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The interest in magnetic fluid hyperthermia (MFH) and cancer therapy has noticeably increased in the last years. At present, a suc-
cessful realization of this interdisciplinary research is hampered by some unsolved problems. One of these problems this paper intended
to clarify is how to find an estimate of the appropriate dosage of magnetic nanoparticles that injected into the tumor would help achieve
an optimum temperature of 42 C, thus resulting in an increase of the susceptibility for apoptosis in tumor cells. We created a computa-
tional model in COMSOL: Multiphysics in order to analyze the heat dissipation within the tumor tissue. By considering various types
of tissues with their respective physical and physiological properties (breast, liver, and skin tissues) and also by taking into account the
amount of heat generated through the Brownian rotation and the Néel relaxation, it has been studied the tumor border temperature
achieved for various concentrations of magnetic nanoparticles in their superparamagnetic behavior. Distinct simulations of a spherical
tumor located in a cubical region of a volume of 1.2–3.5 cm� within the tissue were designed. We performed a systematical variation of
tumor diameter and particle dosage for every physical parameter of above mentioned tumor tissues (e.g., tissue density, tumor/tissue
perfusion rate). By this systematization we intended to understand the interdependence of these parameters and their effects on hyper-
thermia therapy.

Index Terms—Bioheat equation, hyperthermia, magnetic nanoparticles dose, perfusion rate, tumor.

I. INTRODUCTION

T HE power of healing by heat generation has been well
known for a very long time and used in the treatment of

many diseases. The concept of inducing hyperthermia locally
into the tumor is not new. It is known as an innovative form
of cancer therapy among the classical methods such as irradi-
ation, surgery, or chemotherapy. This method is based on the
principle that temperatures higher than 42 C may induce apop-
tosis in cancer cells while the normal cells are not affected and
may survive due to different mechanisms of thermoregulation
[1], [2]. Although, there has not yet been clarified an effective
and safe limit of the temperatures achieved during the hyper-
thermia treatment within the tissue.

The benefits of the external alternating electromagnetic field
effects on magnetic nanoparticles less than 200–300 nm in size,
was first described by the Gordon et al. [3]. Among magnetic
materials, magnetite, Fe O is one of the most commonly used
in different fields of biomedicine and biotechnology due to its
heating capabilities, low toxicity and good biocompatibility
[1], [4].

Apart from the theoretical aspects discussed above there are
still numerous problems that need to be solved before the pro-
ceeding of a clinical model. Ones of the major points that have
not been yet established for MFH are the generation and the con-
trol of a well defined heating field at the tumor. In this case, the
challenge is to quantify the optimum dose of magnetic material
that injected into the tumor would lead to a therapeutic temper-
ature of at least 42 C and limit the heating area to the tumor as
precisely as possible.

It is well known that the heating of these particles in an
AC-magnetic field is mainly due to three loss processes: hys-
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teresis losses, relaxation losses, and resonance losses [4], [5].
As resonance loss occurs at very high frequency, it may be
neglected for MFH applications. The hysteresis loss results
from the hysteretic properties of magnetic materials exposed
to a time varying magnetic field and may be estimated from
the area of the hysteresis loop, taking into consideration the
proportionality of the power loss to frequency. The amount
of heat generated per unit volume in the ferromagnetic (FM)
regime is given by multiplying frequency with the area of the
hysteresis loop [6]:

(1)

where permeability H/m.
The relaxation processes may occur through one of the two

distinct mechanisms: Brownian and Néel relaxation, effects that
are taken into account by considering the effective relaxation
time . The loss power achieved in these conditions corre-
sponds to the superparamagnetic (SPM) regime [2], [5], [7]:

(2)

In this equation is the saturation
magnetization, is the particle volume, and is the Boltz-
mann constant. The effective relaxation time is given by

, where and are the Brownian and
Néel relaxation time, respectively [2], [5]. The Brownian relax-
ation time depends on the viscosity coefficient of the fluid
and the hydrodynamic volume of the particle as it fol-
lows: [2], [5]. The Néel relaxation time
of the system is determined by the ratio of anisotropy energy
KV to thermal energy with

[5].
The field frequency and amplitude used to generate the

heating area are limited by biomedical reasons. The alternating
electromagnetic field causes not only the therapeutic useful
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heating effect of the magnetic particles, but also the heating of
both cancerous and healthy tissues. In this direction, Brezovich
concluded that exposure to fields with
Am s is safe and tolerable [8]. But, taking into account the
aim of using MFH, Hergt and co. assumed a weaker criterion
with Am s , where [9].

II. COMPUTER-BASED MODEL OF HEAT TRANSFER IN

BIOLOGICAL TISSUES

By taking into account the biocompatibility criterion men-
tioned above, we concluded in a previous paper [10] that loss
power should be less than W/m , values that corre-
spond to a field amplitude less than 7 kA/m and field frequency
less than 250 kHz when considered particles of 18 nm in di-
ameter (with a superparamagnetic behavior) and to field ampli-
tude and frequency less than 15 kA/m and respectively 500 kHz
for particles that describe a hysteretic behavior. We have also
concluded the benefits of magnetite magnetic material and we
advanced our simulations by taking into account the physical
properties of magnetite.

Finite element method (FEM) simulations were performed
by using COMSOL Multyphysics (Heat Transfer Module) in
order to simulate the heat dissipation into the cancer and normal
tissues.

The transfer of thermal energy in living tissues is a complex
process which involves both metabolic heat and blood flow. The
interaction between the blood perfusion rate through the vas-
cular network on the local temperature distribution and other
physiological processes such as inflammation and thermoregu-
lation influences in different ways the bioheat transport into the
body. For example, the blood flow within the tissue is increased
by thermoregulation in order to remove the heat supply. The
equation that best describes the heat transport within the tissue
is Pennes’ bioheat equation which combines the contribution of
blood perfusion rate, heat conduction, and the amount of energy
generated by the metabolic processes [11], [12]:

(4)

where is the tissue density, is the tissue specific heat,
is the density of blood, approximated with 1000 kg/m is
the blood’ specific heat, 4180 J/(kg K), is the tissue thermal
conductivity, 0.512 W/(m K), is the blood perfusion rate,

is the arterial blood temperature, approximated as the core
temperature of the body—310.15 K [11], [12], is the local
temperature, is the metabolic heat source, which for skin
is 400 W/m , for glandular tissue is 700 W/m and for cancerous
tissue is 5790 W/m [13], and is the heat generated by loss
power.

For magnetite we considered the heat capacity of
670 J/(kg K) and the density of 5180 kg/m . The physical
and physiological properties of the tissues analyzed are pre-
sented in Table I.

Based on the results we have obtained in a previous paper
[10], we designed different simulations of a spherical tumor lo-
cated in various tissues. Another correlated study to the one pre-
sented in this paper was presented at the Intermag Conference

TABLE I
PHYSICAL AND PHYSIOLOGICAL PROPERTIES

Fig. 1. Spatial temperature distribution in a skin tissue tumor (a) First Model
described (b) Second Model described. Conditions: �� � ��� � �� W/m
and concentration of nanoparticles � � mg/cm .

in 2009, where the case of heating multiple micrometastases
located in different body regions was analyzed [18]. By using
COMSOL Multiphysics Module, we intended to compute the
spatial temperature distribution within the tissues. We have con-
sidered three possible situations.

The first model designed in this study was approximated
by using a cubical region of a volume of 42.875 cm
(3.5 cm 3.5 cm 3.5 cm). Two blood vessels with a di-
ameter of 0.5 mm and 1.2 mm respectively were located at
7.5 mm each from the tumor border. The tumor was configured
as a perfect sphere with a diameter that varied from 1 to 1.6 cm,
depending on the simulation.

In the second model computed, we assumed the presence of
one blood vessel more of 2.8 mm in diameter, near to the tumor
region at 1–2 mm distance from it, in order to study the influ-
ence of blood constant systemic temperature on the heat dissi-
pation into the tissues. These aspects may be observed in the
Fig. 1. In the first two models already mentioned, the magnetic
nanoparticles of magnetite were concentrated in multiple small
regions (of 0.9 mm diameter) inside the tumor, homogenously
distributed around its border. The physical and physiological
properties of the breast, liver and skin tissues used in these sim-
ulations are presented in Table I. There were no particles in the
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Fig. 2. The temperature differences ( C) between the results obtained in the
piece of breast tissue considered when computing the first two models for dif-
ferent concentrations of nanoparticles: (a) 5 mg/cm (b) 8 mg/cm . The negative
axis corresponds to the tissue region next to the blood vessel of 2.8 mm.

center of the tumor, aspect that may be observed in the next
figures. The dosage of nanoparticles was varied from 3 up to
12 mg/(cm of tumor tissue). For therapeutic LP values we have
chosen a range between – W/m .

In the third model, our next attempt was to estimate the vari-
ation of tumor border temperature when the tumor diameter is
varied for different concentration of magnetic material and dif-
ferent loss power. In this case a smaller spherical tumor was
located in a cubical region of volume 1 cm from the breast
tissue. The particles were randomly concentrated in 6 regions
of 0.9 mm diameter each inside the tumor area and the nanopar-
ticles concentration was varied from 6 up to 13 mg/cm . In order
to achieve the optimum temperature value of 42 C, a higher
range of LP values has been chosen: – W/m .

III. RESULTS AND DISCUSSIONS

In all our simulations we have assumed a monodispertion
distribution of magnetic nanoparticles. The size polydispersity,
which is present in all real nanoparticles, limits the specific
loss power that can be obtained [19]. Nevertheless, by choosing
appropriate alternating electromagnetic field parameter values
in order to achieve the respective loss power specified in our
models, the heat distribution area within the tissues is estimated.

The first two simulations show the heat dissipation that takes
place in breast, liver and respectively skin tumors surrounded
by healthy tissues. Firstly, we were interested in observing the
blood vessels’ effect when it is very close to the tumor (1–2
mm distance from it). In order to establish this effect we com-
pared the results achieved from the first two models and we con-
cluded that in the case of liver and breast tissue the presence of a
blood vessel near to the tumor has an increased influence on the
heat dissipation. Moreover, this effect it is better observed for in-
creased values of loss power. All these aspects are represented
in Figs. 2–4, where the negative axis corresponds to the tissue
region next to the blood vessel of 2.8 mm. Further blood ves-
sels, positioned at 7 mm away from the tumor border, have only
a slight influence on the heat dissipation within the tissue. When
using tumors models of the order of centimeters, in comparison
with smaller ones (on a millimeter scale) [10], the therapeutic
temperature is achieved by using o smaller dose of nanoparti-
cles per cm of tumor tissue at lower values of external applied
field parameters.

For example, in the case of skin tissue, for a tumor of
3–4 mm in diameter a therapeutic result is achieved for a

Fig. 3. (a) The variation in temperature over time ( C)—expressed in log scale,
at different distances from the tumor border in the breast tissue for the second
model presented. (b) The temperature distribution ( C) within breast tissue for
the second model presented. The conditions involved in both cases are: �� �

�� �� W/m and concentration of nanoparticles � � mg/cm . The negative
axis corresponds to the tissue region next to the blood vessel of 2.8 mm.

Fig. 4. (a) The variation in temperature over time ( C)—expressed in log
scale, at different distances from the tumor border in the liver tissue for the
second model presented. (b) The temperature differences ( C) between the
results obtained in the piece of liver tissue considered when computing the
first two models. The conditions involved in both cases are: �� � � � ��

W/m and concentration of nanoparticles � � mg/cm . The negative axis
corresponds to the tissue region next to the blood vessel of 2.8 mm.

concentration of nanoparticles of 6 mg/cm and LP values
between - W/m [10]. In comparison, for a
larger tumor of more than 1 cm in diameter, similar temperature
values are obtained at a lower dose of nanoparticles (less than
5 mg/cm ) and lower external applied field features (LP values
of - W/m ).

The local features (tissue density and tissue perfusion rate)
may have an important influence on the temperature variation
in time. When the physical and physiological properties of the
tumor are very different from the local ones, the temperature
distribution suffers an important influence from the blood ves-
sels closely located to the tumor. More specifically, an increase
in the tumor density and tumor thermal conductivity leads to a
faster temperature variation in time, but in the same time the
tumor border temperature achieved is smaller. This aspect is re-
vealed by comparing Fig. 3(a) (a slight difference between the
tumor and normal tissue features) with Fig. 4(a), where a large
variation between the tumor and tissue parameters is seen. The
presence of a blood vessel near to the tumor drastically reduces
the temperature achieved in the tissue in comparison with the
case when no large blood vessels are located around the tumor
[see Fig. 4(b)].

In the case of the skin tissue the optimal temperature at the
tumor border (Fig. 5) is obtained by choosing a lower concen-
tration of magnetic material and lower field features, in contrast
with the other two types of tissues studied.



5254 IEEE TRANSACTIONS ON MAGNETICS, VOL. 45, NO. 11, NOVEMBER 2009

Fig. 5. The temperature differences (0 C) between the results obtained in the
piece of skin tissue considered when two concentrations of nanoparticles are
used in the second model described: (a) 8 mg/cm and 5 mg/cm (b) 12 mg/cm
and 8 mg/cm . The negative axis corresponds to the tissue region next to the
blood vessel of 2.8 mm.

Fig. 6. (a) Tumor border temperature ( C) within a breast tissue for different
concentrations of magnetic nanoparticles when the third model is computed:
�� � � mg/cm � �� � �� mg/cm � �� � �� mg/cm . (b) The temperature
dependence ( C) on tumor diameter and LP value at a concentration of nanopar-
ticles of 6 mg/cm .

We further simulated the heat dissipation for the second
model presented by varying the tumor diameter from 1 to
1.6 cm. We observed that in the same conditions (LP values)
the temperature achieved to the tumor border for this range
of size does not suffer a noticeable change. By increasing
both the value of the field frequency and amplitude, which
implies an increasing in the LP value, and the concentration of
nanoparticles, the temperature suffers a sudden variation within
the tissue.

For the third simulation, we assumed breast tissue where the
tumor diameter from 2.7 up to 3.4 mm for different concentra-
tions of nanoparticles (6, 10, and respectively 13 mg/cm). Small
temperature variations when the tumor diameter increases may
be achieved for values of LP less than – W/m
(Fig. 6). In comparison with larger breast tumors (larger than
1 cm diameter), when using the same concentration of nanopar-
ticles, similar tumor border temperatures are achieved for lower
LP values (less than W/m ) that imply a decrease in
the field frequency and field amplitude, respectively.

IV. CONCLUSION

One of the most challenging unsolved problems in MFH is
the choice of the right dose of nanoparticles and the optimum
applied field parameters in order to achieve the desired tem-
perature of 42 C within a specified region inside the body.

Even so, if the tumor geometry and position are known by
appropriate medical imaging techniques (e.g., MRI, CT), by
using these models, it is possible to evaluate the outcome of the
hyperthermia therapy’s efficiency, also by taking into account
the local features (e.g., tumor/tissue density, type and perfusion
rate) and external factors (e.g., field amplitude and frequency)
involved.
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