑅𝑅

) (5) 

where A is the frequency factor, and 𝐸𝐸 is the 
activation energy for the irreversible damage 
reaction. These two parameters are dependent 
on the tissue type. For the present study, 
physical properties of the brain cancerous and 
healthy tissues are considered for the 
phantoms. The corresponding cell survival 
model parameters are shown in Table 2. 
   The fraction ratio of dead cells to the total 
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number of cells is also calculated by the 
following equation: 

𝜃𝜃𝑑𝑑 = 1 − 𝑆𝑆 = 1 − exp (−𝛼𝛼) (6) 

2.5. Tissue phantom model 
The geometric shape of cancerous tumors is 
mostly spherical [55]; therefore, a sphere is 
usually considered to represent a tumor and a 
cylinder surrounding the sphere is considered 
to represent the healthy tissue for in silico 
studies [56-59]. This model is symmetric and 
the temperature changes only in the radial 
direction which simplifies the bio-heat 
equation solution. In some advanced 

simulations, complex three-dimensional 
models representing the actual tumor obtained 
from MRI and CT images are considered [60-
62]. 
   The tissue phantom model considered here 
comprises two parts: a 10 mm radius sphere 
and a 30 mm radius cylinder with the height 
of 80 mm representing the tumor and its 
surrounding healthy tissue phantoms, 
respectively. A three-dimensional preview of 
the phantom model is shown in Fig. 2. For 
this phantom model, it is assumed that the 
temperature variations are independent of the 
angular position. 

 

Table 2. 
Parameters of the Arrhenius equation for both tissue phantoms. 

Tissue type 𝐸𝐸  (
𝐽𝐽

𝑚𝑚𝑚𝑚𝑚𝑚
) 𝐴𝐴 (𝑠𝑠−1) 

Brain [53] 5.264 × 105 1.04 × 1084 
Brain tumor (clonogenic cells) [54] 5.064 × 105 2.984 × 1080 

 

 

Figure 2. The two-part phantom model considered to represent the brain tumor and its surrounding healthy 
tissues. 

 

3. Results 
3.1. SLP of MNPs solution 
To measure the SLP of the MNPs solution, a 
solution of 0.15 mg/ml of magnetite 
nanoparticles is prepared and exposed to an 
alternating magnetic field of 300 kHz with the 
field strength of 40 kA/m, and its temperature 
is measured every 1 minute. The experimental 

results are shown in Fig. 3. 
   From Fig. 3 and Eq. (2), the SLP of the 
solution is calculated to be 140 W/g of MNPs. 

3.2. The Pennes equation solution 
Since a typical human body temperature in 
normal conditions is at 37 oC, the initial 
condition for the Pennes equation for both 
parts of the phantom model is: 
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𝑇𝑇𝑡𝑡=0 = 37 ℃ (7) 

   For the boundary conditions, all outer 
surfaces of the cylinder are considered to be 
at the body temperature (i.e., 37 oC). 
   To evaluate the results of the computer 
simulation in detail, certain positions within 
the phantom model (five red points shown in 

Fig. 4) are determined arbitrarily where 
variations of the temperature and 
corresponding cells death rate versus time are 
obtained from the computer simulation. The 
radial positions of the points are 3, 6, 9, 11, 
14 mm. The first three points are inside the 
tumor, and the last two points are in the 
surrounding healthy tissues. 

 

 

Figure 3. Nanofluid temperature variations versus time resulted from exposure to an alternating magnetic 
field of 300 kHz with the field strength of 40 kA/m. 

 

 

Figure 4. Certain positions where the variations of temperature and cells death rate versus time are 
obtained from the computer simulation. 

 

   To evaluate the effect of the heat dissipation 
amount from MNPs on the hyperthermia 
process, the process is simulated under three 
different amounts of heat dissipated from the 
MNPs. In general, the heat dissipation amount 
is a function of the MNPs chemical 
composition (Fe3O4 for the present study), the 

MNPs physical properties (i.e., concentration, 
mean diameter, and shape), and the magnetic 
field frequency and strength. Based on the 
calculated SLP for the synthesized magnetite 
nanoparticles, if, for instance, 2.85 mg of 
magnetite nanoparticles in a solution with the 
concentration of 0.15 mg/ml is exposed to an 
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alternating magnetic field of 300 kHz with the 
field strength of 40 kA/m, the amount of heat 
dissipated from the MNPs is 0.4 W. In Pennes 
equation, this value corresponds to Qext. Any 
change in every single one of the above 
factors would change the amount of heat 
dissipated from the magnetite nanoparticles. 
Regardless of what factor would change the 
heat dissipation amount, in the present study, 
three values of 0.3, 0.4, and 0.5 W for Qext are 
considered to simulate the hyperthermia 
process. These amounts can be due to any 
changes of the mentioned factors. 
   In addition to the simulation of various 
amounts of heat dissipation from MNPs, three 
possible scenarios for MNPs symmetric 
distribution patterns throughout the tumor are 
also simulated to indicate the impact of the 
MNPs distribution pattern on the 
hyperthermia process. In the first scenario, it 
is assumed that the MNPs are homogeneously 
distributed throughout the tumor. This 
scenario can be representative of multiple 

low-volume MNPs injections at different 
tumor sites, injection of MNPs at one site of 
the tumor’s interstitial fluid space and 
distribution of MNPs throughout the whole 
tumor or injection of the MNPs into the 
arteries of a highly vascular tumor resulting in 
a homogenous distribution of MNPs 
throughout the tumor. In the second scenario, 
the MNPs are injected at the center of tumor 
and are distributed homogenously in an 
arbitrary sized sphere (here, 5 mm radius 
sphere is considered). This scenario 
represents injection of the MNPs at one site 
into the tumor’s interstitial fluid space and the 
local distribution of MNPs within the tumor. 
In the last scenario, the MNPs are injected at 
the center of the tumor with no distribution 
throughout the tumor. 
   The variations of temperature and the 
fraction of dead cells in positions indicated in 
Fig. 4 for each scenario and for three different 
values of Qext are indicated in Figs. 5, 6, and 
7. 
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Figure 5. The variations of temperature and the fraction of dead cells versus time during the hyperthermia 

process of the first scenario at the positions shown in Fig. 4 for three different values of Qext, (a) and (b) 
Qext = 0.3 W, (c) and (d) Qext = 0.4 W, (e) and (f) Qext = 0.5 W. 

 

  

  

  

Figure 6. The variations of temperature and the fraction of dead cells versus time during the hyperthermia 
process of the second scenario at the positions shown in Fig. 4 for three different values of Qext(a) and (b) 

Qext = 0.3 W, (c) and (d) Qext = 0.4 W, (e) and (f) Qext = 0.5 W. 
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Figure 7. The variations of temperature and the fraction of dead cells versus time during the hyperthermia 
process of the third scenario at the positions shown in Fig. 4 for three different values of Qext, (a) and (b) 

Qext = 0.3 W, (c) and (d) Qext = 0.4 W, (e) and (f) Qext = 0.5 W. 
 

The 2D temperature distributions and their 
corresponding fraction of dead cells for each 
scenario after 30 min of hyperthermia process 
for Qext of 0.5 W are shown in Fig. 8. 

The average cell death rates of both cancerous 
and healthy tissues versus time for each 
scenario are also shown in Fig. 9. 
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Figure 8. The 2-dimentional temperature distribution and its consequent dead cells fraction throughout the 
tumor and its surrounding healthy tissues after 30 min of hyperthermia process for Qext, of 0.5 W, (a) and 

(d) the first scenario, (b) and (e) second scenario, (c) and (f) third scenario. 
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Figure 9. The average cell death rates of both cancer and healthy tissues versus time for the three 
considered MNPs distribution patterns under three different values of Qext, (a) first scenario, (b) second 

scenario and (c) third scenario. 

4. Discussion 
As implied by the results, in general, for all 
three scenarios of MNPs distribution patterns, 
the heat generated from the MNPs exposed to 
the alternating magnetic field increases the 
tissue temperature from 37 oC, and depending 
on the position within the tissue, the local 
tissue temperature reaches a new steady-state 
value after approximately 7 minutes. The 
closer to the center of the spherical tumor, the 
higher the steady-state temperature. The 
corresponding dead cell fraction also 
increases as a consequence of the elevated 
temperature, and depending on the position 
within the tissue, where the temperature is 
higher (which is maximum at the center of the 
spherical tumor), the corresponding local cell 
death rate is greater. Also, increasing the heat 
generation amount intuitively increases the 
cell death rate of the tumor and its 
surrounding healthy tissues for all distribution 
patterns. 

4.1. First scenario 
For this scenario, since the MNPs are 
homogenously dispersed throughout the 
whole tumor space, their concentration is 
diluted significantly; besides, the heat 

generated from them is released in large 
volume. Therefore, the tumor temperature is 
not elevated remarkably. The temperature 
profile in the tumor and its surrounding 
tissues after 30 min of hyperthermia process 
(shown in Fig. 8) indicate that the maximum 
temperature at the center of the tumor is 
approximately 42 oC under Qext of 0.5 W. As 
Figs. 5 (a), (b) and (c) show, the local tumor 
temperature at point 1 reaches a maximum of 
39.41 oC, 40.21 oC, and 41.01 oC 
corresponding to Qext of 0.3, 0.4 and 0.5 W, 
respectively, and the consequent dead 
cancerous cells fraction is not noticeable 
(similar results for points 2 and 3). Even by 
increasing the dissipated heat from MNPs, the 
cell death rate is still not satisfying. 
Moreover, the cell death rate in the 
surrounding healthy tissues is close to that of 
the tumor which is not tolerable since an 
acceptable thermotherapy should provide 
maximal cell death rate to the tumor tissue 
with minimal destruction to the surrounding 
healthy tissues. 

4.2. Second scenario 
Herein, more concentrated MNPs are present 
in the tumor since they are dispersed 
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homogenously in a smaller spherical space 
within the tumor (with respect to the previous 
scenario). Therefore, the generated heat is 
released in smaller volume within the tumor, 
diffuses through the surrounding portion of 
the tumor, and then diffuses through the 
surrounding healthy tissues. It is expected that 
the temperature at the central portion of the 
tumor be higher than that of the first scenario, 
and the tumor temperature at the outer portion 
(close to the boundary between the tumor and 
its surrounding healthy tissues) is less.  
   As expected, for the second scenario, the 
temperature at the center of the tumor reaches 
a steady-state value of approximately 49 oC 
under Qext of 0.5 W after being exposed to an 
alternating magnetic field for 30 minutes (see 
Fig. 8 (b)). The simulation results in Fig. 6 
show that the local tumor temperature at point 
1 reaches steady-state values of 43.64 oC, 
45.85 oC, and 48.06 oC corresponding to Qext 
of 0.3, 0.4, and 0.5 W, respectively. On the 
other hand, the tissue temperature in the outer 
portion of the tumor (e.g., at point 3) reaches 
a steady-state value of 39.16 oC for Qext of 0.5 
W. Comparing the steady-state temperature 
values at points 1, 3, 4, and 5 of the second 
scenario (i.e., 48.06 oC, 39.16 oC, 38.30 oC, 
and 37.64 oC for Qext of 0.5 W) to those of the 
first scenario (i.e., 41.01 oC, 39.45 oC, 38.55 
oC, and 37.75 oC for Qext of 0.5 W) indicates 
that, under the identical condition of the 
hyperthermia process, the second scenario 
results in a very higher temperature at the 
central portion of the tumor with lower 
temperature at the outer portion of the tumor 
and its surrounding healthy tissues. 
   The consequent dead cells fraction in the 
tumor and its surrounding tissues indicate that 
the hyperthermia process is significantly 
destructive to the tumor cells residing within 
the tumor central portion. As Fig. 8 (e) shows, 

for Qext of 0.5 W, almost all of the cancerous 
cells within the tumor central portion where 
MNPs are dispersed are killed, while partial 
cancerous cell death is achieved in other 
tumor portions. According to the simulation 
results indicated in Fig. 6 (f), the complete 
local cells death at point 1 occurs 
approximately after 12 min from the 
beginning of the hyperthermia process while 
partial cancerous cell death is achieved after 
30 min of hyperthermia process in other 
points where MNPs are not present. 
   Figs. 9 (a) and (b) enable a quantitative 
comparison between the first and second 
scenarios. For Qext of 0.5 W, the first scenario 
results in an average of 12.69 % tumor cells 
death with 0.30 % of healthy cells death while 
the corresponding values for the second 
scenario are 27.20 % and 0.23 %, 
respectively. Therefore, the superiority of the 
second scenario is clear over the first one. 

4.3. Third scenario 
In this scenario, highly concentrated MNPs 
are considered to be present at the center of 
the tumor contained in a very small volume. 
When the tumor is exposed to the alternating 
magnetic field, it is expected to have a very 
high temperature at the center of the tumor 
due to the presence of highly concentrated 
MNPs. As Fig. 8 (c) shows, the temperature 
at the tumor center after 30 min of the 
hyperthermia process for Qext of 0.5 W is 
above 50 oC (temperatures above 50 oC are 
colored in white). Similar to what mentioned 
in the comparison of the second scenario with 
the first one, since the MNPs are only present 
in a tiny volume at the very center of tumor 
and are not dispersed into other parts of the 
tumor, it is expected to have higher 
temperatures at positions closer to the tumor 
center and lower temperatures at outer 
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portions of the tumor and at its surrounding 
healthy tissues with respect to the two 
previous scenarios. Comparing the steady-
state temperature values at points 1 to 5 of the 
present scenario (i.e., 52.90 oC, 41.85 oC, 
39.04 oC, 38.23 oC and 37.60 oC for Qext of 
0.5 W) and their corresponding values of the 
second scenario (i.e., 48.06 oC, 42.09 oC, 
39.16 oC, 38.30 oC and 37.64 oC for Qext of 
0.5 W) satisfies this expectation. While this 
expectation was favorable in comparing the 
second and first scenarios, it may not be 
favorable in comparing the second and third 
scenarios. As mentioned earlier, an acceptable 
thermotherapy should impose maximum 
destructive effect on the tumor cells while 
keeping the healthy tissue cells undamaged. 
Therefore, comparing the resulted dead cells 
fractions of both scenarios would demonstrate 
the superiority of one to another. 
   Similar to the second scenario, herein, the 
hyperthermia process is also highly 
destructive to the cancerous tumor cells with 
low damage to the healthy tissue cells. What 
makes the third scenario different from the 
second one is the rate of tumor and healthy 
cells deaths. The rate of the cell destruction in 
the third scenario is faster in the central 
portion and is slower in the outer portion of 
the tumor with respect to those of the second 
scenario (see Figs. 6 and 7). In other words, 
the cells residing in the central portion of the 
tumor are completely killed in a few minutes 
after starting the hyperthermia process. For 
instance, considering the results in Figs. 6 (f) 
and 7 (f), after approximately 4 minutes of the 
hyperthermia process, all cells present within 
the 3 mm radius from the tumor center (i.e., 
the position of point 1) are completely killed, 
while the corresponding value for the second 
scenario is approximately 12 min. However, 
for the outer portion of the tumor (e.g., at 

point 2), only 39.9 % of the cells at the radius 
of 6 mm are killed after 30 min of the 
hyperthermia process for Qext of 0.5 W, while 
this value is 55.6 % in case of the second 
scenario.  
   To make a better comparison, the results 
shown in Figs. 9 (b) and (c) are required to be 
assessed. For the third scenario, the very high 
rate of cell death at the tumor central portion 
dominates the low rate at the tumor outer 
portion at the beginning of the hyperthermia 
process. Moreover, the cell death rate at the 
tumor’s very center is almost instantaneous. 
Therefore, the average cell death rates start 
with a sharp slope with non-zero value at the 
beginning of the hyperthermia process for all 
three values of Qext. Continuing the process, 
the slope of the curves reduces progressively. 
This trend differs from that of the second 
scenario. For that scenario, since the rate of 
the cells death in all tumor portions is neither 
very high nor very low, the curves have a 
moderate slope with a less progressive 
decrease. This difference makes the third 
scenario superior in destroying the tumor cells 
at the earlier times of hyperthermia process 
and less effective in later times. Comparing 
the results shown in Figs. 9 (b) and (c) when 
Qext is 0.5 W, for instance, for the first 23 min 
of hyperthermia process, the average tumor 
cell death resulted from the third scenario is 
superior to that of the second one, but after 23 
min of the process, the cell destroying 
efficiency of the second scenario surpasses 
that of the third one. Regardless of the impact 
of time duration on the efficiency of the 
hyperthermia process, intuitively, more 
process duration results in more dead cells 
fraction of both tumor and healthy tissues for 
both scenarios. Depending on the tolerability 
of healthy tissue damage as well as the 
importance of resulted tumor dead cells 
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fraction, the efficient process duration varies. 
If small damages to the healthy tissues are 
tolerable, an objective function should be 
defined and the hyperthermia process 
duration can be prolonged until the objective 
function is optimized. If not, an amount 
threshold of healthy cell death determining 
the end point of the hyperthermia process 
must be considered. 

5. Conclusions 
In the present paper, we simulated a magnetic 
hyperthermia process in a cancer tumor and 
its surrounding healthy tissue mathematical 
phantoms. Bio-heat equations, besides the 
correlations, between the tissue temperature 
and the consequent cell death rate were 
solved. Considering the main objective of the 
hyperthermic therapy (i.e., a maximum 
damage to the cancer tumor with a minimal 
harm to the surrounding healthy tissues), the 
impact of the amount of dissipated heat from 
MNPs exposed to an alternative magnetic 
field, their distribution pattern inside the 
tumor and the hyperthermia process duration 
were investigated. It was indicated from the 
simulation results that the cell death rate is 
directly proportional to the amount of the 
released heat from the MNPs regardless of 
what factor would influence the heat amount. 
Nevertheless, what makes the hyperthermia 
process efficient is the MNPs distribution 
pattern. We examined three possible 
distribution patterns, and the simulation 
results indicated that homogeneous 
distribution of MNPs throughout the tumor is 
the least efficient distribution pattern since it 
leads to the low destruction of the tumor cells 
with a small damage to the surrounding 
healthy tissues. Two other distribution 
patterns (i.e., the local homogenous MNPs 
distribution and highly concentrated MNPs 

with no distribution) resulted in significantly 
higher cell death rates in the cancer tumor 
with smaller damage to the surrounding 
healthy tissues with respect to that of the first 
distribution pattern. In comparison between 
the second and third MNPs distribution 
patterns, the simulation results indicated that 
highly concentrated MNPs at the very center 
of the tumor cause instantaneous cell death at 
the tumor center and very high cell death rate 
at the points close to the tumor center; 
however, it yields very low cell death rate at 
the outer tumor portion, while the second 
distribution pattern (i.e., local homogenous 
MNPs distribution) results in a not very high 
cell death rate at the tumor central portion and 
not very low cell death rate at the tumor outer 
portion. This difference made the third 
scenario with respect to the second scenario 
superior at the earlier times of the 
hyperthermia process, since it led to a higher 
average cell death rate in the whole tumor and 
inferior at the later times of the process. 
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