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Physical Limits of Hyperthermia
Using Magnetite Fine Particles

Rudolf Hergt, Wilfried Andr̈a, Carl G. d’Ambly, Ingrid Hilger,
Werner A. Kaiser, Uwe Richter, and Hans-Georg Schmidt

Abstract—Structural and magnetic properties of fine particles
of magnetite are investigated with respect to the application for
hyperthermia. Magnetic hysteresis losses are measured in depen-
dence on the field amplitude for selected commercial powders and
are discussed in terms of grain size and structure of the particles.
For ferromagnetic powders as well as for ferrofluids, results
of heating experiments within organic gels in a magnetic high
frequency field are reported. The heating effect depends strongly
on the magnetic properties of the magnetite particles which may
vary appreciably for different samples in dependence on the
particle size and microstructure. In particular, the transition from
ferromagnetic to superparamagnetic behavior causes changes
of the loss mechanism, and accordingly, of the heating effect.
The maximum attainable heating effect is discussed in terms of
common theoretical models. Rise of temperature at the surface of
a small heated sample as well as in its immediate neighborhood in
the surrounding medium is measured in dependence on time and
is compared with solutions of the corresponding heat conductivity
problem. Conclusions with respect to clinical applications are
given.

Index Terms— Hysteresis, losses, relaxation, superparam-
agnetism.

I. INTRODUCTION

A PPLICATION of magnetic materials for hyperthermia
of biological tissue has been known in principle for

more than four decades (e.g., [1]). Many empirical work
was done in order to manifest a therapeutic effect on several
types of tumors by performing experiments with animals (e.g.,
[2]) or using cancerous cell cultures (e.g., [3]). However,
routine medical applications are not known until now, and
there is a demand for more profound understanding of the
physical limits of that method to render it reliable for tumor
therapy of human beings. Magnetic media were applied in
several ways using glass ceramics [2], microcapsules [4], or
suspensions of magnetic fine particles (e.g., [5]). In order
to select an appropriate material, medical compatibility has
to be considered. Preferentially, several types of magnetic
oxides were used, among which, magnetite is a very promising
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candidate since its biocompatibility was already proven. In
any case, a large heating power of the material is desirable
in order to reduce the amount of material to be applied to
the patient. The heating effect, i.e., the spatial distribution
and temporal development of temperature in the tumor region,
must be precisely predetermined by choosing correct external
technical parameters. Therefore, for a reliable dosage, the
underlying physics has to be thoroughly understood. The very
important biological and medical problems (e.g., targeting
of the particles, temperature influence on several tissues or
specific cells, combination of heating with other therapeutical
means) are beyond the scope of the present paper.

The heating of magnetic oxides with low electrical con-
ductivity in an external alternating magnetic field is mainly
due to either loss processes during the reorientation of the
magnetization (e.g., [6], [7]) or frictional losses if the particle
can rotate in an environment of sufficiently low viscosity [11].
Inductive heating of magnetic oxides (i.e., via eddy currents)
may be neglected. The losses due to magnetization reorienta-
tion in ferro- or ferrimagnetic particles depend on the type of
remagnetization process (wall displacement or several types of
rotational processes) which is determined besides by the intrin-
sic magnetic properties like magnetocrystalline anisotropy and
exchange coupling constant—in complicated ways by particle
size, shape and microstructure (e.g., [6]–[8]). It is known
that magnetic properties of powders may vary significantly
in dependence on grain size and particle microstructure. For
sufficiently small single domain particles, thermal fluctuations
lead to an activation of remagnetization processes since the
energy barrier for reorientation of the magnetic moment of
the particle decreases with decreasing particle volume. In
dependence on temperature and measurement frequency, ther-
mal fluctuation aftereffects may be observed (e.g., [6], [7]).
An external alternating magnetic field supplies energy and
assists magnetic moments in overcoming the energy barrier.
This energy is dissipated when the particle moment relaxes
to its equilibrium orientation. The losses caused by this so-
called Ńeel relaxation [9], [10] lead to heating of the particle
ensemble and may be used for hyperthermia.

Besides the losses caused by magnetization rotation inside
the particles, another loss type may arise in the case of fer-
rofluids which is related to the rotational Brownian motion of
the magnetic particles [11]. In this case, the energy barrier for
reorientation of a particle is determined by rotational friction
within the suspension fluid of viscosity In addition, at
high frequency (e.g., GHz range) depending on the anisotropy
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Fig. 1. Structure of the magnetic powders of sample I (a) and (d), sample II (b) and (e) and sample III (c) and (f) investigated by SEM (a), (b),
(c) and TEM (d), (e), (f).

field losses related to the ferrimagnetic resonance may occur.
Neglecting the last loss type since in the relevant frequency
range inductive heating of biological tissue is caused, all
other losses are of interest for local magnetic hyperthermia.
Microscopically, the energetical barriers involved in the re-
magnetization process determine the magnetic losses which
cause, in dependence on the thermal conductivity and heat
capacity of the surrounding medium, a temperature rise of the
magnetic material. The specific loss power of the magnetic
material should be as high as possible in order to reduce
the dose being applied to the patient to a minimum level.
Though there are much empirical results on hyperthermia in
the literature, there is a lack of more profound understanding
of the physical limits of specific loss power, in particular
for the transitional region from hysteretic single-domain to
superparamagnetic behavior. Accordingly, in the present paper
results of a study of the physics of hyperthermia on the base
of comparative experimental and theoretical investigations are
reported. We compare magnetic properties of selected types of
fine magnetite particles of different size and microstructure.
The results will be discussed with respect to different contri-
butions of magnetic losses and its physical limitations. Finally,
limitations for the spatial distribution and the time dependence

of temperature enhancement in hyperthermia are discussed
basing on theoretical and experimental investigations of the
heat conduction problem.

II. SAMPLES

Several types of commercially available fine particles of
magnetite (FeO ) were selected in order to investigate the
influence of particle properties which are important for the
heating effect. These materials were characterized with respect
to the size and shape of the particles using scanning electron
(SEM) as well as transmission electron microscopy (TEM).
Two groups of samples may be differentiated according to
the amount of hysteresis losses measured at 50 Hz: type
A showing ferromagnetic hysteresis loops (samples I–III)
and type B with superparamagnetic behavior, i.e., samples
exhibiting almost no losses if measured at 50 Hz (samples
IV–VII). From several investigated commercial powders of
type A, three typical kinds were selected for the present
paper, which are shown in Fig. 1. The particle shape differs
remarkably according to the preparation process. For instance,
the coarse-grained powder of sample I [Fig. 1(a)] shows
clearly features of crushing while at the particles of sample
II [Fig. 1(b)] the octahedral habit faces of the spinel structure
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TABLE I
PROPERTIES OFMAGNETITE PARTICLES

Fig. 2. TEM micrograph of magnetite particles of ferrofluid (sample IV). Inset: size distribution with lognormal fitting curve.

may be recognized which indicate the near equilibrium growth
of those particles. Contrarily, particles of sample III [Fig. 1(c)]
have an elongated shape being favorably used for magnetic
recording media which are prepared according to a special
procedure.

In order to get reliable information on the relative broad
particle size distributions of the materials shown in Fig. 1, a
series of electron-microscopic images was taken by SEM as
well as TEM, for comparison. Moreover, line width analysis
of X-ray diffraction data was performed using a Philips Xpert
diffractometer with the Philips software “Line Profile Analy-
sis.” The average size resulting from different characterization
methods compared in Table I differ typically due to different
ways of preparation of SEM and TEM specimens. Comparison
of Fig. 1(a) and (d), for instance, shows that the crushed
grains of sample I in the SEM image tend to agglomerate
to bigger particles. While SEM gives better information on
particle shape especially for coarser materials, the TEM im-
ages of individual particles also give, besides particle shape,
information on the internal structure (strain, grain boundaries,
dislocations). For instance, Fig. 1(f) demonstrates clearly that

each needle shown in Fig. 1(c) consists of many crystallites, a
fact which is important for the loss mechanism. In difference to
the electron microscopic imaging techniques, X-ray diffraction
gives a measure of the coherent scattering volume, i.e., the
size of single crystalline domains of the particles. The mean
X-ray size is smaller than the values deduced from imaging
techniques because particles obviously are not completely
single crystalline but contain grain boundaries. This is also
confirmed by TEM, in particular in the case of the crushed
and the fibrous material of samples I and III, respectively.
Size distributions are lognormal with standard deviations in
the order of two times the average. All images of Fig. 1 as
well as data of Table I refer to uncoated particles.

All samples just discussed show ferromagnetic behavior
i.e., considerable hysteresis at 50 Hz. With decreasing particle
size, one observes in dependence on the characteristic time of
measurement, a transition to superparamagnetic behavior, i.e.,
vanishing of hysteresis. For comparison, we have investigated
some typical samples of commercially available ferrofluids
consisting of fine particles of magnetite. Fig. 2 shows a TEM
micrograph of sample IV which is representative for ferrofluid
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TABLE II
PROPERTIES OFFERROFLUIDS

samples V and VI, too. The size distribution shown as inset
of Fig. 2 may be well fitted with a lognormal law. In Table II,
mean grain sizes of ferrofluid samples are given together with
suspension base as well as loss power data measured at 300
kHz which will be discussed below. The given average size
refers to the magnetite core. Size distributions are lognormal
with standard deviation in the order of half of the average. In
particular, with sample VII we have tested the applicability for
hyperthermia of the approved pharmaceutical ENDOREM
(Guerbet) which is used as a contrast medium for magnetic
resonance imaging. The mean size of the magnetite particles of
that material is only about 6 nm diameter as determined from
the magnetization curve measured with a vibrating sample
magnetometer. It should be pointed out that samples IV–VII
are liquid suspensions. The loss power may depend on the
viscosity of the suspension medium as will be discussed below.
The effect of different coatings as well as dispersants was not
investigated since it is beyond the aim of the present paper. A
contribution to that problem may be found in [3].

III. M AGNETIC LOSSES

A. Magnetic Hysteresis Loops

Hysteresis loops of different samples were measured using a
hysteresemeter M2000 (Systemes Informatiques, Industrielles
et Scientifiques, Buc) at a measuring frequency of 50 Hz.
As typical examples, loops of sample I–III are shown in
Fig. 3(a). The comparison of these loops demonstrates the
great differences which may occur for different magnetite
powders due to the influence of particle size, shape, and
microstructure. The narrow loops of samples I and II with
a rather high initial permeability and low coercivity of 3.3 and
7.5 kA/m, respectively, indicate that remagnetization in these
particles occurs via domain wall displacement. According
to the mean grain diameter given in Table I, the typical
multidomain particle behavior is found which is theoretically
predicted for nearly cubic grains above a size of 100 nm [12].
The measured coercivity values are in agreement with data
given by Heideret al. [8]. These authors have shown that
for most empirical data of magnetite the size dependence of
coercivity and remanence follows a power law of about

From grain images one may estimate that the shape
anisotropy of particles from samples I and II is not much
larger than the rather low value of the cubic magnetocrystalline
anisotropy of magnetite. Contrarily, sample III shows the

typical hard magnetic behavior of elongated particles being
usually applied for magnetic recording media. Obviously, the
extreme aspect ratio of the particles of ten which may be
extracted from the TEM images is the reason for a large
shape anisotropy which represents the barrier for particle
remagnetization. This sample dominated by single domain
behavior (rotational processes, buckling, or curling [6], [7])
exhibits large coercivity of 34 kA/m and very high hysteresis
losses. At first sight, this material seems to be very suitable
for magnetic heating. However, in hyperthermia, rarely the full
hysteresis loop of such samples can be used since there are
restrictions of the field amplitude mainly for technical reasons.
Consequently, for single domain particle ensembles with a
nearly rectangular hysteresis loop, one may expect a rapid
decrease of losses for field amplitudes below the effective
anisotropy field. As an example, in Fig. 3(b) a series of minor
loops of sample III is given which shows that the loop area is
rapidly reduced with decreasing field amplitudes.

With decreasing particle size the energetic barriers involved
in the remagnetization process decrease and relaxation effects
(creep) may occur. A narrowing of hysteresis loops is observed
if the characteristic time of measurement is much longer than
the relaxation time. For samples IV–VII we see accordingly
no opening of the hysteresis loop at 50 Hz within the scale
of Fig. 3(a). Coercivities are below 1 kA/m. However, it has
to be pointed out that the transition to superparamagnetism
occurs in a very narrow frequency range depending on mean
particle size (see below), i.e., particles which show so-called
superparamagnetic behavior in loop measurements at 50 Hz
may give full hysteresis losses at 500 kHz.

B. Hysteresis Losses

In general, magnetic losses of different materials may show
very different nonlinear dependence on the field amplitude. In
the literature, field dependence for small amplitudes often is
described by a square law (e.g., [3], [5]) which however is
a rather rough approximation. Hysteresis losses for so-called
Rayleigh loops (e.g., [6], [7]) may be well described by a third
order power law. In order to evaluate the maximum power to
be deposited in cancerous tissue by means of hysteresis losses,
we have determined the dependence of hysteresis losses on
the field amplitude by integrating the loop area of measured
minor loops. Results are shown for samples I–III in Fig. 4.
Near 35 kA/m there is a crossover of the curves above which
the rank order of the three samples with respect to their
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(a)

(b)

Fig. 3. (a) Saturation hysteresis loops of samples I–III measured at 50
Hz. Hi is the internal field deduced from the applied field by taking into
account the demagnetization effect. (b) Hysteresis loops of sample III for
three different loop amplitudes measured at 50 Hz.

specific loss power is reversed. Obviously, in the case of
sample III, by low field amplitudes one rarely may change the
magnetization direction of the single domain particles with
high shape anisotropy. Unfortunately, there are considerable
problems with the application of high amplitude magnetic ac-

Fig. 4. Magnetic hysteresis losses in dependence on the magnetic field
amplitudeH(max)

i
for 50 Hz.

fields to a human patient. Therefore, losses being useful for
hyperthermia are very low for material III which is superior
to all other ones if driven to saturation. Contrary, in sample
I which consists at least partially of multidomain particles,
one may assume that the mechanical work that the sample has
undergone during preparation resulted in domain wall pinning
centers which cause relatively high losses already at low field
amplitudes.

From measured hysteresis loss one may easily estimate the
power deposited in an alternating field by taking into account
the proportionality of power with frequency. Values of hystere-
sis loss power estimated in this way agree well with results
of calorimetric determination of the heat power deposited in a
medium of known heat capacity as described in Section IV-B.
Values of loss power of samples I–III determined in this way
for a high frequency field with typical parameters of 14 kA/m
amplitude and 300 kHz frequency are compiled in Table I.

The upper physical limit of power density attainable by
means of hysteresis losses is given in the case of a nearly rect-
angular hysteresis loop by (
saturation magnetization, anisotropy energy density). How-
ever, this loop type is found only for an ensemble of aligned
uniaxial particles with the external ac-field parallel to the
easy axis. This case hardly will be realizable in hyperthermia
application. For the case of statistically oriented particles one
has approximately the relative remanence and
coercivity Hysteresis loss is reduced by about
a factor of 0.25 in comparison to the aligned case (for details
see e.g., [6]). According to the empirically well established
size dependence of coercivity and remanence referred
in Section III-A, above the critical grain size (see below) there
is a power law increase of losses with decreasing particle
size. Taking experimental data given in [8] for precipitated
magnetite grains one may estimate for instance for a particle
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diameter of 50 nm an upper limit of about 1.5 J/kg which
gives for a frequency of 300 kHz a loss power of 450 W/g.
For crushed material, even higher values should be possible. In
comparison, the experimentally found losses given in Table I
are much smaller mainly due to larger grains and because
limitations of the field amplitude discussed above do not allow
utilization of the complete hysteresis loop. For instance, for
sample III which at 300 kHz gave only 3 W/g for reasonable
field amplitude of 14 kA/m, one may estimate from the
experimental data of Fig. 4 a loss power of 2.4 kW/g for the
full hysteresis loop (100 kA/m).

With decreasing particle size the probability of spontaneous
magnetization jumps due to thermal activation increases, and
relaxational effects may be observed in dependence on the
measurement frequency The measurement frequency de-
fines the so-called critical grain volume for which

magnetic relaxation time discussed below). Near this
critical size, relaxation effects cause a rapid decrease of the
remanent magnetization

(1)

remanence for particles unaffected by relaxation). At
the same time the coercivity decreases rapidly with decreasing
particle size which may be described by [6]

(2)

Consequently, hysteresis losses vanish abruptly near the criti-
cal particle size. For a measuring frequency of 300 kHz and a
magnetocrystalline anisotropy energy density of 10J/m (due
to e.g., ellipsoidal shape with an aspect ratio of 1.4) critical
size is about 20 nm diameter.

C. Relaxational Losses

For samples IV–VII which show negligible hysteresis losses
at 50 Hz, loss power was measured calorimetrically at 300
kHz as described below. The results given in Table II as well
as data reported in the literature [3], [5] show that also with
“superparamagnetic” particle ensembles considerable heating
effects may be observed. However, comparing samples VI and
VII for instance shows that the results may deviate extremely
for apparently similar samples. We will discuss these results
in comparison to theoretical estimations of relaxational losses.

Losses arising in the superparamagnetic grain size region
may be well understood for the simple model case that there
are only two metastable antiparallel orientations of the particle
magnetic moment . The corresponding two energy levels
are separated by an energy barrier given by the anisotropy
energy particle volume). Assuming a rather high
energy barrier , the relaxation time of the system is
determined by the ratio of anisotropy energy to thermal
energy [6], [7], [9], [10]

(3)

s).
The time evolution of the system may be described using

a master equation approach for the occupation numbers
and in the two states (e.g., [13]–[15]). The difference of

Fig. 5. Grain size dependence of the loss power density due to
Néel-relaxation for small ellipsoidal particles of magnetite (field amplitude
6. 5 kA/m).

the occupation numbers gives the magnetization of the
particle system is the particle moment). The
transition probabilities in the presence of an external magnetic
field are given by

(4)

For small fields , the exponential may be replaced
by a first order approximation and the rate equation gives for
an alternating external field of frequency and
amplitude the time dependence of the magnetization [14]

(5a)

Hence, in this way, the complex susceptibility for small
field amplitudes is known and one may determine from the
imaginary part the specific loss poweras usual (e.g., [16])

(5b)

According to this equation, at low frequencies , i.e.,
approaching the superparamagnetic regime, losses increase
with the square of frequency while for relaxational
losses saturate at , i.e., losses are
independent on frequency. The transition between these two
regimes takes place near There, the imaginary
part of the magnetic susceptibility has its maximum and
accordingly the dependence of losses on grain size shows
a sharp maximum. Note that the relaxation timein (5b)
depends strongly on the particle size according to (3). Fig. 5
shows the particle size dependence of the loss power density
due to Ńeel relaxation calculated according to (5b) for three
values of the measuring frequency. Parameters were chosen
according to the goal of application for hyperthermia. The
frequency kHz s together
with a field amplitude of 6.5 kA/m is at the higher end of
what may be applied to a tumor patient. The actual value
depends strongly on the particular situation: the position of the
carcinoma, the case history of the patient, and until now, not
completely clear criteria of magnetic field tolerance for tumor
patients. Materials parameters were taken for small magnetite
ellipsoids: A/m, J/m (shape



HERGT et al.: PHYSICAL LIMITS OF HYPERTHERMIA 3751

Fig. 6. Dependence of magnetic loss power density on particle size for
magnetite fine particles (dotted line—hysteresis losses, full line— Néel losses;
frequency 2�106 s

�1
; field amplitude 6. 5 kA/m).

anisotropy due to an aspect ratio of 1.4). There is a very sharp
maximum of loss power versus particle size. This strong size
dependence may be one of the reasons for the abrupt decline
of loss power with decreasing particle size comparing samples
VI and VII in Table II. However, one has to note that those
samples have size distributions which partly overlap and other
reasons may additionally contribute to the found differences.

In order to go a step further to understand loss power
limitations of fine magnetite particles let us now compare
the size dependence of Ne´el losses with that of hysteresis
losses. From the discussion of the latter one in Section III-B
we know that hysteresis losses increase with decreasing grain
size until they abruptly decline near the critical grain volume

Fig. 6 shows this decline in the critical grain size region
for spherical particles using equations given in Section III-B.
Calculations were done for magnetic parameters of magnetite
assuming In addition, the contribution of
Néel losses for particles with radius near the critical size are
shown according to (5b) where the above given magnetite
parameters, field amplitude kA/m, and frequency

are assumed. Note that the critical particle
size for which remanence and coercivity vanish depends on the
measurement frequency. For instance, for common observation
times corresponding to magnetization measurements using a
vibrating sample magnetometer, the critical size is in the order
of 40 nm particle diameter. At higher frequencies applied
for hyperthermia, the critical size defined by is
considerably smaller. It is shown in Fig. 6 that in the critical
particle size region where hysteresis losses vanish, Neél losses
grow as a new loss mechanism which, roughly speaking,
extends the loss region toward even smaller particle sizes.

Of course the range of validity of the theoretical model
assumptions have to be kept in mind when compared with
experimental results. First, the condition of large energy barrier

may be violated for very small particle size. In
this case the simple exponential dependence of the relaxation
time on the energy barrier used in (3) is a too rough approxi-
mation so that more sophisticated methods for the calculation
are necessary (e.g., [15]). Secondly, deviations may occur for
large field amplitudes i.e., when the condition is

not fulfilled. In this case the linear response theory may be
insufficient and the consideration of nonlinear susceptibility
effects is necessary. In our case a particle diameter smaller than
about 20 nm is demanded which is usually met for ferrofluids.
Further, the above given estimations have to be modified by
taking into account size distributions as well as distributions of
magnetic parameters, in particular, anisotropy fields (cf. e.g.,
[13]).

In principle, in ferrofluids besides the just discussed main
loss contributions, relaxation may also occur due to rotational
Brownian motion of the magnetic particles [11]. This effect
becomes essential if the magnetic moment direction is strongly
coupled to the particle itself, e.g., by a large value of the
intrinsic magnetic anisotropy, combined with easy particle
reorientation due to a low viscosity of the suspension
medium. For spherical particles with the hydrodynamical
radius (which due to, e.g., a particle coating usually is
larger than the magnetic particle radius) the relaxation time is
given by [7]

(6)

The loss power is approximately given by (5b) taking (6) as
relaxation time. In a general case when both Néel and Brown
relaxation mechanisms are present, the effective relaxation
time may be estimated as However,
regarding relevant viscosity data, Brownian relaxation may be
considered as ineffective in biological tissue.

There may exist an additional relaxation process when the
magnetic moment may change its orientation continuously
which is not taken into account by the simple two-state model.
This is the case for relaxation inside of a potential minimum
for the magnetization orientation which is well known in
ferromagnetic resonance (FMR) where it determines the width
of the FMR line. In principle, this relaxation mechanism
should also exist in the large dissipation limit, but the possible
contribution to hyperthermia is not clear up to now.

Besides the above discussed particle parameters: size, re-
manence, and coercivity (which strongly depend on the grains
microstructure) there are other parameters which influence
magnetic losses. The strong effect of the shape was demon-
strated by the discussion of the properties of sample III.
Moreover, an essential influence of particle coating in col-
loidal magnetite was reported which however is beyond the
scope of the present paper. Chanet al. [3] have reported for
dextran-stabilized ferrocolloids remarkable effects of proper
preparation procedures (e.g., ultrasonic treatment) on power
density.

IV. TEMPERATURE ENHANCEMENT

The ultimate goal of hyperthermia for therapy of cancer
is to generate a well defined temperature field at the tumor.
Providing the problem of depositing the magnetic heating
agent at the locus of interest has been solved, however, there
remain questions of the time regime and the spatial distribution
of temperature, especially the maximum temperature attainable
by a defined amount of applied power. There, the distribution
of magnetic particles in the tissue and the heat depletion due
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to conduction in the tissue as well as due to transportation
by flowing blood is essential. In particular, the latter con-
tribution to heat depletion is temperature dependent due to
vasodilatation with increasing temperature. To a certain extent,
one may take into account the effect of blood perfusion by
using some effective heat conductivity. However, the influence
of larger blood vessels ought to be investigated in more detail
(see e.g., [17]). As a first approximation we have solved the
problem of heat depletion for the simplified case of a power
absorbing sphere embedded in a homogeneous medium of
finite heat conductivity and compare the results with model
heating experiments.

A. Theoretical Estimations

Assume the heat source of power densityis concentrated
within a small spherical volume (radius surrounded by
a medium of homogeneous heat conductivity. The heating
material and the surrounding medium are characterized by
their values of heat conductivity, specific heat capacity,
and mass density In that case of spherical symmetry and
a homogeneous time-independent power densityinside the
sphere, the equilibrium temperature (i.e., for a large heating
time as a function of the distancefrom the center
and counted from the starting temperature before heating is
given by [18]

(7a)

(7b)

neglecting a contact-heat resistance at The index
corresponds to the material inside and outside
of the sphere. The equilibrium distribution given by (7) is
plotted in reduced units in Fig. 7(a).

With respect to clinical applications, the rise of temperature
as a function of time must be known in order to choose
the appropriate time regime. In this case, the solution of
the problem is more complicated. Fig. 7(b) shows results of
numerical calculations carried out. Here, the values of,

, and are taken for water which is not very different
from biological tissue in this respect. Furthermore,

mm, and W/cm were taken as typical
values being representative for our experimental conditions.
Fig. 7(b) clearly shows the effect of heat conduction outside
the sphere resulting not only in a rather steep temperature
gradient near the sphere surface but also increasing with the
distance in a delay of the time at which 90% of the respective
equilibrium temperature is reached. This delay ranges from 12
min at the surface to about 20 min at a distance Delay-
times of this order of magnitude have been experimentally
observed by Satoet al. [4] with in situ heating of dog kidneys.

B. Experimental

In order to experimentally test the theoretical solution of
the heat conductivity problem we have chosen in a first
simulation experiment a very defined heating source avoiding
any disturbing effects on the temperature sensors due to high
frequency fields. A small resistor with a volume of about 0.05

(a)

(b)

Fig. 7. (a) Spatial distribution of the equilibrium temperature in reduced
units. The reduced temperature is defined as� = 6�T�2=(PR2) where
�T means the temperature increase,�2 is the heat conductivity outside of the
sphere (radiusR), andP is the power density.Q = �2=�1 is the ratio of the
heat conductivities outside and inside of the sphere. (b) Calculated temperature
increase caused by a heated sphere (radiusR = 2:3 mm) at different distances
r from its center for a power density ofP = 13:7 W/cm3: �Tm = 36:4 K
is the temperature increase in the center of the sphere for infinite time.

cm was embedded in a large volume of KCl/Carrageenan-
gel and was electrically heated by 50 Hz ac-current. The
temperature was measured by Cu-Constantan thermocouples
placed at different distances from the heating source. Because
of its nonspherical shape, the resistor was approximated by a
sphere of the same volume having a radius mm. Fig. 8
shows the temperature increase during about 10 min heating
measured at different distances from the heating source. A
realistic comparison with the above given theoretical results is
reasonable, since the parameters used in Fig. 7(b) correspond
to those of the experiment. The values of heat conductivity
and heat capacity of the resistor were approached by taking 1.6
W/m K and 0.4 J/g K, respectively. Both experimental
and theoretical curves demonstrate, first, the temporal delay
of temperature rise and, second, the expected decrease of
temperature with the distance from the heating source. That
means considering the narrow temperature tolerances in medi-
cal applications of local hyperthermia, the heat distribution into
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Fig. 8. Temperature increase�T at different positionsr within a gel heated
locally at r = 0 by an electrical power of 0. 7 W using a small resistor
(volume 0. 05 cm3):

the environmental tissue must be carefully taken into account
for tumor therapy.

Heating experiments for comparing the heating capability
of different types of magnetite particles were performed in
a simple arrangement using a water cooled coil of 9 cm
diameter consisting of three turns. The ac field is generated
by means of a commercial generator HFP 061/05 (EFD
Induktionserẅarmung Fritz D̈usseldorf GmbH) with a power
of 5 kW. Particles to be investigated were homogeneously
dispersed in a relatively large volume of KCl/Carrageenan-gel
which was kept in a thermally isolated glass container inside
the ac field coil. The dissipated power due to the applied
magnetic ac field was determined by measuring the initial
slope of the temperature rise by means of a thermocouple
immersed into the center of the gel body. Data for the
investigated samples are compiled in Tables I and II. For
comparison, the loss power was determined from measured
hysteresis losses assuming a linear frequency dependence.
There is at least for non-relaxing particles good agreement with
the calorimetrically determined loss power. By measurement at
two frequencies (300 and 4 MHz) the expected proportionality
of loss power with frequency was confirmed.

Finally, for testing the heating effect in a realistic arrange-
ment, a spherical sample of 6 mm diameter pressed from
magnetite powder of sample III was embedded in the above
described KCl/Carrageenan gel and exposed to an alternating
magnetic field (amplitude kA/m, frequency 300
kHz). The surface temperature of the sphere was measured as a
function of time with a Cu-Constantan thermocouple attached
to the sample. Experimental results are plotted in Fig. 9 and
are compared with theoretical curves calculated with

taken from the above discussed experiments and
reasonable values for the magnetite sphere W/mK,

J/gK, and the gel of
water). Since the thermocouple was pasted to the surface of
the sphere, the radius was not exactly defined. Therefore,

Fig. 9. Measured temperature rise at the surface of a magnetite sphere (6
mm diameter) compared with curves calculated with parameters taken from
the experiment or chosen according to reasonable estimations (see text). The
two theoretical curves refer to distances of 3.0 and 3.3 mm, respectively, in
order to account for a possible small gap between sphere and thermocouple
(external magnetic field amplitude 17.6 kA/m, frequency 300 kHz).

two values of (3 and 3.3 mm) were calculated and plotted in
Fig. 9. The main uncertainty of the calculated curves is caused
by the evaluation of for which the external field was
transferred to the field acting inside the sphere by

(8)

where the susceptibility of magnetite of sample type III
was measured by means of a hysteresemeter as described in
Section III-A. Fig. 9 demonstrates that even with the unfavor-
able material III, a temperature rise of more than 10 K can be
realized for a sphere of 6 mm diameter. However, one has to
keep in mind that the equilibrium temperature as expressed by
the reduced ordinate in Fig. 7(a) is proportional to the square
of the sphere diameter if all other parameters are constant.
Accordingly, for our example the rise of surface temperature
of a sphere of 1 mm diameter would be less than 1 K. The
used model of a spherical heat source of compacted magnetite
particles gives an estimation of the heat depletion effects but
it is of course a relatively simple approximation. In practice,
there will be an inhomogeneous distribution of magnetite
particles in the tumor region corresponding to a spatially
varying power density. For a quantitative understanding, the
magnetite distribution in the tissue which depends on the
application method must be known. To attack this problem,
heating experiments with liver tissue were performed. In this
case microspheres containing magnetite particles were injected
as aqueous suspension into pig liver tissue placed in the above
described coil. Already after a few minutes of application of
rf-power, necrotic effects in the tissue were observed. The
results of those in-vitro hyperthermia experiments combined
with histological investigations of the thermal cell damaging



3754 IEEE TRANSACTIONS ON MAGNETICS, VOL. 34, NO. 5, SEPTEMBER 1998

have been reported elsewhere [19]. In principle, there are no
objections for in-vivo experiments. Especially, there is no risk
of toxic effects of unheated magnetite in the present range
of applied doses as was already shown by Chanet al. [3].
However, one of the most important presupposition for clinical
application is the realization of a reliable heating control.

V. CONCLUSIONS

The above reported experimental results combined with
the theoretical discussion of various loss mechanisms under
different experimental conditions allow one to draw some
general conclusions regarding the physical limitations of hy-
perthermia using fine magnetite particles. Two types of loss
mechanisms were found to be of interest for hyperthermia:
hysteresis losses and relaxational losses. Both loss types
show a nonmonotonous dependence of loss power on particle
size i.e., there exist optimum grain sizes which are different
for both loss mechanisms. Hysteresis losses increase with
decreasing particle size due to increasing remanence and
coercivity until relaxation effects appear. There, in a narrow
transition region to superparamagnetic behavior, remanence
and coercivity decrease abruptly. At the same region consid-
erable Ńeel losses arise which may be nearly of the same order
of magnitude as hysteresis losses. However, these losses are
restricted to a very small region of particle sizes. Particle size
below the critical size results in rapid decrease of the loss
power available for magnetic heating.

For magnetic single domain particles with high uniax-
ial anisotropy, hysteresis losses are superior to all other
losses—provided that the field amplitude is sufficient to ensure
the remagnetization of the particle. If there are technical limits
for the field amplitude, the coercivity of the magnetic material
has to be chosen properly in order to meet this condition. Since
coercivity and remanence depend strongly on microstructure,
the heating effect may vary appreciably for magnetic particles
of different manufacturers. In particular, losses of multidomain
particles may be even higher than losses of single domain
particles having large uniaxial anisotropy. If in the latter case
only a very small fraction of particles of the ensemble are
remagnetized, losses may be by orders of magnitude smaller
than the theoretical limit given by the anisotropy energy.
The above given estimations have shown that at least for
small field amplitudes superparamagnetic particles may give
power density values being comparable to ferromagnetic ones.
However, the influence of size distribution is even more critical
in this case and is not appropriately considered in literature
until now.

Choosing high power magnetic particles combined with
appropriate technical parameters of the external rf-field, very
small amounts of magnetic fine particles in the order of tenth
of milligrams may easily be used to rise the temperature of
biological tissue locally up to cell necrosis. In the stationary
state, which may be controlled by the field amplitude and
frequency of the external ac field, there is a universal spatial
temperature distribution outside of a heated spherical volume
which besides by the applied power is determined by the heat

conductivity of the surrounding medium and the radius of the
application space. Knowledge of this temperature distribution
in dependence on time is a necessary presupposition for a
successful elimination of tumors by local magnetic hyperther-
mia. The achievement of a well-defined magnetite distribution
within the tissue is one of the main tasks to be solved on the
way to a useful therapy.
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