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Abstract

Magnetic nanoparticles are increasingly used for clinical applications such as drug delivery, magnetic resonance imaging and
magnetic fluid hyperthermia. A novel method of interstitial heating of tumours following direct injection of magnetic
nanoparticles has been evaluated in humans in recent clinical trials. In prostate cancer this approach has been investigated in
two separate phase I studies, employing magnetic nanoparticle thermotherapy alone and in combination with permanent
seed brachytherapy. The feasibility and good tolerability was shown in both trials, using the first prototype of an alternating
magnetic field applicator. As with any other heating technique, this novel approach requires specific tools for planning,
quality control and thermal monitoring, based on appropriate imaging and modelling techniques. In these first clinical trials
a newly developed method for planning and non-invasive calculations of the 3-dimensional temperature distribution based
on computed tomography was validated.

Limiting factors of the new approach at present are patient discomfort at high magnetic field strengths and irregular
intratumoural heat distribution. Until these limitations are overcome and thermoablation can safely be applied as a
monotherapy, this treatment modality is being evaluated in combination with irradiation in patients with localised prostate
cancer.
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Introduction .. . .
applications of magnetic nanoparticles for the treat-

Hyperthermia is recognised as an alternative treat-
ment that can be delivered alone or as an adjunct to
radiation and/or chemotherapy to treat cancer [1].
An increase of temperature above 40°C either
enhances the effects of radiation and chemotherapy
or leads to direct cell killing (thermoablation) as
a function of time and temperature [2]. Thermal
therapies have been evaluated extensively for both
hyperplastic and malignant conditions of the prostate
during the last few decades [3]. Nanotechnology is a
rapidly evolving field, which has had a tremendous
impact on medicine in general and on the diagnosis
and treatment of cancer in particular [4].
Hyperthermia is one of several promising biomedical

ment of cancer [5]. As opposed to thermoablation
monotherapy, strategies aimed at combining
hyperthermia with radiation to exploit the known
therapeutic synergism of these two modalities to treat
prostate cancer have long been pursued [6—13].- By
enhancing the biological dose of radiation. with
hyperthermia, lower radiation doses may . yield an
equal efficacy while decreasing radiation-induced
toxicity. A biological rationale for thermoradiother-
apy of prostate cancer has been demonstrated in vitro
and in vivo [14]. However, clinical hyperthermia of
prostate cancer is complex due to the surrounding
tissues and the high perfusion of this organ. Effective
temperatures achieved in the whole prostate with
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radiofrequency or ultrasound techniques were often
limited by electric field elevation at electrical bound-
aries. These phenomena have limited achievable
temperatures and thermal homogeneity in the pros-
tate with conventional heating techniques [6-13]. As
a result, the search for new hyperthermia applicator
techniques offering better heating characteristics is
ongoing [3] and thermoradiotherapy of prostate
cancer is still not routinely employed.

Hyperthermia with small magnetites was pio-
neered by Gilchrist in 1957 and further developed
by Gordon and others 20 years later [15].
Widespread clinical use of this technique was hin-
dered by technical limitations such as uncertainties
regarding intratumoural distribution of particles and
heat. Besides, no documentation of the effect of heat
on tumour growth was provided in these early
studies. Magnetic nanoparticle thermotherapy is a
novel minimally invasive approach developed for
interstitial thermal therapy [16]. In this technique a
dispersion of biocompatible iron-oxide nanoparticles
(magnetic fluid) is injected directly into superficial or
deep-seated tumours and consecutively heated in an
alternating magnetic field. This technology is the first
heating technique using magnetic nanoparticles to
have entered clinical trials. In this review, the current
results of magnetic nanoparticle thermotherapy in
prostate cancer are described and future perspectives
are outlined.

Magnetic nanoparticles for thermal therapy:
Rationale and preclinical data

Materials used for magnetically mediated hyperther-
mia include seeds (rods of several mm size),
multidomain particles (1-300 pm) and nanoparticles
(1-100 nm), the latter including subdomain particles
(below 20 nm). Heating of a medium depends on the
specific absorption rate (SAR) of the implant in an
alternating magnetic field. Thermal energy is
released to the surrounding medium as a result of
physical processes that differ according to the size of
the magnetic material used and the strength of the
applied magnetic field [16]. Whereas larger implants
like seeds generate heat by resistance to circumfer-
ential eddy currents induced on the surface of the
seeds by an alternating magnetic field, multidomain
particles typically heat by hysteresis loss effects. By
contrast, nanoparticle and in particular subdomain
particle suspensions generate heat mainly by
Brownian and Néel relaxation processes [16].

The physical potential of magnetic nanoparticles
for heating purposes and their superiority over larger
materials was first demonstrated by Jordan et al.
[17]. The excellent power absorption capabilities of
magnetic fluids in a magnetic field can be attributed
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to the large number and surface of heating elements.
A further characteristic of magnetic nanoparticles is
intracellular hyperthermia. Due to their aminosilane-
type coating, the nanoparticles (NanoTherm ASI,
MagForce Nanotechnologies, Berlin, Germany) are
taken up intracellularly by differential endocytosis
[18, 19]. Moreover, selective uptake into prostate
cancer cells has been shown in vitro [20]. Animal
studies on mouse mammary carcinoma, rat glioblas-
toma and prostate cancer have demonstrated the
feasibility and efficacy of this heating method, as well
as a very low clearance rate of the nanoparticles from
tumours, allowing for serial heat treatments follow-
ing a single magnetic fluid injection [21-23]. In a
prostate tumour model, thermoablative temperatures
of up to 70°C were achieved [24]. The feasibility and
efficacy of combined thermal therapy using magnetic
nanoparticles and irradiation has also been shown in
a rat model of prostate cancer [25].

Clinical studies on prostate cancer

Magnetic nanoparticle thermotherapy as a
monotherapy. A prospective phase I study investi-
gated the feasibility of thermotherapy using magnetic
nanoparticles in patients with locally recurrent pros-
tate cancer [26, 27]. An important prerequisite for
treatment planning and quality control in thermal
therapy is adequate imaging after instillation of the
magnetic fluid. Magnetic resonance imaging (MRI)
cannot be used because of susceptibility artefacts, i.e.
signal loss in the regions containing iron oxide
nanoparticles. Using computed tomography (CT),
deposits of these particles appeared at a mean density
of 450 HU and could be visualised in prostate tissue
with a sensitivity of around 90% (Figure 1) [26, 27].
Feasibility was defined as the ability to heat the
prostate, to achieve sufficient interstitial deposition
of nanoparticles in the prostate for six sequential
treatments and to evaluate a CT-based approach for
quality control and non-invasive calculations of the
3-dimensional temperature distribution. Other end-
points of this study were toxicity and quality of life
(QoL), evaluated using the European Organization
for Research and Treatment of Cancer (EORTC)
QLQ-C30 and QLQ-PR25  questionnaires.
Oncological outcome was assessed by serum pros-
tate-specific antigen (PSA)-measurements and pros-
tate biopsies.

Ten patients with biopsy-proven locally recurrent
prostate cancer were enrolled. Three patients had a
local recurrence following prostatectomy and irradi-
ation, the other patients had radio-recurrent disease,
which was androgen-independent in two cases
and hormone-refractory in one case. The nanopar-
ticle dispersion was injected transperineally into
the prostates under general anaesthesia and



792 M. Fohannsen et al.

Figure 1. Example of an unenhanced computed tomog-
raphy scan obtained one year after a single injection of
magnetic fluid into the prostate, followed by six thermo-
therapy treatments. Hyperdense nanoparticle deposits in
the prostate are still visible.

TRUS/fluoroscopy guidance [26]. Invasive ther-
mometry of the prostate was performed during the
first and last session, while intraluminal thermometry
in the urethra and in the rectum was carried out
during each treatment. Temperature distribution in
the target region was calculated from the iron mass
(derived from nanoparticle volume and density in
CT), the magnetic field strength during treatments
and the known SAR of the magnetic fluid used
(assuming a constant perfusion) by means of the bio-
heat transfer equation. These calculations were
correlated with direct temperature mappings in
defined measurement points to estimate the three-
dimensional intraprostatic temperature distribution
in each patient [27]. Six thermotherapy sessions were
delivered at weekly intervals using the first alternat-
ing magnetic field applicator for humans
(NanoActivator F100, MagForce Nanotechnologies
AG, Berlin; Figure 2), operating at a frequency of
100 kHz and a variable field strength of 2.5-15 kKA/m.
Treatment planning and the injection procedure
were found to be feasible in all patients. However,
the optimal (pre-calculated) distribution of magnetic
nanoparticles in the target region could not be
achieved due to mechanical resistance of pre-
irradiated prostate tissue to the injection of the
magnetic fluid. Median amount of magnetic fluid
applied was 11.4mL (4-14mL). Maximum temper-
atures of up to 55°C were achieved in the prostates.
Median temperatures in 20, 50 and 90% of the
prostates (T,9, Ts50 and Top) under constant
magnetic field strengths between 4-5kA/m,
which were tolerated throughout the treatment time
by all patients, were 41.1° (40.0°—47.4°), 40.8°

Figure 2. Alternating magnetic field applicator for
humans (NanoActivator F100, MagForce Nanotechnolo-
gies AG, Berlin) operating at a frequency of 100 kHz and a
variable field strength of 0-15kA/m). A fibre-optic ther-
mometry unit is part of the applicator.

(39.5°-45.4°) and 40.1°C (38.8°-43.4°), respec-
tively. Median urethral and rectal temperatures
were 40.5°C (38.4°-43.6°) and 39.8°C (38.2°-—
43.4°). The median thermal dose derived from the
fit of invasive and non-invasive measurements was
7.8 (3.5-136.4) cumulative equivalent minutes at
43°C in 90% of the prostates (CEM 43°C Tyy; mean:
20.9min). Deviations between invasive measure-
ments and calculated temperature distributions
were found near to the floor of the bladder, in the
urethra (calculations higher than direct measure-
ments) and at the perineum (calculations lower
than direct measurements). In the prostate, a satis-
factory agreement between measurements and
calculations was found [27].

In the CT images the nanoparticle deposits in the
prostates were still clearly visible one year after
thermotherapy [28]. Particles could also be detected
histologically in these patients (Figure 3). However,
repeated heating was not attempted.

Morbidity, quality of life and outcome of this
phase I study was published in a separate report [28].
No systemic toxicity was observed. Temporary
bladder drainage due to acute urinary retention
occurred in four patients with previous history
of urethral stricture/impaired urinary flow rate fol-
lowing radiation therapy. Grade 3 urinary toxicity
was noted in two patients, observed only following



Figure 3. Histological image obtained by prostate biopsy
one year after direct magnetic fluid injection into the
prostate and thermal treatment. Iron-oxide nanoparticles
are still present in the prostate tissue (haematoxylin-eosin
staining, x200).

magnetic nanoparticle injection and subsequent first
thermal treatment. Dysuria grade 2 was present in
two and grade 1 in three patients. Alternating
magnetic field strengths of 4-5kA/m were tolerated
throughout treatment by all patients. Higher mag-
netic field strengths caused discomfort in the groin or
perineal region. In some patients, temperature
maxima of up to 44°C were observed at the skin
level, typically in folds of the scrotal and anal region,
but could be managed by cooling and ventilation.
While the intensity of pain in both of these anatom-
ical regions correlated with increasing magnetic field
strength during thermal therapy, there was no direct
correlation of these side effects with achieved tem-
peratures in the prostates. Late treatment-related
morbidity was not observed in this study at a median
follow-up of 17.5 months (3—24) in the original
publication [28].

Changes in QoL were evaluated during and
after magnetic nanoparticle thermotherapy in
comparison with the baseline status. There was no
significant deterioration of physical functioning,
global health status and treatment-related symptoms
during the study [28]. A significant deterioration
of social functioning (p < 0.0001), role functioning
(p=0.0008), fatigue (p=0.0154), pain (p=
0.0081), financial difficulties (p=0.0022), urinary
symptoms (p=0.0445) and sexual functioning
(p=0.0096) were observed. Of these, only social
functioning remained impaired three months
after thermal therapy. Two patients complained
worsening of erectile dysfunction following thermo-
therapy and received treatment with
phosphodiesterase-5-inhibitors.

A decrease of serum PSA was observed in eight
patients at the end of treatment (>70% in one
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patient, 40% in another patient and <25% in the
remaining patients). Mean duration of PSA-control
was 5 months (3-8). All patients have ultimately
progressed during follow-up with local progression in
seven and distant disease in three patients.

Magnetic nanoparticle thermotherapy combined with
permanent brachytherapy

In a separate phase I trial, the feasibility of combined
interstitial thermoradiotherapy was evaluated [29].
Eight patients with locally recurrent prostate cancer
after definitive radiotherapy received magnetic nano-
particle thermotherapy combined with low dose rate
(LDR) brachytherapy (prescription dose 90-100 Gy)
as a salvage approach. Transperineal injection of
nanoparticle suspension was carried out in the same
setting as permanent implantation of 125-iodine
seeds under general anaesthesia, guided by TRUS
and fluoroscopy.

The procedures of seed implantation and magnetic
fluid injection were successful in all cases. Median
amount of magnetic fluid applied in this study was
8.5ml (6.0-12.5mL). The median Ty, achieved was
39.9°C (38.8°-42.3°). The measured and calculated
maximum intraprostatic temperatures were 42.4°
(40.6°-45.5°) and 41.5°C (40.9°-45.4°), respectively,
showing a good correlation between intraluminal
urethral temperature measurements and non-invasive
calculations. The median CEM 43°C Ty, was 5.8 min
(1-90) in this series of patients [29].

Only local toxicity was observed. In two patients
grade 1-2 perineal pain persisted for several months,
most likely related to the permanent seeds rather
than to the magnetic fluid. Another patient under-
went two transurethral resections in a different
institution six and nine months after seeds implan-
tation due to bladder outlet obstruction. In this
patient, a rectal fistula to the urinary tract occurred
one year after combined permanent seed implanta-
tion and thermotherapy and required a temporary
colostomy.

Discussion and future perspectives

Clinical hyperthermia of prostate cancer remains a
challenging problem. The prostate is shielded ante-
riorly by fat and bone and surrounded posteriorly
and cranially by hollow organs containing air and
fluid. The different conductivities of these tissues to
radiofrequency or ultrasound waves applied for
heating purposes may cause undesired reflexion,
scattering or absorption of thermal energy outside
the target area in critical regions, while the high intra-
and periprostatic perfusion may act as a heat sink. All
these phenomena lead to limited achievable temper-
atures in the prostate using conventional heating
techniques [6—13].



794 M. Fohannsen et al.

In the studies reported in this review, magnetic
nanoparticle thermotherapy was demonstrated to be
feasible and hyperthermic to thermoablative temper-
atures could be achieved in the prostates at relatively
low magnetic field strengths of 4-5KkA/m [26-29].
Higher field strengths caused local discomfort, orig-
inating from two distinct phenomena independent
from the presence of nanoparticles, namely boundary
effects between tissues of different dielectric con-
stants and conductivity, which can occur between
bone surfaces and soft tissues, and increases of
current density at skin level, particularly in folds,
which may lead to relative hot spots. These effects
were only observed during treatment of pelvic
tumours, where the cross-section of the body is
relatively high. In fact, magnetic field strengths
tolerated during magnetic nanoparticle thermother-
apy of brain tumours were much higher, e.g. 10—
14 kA/m [30]. Since field strengths of up to 15kA/m
can be applied with the applicator used in these
studies and given the quadratic increase of SAR with
increasing magnetic field strength, significantly
higher temperatures could be achieved with this
technique. Also, by increasing homogeneity of
intraprostatic nanoparticle distribution, lower tem-
perature gradients and higher minimal temperatures
in the target region would be attainable [29].

Regarding oncological outcome, PSA declines
following thermotherapy were observed in both
studies, which suggest potential efficacy of this
treatment. However, responses in the monotherapy
trial were of limited extent and duration. Due to the
heterogeneous patient cohort including patients with
multiple pre-treatments and mostly unfavourable
prognostic features, the results of this phase I study
do not allow a meaningful interpretation of oncolog-
ical efficacy.

The results of these studies as well as animal
experiments performed previously suggest that the
technique may in principle be suitable for thermal
ablation as a monotherapy or hyperthermia in com-
bination with radiotherapy of prostate cancer.
However, since at present average temperatures
achieved in the prostates with this technique are
hyperthermic, the combination with irradiation is
currently being further evaluated. From a radiobio-
logical point of view, simultaneous rather than
sequential application of heat and irradiation is
considered ideal for thermoradiotherapy [31]. In
particular, the combination of mild hyperthermia
with LDR irradiation has been proposed for some
time as a promising concept, but to our knowledge
never realised clinically [32]. In this regard, a phase 11
study in previously untreated patients with clinically
localised prostate cancer and intermediate risk criteria
(PSA 10-20ng/mL or Gleason sum 7) is ongoing at
the Charité Clinic Berlin. In this trial patients receive

LDR brachytherapy (125-iodine seeds, prescription
dose 145 Gy) combined with magnetic nanoparticle
thermotherapy. Endpoints are biochemical control
(PSA), toxicity and QoL. First results from this study
can be expected in 5 years.

Conclusions

Interstitial heating using magnetic nanoparticles is
feasible in patients with prostate cancer. Treatment-
related toxicity can be considered moderate and QoL
is only temporarily impaired. Limiting factors of this
technique at present are discomfort at higher mag-
netic field strengths and irregular intratumoural heat
distribution. In contrast, deposition of nanoparticles
in the prostates is highly durable.

At present there is no technique available either for
direct real-time visual control of the magnetic fluid
injection, or for reliable imaging of cancer within the
prostate. Thus, selective ablation of cancer cells
while sparing healthy tissue is not yet possible in this
often multifocal and heterogeneous cancer, but may
become an interesting issue in the future with
improved diagnostic imaging techniques. Until
then, improvement of the thermal efficacy of this
approach can be achieved by a more homogeneous
heat distribution, refinement of the application tech-
niques and by using higher concentrations of the
applied magnetic fluid.
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