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Hyperthermia process control induced by the electric field
in order to destroy cancer

MAREK PARUCH*

Institute of Computational Mechanics and Engineering, Silesian University of Technology, Gliwice, Poland.

Purpose: The paper presents numerical modeling of the artificial hyperthermia induced by the electric field in order to destroy the
abnormal tissue. In particular, the possibility of process control in order to increase the temperature of only the tumor tissue was dis-
cussed. Due to the fact that the external electrodes which generate the additional heat, heat not only the area of the tumor, but also
healthy tissue which surrounds the tumor, increasing the temperature inside the cancer is possible by introducing the paramagnetic nano-
particles into the interior. Additionally, the proper selection of voltage on the electrodes and the number of nanoparticles will enable
optimal effect of hyperthermia treatment to be achieved.

Methods: The multiple reciprocity BEM is applied to solve the coupled problem connected with the biological tissue heating. In or-
der to determine the appropriate values of the parameters the inverse problem has been formulated, connected with simultaneous identifi-
cation of the voltage of the electrodes and the number of nanoparticles, which is solved using the evolutionary algorithm.

Results: The changes of the voltage of electrodes cause the changes of temperature in the entire domain considered, but the possi-
bilities of temperature field control (e.g., concentration of maximum temperature at the central point of tumor) are rather unrealizable,
because the maximum temperature we could observe in the neighbourhood of the electrodes.

Conclusions: The idea consisting in the introduction of nanoparticles to the tumor region (for the concentrated energy deposition at
the target tissue) is very effective. We obtain the maximum temperature exactly in the tumor domain.
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1. Introduction

Hyperthermia can be described as controlled tem-
perature increase of parts or the whole body for a speci-
fied period of time. Increasing the temperature is of the
order of several degrees above the normal body tem-
perature (in practice this increase is about 42–46 °C).
Hyperthermia is a method that supports the treatment
of cancer, but also is used as a physiological therapy
that heals pains, strains, sprains, etc. It is usually
caused by excessive exposure to heat [1]–[3]. Hyper-
thermia can also be created artificially by medical
devices and it may be used as a therapeutic method to
obtain an artificial increase in temperature of the cer-
tain types of cancer tissue [4]–[7]. The effectiveness

of artificial hyperthermia depends on the temperature
and time of exposure. Most of normal tissues at the
temperature greater than 44 °C for 1 hour are irre-
versibly damaged. In the case of cancer treatment,
induction of cancer cell necrosis is a desirable effect.
The main problem associated with performing the
hyperthermia treatment is appropriate orientation of
artificial heat source. A significant limitation of
hyperthermia method is its inability to heat specific
regions. This implies a high risk of damage to the
healthy tissue or heat dissipation around the tumor
cells, which can lead to inadequate treatment of can-
cer [8]. Great efforts have recently been made to use
magnetic nanoparticles for the concentrated heat
deposition in the tumor region located inside the hu-
man body. The particles should be made from mate-
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rial assuring the appropriate magnetic properties and
biological compatibility. Here, the iron oxides mag-
netite (Fe3O4) and maghemite (γ−Fe2O3) can be ap-
plied [9]. It should be pointed out that the injection
of nanoparticles to the human body belongs, most
certainly, to the group of invasive interventions, but
on the other hand, the effectiveness and precision
of heating operation is essentially better than in the
case of procedure neglecting the injection of the
particles.

The present issue was the subject of discussion in
many other publications [4]–[6], [9]–[13] and confer-
ence proceedings [14], [15]. In the previous publica-
tions, mainly the 2D problem is considered [4]–[6],
[11]–[13]. Subjected to consideration was simplified
geometrical model, both biological tissue (approxi-
mated by rectangle) and cancer (approximated by
square) [4]–[6], [11], [13]. To solve the Pennes equa-
tion the classical algorithm of the Boundary Element
Method  (BEM) [4], [5], [11], Finite Element Method
(FEM) [6], [12], [13] or Radial Basis Collocation
Method (RBCM) [10] is used. The results of numeri-
cal calculations in which the nanoparticles in the tu-
mor were modeled, in order to direct the increase of
the temperature and achieve the effect of hyperther-
mia, are presented in [4], [8], [11], [12] for 2D tasks
and in [14], [15] for 3D tasks. Most of the publica-
tions are related to the solution of direct problem [5],
[6], [9], [12]–[14], while the solution of the inverse
problem involving the identification of parameters
associated with the nanoparticles or the voltage on the
electrodes is shown in [4], [11], [15]. In [14], the 3D
problem is presented, where the real shape of domain
(tissue) is approximated by a rectangular prism, the
tumor region is approximated by a cube and the direct
problem is solved also using classical algorithm of the
BEM.

In this article, the complex shape of the object
analyzed close to the fragment of the human hand is
considered [15]. Since the solution of the Pennes
equation using the classical approach of BEM requires
the discretization of both the boundaries and the inte-
rior area. With complexity of the geometry, the dis-
cretization of the interior is quite problematic, there-
fore on the stage of numerical computations the
multiple reciprocity BEM (MRBEM) is used, which
requires only the boundaries discretization.

So, in the paper, a 3D electromagnetic field and
temperature one induced by two external electrodes
in the biological tissue containing a cancer with
magnetic nanoparticles, as shown in Fig. 1, are con-
sidered. The aim of investigations is to determine the
electric potential of the electrodes relative to the

ground assuring the temperature at the nodes located
in the tumor region greater than the temperature
which cause the necrosis. The more complex task
concerns the simultaneous identification of electric
potential and the number of particles introduced to
a tumor region.

Fig. 1. Hyperthermia system

2. Materials and methods

2.1. Electromagnetic field

Because the wavelength of the radio frequency (RF)
current in tissues is much greater than depth of a human
body, the quasistatic electric field approximation can be
applied. The quasistatic electric field is irrotational, so
the electric potential can be introduced. The potential
ϕe(x, y, z) inside the healthy tissue (e = 1) and tumor
region (e = 2) is described by the system of Laplace
equations

0),,(:),,( 2 =∇Ω∈ zyxzyx eee ϕε (1)

where εe [C2/(Nm2)] is the dielectric permittivity of
sub-domains Ωe. At the interface Γc of the tumor and
healthy tissue (Fig. 1) the ideal electric contact is as-
sumed
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On the external surface of tissue being in contact
with the electrodes the following condition is given
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where U [V] is the electric potential of the electrode
relative to the ground. On the remaining external
boundary of tissue the ideal electric isolation is as-
sumed: ε1∂ϕ1(x, y, z)/ ∂n = 0.

The electric field inside the tissue is determined by
equation
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Heat generation Q1 [W/m3 ] due to the electromag-
netic dissipated power in healthy tissue depends on the
conductivity σ1 [S/m] and the electric field E1 [9]
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The tumor region with embedded magnetic particles
is treated as a composite and due to the assumed homo-
geneity of Ω2 the mean value of electrical conductivity
σ2 of this sub-domain can be approximated as 1/σ2 =
(1 – Θ)/ 2σ ′  + Θ/σ3, where 2σ ′ , σ3 are the electrical
conductivities of tumor and particles, respectively, and

Θ = n
3
4  πr3/Vt is the concentration of particles (n is the

number of particles, r is the radius of particle, Vt is the
tumor volume).

The amplitude of the magnetic field intensity can
be expressed as [9]
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where μ0 = 4π⋅10–7 [Tm/A] is the dielectric constant
permeability of free space, f [Hz] is the frequency of
electromagnetic field, R [m] is the radius of the mag-
netic induction loop, N(χ) is the demagnetizing factor
(N(χ) = 1/3 for a spherical composite) and χ (here:
χ = χ ′ + iχ ″ [8]) is the susceptibility of the magnetic
nanoparticles. Heat generation by superparamag-
netism (SPM) is given by [9]

2
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and then for (x, y, z) ∈ Ω2 one has

2
|),,(|)1(),,(),,(
2

22
2

zyxzyxPzyxQ SPM
Eσ

Θ−+Θ= .

(8)

2.2. Temperature field

The temperature field in the healthy tissue and the
tumor region with embedded magnetic nanoparticles
for the steady state problem is described by the system
of Pennes equations [5], [9], [10], [16]
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e = 1, 2 correspond to the healthy tissue and tumor
region, respectively, Te denotes temperature, λe

[W/(mK)] is the thermal conductivity, ke = GBecB (GBe

[1/s] is the perfusion rate, cB [J/(m3K)] is the volumet-
ric specific heat of blood), TB is the supplying arterial
blood temperature, Qmet e [W/m3] is the metabolic heat
source, E

eQ (x, y, z) [W/m3] is the heat source con-
nected with the electromagnetic field action. It should
be pointed out that thermal conductivity λ2 of tumor
region with nanoparticles can be calculated as fol-
lows: 1/λ2 = (1 – Θ)/ 2λ′  + Θ/λ3, where 2λ′ , λ3 are the
thermal conductivities of tumor and nanoparticles,
respectively.

At the interface Γc between the tumor and healthy
tissue the ideal contact is assumed
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At the skin surface (c.f. Fig. 1) of tissue domain
the convection condition can be accepted, which is
simulated that the skin tissue is covered by a cooling
layer (cooling pad)

]),,([/),,( 111 ww TzyxTnzyxT −=∂∂− αλ (11)

where αw [W/(m2K)] is the heat transfer coefficient
between the skin surface and the cooling water, Tw is
the cooling water temperature. On the remaining
boundaries the adiabatic condition

0/11 =∂∂− nTλ (12)

can be taken into account. This condition results from
the consideration that at the positions far from the center
of the domain the temperature field is almost not af-
fected by the external heating [10].
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2.3. Inverse problem

The inverse problem which will be discussed con-
sists in the identification of electric potential U of the
electrodes and number of nanoparticles embedded in
tumor under the assumption that the temperature at the
nodes located in this region is equal to Th, for Th =
42 °C and 44 °C. The final temperature field inside
the tumor corresponding to the optimum value of
identified parameter is heterogeneous, of course. The
following criterion is considered

MIN)( 2
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M
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where Ti are the nodal temperatures located inside the
tumor and resulting from numerical solution of direct
boundary problem for assumed value of potential U
and number of nanoparticles n and M is the number of
nodes located inside the tumor.

To identify the electric potential U and number of
nanoparticles n the evolutionary algorithm has been
applied [17], [18]. The functional (13) is minimized
due to the unknown parameters of the process control
hyperthermia. Chromosome which genes contain the
information about the identified parameters is defined
as follows

TnU ][=p (14)

where U and n are the genes containing information
about the electric potential and number of nanoparti-
cles, respectively.

The genes representing the possible solutions (pa-
rameters value) are obtained during operation of the
evolutionary algorithm, within the constraints im-
posed

HLHL nnnUUU ≤≤≤≤ , (15)

where L and H denote the minimum and maximum
value of the limitations imposed on the parameters
identified.

Operation of an evolutionary algorithm starts with
a generating of starting population. This population
consists of S chromosomes ps, s = 1, 2, ..., S, gener-
ated in a random way in accordance with the limita-
tions imposed by (15). For each chromosome, which

is a potential solution, the direct problem is solved by
equations (1)–(3), (9)–(12) using the boundary ele-
ment method. The next step in the EA is a calculation
of the fitness function (13) for each chromosome. In
order to create the next generation the chromosomes
are subjected to evolutionary operators [17], [18]:
• arithmetic crossover – which creates new chromo-

some with genes which are the linear combination
of two randomly chosen chromosomes,

• uniform mutation – which changes the genes val-
ues in chromosome by choosing the new ones in
random way,

• nonuniform mutation – which changes the genes
values in chromosome using the Gauss distribu-
tion, the amplitude of such mutation in each gen-
eration is equal σ = 1/pop, where pop is number of
generation,

• cloning – which makes possible the passage of the
best chromosome to the next population without
necessity of participation in the process of selec-
tion.
Application of the selection operator allows to cre-

ate a new generation of chromosomes. The process is
repeated until the chromosome, for which the value of
the fitness function is zero, is found or after the
achieving the assumed number of generations.

In Fig. 2 the scheme of evolutionary algorithm is
presented.

Fig. 2. Flow chart of evolutionary algorithm

Table 1. Evolutionary algorithm parameters

Number of
generations

Number of
chromosomes

Probability
of uniform
mutation

Probability
of nonuniform

mutation

Probability
of arithmetic

crossover

Probability
of cloning

100 50 30% 20% 60% 10%
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In Table 1, the parameters of evolutionary algo-
rithm used in computations are collected.

2.4. Boundary element method
– electric field

The boundary integral equations corresponding to
equations (1) can be expressed as [10], [16], [19], [20]
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where (ξ1, ξ2, ξ3) is the observation point, the coeffi-
cient Be(ξ1, ξ2, ξ3) is dependent on the location of
source point (ξ1, ξ2, ξ3), ψe(x, y, z) = –εe∂ϕe(x, y, z)/∂n.

Fundamental solutions of the problem discussed
have the following form
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where r is the distance between points (ξ1, ξ2, ξ3) and
(x, y, z). Differentiating the function *

eϕ (ξ1, ξ2, ξ3, x, y, z)
with respect to the outward normal n = [cosα cosβ
cosγ] the function *

eψ (ξ1, ξ2, ξ3, x, y, z) is obtained

3
321

*

321
*

4
),,,,,(

),,,,,(

r
d

n
zyx

zyx

e
e

e

π
ξξξϕε

ξξξψ

=
∂

∂
−=

(18)

where

.cos)(cos)(cos)( 321 γξβξαξ −+−+−= zyxd (19)

The boundaries of the domains are divided into
N1 = 723 and N2 =198 boundary elements as shown
in Fig. 3.

Fig. 3. Boundary elements

The method of solving the problem using the
boundary element method can be found in [5], [10],
[19], [21]–[23].

2.5. Boundary element method
– temperature field

The Pennes equation (9) can be written in the form

0),,(),,(:),,( 2 =+∇Ω∈ zyxQzyxTzyx eeee λ (20)

where

),,(),,( metperf zyxQQzyxQ E
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where Qperf e, Qmet e, ),,( zyxQE
e  are the heat sources

connected with perfusion, metabolism and electro-
magnetic dissipated power, respectively.

To obtain the temperature field the multiple reci-
procity boundary element method has been applied.
This variant of the BEM allows one to avoid the dis-
cretization of domain interior. So, the boundary inte-
gral equations corresponding to equations (20) are the
following [10], [20], [21]

.),,,,,(),,(

),,,,,(),,(

),,,,,(),,(

),,(),,(

321
0

*

321
*

0

321
*

0

321321

Γ−

Γ=

Γ+

∑∫∫

∑∫∫

∑∫∫

∞

= Γ

∞

= Γ

∞

= Γ

dzyxZzyxQ

dzyxZzyxT

dzyxVzyxq

B

l
le

e

e

le
l

e

le
l

e

ee

ξξξ
λ

ξξξ

ξξξ

ξξξϕξξξ

(22)

The above boundary-integral equation is solved
using the method described in [16], [19], [21]–[23].

3. Results

The real shape of human hand has been approxi-
mated by irregular three dimensional shape of dimen-
sions Hx = 0.08, Hy = 0.1, Hz = 0.1 [m] as shown in
Fig. 1, while the tumor has been approximated by 3D
shape which is described by six parameters: maximum
lengths in each axis Rx = 0.02, Ry = 0.02, Rz = 0.03 [m]
and center position (x = 0.02, y = 0.5, z = 0 [m]). The
voltage of opposite heating area is 15V and −15V.

At first, the temperature distribution in the tissue
with a tumor subjected to electric field action in the
case of “natural” situation (the particles are not intro-
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duced) has been considered. For healthy tissue the fol-
lowing parameters have been assumed: thermal con-
ductivity λ1 = 0.5 [W/(mK)], metabolic heat source
Qmet1 = 4200 [W/m3], perfusion heat source Qperf1 =
−2000 [W/m3]. It has been revealed that existence of
malignant tumor often leads to very different blood
perfusion and abnormally high capacity of metabolic
heat source in the tumor region [4], [9]. The following
parameters are thus given for a highly vascularized
tumor situated in the tissue: Qmet2 = 42000 [W/m3],
Qperf2 = −8000 [W/m3], λ2 = 0.75 [W/(mK)] [10]. The
parameters collected above can be treated as the mean
values. Recently appeared the papers in which the prop-
erties of tissue are treated as the interval numbers (e.g.,
[24]). On the skin surface the Robin boundary condition
(equation (11): αw = 45 [W/(m2 K)], Tw = 20 °C) has
been accepted.

Additionally, it is assumed that the frequency of
electromagnetic field is equal to f = 1 [MHz] and the
radius R of magnetic induction loop is equal to 0.01 [m].
The following values of parameters have been used [9]:
electric conductivity of healthy tissue σ1 = 0.4 [S/m],
electric conductivity of tumor region σ2 = 1.2⋅σ1 [S/m],
dielectric permittivities ε1 = 100⋅ε0 and ε2 = 1.2⋅ε1 (ε0 =
8.85⋅10−12 [C2/(Nm2)]), respectively.

The nanoparticles are made from iron oxides
maghemite γ-Fe2O3 which electric conductivity
equals to ε3 = 25000 [S/m], thermal conductivity:
λ3 = 40 [W/(mK)] and χ′′ = 18 [9].

Fig. 4. Temperature distribution in healthy tissue

In Figs. 4 and 5, the temperature distributions in
domain of healthy tissue and tissue with tumor without
electric field and nanoparticles are shown. Figure 6
presents the electric field distribution for U = 15 [V],

while Fig. 7 illustrates the temperature field in the tis-
sue subjected to the electric field.

Fig. 5. Temperature distribution in tissue with tumor

Fig. 6. Electric field distribution (U = 15 [V])

Fig. 7. Temperature distribution in the domain
subjected to the electric field (U = 15 [V])
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Fig. 8. Temperature distribution (U = 12.5 V, n = 9.2 × 1012)

Fig. 9. Temperature distribution (U = 15.3 V, n = 6.8 × 1012)

The aim of inverse problem computations is to de-
termine the electric potential of electrodes and number
of nanoparticles assuring the minimum value of func-
tional (13) for Th = 42 °C or 44 °C. In other words, the
temperature in domain of tumor should be close to the
postulated value of Th. The results of computations
obtained by evolutionary algorithm are shown in Figs. 8
and 9, and collected in Table 2. The following intervals
(c.f. (15)) to generate a starting population have been
accepted 1 ≤ U ≤ 20, 1⋅109 ≤ n ≤ 1⋅1014.

4. Discussion

Coupled problem resulting from a combination of
fields, electrical and thermal, is solved by the boundary
element method with multiple reciprocity principle.
Mathematical model for three-dimensional problem
consists of two equations, namely the Laplace equation
for electric field and the Pennes equation for thermal
field. The coupling was performed based on the heat
source function generated by the electric field.

The coupled problem discussed in this paper con-
cerns, as pointed above, the 3D task and the shape of
domain considered is close to the real geometry of the
forearm. The solutions of the direct and inverse prob-
lems analyzed correspond to 3D problem, of course, and
from the numerical point of view a such approach is
more complex in comparison with 1D or 2D models.

The changes of the voltage of external electrodes
cause the changes of temperature in the entire domain
considered, but the possibilities of temperature field
control (e.g., a concentration of maximum temperature at
the central point of tumor region) are rather unrealizable,
because the maximum temperature we could observe in
the neighbourhood of the electrodes. So, the idea con-
sisting in the introduction of nanoparticles to the tumor
region (for the concentrated energy deposition at the
target tissue) is very effective. We obtain the maximum
temperature exactly in the tumor domain.

Causing the phenomenon of hyperthermia using
electric field requires the proper selection of the po-
tential on the electrodes. The maximum temperature
occurs in the vicinity of the electrodes. The higher the
potential, the higher the temperature. Application of
the nanoparticles allows targeting of the source func-
tion resulting from the electric field intensity in the
sub-domain of tumor. The inverse problem was to
determine the values of electric potential and the
number of nanoparticles in the tumor  sub-domain in
order to receive the appropriate temperature for the
phenomenon of hyperthermia, or 42 °C or 44 °C, de-
pending on the case. Receiving the assumed tempera-
ture across the sub-domain of tumor is not possible,
hence the fitness function (13) does not reach a value
equal to zero, of course. Therefore, the presented so-

Table 2. Solution of inverse problem using EA

found value found value
Design variable

Th = 42°C
fitness

function (13) Th = 44°C

fitness
function (13)

Electric potential U [V] 12.5 13.2 9.781462 15.3 14.5 5.993136
Number of nanoparticles n 9.2⋅1012 8.1⋅1012 9.781209 6.8⋅1012 7.7⋅1012 5.997954
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lution is not the only one possible. Although it should
be taking into account that a large value of electric
potential will cause too much temperature increase,
while too small will not induce the phenomenon of
hyperthermia. In the case of nanoparticles, too small
number of nanoparticles does not focus the heat pulse
to a tumor region.

The results obtained as a solution of inverse prob-
lem using evolutionary algorithm seems to be quite
satisfactory.

As previously mentioned, the problem of numeri-
cal modelling of temperature field in domain of tumor
with embedded nanoparticles and surrounding healthy
tissue subjected to the electric field has been discussed
in several publications e.g., [4], [9], [25]. In this paper
the method of estimation of the nanoparticles number
and electrodes potential ensuring the destruction of
the tumor based is proposed. A similar approach is
presented in the work [4] but it relates to a 2D prob-
lem and a simplified geometry of cancer (square) and
surrounding tissue (rectangle).
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