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a b s t r a c t

The magnetic heating treatment (MHT) is well known as a promising therapy for cancer diseases.
Depending on concentration and specific heating power of the magnetic material as well as on
parameters of the magnetic field, temperatures between 43 and 55 1C can be reached. This paper deals
with the evaluation of heat distribution around such a heat source in a tissue model, thereby focusing on
the heat transfer from tissue enriched with magnetic nanoparticles to regions of no or little enrichment
of magnetic nanoparticles.

We examined the temperature distribution with several tissue phantoms made of polyurethane
(PUR) with similar thermal conductivity coefficient as biological tissue. These phantoms are composed of
a cylinder with one sphere embedded, enriched with magnetic fluid. Thereby the spheres have different
diameters in order to study the influence of the surface-to-volume ratio.

The phantoms were exposed to an alternating magnetic field. The magnetically induced heat increase
within the phantoms was measured with thermocouples. Those were placed at defined positions inside
the phantoms. Based on the measured results a 3-dimensional simulation of each phantom was built.

We achieved an agreement between the measured and simulated temperatures for all phantoms
produced in this experimental study. The established experiment theoretically allows a prediction of
temperature profiles in tumors and the surrounding tissue for the potential cancer treatment and
therefore an optimization of e.g. the respective magnetic nanoparticles concentrations for the desirable
rise of temperature.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Since the introduction of magnetic carriers to the field of
biomedical application, the research activities are increasing con-
tinuously but especially in cancer treatment [1–22]. Just to name two
of magnetically assisted cancer treatments—these are magnetic drug
targeting (MDT) [5–8], and the magnetic heating treatment (MHT)
[9–11], which is also known as magnetic hyperthermia [12] or
magnetic fluid hyperthermia [13–17].

MDT is a magnetically guided and controlled drug delivery into
the tumoral region. The magnetic nanoparticles act as drug carriers.
Thereby the focus is on enabling a high but local concentration of the
chemotherapeutic agent within the target region. Consequently,
there is a high accumulation of the chemotherapeutic agent within
the tumor and no or minor enrichment of the drug in other parts of
the patient’s body [18,19].

Magnetic heating treatment is also a promising local and
minimal-invasive cancer treatment with no or minor negative side
effects. Already in 1957 Gilchrist suggested magnetic particles for
local temperature increase in a target region induced by an external
magnetic field [23]. Since then, scientific investigation of magneti-
cally induced heat generation continues as presented in [18].

MHT is also based on magnetic nanoparticles but the working
principle is characterized through a different mechanism. In this case
the magnetic nanoparticles are used to induce heat locally by an
external alternating magnetic field. The magnetic nanoparticles are
guided or directly injected to the target region. Subsequently the
target region is exposed to an alternating magnetic field. As conse-
quence temperatures of up to 71 1C [10] within the respective
biological tissue (e.g. the tumor) can be established, due to the re-
magnetisation processes which occur in magnetic nanoparticles. If the
generated temperatures are between 42 1C and 45 1C and the treat-
ment duration is 30 min to 60min the procedure is defined as
hyperthermia [9,10]. Magnetically assisted thermoablation is defined
if the maximum temperatures are above 50 1C and the duration
is a few minutes only. Successful documentation of thermoablation
applied to laboratory animals are presented in [11]. Here temperature
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rises of ΔT¼13 K to 34 K have been detected during the treatment.
The subsequent analysis of the respective tissue showed local damage
under the applied conditions [11].

In this particular research we are focusing on magnetically
induced heat generation as used for MHT. Our primary target is
the prediction of temperature profiles in a tumor and its surround-
ing tissue during MHT.

Among other things one of the crucial parameters for the
efficiency of magnetically assisted heating treatment is the dis-
tribution of the magnetic material within the respective tissue.
This means that the magnetic nanoparticles have to be spread
homogeneously within the respective tissue and existing in a
sufficient quantity. These factors strongly influence the heat
generation and thus the possible temperature increase. In case of
an insufficient enrichment within the tumoral tissue the heat
transfer to the non-enriched regions of the tumor shall be
sufficient enough to affect the surrounding tumor tissue.

This can be regarded as the motivation for our experimental
approach—understanding the heat transfer process between tissue
which is enriched with magnetic nanoparticles and tissue which is
not. We have performed the heat transfer study with geometri-
cally simple phantoms composed of a tissue substitute and
magnetic nanoparticles. The experimental results provided the
basics for a simulation model. The simulation enabled a determi-
nation of temperature profiles inside a tumor based on its
surrounding tissue during MHT.

Andrä et al. [24] already examined heat transfer phenomena in
biological tissue caused bymagnetic particles in the micrometer range.
Furthermore, the temperature measurements in tumor or animal
models are commonly performed with thermocouples which are
placed inside the respective tissue. The piercing of the tumoral tissue
can lead to formation of metastasis [25]. Thus we have decided to
focus on a phantomwith simple geometry and predictable behavior of
the tissue substitute to understand the heat transfer phenomena. As a
consequence, an external temperature measurement together with
the established simulation model shall enable the determination of
the temperature inside the tumor during magnetic heating.

We present four cylindrical phantoms (A, B, C, D) made of an
elastomer with similar heat conduction behavior as biological tissue.
In contrast to [26,27], the phantoms include one or two embedded
spheres. These spheres consist of elastomer enriched with magnetic
nanoparticles. The spherical shape enriched with magnetic nanopar-
ticles where chosen due to the lower surface to volume ratio with
equal volume in order to reduce the heat losses in the enriched areas.

The phantoms were installed into an experimental set up. Then,
the phantoms were exposed to an alternating magnetic field
according to a protocol of MHT [10]. The used alternating magnetic
field was in contrast to [26,27] biocompatible (see Section 2.2). The
temperature increase was measured with thermocouples.

The obtained results were used to implement a simulation
procedure enabling a determination of the temperatures inside
tissue during magnetic heating.

2. Experimental setup

2.1. Measuring methods and components

In the following section we briefly describe the measuring
methods and the components used for the phantom production.

2.1.1. Temperature measurement
The temperature in the phantoms was measured with thermo-

couples type T. The thermocouple wires have a diameter of 0.08 mm
and consist of copper and constantan [28]. The amount of nickel is
negligible so the self-heating induced by the alternating magnetic field

is very small. For the magnetic heating experiment five thermocouples
have been inserted into each phantom.

2.1.2. Magnetic examination
The amount of magnetic particle inside the magnetic fluid as

well as of the material the phantoms were built of was verified by
vibrating sample magnetometer (VSM) measurements utilizing a
7407 from Lake Shore Cryoteronics, Inc [29].

2.1.3. X-ray microcomputed tomography examination (XmCT)
The exact positions of the thermocouples inside of the phan-

toms were detected using X-ray-tomography. For these 3-
dimensional measurements a XmCT equipment named “TomoTU”
located at the chair of Magnetofluiddynamics, Measuring and
Automation Technology at TU Dresden, Germany [30,31] was used.

The digital tomographic data provided the exact positions of
the thermocouples inside the phantoms for the latter simulation.

2.1.4. Tissue substitute material
The tissue models consist of the polyurethane (PUR) Bectrons PU

4526 manufactured by Elantas Beck. As described in [26] this PUR has
similar heat transfer properties as human tissue. The heat conductivity
in human tissue is depending on the blood flow. Tumor tissue is
well perfused and has a heat conductivity of λ¼0.641W/(m K) [32].
The used PUR PU 4526 has a heat conductivity of 0.64W/(m K) [33].

2.1.5. Magnetic fluid
As biocompatible ferrofluids are water based and water mixed

with polyurethane leads to a production of foam, the commercial
ferrofluid APG 513A [34] was used. The magnetic particles consist
of magnetite, which is also used in biocompatible ferrofluids [35].
The particles with a diameter of 10 nm of the ferrofluid APG 513A
are suspended in synthetic ester, which cannot be regarded as
biocompatible. The mean particle diameter as well as nanoparti-
cles concentration of 7.2 mg/ml [4] have also been checked with a
VSM measurement.

With the combination of the polyurethane PU 4526 and the
ferrofluid APG 513A a long-term stable, homogeneous material
is build.

2.2. Magnetic field

For the magnetic heating an alternating magnetic field is
necessary. The alternating magnetic field was generated by using
an inductive coil. The coil has 22 windings, an inner diameter of
27 mm. The frequency f is 28470.1 kHz and the magnetic field
strength H can vary between 4.4 kA/m and 8.7 kA/m. Because the
product of H � f r5� 109 A=ðm sÞ, the alternating magnetic field
is in a range that is usually assumed to be biocompatible [36].

2.3. Tissue model

Four different cylindrical tissue models were produced (phan-
tom A, B, C, D). Phantoms A, B, C contain one spherical area of PUR
enriched with ferrofluid. Thereby the concentration of magnetite
in the elastomer was about 9.36 mg/ml and 12.38 mg/ml. The
results of magnetic measurements are shown in Table 1. These
spheres stand for the enriched tumor tissue.

The diameter of the spheres within the three phantoms is different
in order to vary the surface to volume ratio (Table 2). These areas are
surrounded by a pure PUR cylindrical area (diameter 18 mm) to model
the surrounded non-enriched material.

Phantom D has also a cylindrical body (diameter 18 mm)
featuring two ferrofluid enriched spheres (diameter 10 mm) which
are embedded. With this phantom it is possible to simulate the
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temperature profile between two nanoparticle enriched regions.
Fig. 1 show a technical drawing of the phantoms A to D and the
positions of the thermocouples inside the phantoms.

For the temperature measurement thermocouples were inserted
into the phantoms. Their exact position positions have been verified
with XmCT. The evaluation of the 3-dimensional tomographic data
provides the thermocouple positions with an accuracy in the
micrometer range.

Fig. 2(a) shows an axial slice of radiographic grey scale image of
the phantom A. One can clearly see the thermocouples’ heads
and wires. Fig. 3(b) images a slice along the red line in Fig. 3(a).
The digital tomographic data has been analyzed with respect to
positions of the thermocouples heads. These exact positions have
been used for the simulation.

2.4. Experimental implementation

A schematic sketch of the experimental setup is shown in Fig. 3.

The phantoms were placed in a water bath with a constant
temperature of 37 1C to guarantee similar surrounding condition
as in human bodies. During the experiments the water bath with a
phantom inside was placed in the center of the coil (as shown in
Fig. 4). The thermocouples detect the temperature changes within
the phantom. These changes are measured by a multimeter.

The measuring cycles were performed as described subsequently:
after an initial temperature of 310.15 K inside the phantom was
reached, the temperature has been measured for another five minutes.
Then an alternating magnetic field applied to the tempered phantom.
The magnetic heating was performed for 10 min. In this period of
time, a saturation of the temperature has been observed. The
temperature decrease has been detected for another 5 min after
switching of the magnetic field.

2.5. Simulation

As mentioned in Section 1, the experimental results of the heat
transfer were used for a simulation model. Thereby we used the
finite element analysis software COMSOL Multiphysics [37].

The geometry was constructed following the design of the actual
experimentally investigated phantoms. For phantoms A, B, and C
the model consists of one sphere and for phantom D two spheres
representing the ferrofluid enriched zone and a surrounding cylinder
representing the PUR. The tempering of the phantoms induced
through the water bath is made of another cylinder with a diameter
of 20 mm and physical properties of water. A defined temperature of
310.15 K has been adjusted at the outer region of the cylinder
simulating the water bath. The temperature rise generated by re-
magnetization processes is implemented into the simulation as a heat
source inside the spheres. To simulate the increasing of the tempera-
ture due to the magnetic heating, a heat source in the center of the
simulated sphere was implemented. For each magnetic field strength
one heating capacity was calculated with the following equation
_q¼ cp �ΔT � ρ� k with cp¼1400 J/(kg K); ρ¼1546 kg/m3 matching
coefficient k¼28.8 s�1 andΔT temperature difference which is based
on the measurement. Table 3 shows the used heating capacities.

For the simulation we have adjusted the phantoms’ diameter to
19 mm and its height to 40 mm. The real diameters and heights of
the phantoms vary slightly due to the production process. The
diameters of the spheres have been assumed to 5 mm, 10 mm, and

Table 1
Magnetic particle concentration in phantoms A,
B, C, D.

Phantom Concentration [mgmagnetite/mlPUR]

A 12.3870.6
B 10.6570.6
C 12.3870.6
D1 9.3670.6
D2 11.3570.6

Table 2
Diameter of the spheres enriched with ferrofluid and the surface to volume ratio of
the different phantoms.

Phantom Diameter [mm] Surface-to-volume ratio

A 5 0.6
B 10 0.3
C 15 0.2
D 10 –

Ø
 10 m

m

Ø 18 mm Ø 18 mm

20 m
m

40 m
m

12.5 m
m

15 m
m

40 m
m

Ø
 10 m

m

Ø
 5/10/15 m

m
 

Fig. 1. Technical drawing: (a) of the phantoms A–C and (b) of the phantom D; with schematic positions of thermocouples inside the Phantoms.
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15 mm although the real spheres also differ slightly in shape and
diameter. However, the central point of each sphere has been
exactly detected and implemented into the simulation model.

Additionally to the geometrical shape, material parameters are
summarized in Table 4. The density of PUR was set to 1546 kg/m³
[33] and heat conductivity was proved out experimentally. There-
fore, a defined mass of PUR was heated up to a defined tempera-
ture; afterwards it has been placed in a known amount of cold
water inside of a Dewar vessel. The temperature change has been
detected with a thermocouple. Since the heat capacity of water is
well known, the heat capacity of PUR could be calculated.

3. Experimental results

3.1. Phantoms A, B, C

As expected, the temperature increased in all three phantoms
with increasing magnetic field strength. In Fig. 5 the temperature
profile of phantom B is shown. The highest temperature difference

was measured (black-rectangle) in the center of the enriched
sphere. A minor temperature increase has been detected at the
border regions of the phantom.

To the border of the phantoms a lower increase of the
temperature was measured. The temperature is not only depend-
ing on the distance to the enriched sphere, but also on the distance
to the surface of the phantom and therefore to the water bath.
With more or less the same distance to the center of the sphere
enriched with magnetic nanoparticle, the temperature difference
measured with the red (▲) thermocouple, with is around 1 mm
from the cooling water bath, is 0.1 K less than measured with the
green (▼) thermocouple, having a distance to the water bath of
around 8 mm.

3.2. Phantom D

Also in phantom D the temperature increases with increasing
magnetic field strength. The highest temperature was measured in
the center of the spheres. The difference between the tempera-
tures of spheres 1 and 2 can be explained by the different distance
of the thermocouple to the center of each sphere.

In Fig. 6 the temperature profile of phantom B is shown. In the
center of the enriched sphere the highest temperature difference
was measured (black-rectangle). Towards the border regions of the
phantom the rise of temperature is less than in the middle of the
phantom. As already found for phantoms A, B, and C the tempera-
ture depends on the distance to the enriched sphere as well as on
the distance of the phantom’s surface to the water bath.

4. Simulation results

In Fig. 7 the simulated temperature profile for a magnetic field
strength of 8.7 kA/m is shown in (a) for phantom B and in (b) for
phantom D. The hottest part is in the center of the ferrofluid
enriched area and the temperature decreases towards the surface

Fig. 2. (a) Grey scale radiogram of phantom B with thermocouples (white lines) (b) Tomographic grey scale image of the slice along the red line (dashed) in (a). The bright
white points are the head of the thermocouples, the darker gray areas are air bubbles. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

multi- 
meter

com- 
puter

water bath

thermostat

coil

coil

thermocouples

generator phantom =

Fig. 3. Schematic representation of the experimental setup. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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of the phantom. Phantom D shows also the overlap of the
temperature profile between the two spheres.

5. Comparison of measured and simulated results

To compare the measured and the simulated data, the tem-
peratures at the exact positions of the thermocouples (measured
by X-ray tomography) were plotted. In Fig. 8 the measured and
simulated temperatures are depicted for different magnetic field
strengths and for all phantoms.

The simulated data (lines) shows a good agreement with the
measured data (symbols).

Only the temperature measured in the middle of phantom C
(Fig. 8, bottom left, orange ▲) shows a larger deviation. This can be
explained by the fact that the head of the thermocouple was
incidentally positioned inside an air bubble which was included
during the mixing of the phantoms’ components. Because of
the insulation effect of air the temperature measured in the air
bubble is less than at the same position in full PUR. Furthermore,
because of the air bubble less heating material is in the sphere of
phantom C. This might also explain the difference between the
experimental and simulated results. Except this thermocouple the

simulated show an agreement with the experimental data (see
Fig. 8).

As a consequence, the experiments have shown an influence not
only depending on the distance to the spheres enriched with
magnetic particles, but also on the distance to the water bath. Thus,
using the experimental results it is not possible to compare the
temperature profile, since the thermocouples are on different posi-
tions inside the respective phantoms. However the simulated and the
measured temperatures show an agreement, therefore it is possible
to compare the simulated temperature profiles (see Fig. 9).

As can be seen (Fig. 9), the temperature in phantom C increases
significantly (0.95 K) compared to the temperatures in phantom B

Fig. 4. Magnetic coil with the multimeter and all phantoms used. The phantoms were placed inside the water bath which is positioned in the coil.

Table 3
Heating capacities used in the simulation depending on the simulated magnetic
field strength.

Magnetic field strength [kA/m] heating capacity [kW/m3]

4.4 15
5.3 20
6.2 25
7.0 30
7.9 35
8.7 40

Table 4
Material parameters used for the simulations.

Volume/material Parameter

Sphere Heat conductivity λ 0.65 W/m K
Heat capacity cp 1400 J/kg K
Density ρ 1546 kg/m³

Cylinder Heat conductivity λ 0.65 W/m K
Heat capacity cp 1400 J/kg K
Density ρ 1546 kg/m³

Water Heat conductivity λ 0.626 W/m K
Heat capacity cp 4186 J/kg K
density ρ 993.3 kg/m³

Fig. 5. Temperature (with reproduction) measured in Phantom B with a magnetic
field strength of H¼8.7 kA/m plotted over the distance to the centre of the sphere.

Fig. 6. Temperature measured in Phantom D with a magnetic field strength of
H¼8.7 kA/m plotted over the distance to the centre of sphere 1.

F. Henrich et al. / Journal of Magnetism and Magnetic Materials 380 (2015) 353–359 357



(0.55 K) and phantom A (0.15 K). This difference can be explained
by the fact that the surface to volume ratio (shown in Table 2) is
lower in phantom C than in phantom B and A.

Therefore in phantom A a higher heat loss occurs than in
phantoms B and C. Consequently a higher magnetic field is
necessary to achieve the same temperature difference.

6. Conclusion

The presented experimental study combines the experimental
and simulative investigations of temperature profiles in four
different phantoms to enable predictions of temperature profiles
found during MHT.

During the experimental investigations the magnetic field
strength was varied between 4.4 kA/m and 8.7 kA/m at a constant
frequency of 284 kHz. Based on these results we established a
simulation which shows an agreement with the measured tem-
perature profiles.

It can be concluded that the maximum temperature depends
on the volume-to-surface ratio. Nevertheless the strongest influ-
ence is created by the water bath and thus depends on the blood
flow in biological tissue consequently. The results enable a further
understanding of temperature distribution during MHT and should
be taken into account for future investigations.

In summary, the experimental set up and conditions have been
moved towards more realistic conditions and processes in biolo-
gical tissue during MHT, but still benefit of simple geometries and
comparatively easy behavior. In the result the prediction of heat
transition behaviour is enabled, and thus to study and to be able
to predict it from non-invasive temperature measurements of
the outer tissue surface. Consequently, the possible impact on

Fig. 8. Comparison of simulated temperature (lines) and measured data (symbols) of Phantom A (top left), B (top right), C (bottom left) and D (bottom right).

0.5 K

0.0 K

0.1 K

0.2 K

0.3 K

0.4 K

Fig. 7. Simulation results (a) of phantom B and (b) of the phantom D for a magnetic
field strength of 8.7 kA/m.

Fig. 9. Simulated temperature profiles in the phantoms A, B, C for a magnetic field
strength of 8.7 kA/m.
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the theoretical use of MHT in therapy is a reduction of negative
influence on the patients comfort.
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