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Numerical solutions using the Finite Element Method (FEM) of healthy one-dimensional bio-heat transfer and
cancerous tissue together with the Magnetic Fluid Hyperthermia treatment have been worked out successfully.
The bioheat transfer equation was created by modifying the Pennes equation by adding the physiological
parameters in each layer. Each layer shows the characteristics of tissue. Each layer represents an independent
biological tissue characterized by temperature-dependent physiological parameters and linear temperature-
dependent metabolic heat generation. Magnetic fluid hyperthermia (MFH) is used as an external heat source to
heat the cancerous area. The magnetic field strength used is 6.5 kA and the frequency of 500kHz in MFH can
heat cancer tissue without affecting healthy tissue. In a transient state MFH treatments can heat up cancerous
tissue without damaging healthy tissue as indicated by an increase in the temperature of the cancer tissue
according to the standard temperature of the MFH treatments.
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1. INTRODUCTION

Bioheat transfer is a heat and mass transfer event in the
human body that depends on organ systems, blood flow
and the thermal response of body tissues to external
stimulus [1]. External stimulus that causes thermal
responses in cancer therapy are called thermal therapies
[2]. The thermal source in thermal therapy is
electromagnetic waves [3]. The effect of blood flow on
heat transfer in living tissue has been studied for more
than a century, one of the experimental studies was
conducted by Bernard [4]. Bioheat transfer modeling
studies are very useful in the field of thermal-based
medicine to predict the temperature distribution in body
tissues due to experimental temperature data are not
widely available. There are two techniques for measuring
body temperature, namely invasive and noninvasive.
Invasive temperature measurement techniques tend to be
expensive and provide few points of measurement. Non-
invasive temperature measurement techniques, such as
thermal magnetic resonance imaging, allow volumetric
temperature measurement. However, Magnetic resonance
imaging has limitations due to high cost and low thermal
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resolution [5, 6]. Furthermore, Mathematical modeling
research on the thermal interactions between blood
vessels and tissues has become an interesting research
topic. The first quantitative relationship that describes
heat transfer in human tissues and the effect of blood flow
on tissue temperature is in a continuous manner was
presented by Harry H. Pennes, a researcher at the College
of Physicians and Surgeons of Columbia University. The
equation that he derives is called the Pennes bioheat
equation. Pennes was developed by using bioheate
equation with heat transfer and blood perfusion, many
researchers tried to solve it for a variety of applications,
both numerically. and analytically. The solution of the
Pennes bioheate equation is obtained with cartesian,
cylindrical and spherical coordinates [7, 8, 9]. Durkee et
al derived the analytical solution of the classical bioheat
equation using eigenfunctions for spherical and cartesian
coordinates and cylindrical coordinates [10, 11]. In both
cases, a constant heat source is used as a green function to
solve the classic bioheat equation for time-dependent
sources. Bagaria and Johnson used a variable separation
method to obtain a one-dimensional solution to estimate
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the temperature in two concentric spherical regions [12],
On the other hand, the source term is described by an
exponential function validated experimentally [13].
Rodrigues et al obtained an analytical solution for the
one-dimensional Pennes bioheate equation in a multi-
layer region that depends on a heat source [14]. Sakrar
presents an analytical solution for the steady Pennes
bioheate equation in a multi-layer structure [15]. The
temperature distribution in each layer is derived
separately and the conditions of interface temperature and
heat flux compatibility are used to determine the complete
solution.

In the last few decades, this Pennes equation has been
used to model the magnetic fluid hyperthermia (MFH)
cancer therapy [12]. MFH s injecting magnetic
nanoparticles immersed in liquid into the target tissue to
absorb energy at a higher rate than the surrounding tissue
from an externally applied electromagnetic field [16].
Previous research has modeled bioheat transfer under
steady state conditions [17]. This study aims to make
models and simulations of bioheat transfer in healthy
tissue and cancer and to see the temperature distribution
of each tissue layer due to the transient thermal response
of MFH. The bioheat transfer equation was created by
modifying the Pennes equation by adding physiological
parameters in each tissue layer. Numerical solutions of
equations and simulation of temperature distribution of
each network layer using the finite element method.

2. METHODOLOGY

A. Pennes Bio-heat Transfer Equation in Multilayer
Tissue

The Pennes equation is used for the analysis of heat

transfer in living tissue which describes the effect of

blood flow on the temperature distribution in tissues

where the absorption or heat source is distributed in a

volumetric temperature distribution. This study uses the

basic equation. Only the one-dimensional case with

constant thermal parameter values is used, which is a

good approximation when there is a propagating heat

source. The bioheat transfer equation in cartesian

coordinates in a multi-layer region is expressed in

equation one:

oT, o7,

Pi Ci atl (X’t):ki aTz'(X't)—'_wbipbcb(Tb -T (X’t)) 1)

+Qui (x, 1)+ PR, (x)

where 1<i<n, X, ; <X<X;,n is the number of layers.

Tissue temperature described by the above equation is

controlled by heat storage (pi C; (%)) ,  thermal

conduction (k,i—i) heat dissipation through the

bloodstream (a)bipbcb(Tb -T. )) and heat generation

(P, ) which represents the contribution of volumetric heat
generation, converted from some form of energy such as
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electromagnetic, ultrasonic or other heating modes.
Metabolic heat generation is another type of heat input
resulting from the conversion of biochemical energy in
the tissue. Here, the rate of metabolic heat generation in
the tissue layer and the tissue thermal conductivity are
assumed to be uniform while the explanation of the
parameter definitions in equation (1) is presented in Table
I

Table 1. Pennes bioheat transfer equation parameters[1]

Parameter Unit Description
Yo g/cm®  density of tissue
c JgC heat capacity of tissue
k Wicm C  the thermal conductivity of tissue
T °C temperature of tissue
Wh st Perfusion of blood
Cb JgC heat capacity of blood
Thb °C blood temperature
Qm W/cm®  metabolic heat generation

B. Boundary and Initial Conditions

The first, second and third type boundary conditions with
temperatures on the inner and outer surfaces are assumed
in equations (2) and (3). The temperature and heat flow
must meet the boundary conditions for continuity at the
tissue interface stated in equations (6) to (8). The initial
temperature depends spatially in the equation (8).

» Inner surface in the first layer (i :1)

Ain aaXTl(XO’t)_i_ Bin Tl(XO't):Cin (2)
» Outer surface of n™ layer
oT
Aout Eﬂ (Xn ’t)+ Bout Tn (Xn ' t):Cout (3)
» Inner Interface of i layer
T, (Xi—l ) t):Ti—l(Xi—l ) t) (4)
oT. oT.
k; &I(Xi—l’t)z Kiy a;l (Xi—l't) ®)
* Outer interface of
T, (Xi ’t):Ti+1(Xi 't) (6)
oT. orT.
k, —-(x.,t)=k,, —"L(x.,t )
|ax(|) |+16,X(|)
* Initial conditions
T, (%, t=0)=T, (x) (8)

Parameters in (2) and (3) can be selected to obtain the
Dirichlet, Neumann or Robin boundary conditions.

C. Heat generation

The temperature distribution in bioheat transfer is
influenced by external stimuli. Cancer patients who
undergo treatment will receive an external stimulus,
which can be in the form of electromagnetic waves,
ultrasonic waves, or magnetic fluid hyperthermia [8].
Bagaria and Johnson describe the external stimulus as a
polynomial equation
P=P, +Px+P,x’ 9)
42
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where Py, P1, and P, are constants [6]. Heat source
parameter values for the four cases are shown in Table II.

Table 11. Value of heat generation parameters for six cases

Case Py P P, Peonst
w w w w
( cm3) ( cm“) ( cm5) ( cm3)
1 0.7 -1.4 0.7 0.07
2 0.3 -0.2 -0.1 0.09
3 0.1 0.5 -0.6 0.115
4 0.5 -0.2 -0.3 0.17
5 0.0 15 -1.5 0.225
6 0.1 0.8 -0.7 0.28

Salloum experimentally described the external stimulus in
the form of a Gaussian distribution [13].

P=Ae ™/’ (10)
where X is the radial distance from the injection site, X,
is a parameter that determines how far the nanoparticles

are spread from the injection site, and 4 is the maximum
force of the volumetric heat generation rate (W / em?).

D. Numerical Solution Title, Authors Name & Affiliation

The approximate solution of the 2-1 bioheat transfer
equation first discretizes the line domain Q into a number
of finite elements, the element nodes are located at the

positions x; , for j=1,...,N+1, where X, =0 and

Xns1 =L, as shown in Figure 1. In each element a certain

point is identified which is called the vertex or nodal
which will play an important role in the formation of the
finite element [19]. A collection of elements and vertices
forming a domain is called a finite element mesh (see
Figure 1).

elemen Q, =(x,,x,)

0,Q,

fe AR o SPENE D
= = =
X

R Xy X3

B
= e 59
\
X

| \o B

X, =X
1 L L i 1 L »

0 3

Figure 1. Discretization of the finite element or one
dimensional domain for model problems

The jth Galerkin projection of equation is expressed in

equation 11.
oT, oT,
=—k.| ¢, — +ki| ¢, —
(o). 5.
Xba¢

—k; P 'dx+a)b,pbc J(/ﬁT dx —w,; p,,Cy, j¢T dx

tooT,
Pi G .[¢j Ed

Xa Xa Xa

[ 6,Qu ¢ [ 4,P ()0

(11)
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where the index j runs over an appropriate number of
nodes determined by the degree of the element
interpolation functions and by the specified boundary
conditions Dirichlet and Neumann. Substitute equation
the finite element expansion of the numerical solution,

Ne
)= ZTI ()¢ (x) (12)
1=1
and a corresponding expansion for heat generation
Ne
x)=2_Pi(t)¢ (x) (13)
1=1

where Nz is a number of unique global node. Rearranging
and collecting all nodal projections, derive a system of
linear ordinary differential equations (ODES),

M-Z+xD-T=xb (14)
where T is the vector of the unknown temperature at each
node.

T=[r, T, . Tuw T @)

where M is a global square mass matrix, D is a global
square diffusion matrix, and b is a properly constructed
right-hand side.

%hl lh1 0 0
1 1 1 1
ghl §hl+§h2 Ehz 0
— 1 1 1
M= o sh Sheho 0
: 0
| 0
0 0 0 ]
0 0
0 0
1 1 1
3 NE—3+§hNE—2 EhNE_Z 0 (16)
1 1 1 1
EhNE—Z ghNE—Z—l_ghNE—l 6 Ng -1
1 1 1
0 EhNE_l ghNE—l+§hNE

Galerkin finite element system form

1, dT, dT, Ne
—h,— —h +x) DT, =«b, (17
3'dt 6 dt ; H a7
and
dT. dT dT.
% j-1 dj_l+1(hjl h; )d_+%hj dHl
N t t t (18)
+xY DT, =xb;
1=1
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for j = 2, ..., Nz, Rearranging (18)

(1 hi Jde_u(g]dTu(l h, J
3hys+hy ) at (3) ot (3hyehy)

dT., 2 X 2
"ok ZDJ|T| =K ———0D;
dt h,,+h; 3 h,,+h,
For j = 2,...,Ng.The first three terms on the left-hand

side of (19) contribute a weighted average of the time
derivative at three neighboring nodes. The sum of the
weights enclosed by the parentheses is equal to unity.

When the element size is uniform,
hy=hy=--=hy, =h , the Galerkin equations
simplify to

dT, dT. T,-T
1Al 10T, _ Lol Ky (o)
3dt 6 dt h h
and

dT. dT; dT. T.,-2T. +T.
180 20 10 i m ST e Ky o)
6 dt 3 dt 6 dt h h
forj = 2,...,Ng. The first term on the right-hand side of

(21) is recognized as the central difference approximation
of the second derivative, 3°T / @x*, evaluated at the jth
node. The three terms on the left-hand side express a
weighted average of the time derivative at the ith and
adjacent nodes. A similar averaging of the source function
is implicit in the constant term on the right-hand side, b;
Equation (2 to 14) provides us with a coupled system of
first-order, linear, ordinary differential equations (ODES)
in time, t, for the unknown node temperatures, T;(t). The
coupling of nodal temperatures on the left-hand side
mediated through the global mass matrix. The system (2-
14) is integrated in time using a numerical Crank—
Nicolson method for solving initial-value problems
involving ordinary differential equations [18,19].
M- I':"H';'r—T:"“ += 1 D - {Tl::lz:l+ Tl::lz+l:l} —
i K{h'”:'-l- hl:lz+J.:l}
(22)
Rearranging, derive a linear algebraic system,
C- T'::'!+l:| =7 (23)
The tridiagonal coefficient matrix on the left-hand side is
given by
C=B+=-xAtD (24)

and the rlght hand side is given by
r=(M-ZxatD)-T® + 2 cat(b™ +b+D)
(25)
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3. RESULT AND DISCUSSION

Comparison between the transient temperature profile for
a uniform heat source which is called constant heat
generation and a non-uniform heat source which is called
quadratic heat generation. The heat source is assumed to
be in the tumor tissue with a tissue length of 1 cm. In this
condition the network is considered one layer. The
material property used in this calculation is magnetite,
monodisperse with a diameter of 12 nm. The magnetic
field strength used is 6.5 kAm? and a frequency is
500kHz. Bioheat parameter  values used are

p,=1000"/, . C,=4200% .. ., T,=T,=37°C ,
®, = 0.000SmI/s/mI :
k, = 0-55\% o
parameters on the

Q,, =0%/, , and
. The temperature boundary conditions
inner and outer surface are
Av=0%c . B,=1% .. . C,=Cw.(Cen)
A,.=0, B,=1, C,,,=37°C . The number of

elements used in the numerical solution is 25 elements.
The value At used for t=100s and t=100s for each

0.2s iteration. In this figure, the temperature distribution

of the steady state is higher than the transient, because in
a steady state the temperature does not change with time
or in other words it is constant. In transient conditions or
also called temporary conditions, the temperature will
change over time. The temperature when it is above the
ideal minimum temperature is hyperthermia, this can
indicate that the time needed to heat the tumor tissue
measuring 1 cm is 300 s.

Case 1
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—@— steady state constant
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Case 3
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Figure 2. Single layer temperature distribution profile
with constant and quadratic heat source for transient state
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Here, Figure 3 shows the comparison of transient
temperature profiles for constant heat generation and
quadratic heat generation on two layers, namely tumor
tissue and healthy tissue. The parameter values used are

p,=l1lgem™ ,  p,=1gem™ , p,=10 cm?® |
c,=C,=C,=4.2Jkg* °C™* , T,=T.=37°C ,
o, =, = 5x107s™ , Q,, =Q,, =0wcm™ ,
k,=55x10°Wem™ °C™?, k,=5x10°Wcem™*°Cc™*. The

temperature boundary conditions parameters on the inner
and outer surface are as follows A =0

Bin =1 ! Cin:é (éem)’ Aout:O’ Bout:l ' Cout:37 OC '
The number of elements used in the numerical solution is
100 elements. The value At used for t=100s and

t=300s is 0.2s for each iteration. The two-layer

condition also shows the temperature distribution, a
steady state, is higher than the transient. The temperature
at the two layers in the tumor tissue is not different from
Figure 2. In the figure, it can be seen that the healthy
tissue which is located close to the tumor tissue has an
increase in temperature but is below the ideal temperature
of hyperthermia so that it does not damage and affect the
nature of the healthy tissue. When t=300s is seen that
the temperature rises with an increase in temperature to

the ideal minimum of hyperthermia, this can indicate that
the time needed to heat 4 cm of tissue is 300 s.
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T T
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=—0—100s
525 —0—300's
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Case 3
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Figure 3. Two-layers temperature distribution profile
with constant and quadratic heat source for transient state
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Model validation is done by comparing the results of the
model that describe bioheat transfer with the analytical
results. The analytical results were obtained from the
results of the reduction by Zhong-Shan Deng. The result
of reduction by ZhongShan Deng is a bioheat transfer
equation for one layer so that the boundary conditions of
the inner and outer layers of the layer are not used for this
model. The model results were also validated with the
results of the MFH experiment from Salloum et al. The
experiment was conducted to measure the temperature in
the hind limb muscle tissue of mice induced by injection
of magnetic nanoparticles during the in vivo MFH
experiment [12].

4. CONCLUSIONS

This study managed to develop a model that uses a
transfer bioheat Pennes basic equation that describes the
transfer of heat to healthy tissue and cancer cells as well
as therapies are MFH. This shows that the model created
can be used to calculate the temperature distribution
under various other boundary conditions and that several
tissue layers have been used in this model. Transient
temperature distribution simulations on a tissue with one
layer and two-layer variations using the finite element
method have also been successfully carried out. MFH
treatment on tissue causes an increase in temperature in
cancer tissue and does not affect healthy tissue.
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