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The purpose of this study is to investigate the thermal characteristics of Mg1−XCaX Fe2O4 ferrite
powder by applying AC magnetic field and to predict the effect of thermal coagulation in vivo.
We found that heating characteristics of the ferrite powder became greater as the frequency
through the 400 kHz to 700 kHz range. The highest heat generation was attained using 7–15 nm
ferrite powder. We also carried out a heat transfer simulation in which we were able to
demonstrate that this material has sufficient heat generating characteristics to thermally
coagulate a tumor cell and that it is possible to predict the range of the coagulation from the
present simulation. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Hyperthermia is an alternative to the conventional sur-
gical, chemical therapy and radiation therapies for can-
cer [1–4]. Hyperthermia takes advantage of the lower
resistance to heat that a cancer cell has in compari-
son to a normal cell. In our investigation we exam-
ine a local thermal therapy that entails introducing a
metallic or ferrite powder into tumor cells and then ap-
plying an external alternating magnetic field to selec-
tively heat only the tumor cells to a temperature of 50–
60◦C, thereby inducing the total necrosis of the tumor
[5–7].

Up until this investigation, we had been able to demon-
strate that sufficient temperature for the necrosis of the
tumor could be attained using Mg ferrite (MgFe2O4)
with a particle size of 2–10 µm. The heat generation
of MgFe2O4 was attributed to the large hysteresis loss
in the magnetic properties. However, as the particle size
was reduced, the nano order came into effect and the
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heating characteristics dropped, which required that a
longer time in comparison with micro order particles was
needed to achieve the desired temperature. [8]. Moreover,
losses occurring in ferromagnetic particles may be dif-
ferentiated in particle size or amplitude and frequency
[9, 10].

In this study, we propose the use of a nano-size fer-
rite powder that contains calcium as a medium with
good biocompatibility. Exchanging Ca in the cubic
crystal structure of MgFe2O4 causes a deformation of
the crystal cubic crystal structure from which we ex-
pect a dramatic increasing of the heating characteristics
[7].

First, the inductive heating by alternating magnetic field
was carried out using Mg1−xCaxFe2O4 powder in which
Mg2+ sites in cubic MgFe2O4 are substituted with Ca2+.
Second, based on the heat generation in this experiment
the heat coagulation of a tumor is predicted by using a
heat transfer simulation.
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Figure 1. Experimental apparatus.

2. Experiment apparatus and methods
The apparatus used in the experiment is shown in Fig. 1.
A 6-mm-diameter copper pipe is wrapped around the cir-
cumference of a polypropylene cylinder having an inner
diameter of 48 mm and a height of 35 mm. This is used as
the wave-guide for introducing the high-frequency waves.
Coolant flows through the pipe to prevent a rise in its
temperature. The test material is placed inside a heat-
resistant glass case (Pyrex R© grass), which is positioned
in the center section of the coil. The glass case is insulated
with a liquid hard polyurethane insulating material with
thermal conductivity 0.03–0.04 W/(m ·K). We were then
able to investigate the characteristics of the rise in tem-
perature as the high-frequency waves were applied. The
temperature of the internal section of the test material
was measured by an optical fiber thermometer. Details of
the Mg1−xCaxFe2O4 material used in this experiment are
shown in Table I.

The ferrite powders were created with different fir-
ing temperatures in order to examine the affects of the
different magnesium and calcium powder sizes. In addi-
tion, commercially available Mg ferrite powder MgFe2O4

(99.9%, Kojundo Chemical Lab. Co., Ltd.) was used to
provide a comparison of the heat characteristics in this
experiment.

The experiment was conducted by pouring 2 ml of wa-
ter into the glass case and then dispersing 1 g of the test
material in that water. An alternating magnetic field was
then applied that had a frequency range between 400 and
700 kHz and a magnetic-field strength of 4 kA/m. The
strength is usually adopted when experimenting on ani-
mals. The heat generation under these conditions was then
observed.

T AB L E I . Ferrite powders. Here, sample 5 obtained from commercial
source, which did not provide the baking temperature

Ferrite powder Size Baking temp

Sample 1 Mg0.5Ca0.5Fe2O4 7–15 nm 300◦C
Sample 2 Mg0.5Ca0.5Fe2O4 130 nm 800◦C
Sample 3 Mg0.3Ca0.7Fe2O4 5–20 nm 300◦C
Sample 4 Mg0.3Ca0.7Fe2O4 130 nm 800◦C
Sample 5 MgFe2O4 2–10 µm unknown

Figure 2. Heat generation of ferrite powder.

3. Results of experiment and observation
The relationship between heat generation per unit mass of
ferrite powder (qhyper) and frequency is shown in Fig. 2.
The heat generation from each of the test materials was
calculated based on the relative rise in the water temper-
ature at that time, based on the assumption that all of the
heat generated from ferrite powders was used for raising
the temperature of the water [6].

Regardless of the material, the amount of heat generated
increased as the frequency increased. There was a great
dependence on frequency even when the magnetic-field
strength was stable. The Mg1−xCaxFe2O4 showed heating
characteristics equal to or superior than the Mg ferrite in
spite of the nano-order particles. The particle diameter
of 7–15 nm shown in Sample 1 yielded the highest heat
generation with 5.8 W/g. This amount of heat generation
was approximately 1.3 times greater than the maximum
heat generation of 4.4 W/g attained with MgFe2O4 in
Sample 5.

The dominant loss mechanism is still unclear [10]. The
small particle size shown in Sample 1 was found to have
the largest loss. When introducing powders into the body,
there is the danger that the powders that do not adhere
to the cancerous tissue may go on to block the capil-
laries in healthy tissue. Since the Mg1−xCaxFe2O4 has a
smaller size and offers higher heat characteristics than
the MgFe2O4, it is extremely well suited as the powder
material to be used as the coagulating material.

4. Numerical analysis
4.1. Analytical model
We solve the three dimensional unsteady state heat con-
duction equation [11, 12] as shown in Eq. (1) that takes
into account the amount of heat generation by ferrite pow-
der, the heat due to the regeneration of the tissue and the
cooling effect of blood flow in an attempt to analyze heat
conduction as it relates to local thermotherapy.

ρbodyC pbody
∂T (x, y, z, t)

∂t

= λbody∇2T (x, y, z, t) + Qhyper + Qbody

− wbloodC pblood
(
T (x, y, z, t) − Tbody

)
(1)
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The left section of the equation has the unsteady term, the
right section has the heat conduction, the heat generation
of the ferrite powder, the heat generation due to the funda-
mental regeneration of the tissue and the final term shows
the cooling from blood flow. The following are used in
this analysis: density of body tissue (λbody) is 1000 kg/m3

specific heat (Cp body) is 3852 J/(kg ·K), thermal conduc-
tivity (λbody) is 0.64 W/(m ·K), and 4185 J/(kg ·K) is used
as the specific heat of the blood (Cp blood). In addition, a
blood flow volume (wblood) of 12 kg/(m3 ·s) and the heat
caused by metabolism (Qbody) of 1000 W/m3 are used for
the tissue before the onset of coagulation. These phys-
ical properties used in the analysis are taken from refs.
13 and 14. It is determined that coagulation of the tissue
occurred when the temperature of the tissue is exposed
to temperatures of 42.5◦C or more for 30 s, so after that
point, the analysis is made using zero as the heat generated
from tissue. This reference temperature is almost equal to
the temperature used in the majority of hyperthermia ex-
periments. This study is not concerned with determining
apoptosis or necrosis as the dominant mechanism of co-
agulation. Here, we propose the prediction of coagulation
area in vivo by using numerical simulation.

A growth with a central size of 30 × 30 × 30 mm is used
in the analysis and it is assumed the ferrite powder that
serves as the heating source is evenly distributed within
a specified symmetrically spherical area from the center.
During actual treatment, a ferrite fluid in which minute
ferrite powders have been dispersed would be introduced
to the body through a catheter or other means. According
to calculations, the introduced ferrite powder of 0.05–
0.6 g would be distributed within a spherical area of a
radius ranging from 3 mm to 15 mm, and the density
of the distributed ferrite powder is fluctuated randomly
within ± 20%.

4.2. Cooling effect of blood flow
The upper graph of Fig. 3 shows heat distribution from
the center and the heat flux due to thermal conductance
at 1800 s after the application of AC magnetic wave was
started. The lower graph shows the each of the values
for the heat and cooling terms from the second term to
the forth term of Eq. (1). We used the value (5.8 W/g)
for the 700 kHz application as the heat generation of the
ferrite power because it is the maximum value obtained
in the experiment with sample 1, as shown in Fig. 2. The
weight of the powder (mfer) was 0.2 g and the distribution
radius (rdist) was 8 mm. At this time, the mass ratio of
ferrite powder to tumor tissue (an 8 mm radius sphere)
was approximately 10%. The heat density of the ferrite
powder in the area of the coagulation was 5 × 105 W/m3,
which corresponds to approximately 500 times metabolic
heat. The radius of the coagulation tissue is 8 mm, equal
to the distribution radius. Since the blood flow in the
coagulation area is stopped, all of the heat generated by the
ferrite powder is transferred to the outer side of the tumor
by thermal conduction so the area near the outer surface

Figure 3. Profiles of temperature, heat flux, and heat generation per unit
volume. Here, the mass ratio of the ferrite powder to the tumor is 9.3%
when rdist = 0.8 cm and mfer = 0.2 g. It is denoted that Qbody = 1 kW/m3

in over 0.8 cm although it seems to be zero.

of the coagulation is rapidly cooled by blood flow. The
cooling effect of the blood flow extends to approximately
2 cm radius.

4.3. Prediction of the coagulation area
Fig. 4 shows the growth of the coagulation area when
the AC magnetic waves are applied. During the initial
period of approximately 200 s, the coagulation area grows
quickly but after a while a balance is reached between
the amount of heat and the amount of cooling due to
surrounding blood flow, and tends to become saturated.
In addition, while the growth process will differ slightly
according to differences in the distribution of the ferrite
powder, when the steady state is reached after 500 s, the
radius of the coagulation tissue will be even regardless
of the state of the distribution. However, when the radius

Figure 4. Prediction of coagulation area by inductive heating. The mass
ratio of the ferrite powder of 0.2 g to the tumor is 6.5% when rdist = 0.9 cm,
9.3% when rdist = 0.8 cm and 38.2% when rdist = 0.5 cm.

2991



Figure 5. Effect of mass of ferrite powder in coagulation area. Here,
the distribution radius of the ferrite powder is equal to or smaller than
the radius of the coagulation area, for example rdist = 0.3 cm when
mfer = 0.05 g, rdist = 0.5 cm when mfer = 0.1 g, rdist = 0.8 cm when
mfer = 0.2 g, rdist = 1.0 cm when mfer = 0.3 g, rdist = 1.1 cm when mfer =
0.4 g, rdist = 1.3 cm when mfer = 0.5 g and rdist = 1.4 cm when mfer = 0.6 g,
where mfer is the mass of ferrite powder.

of the distribution exceeded 0.9 cm, coagulation did not
occur because of the insufficient heating.

Fig. 5 shows the radius of the coagulative tissue in the
steady state when the amount of the ferrite powder is
changed. To make the coagulation area shown in Fig. 5
grow, the ferrite powder must be distributed to an area
equal to or smaller than the coagulation area shown in
Fig. 5. If the distribution area is larger than the area shown
in Fig. 5, the coagulation area may grow to an area smaller
than that shown in Fig. 5 or may not grow at all because
of insufficient heating. The average size of the common
tumor is approximately 15 mm. Based on this, the amount
of ferrite powder introduced in relation to the size of the
tumor in the preliminary diagnosis can be adjusted to
enable coagulation of only the tumor cells. In addition,
the time for the treatment is approximately 500 s.

5. Conclusions
An induction heat experiment was conducted by applying
an AC magnetic field with a frequency of 400–700 kHz
to Mg1−xCaxFe2O4 powder having a particle diameter of
7–130 nm. The amount of heat generation by the ferrite
powder increases proportionately with the increase in the

applied frequency. When Mg0.5Ca0.5Fe2O4 powder with
a particle diameter of 7–15 nm is used, a maximum of
5.8 W/g can be attained. Furthermore, it is possible to
predict the tumor temperature and coagulation area by a
heat transfer simulation that takes the heat generation of
ferrite powder, the metabolism heat and the cooling effect
of blood flow into account.
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