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Abstract

In this paper, we investigate how heat is distributed by three nanoparticles of magnetite, cobalt
ferrite and nickel ferrite in five cancer tissue samples by using alternating magnetic field. For
this purpose, we first considered a model for heat transfer based on body tissue in a cylindrical
coordinate system. Then we drew the related diagrams using Maple software. . Analyzing the
results, we found that the temperature transfer in the heat source and near the magnetic
nanoparticles is the highest and then decreases. We have also studied the effect of using a
continuous Nd-YAG laser at a power of 5 and magnetic nanoparticles and a further increase is
observed in the temperature of the damaged tissue. Simultaneous use of lasers and nanoparticles
had a remarkable effect on increasing the temperature of cancerous tissue.
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1.Introduction

Abnormal cell proliferation and the body's inability to solve this problem can lead to cancerous
tumors. Common treatments for cancer have adverse effects. The use of magnetic nanoparticles
under a magnetic field is a promising method in order to treatment of cancer. In this treatment,
fluid containing magnetic nanoparticles is injected into the cancerous tissue. After creating an
alternating magnetic field, these particles will vibrate. As a result, heat production result in
increasing the temperature of the cancerous tissue. The use of magnetic nanoparticles not only
improves the performance of chemotherapy but also affects the whole cancerous tissue by heat.
So it doesn’t leave unheated spot in the cancerous tissue. As we know, with the transition to
nanoscale dimensions and changes in surface-to-volume ratio, as well as changes in the
distribution of cations and subsequent changes in structural characteristics, nanostructured
materials behave differently than volumetric samples This is another reason to use magnetic
nanoparticles in heat therapy. [1]

Blood circulation plays an integral role in describing the phenomenon of heat transfer. Without
blood circulation, tissue temperature will increase linearly with heating time at a specific
heating rate. In the presence of circulating blood flow, the increase in temperature is nonlinear
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due to heat loss and the rate of increase in heat decreases until it reaches a steady state. Hence,
considering the period of heat loss due to blood circulation, the thermostatic transmission model
is established. [2] The parabolic bio heat equation can be traced back to 60 years ago when it
was first proposed by the Pennes. Penis modeled heat transfer in a human forearm without
movement.[3] Because of metabolism in tissues, heat is generated There is also heat transfer
between the blood and adjacent tissues. Therefore, Phrases were added for this purpose.
Specific heat, thermal and electrical conductivity, mass density as well as the dielectric constant
of the involved biological media tumors, viscera, muscle, fat, skin, etc...should be considered
in the model. Another significant element is vascularization. The process of heat transfer highly
depends on the blood ‘s perfusion which is different for tumors and normal tissue. Eventually,
heat sources, such as magnetic nanoparticles, must be considered to complete the main tumor
model in heat therapy. The body has a large amount of tissue cells. As a consequence,
intercellular space should be considered in modeling cancerous tissue.[4] Because cancerous
tissues have complex geometries, we need a way to solve the equation to imagine them .In this
section, we focus on solving the Pennes equation using cylindrical coordinates. [5] The general
form of the Pennes equation is as follows:[6]

oT
pcoc + V- (kVT) = prb(Db(Tb —T) + Qmet + Qext (1)

p is the tissue mass density, C is the tissue’s specific heat and k is the thermal conductivity. Py
and Cy are the blood’s density and blood’s specific heat respectively. s is the perfusion rate,
Ty the arterial blood temperature, Qme: and Qex; are the heat sources from metabolism and spatial
heating, respectively. The expressions on the left of the above equation 1 indicate the storage
of thermal energy and the diffusion of thermal energy, respectively.[7] The terms to the right
of the equation 1 refer to blood perfusion, metabolic heat, and external heat, respectively.
Numerical Solution of the Pennes equation in cylindrical coordinates can be obtained as

follows:

oT = =
== = K{V*T} — p, Cowp(T) + P(r, 0) 2)
T(r,0,t) = Q(r,6,t) + A(r,0) (3)

By placing the equation 2 in 3, the following two equations are obtained:

pc dQ(r,0,t)
at

= k{V2Q(r, 6,0} — p, CowopQ(r, 6, ) )
k{VZA(r,8)} — p, CowpA(r, 6) + P(r,8) = 0 (5)
Using the method of separation of variables, we have:

A(r, 8) = f(r) Xn=o cos(nB) + g(r) Xn=1 sin(n6) (6)

By placing Equation 6 in Equation 5, the following two equations are obtained:

d?f(r) df(r)
22 V) -
r dr2 tr dr

+ A%r2 —n®»f(r) =0 (7)
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2 d%g(® dg(r) 2.2 .2 _
rf—tr——+ A*r“ —m*)g(r) =0 (8)

Since the equations 7 and 8 are Bessel differential equations. We have:

A(I‘, 9) = (Zn:O{An](n,Ar) + CnN(n,Ar)}COS(ne) + Zm:l{Bm](m,Ar) + CmN(m,Ar)}Sin(me)) (9)

-Q(r, 9’ t) = ((Zn:O{En](n,Ar) + FnN(n,Ar)} COS(ne) + Zm:l{Gm](m,Ar) +

©OpPb_42

HmN(m,kr)}Sin(me))){exp(lz)c—/k 0} (10)

So T (r, 0, t) is obtained in this way

T(r,8,0) = ((Zn:O{En](n,Ar)} cos(n@) + 2m=1{Gm](m,Ar)} Sin(me))) {exp (léc—/;}\z t)} +

(Zn:O{An](nJ\r)} COS(ne) + Zm:l{Bm](m,Ar)} Sin(me)) (1 1)

2.Hyperthermia treatment calculations without laser

Figure 1 shows the temperature distribution diagrams in terms of position and time at different
angles, 45, 60, 72 and 144 for the three nanoparticles Fe3Os, NiFe2Os, and CoFe204 in 5
different tissues of brain, bone, muscle, liver and breast. By studding all these graphs, we see
that the temperature distribution graph is descending or in other words the temperature
distribution in different tissues reduce slowly. [8] It drops suddenly near the surface of the skin
due to direct skin contact with the environment. The temperature at any point in the tissue near
the center of the cancerous tissue in the upper conduction is less than that in the lower
conduction. This means that during heat treatment, there is a high temperature transfer in and
around the cancerous tissue. [9] While moving away from the center of the cancerous tissue,
the temperature drops. As a consequence, the area near the heat source has the maximum
temperature. [10] So, it has the most tissue damage. In general, the maximum temperature
serves as a limiting factor in hyperthermia and when it increases, the probability of injury and
swelling are high. Therefore, even a small error can exert a significant effect on the amount of
tissue damage.
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Figure 1 - Diagram of temperature distribution According to position and time at angles of 45, 60, 72
and 144 degrees for brain tissue (blue), bone (yellow), muscle (gray), liver (green) and breast (red) In
three nanoparticles FesO4, CoFe>O4 and NiFe; O4

Figure 1 demonstrates that the temperature distribution among various tissues is quite similar.
Comparing this approach with other methods suggests that utilizing the Pennes equation to
estimate temperature distribution within tissue depth is an appropriate method. It is evident that
tissue temperature reaches a maximum of 38.5 degrees Celsius, and as mentioned earlier, there
are slight variations in temperature among different tissues. Notably, the chart reveals that the
breast, brain, and liver experience the highest temperatures, respectively, which aligns with
findings from previous research. [7]

Figure 2 demonstrates a three-dimensional diagram of the temperature distribution in terms of
position and time for the three nanoparticles NiFe>O4, CoFe;O4 and Fe3O4 at zero-angle heat
therapy. The graphs show that the temperature transfer near cancerous tissue reaches the highest
level compared to other tissues. This indicates that there is a higher temperature distribution in
cancerous tissue. According to the diagrams, the transfer temperature reaches 38.5 degrees
Celsius. [12-18] This suggests that the temperature in cancerous tissue can reach relatively high
levels. NiFe204 nanoparticles have the highest temperature distribution in cancerous tissue,
while CoFe204 nanoparticles have the lowest temperature distribution in tissue. [19-24] This
implies that NiFe204 nanoparticles are more effective in generating heat and raising the
temperature in cancerous tissue compared to CoFe204. NiFe204 nanoparticles show a faster
rate of temperature drop compared to other nanoparticles, indicating that they cool down more
quickly. On the other hand, CoFe204 nanoparticles have a slower rate of temperature drop
compared to other nanoparticles. [25-29] Overall, these findings suggest that using NiFe204
nanoparticles could potentially be more effective for heating up cancerous tissues and achieving
higher temperatures, while CoFe204 nanoparticles may not generate as much heat or reach
high temperatures as quickly.
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Figure 2- Three-dimensional diagram of temperature distribution in terms of place and time at zero-
degree angle with injection of three magnetic nanoparticles NiFe;O4 (blue), CoFe,04 (red) and Fes O4

(yellow) in heat therapy for liver and breast, Muscle, bone and brain cancer tissues

Figure 3 illustrates that, while the temperature changes in the cancerous tissue change with
variation of angle and position. Hence this graph fluctuates. Evaluations, demonstrates that the
highest temperatures are intended to the angles of 0, 50, 100, 150 200 and 250 degrees. In other
term, at these angles, there is the highest temperature distribution in the tissue. Also, the lowest
values of temperature distribution are at angles 11, 68, 118, 174 and 225. What is more,
NiFe;04 nanoparticles have the highest temperature distribution whereas CoFe2O4 has the
lowest temperature distribution.
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Figure 3 - 3D diagram of temperature distribution in terms of angle and position for three
nanoparticles of NiFe>O4, CoFe,O4 and Fes Oy in brain tissue in 750 seconds. The colors of Purple,
blue and red indicate NiFe;O4, Fe;04 and CoFe,Os, respectively.

3.Calculations for the use of laser and magnetic nanoparticles in hyperthermia
simultaneously

In this section, we consider the use of lasers and nanoparticles in order to destroy cancer cells
in hyperthermia. Figure 5 shows three-dimensional diagrams of the temperature distribution
in terms of position and time using three nanoparticles NiFe;O4, CoFe>O4 and Fe; O4 and laser
in bone, brain, breast, liver and muscle tissues. The graphs illustrate that application of lasers
can increases the temperature by several degree hyperthermia ,in general. Specifically, with
the use of lasers, the temperature of the tissue has experienced a growth about 4.5 degrees
compared to the case without lasers. As a consequence, when both magnetic nanoparticles and
laser are used in hyperthermia, cancer cells which are more sensitive to healthy tissue are
quickly destroyed.
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Figure 4 - 3D diagrams of temperature distribution according to position and time using laser and
three nanoparticles NiFe>Os (blue), CoFe,O4 (red) and Fes O4 (yellow) in bone, brain, liver, breast
and Muscle.

Figure 5 shows a three-dimensional diagram of the temperature distribution in terms of angle
and time variations. This diagram is drawn by considering the laser with nanoparticles in the
brain tissue. Although the graph process is the same as the laser-free graph, the use of lasers
has raised the temperature by about 4.5 degrees.

"ﬂﬂ‘ they ""m"'mn., [T

llllll

1§

il

"

]

4“

||l| A

200
100 IS'U

O(Rad)
Figure 5- Three-dimensional diagram of temperature distribution in terms of angle and position for three

nanoparticles NiFe;Os, CoFe;O4 and Fes O4 In the brain tissue in 750 seconds and the simultaneous use of
laser. Purple, blue and red colors originate NiFe,O4, Fe304 and CoFe,Os, respectively.
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4.Conclusions

In this article, for the first time, we have studied how heat is distributed in different Cancerous
organs of the brain, liver, bone, human muscle, etc. using three different magnetic nanoparticles.
Heat exchange processes and their equations are completely described in this paper. By examining
these equations and related diagrams, it can be concluded that the use of the pennes equation in
estimating the temperature distribution in the depth of tissue is a suitable method. We also see that
the temperature of the tissues reaches a maximum of 38.5 © C and the temperature has experienced
slightly difference for different tissues which is in agreement with the results obtained in previous
research. We also found that NiFeO4 nanoparticles have the highest temperature distribution in
cancerous tissue compared to other nanoparticles. Another conclusion was that temperature
changes in cancerous tissue change with variations of angle. Specifically, it is not always possible
to expect that either maximum temperature or uniform temperature to reach the desired cancer cell.
The highest values of temperature at angles of 0, 50, 100, 150, 200 and 250 degrees are transferred
to cancer cells. Because Of the fact that the slightest mistake in determining the injection distance
of the magnetite nanoparticle destroys the healthy tissue around the tumor, It is absolutely
important how far the magnetic nanoparticles are injected from the tumor. It can be boldly said
that the distribution of nanoparticles is one of the most significant factors affecting the final
temperature distribution of tissue. Also, increasing time or energy consumption (heat delivery to
the tissue) may result in irreversible damages to healthy tissue. Also considering the Pennes
equation, it can be said that blood flow also serves a decisive role in the distribution of temperature
in the tissue. Of course, the equation of the pennes cannot explain the phenomenon of heat
exchange between blood vessels. Therefore, it is necessary to modify this model slightly to
overcome these weaknesses. What is more, to increase the temperature in hyperthermia, a laser
can be used at the same time in order to enhance the temperature of the tissue and the demolition
of cancer cells is done quickly. According to our calculations, by simultaneous use of laser and
magnetic nanoparticles, the temperature of cancerous tissue rises up to 44 or 45 degrees. In
addition, the use of alternating magnetic fields deters from the destruction of healthy tissues. So,
generally, the best possible treatment for eradication of cancer cells is obtained when the
appropriate magnetic nanoparticles, external magnetic field and laser are used simultaneously.
More studies need to be done to find the optimal substance that can produce the most heat to
improve treatment results. Whereas, a number of clinical and preclinical trials have been
performed to test the feasibility of this new treatment, there are still many unanswered issues in
order to transfer of this technology from theory to practice .Because of fact that working in this
field requires expertise in several fields, progress in hyperthermia specialists in various fields,
including physicians, biologists, chemists, physicists, engineers, and so on should participate
together. In the first stage to make progress in this area, Planning, implementation, monitoring and
optimization of treatment should be considered.
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