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Abstract

In this study, a more precise and cost-effective method is used for studying the drug delivery and distribution of magnetic
nanoparticles in fluid hyperthermia cancer treatment, and numerical methods are employed to determine the effect of blood
circulation on heat transfer and estimate the success of cancer treatment. A combination of numerical, analytical, and experi-
mental researches is being conducted, which illustrates the essential role of numerical methods in medical and biomedical
science. Magnetic NanoParticles’ distribution and effects of infusion rate on the treatment are also discussed by considering
the real distribution of MNPs. To increase accuracy and reduce costs in the in-vitro section, direct cutting and image process-
ing methods are used instead of MRI. Based on the results of this section, with a tenfold increase in the infusion rate (4 pl/
min to 40 pl/min), the penetration depth increases by 1 mm, which represents a nearly 17 percent increase. Concentrations of
MNPs also decrease significantly at higher infusion rates. The simulations of heat transfer reveal that maximum temperatures
occur at the lowest infusion rate (1.25 pl/min), and blood flow also has a significant effect on heat transfer. With an increase
in the infusion rate, necrosis tissue recedes from the tumor center and approaches the border between the tumor and healthy
tissue. Results also show that, in lower MNPs’ concentrations, higher infusion rates result in better treatment even though
minimum infusion rates are suggested to be the best rates to facilitate distribution and treatment.

1 Introduction

Cancer is a disease that has high mortality rates, and there
is no definitive treatment for it yet. Most of the cancer types
appear in the form of a solid tumor. Cancerous cells can lead
to cancer finally [1]. There are some prevalent treatments
such as chemotherapy, radiotherapy and surgical ablation
of cancerous tumors already [2] but all of them have many
side effects, and they do not have enough accuracy [3, 4].
In recent years, a new treatment called hyperthermia has
been investigated widely and several experiments show its
high efficacy while having fewer side effects [5-9]. Hyper-
thermia is a type of thermal treatment for cancer, in which
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tumor cells are heated to a temperature above 42 °C and this
leads to necrosis in living cells [10]. Increase in tempera-
ture also has been used for the diagnosis of the circulating
cancer cells in blood [11]. There are many ways to raise
the temperature of a tissue such as a laser, ultrasound and
magnetic fluid. Laser irradiation as one of these methods
was used successfully to make thermal damage, and the
effects of some parameters such as the laser exposure time
and the blood perfusion were considered [12-14]. Among
all these methods, using magnetic fluid is the most effective
way to raise the temperature in the body while has fewer side
effects. In this method, a fluid containing magnetic nano-
particles (MNPs) is delivered into the tumor and generates
adequate heating when exposed to the low alternating mag-
netic field. Killing tumor cells and making no side effects
in healthy cells around the tumor is the primary purpose of
this method. In magnetic fluid hyperthermia, the tempera-
ture can reach 42 °C to 45 °C. Raising to 42 °C is mostly
used to boost other methods of treatment, whereas raising
over 45 °C has been deployed as a cancer treatment method
individually [15].

Heating the tumor cells leads to their necrosis or apop-
tosis in the magnetic fluid hyperthermia method [16, 17].
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Some parameters affect the results of killing cells in this
method such as nanoparticle diameter, types of coatings of
MNPs, aggregation of nanoparticles in magnetic fluid, and
material used in the synthesis of MNPs.

Usov et al. worked on the relation between nanoparti-
cle diameter and specific absorption rate. Results proved
a substantial dependency [18]. An experimental trial indi-
cated that cell-nanoparticle interaction reduces the cytotoxic
effects of MNPs hyperthermia [19]. Dabbagh et al. sug-
gested using a thermosensitive polymeric shell for coating
the MNPs for obtaining a synergistic effect of hyperthermia.
A 77% decrease in cell viability due to the synergistic effects
was observed using a new coating [20]. De Mello et al.
worked on a series of zinc- and manganese-co-doped MNPs.
The highest hyperthermia rate was reached by a manganese-
only doped and Zn doping decreased hyperthermia property
[21]. Fabris et al. suggested a new method to control the
heat generation of magnetic colloids by changing the shell
composition of bimagnetic nanoparticles [22]. Engelmann
et al. worked on the relation between the agglomeration of
nanoparticles and heating efficiency. Results showed An
increase of up to 23% for agglomerated MNPs in suspen-
sion and a decrease up to 28% for mixed states of immobi-
lized and agglomerated MNPs [23]. Mai et al. showed it is
possible to prevent the aggregation of the nanoparticle by
simple irradiation of copper-mediated polymerization with
ultraviolet light [24]. Esmaeili et al. suggested dendrimers
as a material for MNPs synthesis because of their small size,
well-defined globular shape and monodispersed. As a result
of using dendrimers, superior heat generation was achieved
[25]. Ota et al. worked on harmonic signals and measured
them with respect to different MNPs structures to examine
the key effects of particle structures on magnetization har-
monics. A dependency between core size and anisotropy of
MNPs and harmonics was observed in their work [26].

The distribution of MNPs in tissue after injection is
another parameter that has effects on hyperthermia efficacy.
As mentioned before, raising the temperature of tumor cells
lead them to necrosis and it is highly related to the position
of MNPs after the injection, so it is vital to know about
MNPs distribution and concentration after injection. For a
long time, MNPs were believed to be distributed uniformly
after injection, but it is now been established that the con-
centration is not uniform after injection [2, 27, 28]. There are
some parameters that can cause a non-uniform distribution.

Chen et al. investigated the effects of changing the rate of
the infusion, cannula size, and the concentration of infusate
on the fluid dispersion after injection. They found that higher
infusion rates can cause more leak back of the infusate than
lower infusion rates. It was also claimed that varying the
concentration of the infusate does not affect the volume of the
distribution [29]. Salloum et al. examined some parameters
and their effects on MNPs distribution such as infusion flow
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rate and agarose gel concentration. It was concluded that the
infusion flow rate and concentration could affect the distribu-
tion of MNPs. By decreasing the infusion rate, distribution
becomes more spherically shaped [28]. Navidbakhsh et al.
also investigated the effect of infusion rate on MNPs distribu-
tion with the help of computer simulation in an agarose gel.
They developed a model for temperature distribution [30].
Kandala et al. used six different MNPs distributions to simu-
late heat transfer in tissue during hyperthermia by magnetic
fluid. It was concluded that in concentrated nanoparticles
distribution, modulated power heating makes less damage
on surrounding normal tissue compared to constant power
heating [31]. Gu et al. examined effects of heating on MNPs
concentration distribution in prostatic cancer tumors. It was
found that MNPs distribution volume in high heat generation
rate was 10 percent smaller in the heating group, while in low
heat generation rate it was 95 percent larger in the heating
group [32].

In the hyperthermia cancer treatment by MNPs, several
parameters may affect the results of treatment such as infu-
sion rate, nanoparticle concentration in the magnetic fluid,
nanoparticles diameter, coating type and surface charge
of nanoparticles, type of the tissue and type of the nee-
dle used for injection and also blood flow. Among these
parameters, the infusion rate has more effects, and it is
also controllable. Moreover, blood flow can play a vital
role in heat transfer during the treatment. Since the ther-
mocouples had errors while a magnetic field was apply-
ing, simulation of heat transfer could help scientists to
determine. Different investigations showed the effective-
ness of using numerical methods for the estimation of the
temperature [33-35].

2 Materials and methods
2.1 In-vitro

To investigate the effects of infusion rate on distribution and
as a consequence on hyperthermia cancer treatment, a fluid
Hamilton syringe with a maximum reservoir volume of 250
ul was used to inject fluid into the tissue. A 26-gauge Ham-
ilton needle was also used to avoid the backflow of magnetic
fluid. For injecting MNPs into the tissue at a constant rate,
a syringe pump was needed. The only available pump was
the Te-331 syringe pump with the retaining clip that only
was able to handle large syringes with a size between 10 and
50 ml, so a 50 ml syringe was prepared and the Hamilton
syringe was fixed inside it to be put into the syringe pump.
Subsequently, since input numbers for the pump showed
the infusion rate and volume of injections per the 50 ml
syringe, a conversion between the 50 ml syringe and the
fixed Hamilton syringe must be obtained, which was
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Fig. 1 Length and width used to
measure the distribution

achieved by taking some tests and determining the time of
each test. By performing these experiments, the ratio of 1 to
160 was obtained and formulated as Eq. 1 for the pump infu-
sion rate and the actual rate of Hamilton syringe injection.

aVy ="Vp (1)

In Eq. (1), a = 9.6 and V}; and V,, denote the input veloc-
ity for the Hamilton syringe (ul/min) and input velocity for
the infusion pump (ml/hour), respectively.

MoS,/CoF,0, that had been examined and used in pre-
vious in-vivo tests was prepared and considered as mag-
netic fluid. MoS, had semi-conductor properties in addition
to a large surface area, and introduction of CoF,0, on the
surface of MoS, led to create hetero-structures. Results of
previous investigations showed an improvement in electro-
magnetic absorptions of hybrids of MoS, and CoF,0, [36].
Moreover, no sign of inflammation or necrosis in mice liver
was reported in the injection of MoS,/CoF,0,. The size
of MNPs was also an important parameter in hyperthermia

since it affected the specific loss power (SLP) [37]. MNPs
with the size of 17 + 4nm was considered since it could pro-
vide a sufficient SLP for hyperthermia treatment and was
dispersed in aqueous very well [36].

The chicken breast tissue was used in this study because
of its availability, low cost and brightness. The brightness of
tissue was important since this brightness made it possible
to determine the distribution of a substance after injection
by using image processing techniques. Using chicken tis-
sue for in-vitro investigation of cancer was reported before
[38—40].

In fluid injection, 14 different slices were selected for test-
ing various infusion rates between 1.25 #L and 104.06 ”ln
(Maximum infusion rate produced by the infusion pump). To
have comparable results with previous experimental works,
arange of 10 ,:lln to 40 “L was considered for infusion rate.
Each infusion rate was repeated three times at best because
of limitation of the available nanofluid.

©
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Fig.2 (A) The original image. (B) Image after cutting into a 9 mm * 6 mm image. (C) Image after image processing
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For cutting the tissue, a standard surgical blade was used.
The cutting section was considered perpendicular to the
injection site as shown in Fig. 1. The crucial issue in this part
was the probability of human errors in the cutting of the tis-
sue that could be eliminated by using micron cutting devices.
Access to these kinds of devices had been confronted with
limitations. Therefore, the number of tests was considered 3
in each case, to minimize human errors in the cutting section.

A Canon PC1680 camera was used to take photos, under
a standard light condition and in the absence of sunlight.

2.2 Image processing

In the next step, all images were prepared for the image pro-
cessing section. The preparation process began with cutting

16mm
6mm

the part of the texture image off. Since the real tumors had an
oval shape with a large diameter of 9 mm and a small diam-
eter of 6 mm [36], in the image processing section, a part of
the original image which its dimensions were 2 cm * 2 cm,
was cut to a rectangle of 9 mm * 6 mm to make the results
of this study comparable with previous in-vivo works. A
Schematic of these steps is illustrated in Fig. 2.

The MATLAB software was deployed for image process-
ing in this study. To achieve the distribution of MNPs, all
color images were converted into black-and-white images.
In the black-and-white pictures, a threshold between 0 and 1
was determined for the MATLAB software to delete points
of images that were brighter to separate darker points as
nanoparticles position. By extracting the coordinates of all
black pixels, the distribution of MNPs was obtained.
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Fig.3 (A) The geometry of the simulated tumor and the surrounding healthy tissue [41]. (B) The geometry after adding nanoparticles
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2.3 Simulation of heat transfer

Thermocouples had errors while a magnetic field was
applying. Due to limitations in measuring the tempera-
ture in an experimental trial, simulation of heat transfer
was deployed to determine the temperature of any point in
the tissue which was warmed by nanoparticles. The role
of blood flow on heat transfer was also investigated using
numerical methods.

2.3.1 Geometry

A two-dimensional geometry was considered to make the
simulation results comparable with future laboratory and
animal works for the tumor. Based on previous animal
works, an ellipse with a large diameter of 9 mm and a small
diameter of 6 mm was created in COMSOL software using
geometry tools. Around this ellipse, another ellipse with a
large diameter of 19 mm and a small diameter of 16 mm was
considered to represent the healthy tissue surrounding the
tumor. The geometry is schematically illustrated in Fig. 3A.

After creating the desired geometries, coordinates of
points obtained by the MATLAB software as the distribu-
tion of MNPs were imported into the COMSOL software
and added to the geometry. An example of the geometry
after adding points as nanoparticles is illustrated in Fig. 3B.

2.3.2 Material

Properties of materials used in this simulation are presented
in Table 1. Although there was no blood in the chicken
breast tissue, blood properties were also added in the model
(Table 2). The reason for considering the properties of the
blood was to investigate its effect on the heat transfer and
also made the numerical model more realistic.

Table 1 Mechanical properties of the healthy and tumor tissue used
in simulation [42-44]

Property Symbol Tissue type

Tumor Healthy
Specific Heat (kgﬁ) c 3760 3760
Density (:2) p 1045 1045
Thermal Conductivity (TWK) k 0.51 0.51
Pre-factor (%) A 1.80E36 1.03E38
Activation Energy (”117) E, 2.38E5 2.49E5
Point Heat Source (%) o, 0.016 0
Perfusion Rate (%) o 0.0095 0.003
Metabolic Heat Rate (m—“g) 0O, 31,8725 6374.5

Table 2 Mechanical properties of the blood used in simulation[42,
44]

Property Symbol blood
Specific Heat (IQLK) G, 3770
Density (%) Py 1060
Temperature (°C) T, 37

The point heat source was considered 0.016 % This
consideration was based on having a maximum tempera-
ture of about 46 °C in the uniform distribution which was
a standard value in clinical studies [7].

2.3.3 Governing equations

In the simulation of physics of the model, Pennes’ bio-heat
equation, as illustrated in Eq. (2), was considered as the gov-
erning equation. The reason was the correspondence of this
equation with experimental studies [45].

pﬁw =k VT, y,1) = p,Cyy, (T, y.0) = T})) + O, + 0,
@)

In Eq. (2), p,C, T, k denote the tumor/healthy tissue den-
sity, tumor/healthy tissue specific heat, local tumor/healthy
tissue temperature and thermal conductivity of the tumor/
healthy tissue, respectively. t denotes time and p,, C,, @,, T,
denote blood density, specific heat of blood, blood perfu-
sion rate and blood temperature, respectively. Q,, denotes
the metabolic heat generation rate in the tumor/healthy tissue
and Q, denotes the point heat source in the tumor/healthy
tissue.

The Arrhenius equation was also deployed in the
simulation section. This equation indicates the amount
of necrotized tissue after a certain period of time and is
expressed in Eq. (3) [46]:

t
Q(x’ y7 t) = A/OE_E“/RuT(xv)’J)dt (3)

In Eq. 3, A, E,, R, denote pre-exponential factor, activa-
tion energy, and universal gas constant, respectively.

2.3.4 Boundary and initial conditions

For boundary conditions, the continuity of temperature and
heat flux in the boundary between tumor and healthy tissue
was added to the model (Eq. (4) and Eq. (5)):

2

[}

X
+

Tl(x9y7 t) = Th(x’y’ t)9 = 1 (4)

0=

)
a
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oT,(x,y,1)
on

oT,(x,y,1)
kl‘ tan = kh

&)

Which indicated the equivalence of temperature and flow
flux in the boundary between the tumor and the healthy
tissue.

The second boundary condition was related to the outer
surface temperature of the healthy tissue, which was con-
stant and equal to body temperature or 37 °C. This boundary
condition can be expressed as follows:

2 2
T,(x,y.0) = 37 °C, ;C—% + Z— =1 ©)

NS IS

The only initial condition that had been used in this
study was the initial temperature of the healthy tissue and
tumor, which was considered 37 °C and can be expressed
as follows:

T(x,y,0)=37°C (7N

InEq. 4)to Eq. (7),a; = 4.5 mm, a, =9.5 mm, by =3 mm
and by = 8 mm.

The bio-heat transfer equation could be summarized and
solved using finite element methods (FEM). The finite ele-
ment technique was a powerful method in numerical solu-
tions that could solve Eq. (2) with boundary and initial con-
ditions Eq. (4) to Eq. (7). FEM divided a complex system
into smaller parts called finite elements to solve a problem.
This could be achieved by implementing space discretiza-
tion, which was accomplished by building a mesh for the
model. An algebraic equation system could be ultimately
derived from the finite element method formulation of a
boundary value problem. These equations were then grouped
into a larger system that fit the whole model. Using the cal-
culus of variations, the FEM approximated a solution by
minimizing a function of errors.

2.3.5 Time step and mesh configuration

The overall time of 1200 s was considered in simulations
since laboratory animals used in clinical trials could be anes-
thetized and treated up to 20 min. The Timestep of 1 s was
also considered to have the temperature and the percent-
age of necrosis tissue in each second. A triangular mesh
was used as a mesh type and generated by tools provided
in COMSOL software. Each triangle had three sides with
a specific magnitude. The maximum and minimum magni-
tude was considered for element’s (sides of triangles) size in

Table 3 Comparison of maximum temperature for different mesh
types

Mesh type Element size(mm) Total number Maximum

——— ofelements temperature

Max  Min °

°C)

Normal 1.27  0.0057 5666 51.28088
Fine 1.01 0.0057 5884 51.2809
Finer 0.703  0.00238 7026 51.28094
Extra Fine 0.38  0.00142 17,347 51.28519
Extremely Fine 0.19 3.8E-4 33,276 51.28505

different mesh types to control the total number of triangles
and as a result the resolution of the final results. To ensure
the results were not affected by the time step and mesh size
and were accurate, the maximum temperature was calculated
for different mesh sizes at a constant time step of 1 s. Results
represented an error of about 0.005 °C that could be ignored.
The maximum temperature was also calculated for different
time steps at constant normal mesh size. In this section, no
error was observed. Results of this section which are illus-
trated in Tables 3 and 4, showed the independence of the
results from the mesh size and the time step. Considering the
results of this section, the time step of 1 s and normal mesh
type were chosen for simulation.

2.4 Validation of simulation

Numerical models could be validated by comparing their
results with an experimental or analytical investigation. This
was a common method to validate a numerical model and
authors had used it in other numerical researches such as
coronavirus area too [47]. It was vital to have the same prop-
erties, initial and boundary conditions and set up to be able
to compare the results. The numerical model used in this
study was verified against the results of Lin and Liu [48], for
the radial distribution of temperature in the tissue with the
same tissue property, initial, and boundary condition. The
model was developed then with an elliptical shape instead
of the circular but with the same initial and boundary condi-
tions as Lin and Liu’s model. A comparison of the simula-
tion with the results of Lin and Liu is illustrated in Fig. 4. In
addition to verifying the numerical model with an analytical
investigation, independence of the model from time step and
mesh size was also checked in the previous section to be sure
about the validation of the results.

Table 4 Comparison of

) Time step(s)
maximum temperature for

0.1 0.5 1 2 10

different time steps Maximum temperature (°C)

51.28088 51.28088 51.28088 51.28088 51.28088
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Fig.4 Radial distribution of

T T
temperature in the tissue after
600 s, a comparison between
resent work and Lin and Liu’s . ]
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3 Results and discussion the results of Attaluri’s work [49]. However, the notable
point is the magnitude of the increase. According to Atta-
3.1 Infusion rates of MNPs luri’s work, with an increase in the infusion rate from 5 m”—lln
to 10 m”—iln, an increase of 50% in penetration depth occurs,
Increasing the infusion rate leads to an increase in nanopar- ~ While in current experiments, with an increase in the infu-

. L . . i [ .
ticle penetration in tissue. Results show congruence with ~ sion rate from 4 ﬁ to 40 ﬁ or in other words, with ten

v=10 microliter/min & V=50microliter

v=40 microliter/min & V=50microliter

v=1.25 microliter/min & V=100microliter

v=1.25 microliter/min & V=100microliter

v=10 microliter/min & V=100microliter

v=10 microliter/min & V=100microliter

v=10 microliter/min & V=100microliter

+ X X xXxOO0OOO

v=40 microliter/min & V=100microliter

v=40 microliter/min & V=100microliter

v=40 microliter/min & V=100microliter
v=80 microliter/min & V=100microliter

[] v=80 microliter/min & V=100microliter

width of dispersion(mm)

v=80 microliter/min & V=200microliter

+ v=104.06 microliter/min & V=100microliter

XX +
- - +

0 | | | | | | | |

0 1 2 3 4 5 6 7 8 9 10

length of dispersion(mm)
Fig.5 Distribution length and width in MNPs injection with different concentrations and infusion rates
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Fig.6 Concentration of MNPs
in the tissue. (A) Injection of
100 p! of magnetic fluid with
an infusion rate of 1.25 2. B)
Injection of 100 ul of m'ggnetic
fluid with an infusion rate of
104.06 £

times the infusion rate, there is a 1-mm increase in penetra-
tion depth, which represents a nearly 17 percent increase
in penetration depth. The reason may be the type of tissue
tested and the difference in the tests performed with the
2011 Attaluri’s work. Another reason could be the use of
different procedures to examine the distribution of MNPs
since Attaluri used CT scan imaging techniques, while in
the present study, cutting and direct imaging method has
been used. As shown in Fig. 5, the best distribution occurs
in the lowest infusion rate of 1.25 m”—iln, which is almost circu-
larly distributed and has similarity with the results of 2008
Salloum’s work on the agarose gel.

3.2 The concentration of MNPs for different
infusion rates

Comparing different samples under the microscope reveals
a lower concentration of MNPs could be achieved at higher
infusion rates. This decrease in concentration could happen
since, in higher infusion rates, nanoparticles are distributed
in a bigger area. The effects of infusion rate on MNPs con-
centration are illustrated in Fig. 6.

£ 40um
A

3.3 Simulation of heat transfer in nanoparticle
testing at different infusion rates

By having the results obtained in the simulation of heat
transfer section, and considering the gradual increase in
penetration depth by increasing the infusion rate and con-
sequently excretion of nanoparticles from the border of
the tumor and healthy tissue, it is determined that the tis-
sue necrosis happens in healthy tissue at higher rates. This
necrosis of healthy tissue occurs while some parts of the
tumor do not feel any increase in temperature and conse-
quently will not be necrosis at all. Therefore, it could be
concluded that higher infusion rates should be avoided to
have a circular shape distribution and also to prevent the
penetration of nanoparticles into healthy tissue. By obtain-
ing the specific distribution of magnetic nanoparticles in the
tissue, the maximum temperature in different cases is higher
than the maximum temperature in a uniform distribution
(less than 46 °C). This difference indicates the impact of the
distribution of MNPs in tissues on the maximum produced
temperature.

Table 5 The maximum produced temperature for different injection volumes and infusion rates

Test number  Injection volume &

Maximum produced temperature for sample... (°C)

infusion rate -
No blood in both healthy and

tumor tissue

Having blood just in healthy tissue Having blood in both healthy
and tumor tissue

1 2 3 1 2 3 1 2 3

1 50 ul & 10 2 48.7923 - - 48.3825 - - 46.005 - -

2 50 ul & 40 Wl 47.8011 - - 47.3684 - - 45.093 - ;

3 100 ul & 105 4L 572387 564372 - 564382 55.6637 51985  51.562 ;

4 100 pl & 10 u 55.8848  56.0444 57.0162  55.0797 552389 562428  51.033  51.280  52.006
5 100 ul & 40 . 540376 559015 559163 532398 551175 55.1257 49.189 50931  50.953
6 100 ul & 80 i 544726 54.1680 - 53.7006  53.3390 - 49.636  49.535 ;

7 200 ul & 80 . 70.6874 - - 69.1438 - - 64.360 - ;

8 L0 525343 - - 51.7507 - - 48216 - .

100 pl & 104.06 n’;—l
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(A) (C) (E)
(B) (D) (F)

Fig. 7 The fraction of necrotic tissue after 1200 s. (A) Infusion rate =1.25 uL . (B) Infusion rate= 10 ”’ . (C) Infusion rate = 40
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(D) Infusion

rate = 80 ul (E) Infusion rate = 104. 06 “1 . (F) Uniform distribution (control model)

Due to the maximum temperatures obtained in each
section, it can not be concluded that there is a correlation
between the infusion rate and the maximum temperature
As shown in Table 5, for an infusion rate of 1. 25 , the
maximum temperature is about 51.985 °C, which by i increas-
ing the infusion rate up to 10 # reaches about 51.033 °C.
The reason can be reducing the distribution area, or in other
words, concentration of nanoparticles in a smaller area
which is consistent with the results of the experimental sec-
tion (Concentration of MNPs for different infusion rates).
The lack of uniform distribution of nanoparticles also affects
the magnitude of maximum temperature at a specific point.
For instance, in Sample 1 of the fifth test, the maximum
temperature is 49.189 °C, while in the similar sample of the
same test (Sample 3 of the fifth test), the maximum tem-
perature is about 50.953 °C, which is about 1.8 °C of differ-
ence. Also, other reasons such as the impact of the image
processing and the type of cutting and photographing may
also affect the results in each section, but in general, and for
samples after the fourth test, which the distribution width is
almost constant, it shows a very slight decrease in maximum
temperature that is similar to 2011 Attaluri results. In other
words, maximum temperature occurs in minimum infusion
rates (1.25 m”—iln).

Another noteworthy point obtained from the results is
the role of blood flow in heat transfer. As it is shown in
Table 5, blood has a significant effect on heat transfer in
tissue, and as a result, magnetic fluid hyperthermia cancer
treatment. Maximum temperature can be increased up to

9 °C (test8) in the absence of blood flow in the tissue.
Results of the effects of blood on heat transfer are divided
into three sections. Having no blood in both healthy and
tumor tissue, having blood just in healthy tissue, and
finally having blood in both healthy and tumor tissue.

The last point to be taken from the temperature distri-
bution in the tissue is the maximum temperature point,
which by increasing the infusion rate, recedes from the
tumor center (which is the injection site) and approaches
the borders of the tumor and healthy tissue (Fig. 7.).

4 Conclusion

Cancer is one of the most vital causes of death in recent
years, and several methods have been suggested for treat-
ing it. Hyperthermia is one of the emerging methods of
treatment that is more accurate and has fewer side effects
compared to other treatments. Although many investiga-
tions have been conducted in this area, there is a lack of
knowledge in some parameters such as the role of blood
flow on MNPs hyperthermia, diffusion of MNPs, tempera-
ture distribution during treatment, and tumor necrosis after
treatment yet. In this study, a different technique is used
to measure the depth of penetration compared to previous
works and a more precise ratio between penetration depth
and infusion rate is achieved as a result. The results of
experiments on MNPs show that by increasing the infusion
rate, the penetration depth increases. With an increase in
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the infusion from 4 % to 40 m"—;, there is a 1-mm increase
in penetration depth (nearly 17 percent increase). This
increase in infusion rate also has a significant impact on
the concentration of MNPs in tissue. Increasing the infu-
sion rates leads to a lower concentration of MNPs.

The numerical simulation reveals that blood flow in
tumor and healthy tissue plays an important role in heat
transfer in the tissue (in addition to mass transfer of MNPs
out of tumor area made by blood flow, which has been
investigated in previous investigations). The numerical
simulation also showed that there is not a clear and pre-
cise relationship between increasing the penetration depth
and the maximum temperature created in the tissue, but it
can be concluded that by increasing the infusion rate and
consequently increasing penetration depth, the maximum
temperature decreases slightly which means maximum
temperature occurs by the infusion rate of 1.25 m”—lil

Finally, the results of the necrosis section reveal that
by increasing the infusion rate, necrosis has occurred in
healthy tissue rather than cancerous tissue, which should
be avoided by reducing the infusion rate. Moreover, the
location of the necrosis recedes from the tumor center and
approaches the borders of the tumor and healthy tissues by
increasing the infusion rate.
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