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Abstract

Hyperthermia therapy (HT) is the exposure of a region of the body to elevated temperatures to
achieve a therapeutic effect. HT anticancer properties and its potential as a cancer treatment have
been studied for decades. Techniques used to achieve a localised hyperthermic effect include
radiofrequency, ultrasound, microwave, laser and magnetic nanoparticles (MNPSs). The use of
MNPs for therapeutic hyperthermia generation is known as magnetic hyperthermia therapy (MHT)
and was first attempted as a cancer therapy in 1957. However, despite more recent advancements,
MHT has still not become part of the standard of care for cancer treatment. Certain challenges,
such as accurate thermometry within the tumour mass and precise tumour heating, preclude its
widespread application as a treatment modality for cancer. MHT is especially attractive for the
treatment of glioblastoma (GBM), the most common and aggressive primary brain cancer in
adults, which has no cure. In this review, the application of MHT as a therapeutic modality for
GBM will be discussed. Its therapeutic efficacy, technical details, and major experimental and
clinical findings will be reviewed and analysed. Finally, current limitations, areas of improvement,
and future directions will be discussed in depth.
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Introduction

Glioblastoma (GBM) is a devastating form of brain cancer that is universally lethal. GBM is
the most common primary brain cancer in adults and the most aggressive according to the
World Health Organization’s classification (WHO grade 1V high-grade glioma) of brain
tumours [1]. It accounts for 12—-15% of all brain tumours and has an incidence of 2-3 in
100,000 [2-4]. The standard of care for patients with GBM begins with maximal surgical
resection, when possible, and continues with a combination of radiation therapy (RT) and
chemotherapy followed by chemotherapy alone [5]. The tumour almost always recurs
locally due to infiltrating cancer cells which reside away from the tumour bulk [6,7]. These
cells are located beyond the contrast enhancing tumour visualised on magnetic resonance
imaging (MRI) and are difficult to resect since they reside among healthy cells. The
infiltrating cancer cells are known to be resistant to both chemotherapy and RT [8-10].
Recurrent tumours are especially resistant to therapies and difficult to treat [11]. The median
survival after surgical resection, followed by RT and chemotherapy (temozolomide (TMZ)),
is 14.6 months, and the median progression-free survival is 6.9 months [5]. The 2-year and
5-year survival rates are 26.5% and 9.8%, respectively [5,12]. The median survival after first
tumour recurrence is approximately 6 months [13].

Due to the infiltrative nature of GBM and lack of durable and effective therapies, new
treatment approaches are urgently needed. Recently, in an effort to achieve a maximal safe
resection of the contrast-enhancing tumour, fluorescence-guided surgery (FGS) using 5-
aminolevulinic acid (5-ALA) has been introduced in the surgical treatment of patients with
GBM [14]. 5-ALA is the first-ever fluorescing agent which has been approved by the US
Food and Drug Administration (FDA) for enhanced visualisation of malignant tissue during
GBM surgery [15].

Hyperthermia therapy

Hyperthermia therapy (HT) is defined as a treatment approach where the temperature in a
local region of the body is elevated above baseline to achieve a therapeutic effect [16]. HT
has been studied for over a century as a treatment for cancer [17]. The goal of HT is for
more than 90% of the target region to receive the minimum effective hyperthermia dose
[18,19]. The total energy delivered is measured using a widely accepted metric in which the
duration of exposure is normalised to the base effective temperature of 43 °C (CEM43) [19].
An important distinction between HT and generalised fever is that HT elevates the core body
temperature without changing the physiological set point [20]. However, during localised
HT, the core body temperature does not increase to the same extent as the temperature in the
treatment area [21].

An increase in the local temperature to values between 40 and 44 °C is sufficient to
negatively impact cancer growth [22,23]. The interactions of heat with RT and
chemotherapy and the effects of heat on cancer cells have already been described [24,25]. It
has been reported that moderate HT (45 °C) induced apoptosis in a human GBM cell line
and in a murine animal glioma model [26]. It has additionally been demonstrated in vitro
that a temperature-dependent induction of apoptosis occurred when multiple glioma cell
lines were subjected to a range of hyperthermia conditions (43-47 °C) [27].
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Heat shock proteins (HSPs) play a vital role in the resistance of cancer cells to HT [20].
Healthy and cancer cell HSPs participate in the cellular response to injury from DNA
damage and RT [28-30]. HSP27, 70, 72 and 90 have been identified as key proteins that are
constitutively overexpressed in glioma cells and other cancers [24,31,32]. Novel
immunotherapeutic agents may potentially exploit this overexpression of HSPs by activating
the immune system to specifically target cancer cells [33].

HT has been described as a potential chemosensitiser. There are several proposed
mechanisms of HT-induced chemosensitisation, including generation of a transient
disruption of the blood-brain barrier (BBB), increased blood flow that accompanies
hyperthermia conditions, interference with DNA repair mechanisms, heat-induced damage
to ATP-binding cassette (ABC) transporters, changes in tumour cell drug metabolism, and
an impaired ability to withstand apoptotic pathways [23,25,34-38].

HT also plays an important role in radiosensitisation by affecting the religation step of base
excision repair following RT-induced DNA damage, suppressing the protein kinase B (AKT)
signalling pathway, and interfering with the interaction between damaged DNA and DNA-
repair machinery [25,38-41]. Cells that are typically resistant to RT, such as hypoxic or
plateau-phase cells, are more susceptible to HT [42].

HT can be applied via whole body, regional and localised methods. Localised HT appears to
be the most effective for GBM due to the treatment’s focus on the tumour region [43].
Localised HT also has less side effects compared to the other modalities [44]. Methods of
localised HT for GBM therapy include microwaves, ultrasound, radiofrequency, laser and
magnetic nanoparticles (MNPs) [24].

Magnetic hyperthermia therapy

Magnetic hyperthermia therapy (MHT) was first attempted in 1957 to treat cancers that had
metastasised to the lymph nodes, and it built upon the principles of localised HT by using
MNPs and incorporating an alternating magnetic field (AMF) to generate heat [45]. In MHT,
heat is produced after local deposition of MNPs and subsequent application of an external
AMF (Figure 1 [46]). In general, all magnetic materials can generate heat via hysteresis
losses when they are exposed to AMFs. The heating capacity depends upon the properties of
the magnetic material and the AMF parameters. MNPs can also generate heat when they are
exposed to AMFs. However, for magnetic nanostructured materials, the heating efficacy is
based on a more complex relationship between the intrinsic time-dependent relaxation
processes of the nanoparticle (NP) magnetic moments and the time-scale of the oscillating
AMF field vector [47-50]. While there has been considerable debate regarding the
mechanisms responsible for heat generation by MNPs, consensus is emerging that the most
important contribution is provided by magnetic hysteresis losses.

MHT has been attempted /n vivoto treat a variety of cancers including lung, breast, prostate,
spine, brain, head and neck, pancreas, and liver [18,51-57]. In Europe, MHT was approved
as an adjuvant therapy for recurrent GBM in combination with RT in 2012 [58].
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Magnetic nanoparticle heating efficacy and thermal modelling

MHT effectiveness depends upon delivery of an appropriate thermal dose [18]. The lowest
thermal dose that is delivered to any tumour region dictates the overall response to the
treatment [19,59]. At low heating power, localised MNP distribution produces a more
pronounced anti-tumour effect compared to a more uniform MNP distribution [60]. The
opposite relationship between MNP distribution and anti-tumour effect occurs at high
heating power [60].

For any MNP construct, thermal modelling is critical for understanding the heating efficacy
at the cellular level. Pennes’ bioheat transfer equation (BHTE) can be used to predict
temperature profiles during local hyperthermia [61,62]. Despite the development of more
accurate temperature prediction models, BHTE can still be applied to almost every case of
thermal modelling [63]. When applying BHTE, the specified magnetic field strength,
frequency, background temperature, estimated average perfusion, MNP concentration, and
distribution in the target tissue yield an energy term which is then used to estimate the power
absorption and temperature distribution within the target region.

Prior to the application of MHT in phantoms or patients, safety and effectiveness must be
ensured by generation of an accurate and reliable treatment plan. Specialised software can
overlay an MRI acquired before MNP administration to a post-MNP injection computed
tomography (CT) image to determine the distribution of MNPs in patients with GBM [64].
The software can then calculate the expected heat distribution within the brain at various
magnetic field amplitudes [64]. One group has validated a coupled electromagnetic and
thermal model to predict dynamic and thermal distributions during AMF treatment [65].
Variables such as tissue density, specific heat of tissue, thermal conductivity of tissue, and
metabolic heat generation rate were used in a variation of the BHTE equation. Phantoms and
a heterotopic (flank) murine adenocarcinoma animal model have both validated the
simulation. However, this model would have to be revalidated in GBM animal models before
application to GBM patients.

Accurate treatment planning can allow for generation of a temperature—distance diagram
which can provide better visualisation of the thermal gradient present in the tumour region
compared to single-point thermometry. Thermal modelling that is in agreement with
physical temperature measurements can complement focal thermal monitoring [66]. The
limitation in producing a reliable thermal model is that thermal dosimetry also depends on
variations in tissue physiology [66]. Alternatively, MR thermometry can provide real-time
temperature monitoring without requiring accurate heat transfer models or knowledge of
local particle concentrations [66].

Administration of magnetic nanoparticles for magnetic hyperthermia therapy

Common delivery methods of MNPs for MHT application in humans include systemic
administration and direct intratumoural injection. Systemic MNP administration is typically
avoided for MHT of GBM due to the presence of the BBB. In the healthy brain, the BBB
preserves normal brain function by maintaining a homeostatic neuronal environment [67].
This highly selective barrier prevents exposure of brain tissue to many possibly harmful
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compounds. The selectivity of the BBB can be altered by pathological conditions such as
stroke, epilepsy and brain tumours [68,69]. High-grade tumours, such as GBM, have an
elevated metabolic demand which creates hypoxic regions within the tumour and leads to
abnormal angiogenesis. These abnormal vessels comprise the blood—brain tumour barrier
(BBTB). Although the BBTB is more permeable than a healthy BBB, it is still very
selective, rendering it impermeable to many chemotherapeutic agents [69]. The permeability
of the BBB and BBTB can be increased with exposure to RT [70]. Treatment of GBM with
RT and adjuvant chemotherapy exploits this phenomenon. After a period of time following
RT, both the BBB and BBTB return to pre-treatment permeability levels [71].

Direct intratumoural administration of MNPs is preferred for MHT of GBM due to the high
localised accumulation of MNPs that is required for sufficient heat generation in tumours
and efficacy. In a phase Il study of MHT in patients with recurrent GBM, MNPs were
stereotactically injected directly into tumours [58]. Concerns of MNP leak back have
questioned this method of direct delivery for GBM.

Convection-enhanced delivery (CED) is a local delivery method that has many advantages
for GBM therapy applications, including MHT. CED, which was first proposed by Bobo et
al., allows a therapeutic to be directly delivered to a specific intracranial region [72]. CED is
typically achieved by implantation of one or more catheters in the brain parenchyma to
perform a pressure-dependent infusion at a constant predetermined flow rate controlled by
an external pump [73-75]. Most regions of the brain are accessible via CED [76-78]. CED
bypasses the BBB and results in robust local accumulation of a therapeutic in the brain
parenchyma while avoiding systemic exposure and minimising toxic effects. However, the
heterogeneous nature of GBM complicates the uniform delivery of therapeutics, as some
tumour regions may metabolise a therapeutic at a faster rate compared to other tumour areas
[79]. In some instances, leak back (reflux) of the therapeutic may occur. Reflux is
counterintuitive to the principles of CED, and if an increase in infusion volume is
subsequently attempted, an increase in distribution volume will not be observed [74].

MNPs are ideal candidates for CED application. Their small size allows for optimal
distribution within the target brain region. With real time MR imaging, MNP delivery into
the brain by CED can be closely monitored and adjusted in case of non-optimal catheter
placement or reflux along the catheter tract [73,76,80]. MHT is often performed with iron-
oxide MNPs (IONPs) due to their high heating capacity [81]. Examples of IONPs include
magnetite and its oxidised counterpart, maghemite [82,83]. IONPs delivered directly to the
rodent brain via CED can be visualised via MRI several months after treatment [84].
Intracranial MNP CED has been successfully performed in multiple rodent GBM models
and in healthy canines [84-87].

Magnetic nanoparticle toxicity

The toxicity of MNPs is dependent on a variety of factors including concentration, chemical
composition and physical properties such as size, shape and surface coating [88].
Idiosyncratic reactions can also lead to MNP toxicity. Different tissues metabolise MNPs at
varying rates resulting in variable toxicity [89]. A lower metabolic rate within a particular
tissue may lead to sedimentation of MNPs and a higher effective concentration, potentially
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leading to enhanced toxicity [90]. MNPs composed of gold, cobalt, nickel, cadmium, zinc
and silver can be more toxic than iron-oxide and titanium [88]. The size and shape of MNPs
is also important as larger molecules may aggregate, coagulate and evoke a toxic response
[88]. Surface coatings such as dextran can prevent coagulation and reduce MNP toxicity.

MNPs have been utilised as MRI contrast agents in many studies and their safety has been
demonstrated. In one study, labelling of haematopoietic and mesenchymal stem cells /n vitro
with 100 pg/ml ferumoxide (SPION MRI contrast agent) did not alter cell viability or
differentiation capacity [91]. In another study, human embryonic stem-cell-derived
cardiomyocytes labelled with ferumoxide at a concentration of 50 pug/ml were not shown to
have any reduction in cell viability compared to stem cells not labelled with IONPs [92].
Furthermore, in a U87 rat glioma study, no evidence of animal toxicity was found after
systemic administration of 5 or 25 pug of ferumoxtran-10 (dextran-coated ultra-small SPION
MRI contrast agent) [93]. Intracranial CED of MNPs has been safely applied to rodent GBM
models with no reported short- or long-term side effects [84,86,87].

Few human studies have reported significant adverse effects of MNPs [88,94]. In a review of
37 phase I to 111 ferumoxtran-10 clinical studies (1777 total participants), the most common
mild side effects after intravenous MNP administration were back pain, pruritus, headache
and urticaria [95]. In seven cases, however, severe side effects were observed such as
anaphylactic shock, chest pain, dyspnoea, skin rash, decreased oxygen saturation and
hypotension. Application of MNPs for MHT in GBM patients was associated with side
effects such as sweating, tachycardia, short-term blood pressure fluctuations, mild
headaches, seizures and worsening of already-existing hemiparesis [58,64]. Due to the
limited amount of data on MNP toxicity in humans, more studies are necessary to determine
the side effect profile of MNPs when they are delivered to the human brain.

Magnetic hyperthermia therapy effectiveness

A limited number of studies have explored the application and efficacy of MHT with /n vitro
and /n vivo glioma models. The characteristics of these studies are summarised in Tables 1
and 2.

In vitro studies—The antitumour effect of MHT on gliomas has been studied for the past
twenty years. One group reported the use of magnetite cationic liposomes (MCLs) to
generate intracellular HT in T-9 rat glioma cells /in vitro [96]. An optic fibre thermometer
was placed at the centre of the gel. Complete tumour cell death was observed after 40-min of
MHT application at 43 °C. In their second /n vitro study, they found that MHT induced
HSP-70 expression in the cancer cells [97]. After 30-min of MHT at 42 °C, the T-9 glioma
cells displayed cell apoptosis and necrosis. The necrotic cells were purified to extract
HSP-70 which was subsequently implanted into rats to confer immunity against a T-9
glioma challenge. More recently, another group used polyethylene glycol-based magnetic
hydrogel nanocomposites to produce a pronounced heating effect (60.7—79.6 °C) on M059K
GBM cells, resulting in thermoablation of the cells [98]. The surface temperature of the gel
was monitored using an infra-red camera. A third group demonstrated the apoptotic and
necrotic effects of MHT J/n vitro on U251 glioma cells [99]. Iron oxide MNPs were utilised
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for MHT application and a digital thermometer was used every 5-min for temperature
recording. A statistically significant inhibition of glioma cell proliferation with a
concentration-dependent relationship to the IONP concentration was reported.

Animal studies—The earliest results of MHT application in an animal glioma model were
published in 1997 [21,100]. In this preliminary /n vivo study, MCLs were incubated with T-9
rat glioma tumour cells for 8 h before subcutaneous implantation into the femoral region of
rats [100]. After three 60-min MHT sessions applied at intervals of 12 hours, all the glioma
cells were killed. A subcutaneous fibre optic thermometer was used for intratumoural
temperature measurements. In a later study, the same group subcutaneously implanted T-9
rat glioma cells into the femoral region of rats followed 11 days later by intratumoural
injection of MCLs using an infusion pump [101]. The first MHT session was performed 24-
h after the MNP infusion for 30 min. MHT was repeated up to two more times at additional
24-h intervals. Complete tumour regression was found in the majority of tumour bearing rats
from the groups receiving two or three MHT sessions.

The same group published a third study demonstrating the induction of CD8 and CD4 T
cells following MHT treatment in two groups of rats [102]. After T-9 rat glioma cells were
subcutaneously implanted in the femoral region, the first group received no MHT (control
group) while the second group received 30-min of MHT every day for three days (treatment
group). Close to 90% of the rats in the treatment group had complete tumour regression
while the remaining animals had a significant reduction in tumour size. The rats that had
complete tumour regression underwent a second subcutaneous implantation of T-9 cells
three months later in the right femoral region. These mice demonstrated reduced tumour
growth compared to the control group. In their fourth study, this group demonstrated that T-9
rat glioma cells subcutaneously implanted into the femoral region released tumour-specific
HSP-70 following MHT [97]. After 3 weeks of weekly 30-min MHT sessions at 42 °C, the
rats that were immunised with T-9-derived HSP-70 had significantly reduced tumour growth
compared to the rats that received no immunisation. The same research group also used an
athymic nude mouse heterotopic glioma model to test a tumour specific antibody-conjugated
magnetoliposome which can target glioma cells both /in vitroand in vivo [103]. In this study,
U251-SP cells were subcutaneously implanted into the femoral region of mice followed by
injection of MCLs. Both the control group and treatment group received MCLs, but only the
treatment group underwent MHT. MHT was performed daily for 30-min intervals over three
days. Two weeks after MHT, there was no tumour growth in the treatment group, whereas
the control group exhibited tumour progression.

The same group then utilised stick type carboxymethylcellulose (CMC) magnetite to test
MHT efficacy in an orthotopic rat glioma model [104]. The temperature of the tissue
beneath the scalp was measured with a fibre optic probe. The CMC-magnetite stick had a
higher concentration of magnetite compared to the MCLs and had an improved targeting
ability. T-9 rat glioma cells were intracranially implanted in rats. Eight days later, 2 0.5 cm
CMC-magnetite stick was implanted into the tumour. The first 30-min MHT session was
administered 24-h after CMC-magnetite stick implantation. Animals underwent up to three
MHT sessions, with rats that received three sessions having a significantly prolonged
survival compared to animals that received no treatment or one MHT session.
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A second group has also utilised an orthotopic rat glioma model (RG-2 rat glioma cells)
[54]. MNPs were deposited intratumourally via CED on day 4 post-tumour implantation
followed by two 30-min MHT sessions on days 4 and 6. A single fibre optic temperature
probe was inserted into the tumour via a catheter. Intratumoural temperatures of 39-47 °C
were achieved during the MHT sessions. Carboxydextran-coated and aminosilane-coated
IONPs were both used for MHT. The treatment group that received the aminosilane-coated
IONPs and MHT demonstrated a significant decrease in tumour cell proliferation, large
regions of tumour necrosis, and increased overall animal survival. This is an indication that
the MNP coating plays an important role in MHT efficacy. A reactive astrogliosis, but no
neuronal degeneration, was observed in brain tissue adjacent to the MHT treated tumours.

The efficiency of MHT after direct infusion of maghemite NPs was demonstrated in an
extracranial rat glioma model [105]. C6 glioma cells were extracranially implanted into rats
and allowed to grow for 14 days before inoculation of the maghemite MNPs. MHT was then
performed for 20 min. Temperature measurements were not performed in this study. After
treatment, histological analysis of the animal’s brain revealed extensive tumour tissue
damage and dissolution.

In a more recent /n vivo MHT study, U251 human glioma cells were implanted into the right
lower limb of rats [99]. Rats in the control group did not receive MNPs or MHT. Rats in the
first treatment group received MNPs at a concentration of 4 mg/ml without MHT. Rats in the
second treatment group received MNPs at concentrations of 2-8 mg/ml with MHT.
Temperature measurements were not reported in this study. All animals were sacrificed two
weeks after MNP implantation and their tumours were analysed histologically. The tumours
from the second treatment group receiving the highest concentration of MNPs (8 mg/ml) had
more significant haemorrhage and tumour necrosis.

Magnetic hyperthermia therapy in combination with adjuvant therapies—The
addition of adjuvant treatments to MHT, such as RT and chemotherapy, can have a
synergistic effect against GBM. The general principles of radio- and chemosensitisation
described earlier for HT also apply to MHT.

Combination of MHT with chemotherapy and/or RT has already been studied to a limited
extent [106,107]. Phase | and 1 studies of MHT in combination with RT have been
performed in patients with recurrent GBM (see below).

Fe(Salen) NPs are a type of MNP that have intrinsic chemotherapeutic and heating
properties [108]. Their chemotherapeutic effect can be exhibited regardless of AMF
exposure. In a chemotherapy and MHT combination study, Fe(Salen) NPs were used to
generate heat under AMF influence [106]. U251 human glioma cells were implanted into the
legs of female nude mice followed by stereotactic implantation of Fe(Salen) NPs,
carmustine (BCNU) or saline at a volume of 10 pl. Temperature measurements were
obtained using a subcutaneous fibre optic thermometer. An AMF was applied for 20-min
and temperatures above 43 °C were observed in the Fe(Salen) NP group, whereas the
measured temperatures in the other two groups did not exceed 38 °C. The mice in the
Fe(Salen) NP group demonstrated the least tumour growth among all the treatment groups
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exposed to an AMF. Fe(Salen) NPs were found to generate reactive oxygen species and
reduce tumour cell viability in a dose dependent fashion after exposure to an AMF.

In another study, U251 human glioma cells were initially treated /n vitro with silver
nanocrystals (AgNPs), maghemite MNPs or a combination of both, followed by RT and
AMF treatment [107]. All treatment groups received 0-6 Gy of RT and were then exposed to
an AMF for 15 min. A fibre optic temperature sensor was used to monitor the temperature.
A temperature of 42 °C was reached in the groups receiving MNPs and AMF treatment. The
tumour cells that were treated with a combination of AgNPs and MNPs followed by the
highest dose of RT and subsequent AMF exposure revealed the lowest overall tumour cell
survival. AgNPs were used in combination with MNPs to produce an enhanced cytotoxic
effect when simultaneously exposed to an AMF after RT. The additional cytotoxic effect
observed with AgNPs was attributed to the intracellular translocation of silver ions which
interfered with post-IR and post-MHT cellular repair processes along with induction of
Go/M cell phase arrest.

MHT has additionally been used in combination with gene therapy in a heterotopic rodent
glioma model [109]. In this study, U251-SP human glioma cells were implanted into the
right flanks of female athymic mice followed by intratumoural injection of a pGadTNF
plasmid containing the human tumour necrosis factor alpha (TNF-a) gene under the control
of the growth arrest and DNA damage (gadd) 153 promoter. The gadd 153 gene has
previously been described as a DNA damaging reagent [110]. MCLs were then injected
intratumourally followed 24-h later by 30 min of AMF exposure. Intratumoural temperature
was monitored using a fibre optic probe. MHT was maintained at 46 °C during the entire
treatment duration. Combination of gene therapy and MHT resulted in higher levels of TNF-
a expression and virtually no tumour growth compared to the other treatment groups in
which gene therapy or MHT were administered alone. The increased TNF-a levels observed
after the combination therapy were attributed to the MHT-induced intratumoural activation
of the TNF promoter.

AMF generators for GBM applications

For MHT application, an external AMF generator is required. A common feature among the
different AMF generators that have been designed for MHT is the solenoid coil [111]. When
the target region is placed within the coil, it is subjected to a uniform AMF field. Many
groups have designed their own solenoid coils, but commercially available coils also exist
for AMF generation (e.g. Nanoscale Biomagnetics, Zaragoza, Spain; Magforce
Nanotechnologies AG, Berlin, Germany) [54,100,112,113]. The same type of coil used for
in vitro or in vivo experiments can be built larger to accommodate humans. Some limitations
of simple solenoid coils are that a uniform magnetic field is provided for only a limited
volume within the coil, and they can have asymmetric field distribution through transverse
planes [114]. One group has designed an improved solenoid coil that has a higher efficiency
and homogenous field uniformity within a volume of interest [114]. This coil has wide
planar turns, magnetic concentrators on both ends, and wider leads for reduced power and
voltage losses. As described earlier, thermal modelling is necessary to determine the
appropriate field parameters for maximal treatment effect.
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In Europe, a novel hyperthermia and thermoablation system (MFH 300F NanoActivator®;
MagForce Nanotechnologies AG, Berlin, Germany) has been approved for clinical
application of MHT including use in GBM patients [58,64,115-118]. The treatment area of
the AMF applicator has a diameter of 20 cm, a magnetic field strength of up to 18 kA/m, and
a field frequency of 100 kHz [115]. A prototype of the machine demonstrated energy
absorption rates that are sufficient for either hyperthermia or thermoablation [115]. The
generator is used in conjunction with a proprietary temperature simulation software for
treatment planning (NanoPlan®; MagForce Nanotechnologies AG, Berlin, Germany). The
distribution of the injected MNPs is measured by CT scan. A three-dimensional image
which includes the tumour, the MNP deposits and the thermometry catheter is generated.
The BHTE is used to provide an estimate of the temperature distribution in the tumour area
for a given AMF amplitude. Alteration of the AMF parameters can result in simulation of
different treatment plans and is used to determine the optimal AMF amplitude to achieve the
desired temperature distribution within and around the tumour [119].

Quality assurance guidelines for proper superficial HT have been published by the European
Society for Hyperthermic Oncology (ESHO) [120,121]. These guidelines identify clinical
conditions which ensure efficacious HT for a given tumour volume [120]. ESHO guidelines
also include detailed instructions on proper documentation of HT applicator performance to
generate reproducible HT treatments of uniformly high quality [121].

Although the clinical use of AMF generators is mostly regarded as safe, the upper limits of
the magnetic field that can be safely tolerated by humans are not accurately defined [122].
The Brezovich criterion refers to self-imposed limits that were initially created to minimise
any potential harm from the use of AMF generators in humans [123]. More recently, a new
upper limit was hypothesised that was one order of magnitude greater than the Brezovich
criterion [124]. However, only healthy volunteers were used to establish both criteria. These
limits depend on specific magnetic field parameters (e.g. field frequency and amplitude) and
tissue properties (e.g. conductivity and volume exposed). Therefore, the proposed limits
should not be substituted for the proper measurement of clinical tolerability under
therapeutic conditions [125]. Currently, most MHT applicators approved for human use
generate magnetic fields with a frequency range of 0.05-1.2 MHz and an amplitude range of
0-5 kA/m [125]. However, in the clinical trials where MHT was used in the treatment of
GBM patients, an AMF with intensity of 18 kA/m and frequency of 100 kHz was safely
applied to the brain in multiple sessions.

Magnetic hyperthermia therapy in clinical trials

A small number of clinical trials using MHT as a treatment modality have been conducted in
GBM patients in recent years, and they have promising results (Table 3). In a phase | study,
14 patients diagnosed with primary or recurrent GBM received combination therapy of RT
and adjuvant MHT [64]. Aminosilane-coated superparamagnetic IONPs at a concentration
of 112 mg/ml were directly injected into the non-resected tumours under stereotactic
guidance. The median injected volume was 3.0 ml which corresponded to a median of 0.2
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ml of MNPs per ml of tumour volume. MHT was performed for 60-min twice a week for an
average of six sessions. The AMF used for MHT had a frequency of 100 kHz and a variable
field strength of 2.5-18 kA/m. A closed-end thermometry catheter was placed in the tumour
area after injection of the MNPs. The average intratumoural temperature reached was

44.6 °C. RT was administered at single fractions of 2 Gy for a median total of 30 Gy.
Treatment safety with no major side effects or neurological deficits was demonstrated. The
MNPs generated localised HT, and local tumour control was achieved. In the first post-
mortem study of three patients with GBM who underwent MHT, MNPs and their aggregates
were mainly internalised by macrophages within the tumour mass and to a lesser degree by
GBM cells [126]. The bulk of the MNPs were aggregated in the necrotic tumour mass with
macrophages responsible for phagocytosis of the particles present at the aggregate borders.
It was suggested that internalisation of MNPs by macrophages can be promoted by MHT
application. It can be inferred from these findings that macrophages play an important role
in the clearance of MNPs within GBM. No adverse effects from the injected MNPs were
observed.

In a larger phase Il study involving 59 patients with recurrent GBM, RT combined with
MHT resulted in a significantly prolonged overall survival following diagnosis of tumour
recurrence compared to a reference group [58]. The median overall survival following
primary tumour diagnosis was also prolonged. IONPs were directly injected intratumourally
under stereotactic guidance at a concentration of 112 mg/ml with a median volume of 4.5 ml
corresponding to a median concentration of 0.28 ml of MNPs per ml of tumour volume. The
AMF parameters and the treatment plan used were identical to those applied to the phase |
study, and an average intratumoural temperature of 51.2 °C was achieved during MHT. No
long-term side effects were observed except for temporary worsening of already-existing
hemiparesis in approximately 20% of patients. Key parameters of iron metabolism were
analysed before and after delivery of the MNPs in a subset of patients. No evidence was
found that the infused iron was released from the tumour mass or metabolised in the liver. In
Europe, these findings led to the approval of a MNP compound (NanoTherm® AS1;
MagForce Nanotechnologies AG, Berlin, Germany) for MHT application in combination
with RT in patients with recurrent GBM [119].

One patient who underwent surgical resection of a recurrent GBM tumour developed new
clinical symptoms 14 weeks after receiving six 1-h MHT sessions with NanoTherm® and
concomitant RT [127]. A CT scan of the brain revealed a ring-enhancing lesion in the
resection cavity with extensive surrounding oedema indicative of an abscess. A subsequent
surgery was performed to remove the lesion, and histopathology revealed sustained necrosis
and a large amount of the injected MNPs without any signs of tumour recurrence. Negative
results from microbiological testing and the detection of a variety of immune cells led the
authors to conclude that MHT in combination with RT can result in a strong inflammatory
response within the resection cavity with imaging characteristics similar to an abscess [127].

Current drawbacks to magnetic hyperthermia therapy in humans

A few drawbacks have been reported regarding MHT use for patients with GBM. One
drawback is the removal of dental fillings, implants and crowns, as well as other metallic
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materials within 40 cm of the treatment area prior to AMF exposure [58]. Implantation of
pacemakers and defibrillators is a contraindication due to the electromagnetic interference
caused by an AMF [128]. Another drawback is the inability to monitor the tumour response
to treatment by MRI due to artefacts generated by the high concentration of the injected
MNPs. Instead of MRI, fluoroethyl-tyrosine positron emission tomography/computerised
tomography (FET-PET/CT) and single-photon emission computerised tomography (SPECT)
can be used to monitor tumour growth and recurrence in these patients [58,127]. However,
MRI can still detect new tumour lesions either outside the MNP deposit areas or in the
contralateral brain hemisphere. Furthermore, as discussed before, stereotactic injection may
not be the best delivery option for the MNPs due to anecdotal reports of leak back of the
MNPs along the stereotactic site and inadequate distribution within and around the tumour
area. Despite these drawbacks, the benefits seen in the limited number of clinical trials using
MHT as a treatment modality for GBM patients indicate that MHT may have a larger impact
in the future care of GBM patients.

Some obstacles remain for optimal MHT application in GBM, such as accurate
intratumoural heating and precise temperature control at the tumour site [129]. Accurate
local heating within the tumour mass should be ensured, as extreme temperature elevations
may lead to damage of surrounding healthy brain tissue and insufficient tumour heating may
lead to inadequate treatment and subsequent tumour recurrence. Single point thermometry
makes it difficult to quantify the average temperature increase of an entire tumour mass,
especially with larger tumours, as their temperature change may not be homogenous.
Multiple point thermometry is hindered by the high spatial resolution (<0.5 cm) that is
necessary for accurate temperature modelling [130]. Blood vessels in the tumour region
further complicate accurate temperature modelling as they lead to irregular cooling caused
by blood flow in the treatment field and temperature nonuniformity [130]. Another obstacle
is the presence of the thermal conductivity-associated temperature gradient at the AMF
boundary.

These obstacles can be potentially overcome with shorter duration, higher-temperature MHT
sessions [131]. Even with proper delivery of MNPs, the fluid nature of the infusate along
with the small size of each individual MNP leads to the potential for redistribution of the
MNPs after MHT [132]. Accurate targeting and localisation of the MINPs to the tumour site
should be improved, as it is essential in mini-mising any possible adverse effects that may
arise from the heating of eloquent areas within the brain. A temperature feedback control
system that adjusts the AMF parameters in real-time may overcome some of these obstacles,
however, single-point thermometry would lead to inaccurate thermal dose calculations [18].
The biophysical and biochemical properties of MNPs used for MHT, such as size and
coating, as well as the AMF parameters, such as frequency and field amplitude, should also
be considered and adjusted for optimised GBM therapy [129].

Future direction of magnetic hyperthermia therapy

Despite the demonstrated efficacy of MHT /n vitro, in animal models, and in humans, many
obstacles remain that have hindered this therapeutic modality from becoming part of the
standard of care for patients with GBM. The key to overcoming these obstacles is the
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development and utilisation of MNP constructs that generate sufficient heat at lower
magnetic field amplitudes which are clinically relevant. A lower concentration of iron may
permit the use of MRI for follow-up in GBM patients vs. CT due to decreased field
inhomogeneities. A MNP construct that demonstrates high heating efficacy at lower field
strengths may obviate the need for removal of dental fillings, crowns and implants prior to
MHT. Delivery of MNPs to the tumour site is an additional challenge. CED appears to be
the most efficient delivery method for application to GBM due to its localised concentration
and reduced backflow of the MNPs. CED may additionally allow for a larger and more
homogenous distribution of MNPs within the tumour. However, more work is necessary to
ensure uniform distribution of the MNPs intratumourally, including a better understanding of
their kinetics. Targeted MNPs may also permit more efficient targeting of tumour cells and
improved MHT efficacy. Significant MHT modifications can be translated to further
increased antitumour efficacy and the future use of this treatment modality in combination
with other adjuvant therapies as part of the standard of care for GBM patients.

Conclusions

GBM has remained a formidable treatment challenge despite advances in surgery, RT and
chemotherapy. MHT was first explored as a cancer treatment in the 1950s and has already
been approved in Europe within the past 5 years as a treatment modality for patients with
recurrent GBM. The MNPs used for MHT applications allow for a tumour-specific and
prolonged therapeutic effect. Additionally, MHT can sensitise tumour cells to adjuvant
therapies including RT and chemotherapy. These findings hold great promise and allow for
further consideration of MHT as an adjuvant therapy for GBM in the United States.
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Figure 1.
MHT in a patient with a malignant brain tumour. (A) Following the delivery of MNPs to the

tumour site, the patient’s head is positioned within an AMF generator. (B) Heat is produced
(circles) by MNPs (small spheres) mainly through magnetic hysteresis losses. (C) The
localised delivery of MNPs (small spheres) via convection-enhanced delivery (CED) results
in a high concentration of MNPs in and around the tumour site. (D) The uptake of MNPs
(small spheres) by tumour cells (large structures with a dark center) and macrophages (not
shown) results in an enhanced cellular response to heat. Adapted from [46].
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