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ABSTRACT

Magnetic nanoparticle hyperthermia (MNH) is a promising nanotechnology-based cancer thermal ther-
apy that has been approved for clinical use, together with radiation therapy, for treating brain tumors.
Almost ten years after approval, few new clinical applications had appeared, perhaps because it can-
not benefit from the gold standard noninvasive MRI thermometry technique, since static magnetic
fields inhibit heat generation. This might limit its clinical use, in particular as a single therapeutic
modality. In this article, we review the in vivo MNH preclinical studies, discussing results of the last
two decades with emphasis on safety as a clinical criteria, the need for low-field nano-heaters and
noninvasive thermal dosimetry, and the state of the art of computational modeling for treatment plan-
ning using MNH. Limitations to more effective clinical use are discussed, together with suggestions for
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future directions, such as the development of ultrasound-based, computed tomography-based or mag-
netic nanoparticle-based thermometry to achieve greater impact on clinical translation of MNH.

Introduction

Thermal medicine is an area of research that investigates the
benefits of heat delivery for the treatment of diseases.
Distinct heat generation technologies are used for this pur-
pose, as for instance radio frequency ablation (RFA), micro-
wave ablation (MWA), high intensity focused ultrasound
(HIFU), photothermal therapy (PTT), magnetic nanoparticle
hyperthermia (MNH), among others [1]. PTT and MNH has
also been allied with nanostructures, where gold and/or iron
oxide nanoparticles play a role [2-4]. With PTT, heat gener-
ation occurs as a result of the interaction of non-ionizing
electromagnetic radiation with the nanostructure, while in
MNH the alternating magnetic field (AMF) interacts with the
nanoparticle’s magnetic moment.

More specifically, one can show, using Maxwell's equa-
tions, the first law of thermodynamics, and Poynting’s the-
orem, that for electromagnetic-based heat generators the

heat loss (Q) per cycle is governed by the following equation

[51:
i;gézj(%E.jdt_#;ﬁ.df_uoi;/[/l'-dl:?)dV' (1)

v

where E, J, P, Hos M and H represent respectively, the elec-
tric field, free density current, electric polarization, vacuum
magnetic permeability, magnetization and magnetic field.
The first term is the free-current loss (also known as eddy

current loss), while the second is the dielectric loss, and the
third is the magnetic hysteresis loss.

The effect from PTT is due to the second term, where the
electric field of the nonionizing radiation can induce electric
polarization or interact with a permanent polarization, which
depends on the type of nanomaterial utilized. On the other
hand, MNH is related to the third term. At low-field ampli-
tudes, where the linear response theory applies, both contri-
butions scale with the square of the field amplitude (electric
or magnetic), the frequency and the imaginary susceptibility
(electric or magnetic). This is interesting, because it clearly
indicates that only if there is an out-of-phase term will heat
be generated due to hysteresis (electric or magnetic). This
means that P and M should be out-of-phase with the excita-
tion fields, E and FI, in order to generate heat. In addition,
the kind of polarization, induced or permanent, will indicate
the imaginary susceptibility expression. For example, induced
polarizations might be modeled using the Lorentz model
(driven harmonic oscillator model), while permanent dipoles
might use Debye’s model [6]. Obviously, for high field ampli-
tudes, linear response theory (LRT) does not apply anymore,
but still the hysteresis argument prevails [7,8].

We also emphasize that the terms ‘high’ and ‘low’ field
amplitude are strongly related to the anisotropy field (Hy)
and the frequency of the external applied AMF in MNH.
Some authors claim that deviations from LRT occur for H >
Hi, while others argue that it becomes clear at H > 0.2Hy
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[8,9]1. On the other hand, most of in vivo MNH studies are
performed (see Table 2) at 100 kHz-500 kHz. In this frequency
range, the free current loss, that scale with the square of
both field amplitude and frequency, needs to be taken into
account, since it can be responsible for the nonspecific heat
of the patient’s body-part exposed to the AMF. This imposes
a safety criteria for clinical applications [24-26] and will be
properly discussed later in the text. For instance, at 300 kHz
one can understand low-field AMF amplitude when H <
16kA.m~" (rms values), considering the less strict Dutz-Hergt
criteria [25].

Thermal therapies which promote localized heat delivery
to target tissues have shown very important applications on
oncology, and derive mostly from studies related to syner-
getic effects with chemo and radiotherapy in the hyperther-
mia range (40-46°C) [27]. The biological benefits include the
increase in blood flow and vessel permeability during heat-
ing (which enhances the oxygenation in the heterogenous
tumor microenvironment, thus improving the efficacy of
radiotherapy (RT)), accompanied also by an increase in the
fluidity and permeability of membranes (which enables the
delivery of a higher amount of chemotherapeutic drugs to
the cancer cells). Furthermore, heat also affect the DNA-
repair mechanism that can induce apoptosis and, even more
importantly, might have a great impact in the activation of
the immune system [28]. Indeed, the heat-induced immuno-
logical response mechanism is still under debate, but it is
clear now that both hyperthermia and ablation (> 48°C) can
induce and even improve cancer immunotherapy [29]. Both
thermal nanomedicine therapies, PTT and MNH have shown
evidence of immune response, in some cases due to the
induction of immune cell death [4,13,30]. Nevertheless, the
success for such biomedical applications depends strongly
on adequately monitoring heat delivery inside the region of
interest (ROI), eg., the tumor and surrounding
healthy tissues.

With PTT, more specifically that using gold nanostructures,
the magnetic resonance imaging (MRI) thermometry has
been successfully applied [31]. Unfortunately, with MNH that
uses magnetic iron oxide-based nanoparticles (MIONP), one
cannot take advantage of the gold-standard thermometry
technique, since the high DC field is not compatible with the
mechanism of heat generation by hysteresis loss [2,32]. This
is still an important challenge to be overcome and might be
responsible for the limited clinical applications of MNH. Over
the last 10years, MNH has been approved only to treat brain
tumors, when applied together with radiation therapy. There
is, as far as we know, no stand-alone MNH therapy applica-
tion in the clinic, although clinical studies are underway (in
2018 MagForce was approved to start a prostate cancer clin-
ical study using MNH in USA) [33].

The focus of this review is MNH, in particular, we are
interested in evaluating the challenges of treatment planning
and the monitoring of magnetic nanoparticle ablation appli-
cations. In this context, we start by reviewing in vivo MNH
preclinical studies from the last two decades, with an
emphasis on the clinical safety criteria for the application of
AMF in humans in order to avoid non-desirable thermal
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tissue injuries. In this review, we focus on results that use
heat alone for the treatment of solid tumors; the combined
therapies (radio, chemo, etc) although important, are beyond
the scope of this article, but relevant publications on this
issue can be found in the literature [23,34-40]. Our study
indicates that most of the published results are outside the
acceptable clinical range, indicating the necessity for low-
field magnetic nano-heaters. Therefore, we include a section
reviewing some of the most promising material-based
approaches to achieve this goal, where multicore nanostruc-
tures, for example nanoflowers, seems to play a role.
However, we will show that there is still a lack of in vivo
studies with such particles. Moreover, in our modest opinion,
these material-like strategies alone are not enough to
achieve more applications in the clinic, so a section discus-
sing the importance of developing noninvasive thermal dos-
imetry is introduced. The concepts in this section are very
common to thermal medicine scientists, but usually are not
adequately considered by colleagues in the materials-like sci-
ence community. So, one of the purposes of this article is to
close the gap existing between such important communities.
Anyway, the concepts are crucial for determining the intratu-
moral thermal dose. With that in mind, we then evaluate
several computational modeling articles from the literature
about in vivo MNH. From this analysis, we identify several
limitations on most of the simulations that are due to non-
realistic assumptions. This leads us to a discussion about the
importance of improving the numerical simulations for
in vivo MNH treatment planning. Finally, after discussing sev-
eral limitations of MNH, we point to some future directions
that we believe could help to achieve the goal of more
effective clinical applications of MNH. These are expected to
include not only MNH'’s great potential as a single platform
for tumor ablation, and not necessarily needing to be com-
bined with another standard therapy, but also the three-
dimensional localized heat-triggered release of therapeutic
agents for enhanced heat-induced immunological responses.

The challenge of real-time and precise
determination of intratumoral heating during
in vivo MNH

MRI thermometry and limitations for MNH

In the clinic, the most important technique for noninvasive
temperature monitoring is magnetic resonance imaging
(MRI), where the proton resonance frequency (PRF) mapping
method is usually preferred [41,42]. This technique has been
used in PTT preclinical studies [31] and might be useful in
the clinic to monitor prostate cancer ablation, or in other
cancers [3]. However, improvements on MRI temperature
monitoring might still be necessary since tissue overheating,
due to inaccurate magnetic resonance thermometry, has
been recently mentioned by the U.S. Food and Drug
Administration (FDA) in PTT applications [3]. Independent of
that, MRI thermometry for example when used together with
HIFU, make this approach the gold standard for
thermometry.
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On the other hand, MIONPs are excellent MRI contrast
agents and they have been extensively investigated with sev-
eral FDA-approved formulations for improving the diagnosis
of a wide range of diseases [43-45], with great emphasis on
cancer [46] and cardiovascular illnesses [47], by the more
precise detection of primary and metastatic prostate [48] and
brain tumors, as well as identifying inflammation, and ische-
mia [49]. It is natural to expect that MNH will also benefit
from MRI thermometry.

Unfortunately, MRI at least with present technology, can-
not be used in combination with MNH, because the static
magnetic field inhibits the rotation of the magnetic moment
of the nanoparticles, and therefore does not promote heat
generation [2,32]. Furthermore, the presence of MIONP in
biological tissues modifies the magnetic field properties in its
vicinity, leading to a dipolar coupling between the magnetic
moments of water protons and the magnetic moments of
MIONPs, driving a faster dephasing of the water proton spin
ensemble, resulting in a lower transversal relaxation time T,
signal intensity (inversely proportional to the amount of
MIONP present) [44]. Since physiological and pathological
changes in the tissue environment, due to temperature and
viscosity, can also affect MRI T,-mapping, it is clear that dis-
tinguishing the contribution of only the temperature is a
very difficult task by this technique, for MIONP concentra-
tions above 1 Mge)g ' issue) [50,511.

Moreover, concerning the current clinical applications of
MNH, intratumoral injections of MIONP usually use highly
concentrated samples (50-100Mge.g ' of tumor) [52,53],
probably to compensate their low Specific Loss Power (SLP)
capacity under a safe and low AMF-amplitude. The presence
of MIONP might inhibit the precise delineation of patho-
logical structures, as well as the localization of the nanopar-
ticles within the tumoral mass, due to introduction of image
artifacts related to negative contrast, since areas with high
concentrations of MIONP appear dark on MRI images [44].
This even compromises the monitoring of the tumor
response (growth or recurrence) after the heating therapy
due to MNH, since it is only possible to detect tumoral
lesions outside the MIONP deposit region [54]. Instead of
using MRI, interesting results that determine the localization
of MIONP (after intratumoral injection) were obtained using
x-ray computed tomography (CT) [55-58], even for the high,
greater than 1Omg(Fe).g’1(ﬁssue), concentrations typically
applied [51]. Likewise, fluoro-ethyl-tyrosine positron emission
tomography/computed tomography (FET-PET/CT) and single-
photon emission computed tomography (SPECT) techniques
can also be used to monitor tumor evolution in the living
organisms after the MNH procedure [54].

At the present moment, real-time temperature monitoring
during MNH is obtained using fiber optic thermometers that
are invasively inserted inside the tumor [52], but many
patients cannot support these probes [59]. Furthermore, this
approach reveals only the local temperature and this might
not be adequate to judge the success of the heat treatment.
In addition, it should be noted that until now MNH therapy
is efficiently performed only after the direct intratumoral
injection of the nanoparticles, and there are no consistent

results reported in the literature using systemic delivery of
the nano-heaters to reach target tissues in therapeutic
amounts [60]. After intratumoral injection, the nanoparticle
distribution depends on several parameters, such as the
tumor type (e.g., morphology, vascularization, size, etc.),
injection velocity, among others [3,39,57,61]. Several articles
in preclinical and clinical studies indicate that the nanopar-
ticles  distribute  non-uniformly  within  the  tumor
[39,52,57,61,62]. Therefore, heat generation is expected to
occur heterogeneously within the tumor, which implies that
the intratumoral heat dose determination, based on the cur-
rent clinical approach of using only a few fiber optic ther-
mometers that are invasively inserted inside the patient’s
tumor [52,53], might not be accurate. Obviously, this
approach would limit the clinical use of MNH, since the
patient’s outcome is strongly dependent on the heat dose
delivered [59].

Potential thermometry techniques for in vivo MNH:
limitations and advantages

So far, clinical studies in MNH have focused mainly on inva-
sively inserting fiber optic thermometers to determine the
thermal dose, while in preclinical investigations one can also
find surface temperature measurements using infrared
thermometry (IRT). Indeed, more recently many preclinical
studies have reported the use of infrared thermographic
cameras (IR Cam) for monitoring temperature during hyper-
thermia [45,63-66]. It is a noninvasive imaging technology
with promising biomedical applications, which has already
been used in the early detection of breast tumors [67-70]
and melanoma [71], and thus avoiding unnecessary biopsies.
However, this methodology needs to be properly employed
or it may result in gross errors in determining the tempera-
ture of a region of interest, or even lead to a false positive
or a false negative diagnoses, for example, in distinguishing
between the heat generated by a precancerous or cancerous
lesion and the warming due to the metabolic heat of the
healthy tissues around the tumor, or even the difference
between heat exchanges due to superficial and deep vascu-
larization [71].

This kind of thermometry, and only in dealing with its
noninvasive application, i.e,, out of the context of any kind
of intraoperative thermal imaging during a surgical proced-
ure [72,73], has the limitation of being employed only for
superficial tumors (close to/or at the surface of the skin), as
for instance during PTT or MNH of a solid and subcutaneous
tumor after having received a direct injection of nanopar-
ticles [23,63-66,74-76]. Moreover, the real intratumoral tem-
perature achieved by the nano-heaters would not be
reported but, instead, the surface temperature due to the
heat transported from the interior of the tumor to the sur-
face through different tissue layers. Tumors that appear far
away from the surface cannot get any benefit from this tech-
nology, since heat transport affects the temperature at an
organ interface. In spite of these observations, IR technology
has the advantage of being noninvasive and is able to moni-
tor the temperature in real-time. However, the challenge is



to correlate the surface temperature measurements with the
intratumoral thermal dose due to the hyperthermia/ablation
procedure. This limits IR thermometry applications in the
clinic, so other accurate thermometry strategies compatible
with MNH are necessary.

Indeed, there are other thermometry techniques with
MNH under investigation, for example ultrasound thermom-
etry (UST), luminescent nanothermometry (LNT), and mag-
netic nanothermometry (MNT). Although none of these has
achieved clinic use so far, some of them have potential. For
example, phantom studies using ultrasound thermal strain
imaging (USTSI) during MNH was recently reported [77], but
this method might show limitations due to body movements
[78]. On the other hand, exploring ultrasound shear wave
imaging might be an interesting approach to couple with
MNH, since tissue elastic properties are temperature depend-
ent and do not show the limitations of USTSI [78]. Recently,
LNT was used during MNH [79] by developing a multicore
nanocarrier with MNPs and lanthanide-based nanoparticles
embedded in a PLGA matrix. Although this method can per-
form real-time temperature measurements, this near-infrared
optical approach is limited due to the deficient depth pene-
tration of the light. So, it is unlikely that LNT could achieve
more robust clinical applications. On the other hand, MNT
might be an interesting approach, since the magnetic field
does not have this restriction. MNT aims to determine tem-
perature through the measurement of the magnetic
response of the nanoparticles under AC field excitation, since
magnetization is dependent on the temperature as well as
on the magnetic relaxation terms (Brownian and Néel). In
this case, Magnetic Particle Imaging (MPI) technology
together with MNH shows encouraging results [80]. Here, the
most promising approach to temperature monitoring might
be the analysis of MPI harmonic signals [81]. Another inter-
esting technology that shows great promise for thermometry
clinical applications is the computed tomography based
thermometry (CTT) [82,83]. However, as far as we know, this
technology has not been used with MNH, so the proof-of-
concept has not been established yet. Obviously, all those
techniques have advantages and limitations. In Table 1 we
summarize some relevant information for several thermom-
etry strategies intended to be used together with MNH.

Now it might be relevant to properly define the concept
of thermal dose as a valuable tool for the better understand-
ing of the biological effects of heat on cells/tissues. The sub-
ject of in vivo precise thermometry will be retuned to in our
final considerations.

Thermal dosimetry

The analysis of the results found in the literature (in vitro
and/or in vivo), done in order to assess the effects of heat on
healthy or neoplastic cells/tissues, must always take into
account the time-temperature exposure profile of the
heated tissues.

Regarding the use of thermal therapies as adjuvants for
cancer treatment, and independent to the heating regime
applied  (from  mild-hyperthermia to ablation), the
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introduction of an objective thermal dose concept always
aims to establish a direct predictive relationship between a
number (dose value) and the correlated results of the bio-
logical thermal damage caused by heat (e.g. reversible or
irreversible functional damage that implies in partial or com-
plete tumor remission, respectively) [90]. The accuracy of any
mathematical approach, adopted to calculate the thermal
dose value associated with a given biological response, will
always be limited to the precision, in real-time, of the intra-
tumoral temperature mapping (where the ideal situation
would be its three-dimensional knowledge) of the heat deliv-
ered locally [59].

Mindful of the state of the art, it is very important to say
that the development of a mathematical approach for the
calculation of the thermal dose, which is universally accepted
by the scientific community as having predictive value for
obtaining a given clinical response, remains an open prob-
lem. Because of its importance, it even was the subject of a
special closing session (under the title: ‘House believes that
measurement of thermal dose is essential for thermal ther-
apy’) of the 12th International Congress of Hyperthermic
Oncology (held in April 2016, New Orleans, LA) and gathered
around this debate the most experienced researchers from
the Society for Thermal Medicine (STM), European Society for
Hyperthermic Oncology (ESHO) and Asian Society of
Hyperthermic Oncology (ASHO) [91].

The conversion of the time-temperature exposure profile
of heated tissues into a cumulative equivalent number of
minutes at a temperature of 43°C, known in the literature as
CEM43 [92-94], is the most widely used (but not the only)
thermal dose parameter concept employed to predict, or
analyze the effects/damages to cells/tissues upon exposure
to higher temperatures [59,90,95-97].

Indeed, this kind of proposition remotes to the classic
works of Sapareto et al. (between 1978 and 1984) who, by
carrying out cell viability experiments in vitro, evaluated the
effect of temperature and heating time on the capacity of
Chinese hamster ovary neoplastic cells (CHO-10B) to continue
to replicate their population by forming new colonies. In
their studies, the loss of this clonogenic ability due to ther-
mal exposure was identified as an outcome of cell death
[92-94]. The survival curves in this kind of experiment are
constructed as the logarithm of the ratio of the surviving cell
population S(T) (at a given constant temperature T) over the
number of clonogenic cells at the beginning of the heating
Ny, depending on the heating time interval, that is, the log
[S(T)/Nol xt. In clonogenic cell survival assays like this, cell
survival rates % typically decrease rapidly in the first few
minutes of heating (behavior identified as the ‘shoulder
region’ in this kind of graph), distinguished by an increas-
ingly negative slope of the tangent to the survival curve until
these rates reach an approximate constant value, resulting
from an induced thermotolerance effect, mainly due to the
action of heat shock proteins [95].

In this context, defining the hyperthermia time interval
as 1= (t —tp), a mathematical expression (Equation (2)) was
proposed aiming to adjust, even in a limited way, only the
part of the survival curve where its slope become constant
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Table 1. Continued.

Clinical
equipment

Thermometry property Limitations Comments

Cost

Technique

Might not achieve clinic, although can be used for
surface tumor applications. But very interesting for

Limited to few mm in depth due to
optical attenuation, even excited at the

biological window. MNPs with potential for
LNT are more complex since it also needs

LNT is based on change of spectroscopic
properties with temperature, as intensity in single

No

Luminescent

Nanothermometry

- LNT

preclinical studies with small tumors. Proof-of-
concept of MNH-LNT has been demonstrated [79].

or pair transitions, peak position shift or lifetime.

a near-infrared fluorescent part.
Limited to few cm in depth. Generally,

uses high laser pulsed light, so heat-
induced effect might be mixed with laser-

Might not achieve clinic because is depth-

where B is a tissue dependent

AP,
i

AT =B
constant, AP

No

$3$

Photoacoustic

restricted, but has interesting preclinical
applications although still expensive [88]. As far as

P — Py, with Py the photoacoustic

Tomography - PAT

signal at temperature Ty [78].

we know, there is no study showing the proof-of-

induced one. PAT might be useful to
localize MNPs but could be limited due to

concept of PAT- MNH.

low photothermal conversion efficiency

(PCE) of this nanomaterial, at low laser
power conditions. Increasing PCE of MNPs

might be important to achieve this goal.

If nanoparticle localization is determined using

Limited to surface temperature
determination. i.e., surface tumors.

Apparent temperature measurement of
curved surfaces is directional dependent

IRT is able to extract temperature information

Yes

Infrared Thermometry

another technique (e.g., CT, MRI, etc) one might

from the detection of thermal radiation

- IRT

be able to integrate the surface temperature

phenomena in the infrared region.

measurements with computer simulations to
determine intra-tumoral thermal dose [89]. But

and influenced by external

not applicable to most clinical situations.

temperature [76].
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and equal to —1/Dyg, where Dy is the needed time (in
minutes) for the number of viable colonies to decay to S =
Noe™' = 36.8% of Np [92,93].

S ol Syt

N0|f —e (6] = ln<N0|r) NG 2)

During the in vitro hyperthermia experiments with CHO

cells, a break in the growth trend of the 1/Dy coefficient val-
ues was observed due to the increase in the heating tem-
perature to a value near 43°C, indicating a change in the
thermotolerance of these cells, that is, at temperatures <
43°C the mechanisms of cell death behave differently than
what occurs at temperatures > 43 °C. Based on these experi-
mental observations, the reference temperature of 43°C was
chosen arbitrarily to convert all thermal exposures to
‘equivalent minutes’ at this temperature. Thus, Sapareto and
Dewey proposed a simple formula to integrate this accumu-
lated dose at a given reference temperature, and the calcula-
tion of the thermal dose in the form of the CEM43 can be
performed using the equations below [94,95]:

N
CEMA43 = Z AtiRcen 3T 3A)
i=1
Or
T
CEM43 = JRCEM<43*T<f>>dt (3B)
0

Note that the thermal exposure profile can be added
either in discrete time intervals (At;) (such that T; is the aver-
age temperature during the heating time interval At;)
(Equation (3A)), or in a continuous way (Equation (3B)),
where T(t) can even be a function numerically calculated for
those cases in which the heating process cannot be easily
described mathematically (e.g. the three-dimensional and
heterogeneous heat deposit within solid tumors during mag-
netic nanoparticles hyperthermia). The coefficient Regy =2 0,5
(when T>43°C), or Rem ranging to 0.125-0.25 (when
T<43°C), are temperature-dependent values obtained
experimentally in vitro for the CHO cell line and show that,
for this murine tumor model, the rate of cell death approxi-
mately doubles for each increase of 1°C above the tempera-
ture of 43°C. However, it is important to emphasize that the
authors themselves recognized in their work that the time-
temperature relationship upon which this equivalent dose
calculation is based (Equation (3A) or (3B)) does not predict,
nor does it require, that different cell lines (healthy or neo-
plastic), as well as different tissues, have the same sensitivity
to heat, leading to the same breakpoint temperature at 43 °C
[94], as was well demonstrated in the work of S. B. Field and
C. C. Morris [98].

Nevertheless, for the ablative temperature regime (>
48°C), where the calculation of the CEM43 has had its accur-
acy questioned [1,59,95,99], another way to determine the
thermal dose delivered is to calculate the thermal damage
parameter (Q). Already in 1947, Henriques and Moritz [100]
were the pioneers in interpreting the kinetics of irreversible
thermal damage (burning of the skin of pigs and humans
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caused by hyperthermia) as an irreversible unimolecular reac-
tion. In their experiments (at constant temperature T) the
remaining concentration C(t) of viable cells (or undamaged
tissues) as a function of the thermal exposure time t was
obtained, relative to the initial concentration C, of viable
cells/tissues, by the solution of the first-order Bernoulli differ-
ential equation (Equation (4)) (below in the text) where k is
the overall reaction rate [s~'], i.e., the conversion rate of C(7)
in cells/tissues permanently injured [95,100]. In this context,
an amount of viable cells in their native state C are thermally
excited until they surmount an energy barrier E; = AH* (the
enthalpy of activation), forming active complexes CC* (at a
rate kg), that can relax back (reversible thermal damage) to
their native state molecules at rate k,, or can evolve at an
overall denaturation rate k. to irreversible thermal damage
states D [95,99].

ka iy
c=cc 5pes e = W, !
" dt Co

(4)

The temperature-dependence of k, according to the
Eyring-Polyani equation (used in chemical kinetics theory) to
describe changes in the absolute rate of a chemical reaction
against temperature, can be calculated as:

Kk(T) = Ae(7) (5)

where A [s™'] is the frequency of effective collisions between
reacting molecules in the bimolecular reaction model, R =
8,3143 [J.mol~'.K~'] is the universal constant of ideal gases
and T is the temperature at which cells/tissues are kept for
the time t [95,99].

Moreover, from Equations (4) and (5) the thermal damage
parameter Q is obtained as:

B < O PO PWE
Q—In[ < }—‘[kdt—‘[Ae o) dt (6)

Basically, for discussion of hyperthermia CEM43 is the
most used thermal dose parameter, while for ablation the
thermal damage parameter Q is chosen. In a recent review,
Gerard C. van Rhoon has discussed the relevance of the cal-
culation of CEM43 as a predictive parameter of biological
outcomes for in vivo thermal therapies applied to cancer
treatments [59], since the thermal dose value obtained via
Equation (3A) or (3B) has major intrinsic limitations, as fol-
lows. First, Arrhenius-type mathematical modeling fails, in
many, but not in all cases, by overestimating the rate of cell
death in the first minutes of in vitro mild hyperthermia (in
the range of 43-46°C) of neoplastic cells, that therefore can
lead to overestimating the thermal damage thresholds
[59,101]. And, as already mentioned earlier, Equations (3A) or
(3B) can adjust only the linear part of the survival curve,
ignoring the ‘shoulder’ of the cell survival curve and not
reporting any parameters associated with the transient
region related to the process of induced thermotolerance
[99,102]. Second, both in the calculation of the CEM43 or of
Q in the Arrhenius model (Equation (6)), the cell death rate

accounts only for the loss of clonogenicity as a function of
temperature and heating time. However, the process of cell
death by hyperthermia is much more complex, intricate and
not yet fully elucidated. Involving, in addition to the loss of
clonogenic ability, multiple parallel processes of thermal
damage already identified in the literature: e.g., cascade of
caspases that result in the induction of apoptosis, necrosis,
necroptosis, irreversible functional damage to both cell and
nuclear membrane, and to the cytoskeleton [59,95].

John A. Pearce has already proposed in the literature
more than one multi-parameter adjustment method (with
analytical and also numerical solutions) modeling cell survival
data due to multiple parallel processes of thermal damage
[95,102], in addition to discussing in-depth relevant pro-
posals from other authors, including a model for the calcula-
tion of a coefficient quite equivalent to the parameter of
thermal damage Q for the ablative temperature regime >
48°C [1,95,99]. So, we suggest that the readers access the
cited publications for more sophisticated discussions regard-
ing thermal dosimetry. Further, although the importance of
thermal dose is well established in the clinic, you will notice
in the discussions below that most of the MNH reports in
the literature, such as from preclinical studies, do not report
this adequately.

In vivo MNH: clinical safety criteria and preclinical
results prospecting MNH’s benefits as a single
therapeutic platform

The idea of using the phenomenon of hysteretic dissipation
in magnetic materials to generate heat and treat cancer is
not new; surgeon Robert Gilchrist et al. (at St. Luke’s
Hospital, Chicago, IL) published in 1957 the results of a pio-
neering ex vivo study in dogs with spontaneous metastatic
colorectal carcinoma. Since the surgical resection of the
tumors of these dogs was not able to eliminate the metasta-
ses developed in the lymph nodes of the retroperitoneal tis-
sue, the researchers made injections in different regions
affected by the tumor in the dogs’ bodies (subserosa bowel,
subcutaneous and subperitoneal tissues), using a poly-dis-
persed magnetic fluid containing ¥-Fe,O3; nanoparticles
(ranging from 20—100 nm). The injected area and lymphatic
drainage area (with concentration of 5mgge.g ' of lymph
node) were removed en bloc and exposed to a varying AMF
in the range of 159-19.0kAm™', at a fixed frequency of
1.2 MHz, promoting a temperature rise of 14°C (in 3 min of
application) measured with an alcohol thermometer (too big
to be introduced into the tumor with the live animal). In
their conclusions they highlighted considerations for future
in vivo treatments, the need for improved magnetic charac-
teristics and the smaller size of the particles in order to reach
a therapeutic heating regimen by better filling of the lymph
nodes with the nano-heaters delivered via the lymphatic sys-
tem. In addition they mentioned the need to improve the
AMF setup for in vivo applications, aiming to raise the tem-
perature of any part of the body for either a few seconds or
for prolonged periods, avoiding undesirable thermal injuries
due to nonspecific heating by eddy currents [103].



The realization of in vivo MNH offers some unique tech-
nical challenges and it is very interesting to note how the
problems identified by Gilchrist had already ranked some of
the main (and still current) difficulties regarding definitive
implementation of the MNH procedure as part of the stand-
ard of care for cancer treatment [104].

Firstly, the systemic delivery of magnetic nanoparticles
has not been successfully achieved. Murine xenografted solid
tumors usually grow much faster than most human tumors
[105], with intensive angiogenesis, creating a dense and
defective vascular architecture (with intercellular fenestra-
tions ranging 100-780 nm). It results in an impaired lymph-
atic drainage system that is believed to favor structures of
about 100-150nm, allowing them to be entrapped and
retained within solid tumors at high concentrations for pro-
longed periods (more than 100h) while, due to the high-
pressure gradient in the interstitial space, low-molecular-
weight substances can return to the circulating bloodstream
by diffusion. This dynamic behavior of macromolecules and
lipids in solid tumors is called the Enhanced Permeability
and Retention (EPR) effect which is believed to favor the pas-
sive delivery of nanocarriers to the tumor [106,107]. It was
extensively studied during the last three decades, but cur-
rently the EPR effect has been subject to intense debate,
since this mechanism could not be consistently observed in
humans, while it is active in rodents [105].

Likewise, in the last three decades, a great variety of
nanocarriers has been developed (in a wide size range, from
1 to 1000 nm) mostly functionalized with biomolecules (e.g.,
folic acid, antibody fragments, molecular ligands, protein
receptors, antineoplastic agents, etc.) in order to increase the
uptake of these nanocarriers by the target cells (active vec-
torization) for labeling, imaging and controlled drug delivery
at the cellular level [14,108,109]. However, up to date studies
like the one reported by Wilhelm et al. indicate a systemic
delivery efficiency with a median of only 0.7%. This relevant
review evaluated nanoparticles used in 232 reports published
from 2005 to 2015, which dealt with their passive (175
articles) or active (56 articles) vectorization for solid tumors
[60]. More recently, it was shown that the inter-endothelial
gaps, that were believed to be responsible for nanoparticle
delivery through the EPR effect, are not in fact mainly
responsible for the delivery of nanoagents [110]. On the con-
trary, active processes seem to dominate, which suggests
that new nanoparticle designs that take into account bio-
logical processes are necessary to improve the delivery of
therapeutic agents with the help of nanoparticles.
Consequently, until now, it has not been possible to perform
MNH in a therapeutic manner using systemic delivery of the
magnetic nanoparticles, since macroscopic heating is a col-
lective effect and requires a minimum number of heat cen-
ters to occur [111,112].

Another important issue for the adequacy of MIONPs aim-
ing the success of in vivo MNH concerns about determining
the biocompatibility of MIONPs, since it refers to the ability
to perform the function for which it was designed, generat-
ing a more beneficial cell/tissue response without causing
adverse local or systemic health effects on the host organism
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[113,114]. As the presentation of MIONPs formulations are
colloidal suspensions, the nanoparticle’s surface covering and
passivation in order to avoid aggregation (e.g., with surfac-
tants or long-chain polymers), or even its functionalization
for targeting delivery, can also improve their biocompatibility
by increasing their resistance to lysosomal acidity [115]. In
addition to a great variety and combination of factors related
to the MIONP’s structural properties, chemical composition,
size, solubility, route of administration, dose, biodegradabil-
ity, pharmacokinetics, and biodistribution play a role
[116,117]. For instance, in the case of drug nanocarriers, bio-
compatibility is directly linked to the response of the
immune system after its administration and also to the tox-
icity of the drug carried and/or of its biodegradation metab-
olites [116]. For this reason, factors such as magnetic core
materials, their biodegradation products and clearance are
important from the point of view of the biocompatibility of
magnetic nanocarriers [118].

Indeed, another reason for the lack of effective systemic
delivery of magnetic nanocarriers to target tissues (where
most pre- and clinical studied materials are in the range size
~10-300nm) is about their accumulation, after being taken
up by macrophages in bloodstream circulation, liver, spleen,
lymph nodes [119-121]. This off-target load can be far more
than the tumor itself, and the body exposure to an AMF
could result in collective heating that might inflict damage
to these vital organs [122]. It has already been demonstrated
in the literature that when the MIONPs underwent the pro-
gressive body metabolism resulting in its magnetic core deg-
radation, the iron content released is incorporated into the
body’s iron store and is progressively found in red blood
cells (hemoglobin), and ultimately eliminated very slowly,
predominantly via the feces, i.e., through hepatic clearance
[121]. Indeed, now is well established that particles smaller
than around 5nm are eliminated from the body through
renal clearance, while larger ones use the hepatic clearance
route [123]. In most applications using MIONPs the particle
sizes are larger than 10 nm, but during biodegradation diam-
eter might be reduced and some smaller nanoparticles could
be eliminated through renal clearance [124,125]. In the case
of applications with distinct ferrites, the ions eliminated from
biodegradation might also be an important toxicity param-
eter that should be controlled by tuning the amount of mag-
netic material administrated in the body. One can also
improve the biocompatibility by surface passivation process,
as for example enhancing the nanoparticle surface with iron
that can result in a core-shell nanostructure.

Second, there is difficulty in establishing the threshold for
safe AMF application. Unlike what is the case in the MRI
imaging technique, where there are well-established guide-
lines provided by the FDA [126], as well as by the
International Commission on Non-lonizing Radiation
Protection (ICNIRP), to support its safe use in medical appli-
cations [127], there still are no ground rules with clearly
defined safety criteria for the use of AMF in the context of
in vivo MNH. In most of the preclinical and clinical results
published, the product (field amplitude H x frequency f)
equal to 4.85 x 108 Am~"s™" is the most widely used (but
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not the single accepted) threshold for in vivo safe applica-
tions of AC induction fields, above which it is expected to be
harmful to the patient’s health [109]. This criterion was
defined by Atkinson et al. after clinically evaluating reports
of subjective feelings of discomfort and pain due to intense
heating, in patients whose thorax (radius ~ 15cm) was sur-
rounded with a single-turn induction coil that underwent an
AMF (of varying intensity) with a constant frequency of
13.56 MHz. In their results, they concluded that the product
value Hf = (35.8Am~") (1356 x 10°Hz) =~ 4.85x10°
Am~'s™" was thermally tolerated by humans for extended
periods of time [24]. But, depending on the duration of AMF
exposure time, the accompanying temperature rise can pro-
voke serious adverse health effects, as reported by Oleson
R.J. that non-localized thermal transfer due to eddy currents
can cause blisters to form on the skin when this limit is
exceeded [109,128].

It should be noted that the patient’s exposure time is a
relevant criterion to consider for defining the safe limits of
AMF in vivo applications, mostly when considering experi-
mental protocols that demand consecutive heating induc-
tions [76]. As the tissue thermal load increases due to AMF
prolonged exposure, its effect remains mainly at the dermis
level since eddy currents are directly proportional to the
cross-section radius of the body-part irradiated [24] and
thermoregulatory functions such as vasodilation and sweat-
ing play a role to restrict a body core temperature rise, even
though the extensive vascular network within the dermis can
transport this heat deep within the body [129].

Most of in vivo MNH is usually performed in the frequency
range 100-500 kHz (see Table 2) with few applications reach-
ing up to a few MHz, i.e,, in the low-Radio Frequency (LRF)
bandwidth. This confers to MNH the advantage that it might
be effective for the treatment of deep tumors (with a depth
larger than 4cm or situated centrally in the body), thus
avoiding invasive procedures. With other electromagnetic-
based thermal therapies, such as MWA and RFA which oper-
ate at higher frequencies (commonly from 400MHz to
~3 GHz), the penetration depth into tissues is short (up to
3-4cm) relative to the body-part dimensions. Consequently,
the specific absorption rate (SAR) of power by the tissues
becomes more superficial (restricted to the near-field zone)
relative to its distance from the electromagnetic field (EMF)
source (i.d. attenuates rapidly away from RF electrodes and
optical fibers) [1]. In contrast, for the human torso (modeled
as a cylinder of real dielectric material with radii up to
0.15m), exposure to an external AMF at frequencies up to
13.56 MHz resulted in a field intensity at the axis of the torso
model of 92% of the surface value, but for slightly higher fre-
quencies this percentage drops rather rapidly to less than
40% [130].

It is fair to say that the current ICNIRP limits for human
exposure to EMF in the wide-radiofrequency range
(100 kHz-300GHz) are far more protective against thermal
hazards than recommended earlier by Atkinson, since the
basic premise now is that body core temperature should not
rise by more than 1°C for extended periods of time
(>30min). This guideline also states that the whole-body

SAR should not exceed 04W.kg™" (averaged over an entire
body mass of 70kg and a 30-min interval) and, in the case
of partial body exposure, the local SAR should not exceed
10Wkg™" (for head and torso) and 20W.kg™" (for limbs),
both quantities averaged over 10g of tissue, also for a 30-
min interval [127]. Very conservative positions were also rec-
ommended: 41°C as a threshold for potentially harmful
effects from local heat-induction [127], based on a substan-
tial body of literature [90,96,131] and, in order to avoid dis-
comfort and pain, ICNIRP also suggests reference levels of
AMF amplitude (rms value of H-field) of up to only
100A.m~" (when f = 100kHz) and up to 10A.m~' (when f =
1 MHz), resulting in a threshold of Hf = 10" Am~'s™' [127],
ie, around 50 times Ilower than the previous
Atkinson criteria.

Maier-Hauff et al., using the first clinical AMF applicator
for humans, published results from a Phase | clinical study
involving 14 patients (median, 55years old) with recurrent
glioblastoma multiforme (GBM). These patients were submit-
ted to 6 sessions of MNH (60 min each one) with magnetic
field strengths up to 13.5kA.m™' (at a constant frequency of
100 kHz) that were tolerated well by all of the patients [53].
According to Dutz and Hergt in their review articles [25,26],
this clinical result is evidence that the given Atkinson thresh-
old might be 10-fold exceeded for in vivo applications of
MNH treatment, indeed they suggest a new safe limit of
Hf < 5%x10° Am's™' (if the coil applied has a typical
diameter around 10 cm).

However, as pointed out by Kozissnik et al., the establish-
ment of a clinical safe limit should not be performed without
taking into account the intrinsic dependence of the skin's
electrical conductivity (o) value, which can vary significantly
in function of the frequency of the externally applied AMF
[109]. For instance, modeling the skin as a real dielectric
medium, using the condition in which the Atkinson criterion
was determined (with the AMF frequency f = 13.56 MHz) the
electrical conductivity of the dry human skin corresponds to
6 = 0.2385m~' (in S| units: one Simiens corresponds to
[S1=1A%s®kg™".m™?). Comparatively, if we consider the
value of 100 kHz used for humans treatments, then this same
parameter falls three-orders of magnitude to o =
4513 x107* Sm~" [132-135]. In this context, it should be
noted that according to Atkinson’s own expression for the
non-localized heat loss power (Pe4q, [W]) generated by eddy
currents, where Peqq, o< G [24] and, if the Atkinson’s experi-
ment were performed at 100 kHz (the same frequency of the
AMF applicator for humans), then the new limit that would
need to be exceeded in order to produce the same value of
Peddy, which can result in pain, or even worse, in irreversible
thermal damage of the skin, would be equals to
Hf' = /%-(485x10° Am~'s™) = 1.11x 10" Am~'s" .

Nevertheless, during the clinical use of MNH, there is no
report in the literature that such a high value (Hf ~ 10'°) is
well tolerable by patients, although it has already been
observed that the safe limit of the AMF amplitude and fre-
quency varies for different regions of the human body. For
example, at a fixed frequency of 100kHz, it was found that
for the pelvic region the tolerable limit value is 6 kAm™



(resulting in Hf = 6 x 108 Am~'.s™"); for thoracic and neck
region up to 7Z.5kAm~' (Hf = 7.5x10® Am's™") and for
head/brain  up to 135kAm ' (Hf = 139x10°
Am~'s7") [136].

Evidently, the above calculations are only estimates illus-
trating the fact that, probably, a safety limit for the use of
AMF (in the context of MNH) should be established based
on clinical results, such as those presented by Atkinson and
Maier-Hauff, but not without taking into account the experi-
mental specificities of each assay (e.g., the dimensions of the
coil used, intensity and frequency of the applied inductive
field, the electrical conductivity of the excited tissues, etc.).

Unfortunately, to date, exclusive heat delivery applications
using the MNH technique for cancer treatment in the clinic
has not yet been achieved. For instance, it would be desir-
able to investigate the potential of MNH for the ablation of
deep seated tumors (without recourse to invasive proce-
dures), relying only upon the effect of the heat generated by
hysteresis. This could be done from the analysis of preclinical
investigations in order to build a better theoretical frame-
work and to investigate a number of relevant experimental
parameters that would permit optimization of the technique
and lead to a future clinical translation.

In this regard, it can be seen in Table 2 (below in the
text) that preclinical studies demonstrating the effectiveness
of hyperthermia using MIONP started basically in the late
1990s. Jordan et al. published results using magnetite-based
nanoparticles, with dimension of (3.1+£0.7) nm (and SLP =
160W.g~ ' ey, in an AMF setup of 520 kHz and varying inten-
sity 6-8kA.m™~' (=2 75.4-100.5 Oe). The in vivo model studied
was a solid, subcutaneous tumor of C3H (mammary carcin-
oma) induced in mice (n=13; V=120-400 mm?>), where each
treated animal received 4.2 mgg., (averaged over 400 mm? of
tumoral tissue) injected intratumorally. The animals were
treated only by MNH for 30min and the average intratu-
moral temperature was (47 +£1) °C about 25min during the
in vivo procedure. The treated animals were monitored for a
period of up to 60days. When compared to the control
(untreated animals), the decrease in the tumor growth rate
of mice after MNH treatment is clear, with partial tumor
remission (PR) in 44% of the mice that underwent thermal
therapy. In addition, there appeared to be animals with
apparent complete tumor remission (CR), although this bio-
logical response is not highlighted in the paper [10].

In 2001, Hilger et al. [11] investigated the possibility of
thermal ablation using magnetite nanoparticles (10 nm and
211 W.g ' wpy)- The murine tumor model was MX-1 (n=10
mice). Intratumoral temperatures of up to 70°C were
reported from 4 min treatments with an applied AMF inten-
sity equal to 6.5kA.m™' (=81.70e) and a frequency of
400kHz. In this case, 21mg of magnetic material was
injected intratumorally. All the animals were sacrificed after
the treatments and the histologic sections of the tumors
analyzed revealing irreversible thermal damages due tumoral
heating (early stages of coagulation necrosis, with predomin-
ant nuclear degenerations).

A few years later (in 2006) lto et al. [13] investigated
the effect of the magnetic hyperthermia using
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magnetoliposomes, which consist of vesicles (~ 150 nm) con-
taining nanoparticles of magnetite inside. The group reports
studies on several tumor models B16, MM46, Os515, Vx-7
and T-9. In particular, in the last model (glioma), the study
consisted of the induction of two tumors (located in diamet-
rically opposite positions in the mouse’s abdomen) followed
by applying an AMF of 30.6kA.m™' (=2 3840e) and 118kHz.
Magnetic nanoparticles were injected in only one of the two
tumors and, according to the authors, in some cases on the
28th day after the treatment by MNH a complete remission
of both tumors of the animals had occurred (see Table 2),
i.e., the authors observed an abscopal effect [40,137-140].
Killing tumor cells with heat also induced a strong host
immune response. Overexpression of heat shock proteins by
neoplastic cells during hyperthermia influenced antitumor
immune responses, according to the authors. More recently,
some new studies have discussed the heat dose effect, in
which a treated tumor acts as a sensitizer to boost a sys-
temic immune response against other tumors in the organ-
ism; this has been done from the perspective of a future
application of the MNH as a modality for in situ vaccin-
ation [4,141-143].

We also highlight that, in 2011, Lee et al. [16] investigated
the effects of magnetic hyperthermia using magnetic core-
shell nanoparticles. The murine tumor model studied was
UB7MG (n=3 mice), the applied magnetic field was
37.3kAm™", with a frequency of 500kHz. According to the
authors, only 75pug of CoFe,O, - MnFe,0, core-shell nano-
particles were injected intratumorally. The mice were fol-
lowed for only 26days after treatment, showing complete
tumor remission in this period. Despite the quite short time
of monitoring, in comparison with the negative control ani-
mals (without treatment) and with the positive control ani-
mals (treated with the chemotherapy drug doxorubicin), the
greater effectiveness of the MNH treatment is clear. The
therapeutic potential of magnetic core-shell nanoparticles is
really exciting and has been the focus of some other reports
in the literature [144].

Since other hyperthermia modalities are already used in
clinical applications as a radiation and/or chemo sensitizer
[145,146], one can expect interesting results for combined
therapies with MNH, which might help the translation to
clinic. In fact several interesting multimodal approaches have
been proposed, for example, in a recent report Ma et al.
(2019) developed a theranostic nanoparticle called Fe;0,4-Pd
Janus (average diameter of the magnetic core equal to
15 nm) with dual-mode magnetic resonance imaging/photoa-
coustic imaging properties that could be used for both PTT
and MNH in vivo applications and, simultaneously, a chemo-
dynamic therapy increasing the generation of reactive oxy-
gen species (ROS) in the tumor microenvironment. The
murine tumor model studied was 4T1 orthotopic mouse
breast cancer (tumor volume of 60 mm?®). The application of
MNH (alone) in a first group (n=>5) resulted in a small inhib-
ition in the mice tumor growth ratio of 48.6% compared
with the control group (non-treated animals). In contrast, by
using the combination of MNH-+PTT (A=808nm,
p=05 W.cm~?) in a second group (n=5) of treated mice,
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100% of complete tumor remission was reported (but ani-
mals were followed for only 18days after the combined
treatment) [22].

Another smart platform has been developed by Mai et al.
for in situ heat-triggered drug release mediated by MNH. In
this case iron oxide nanocubes (19 nm) surface-coated with a
temperature-responsive polymer were synthesized. The poly-
mer undergoes conformational changes for temperatures >
41°C, and are able release previously loaded Doxorubicin
content (47 ugpoxo) Per 19re)- The thermo-responsive nano-
cubes (TR-cubes) have a quite high in vitro SLP value (range
157-250W-g~'(Fe)) within safe AMF conditions (H =
11kAm~" and f = 110kHz). In this report nude mice bear-
ing solid and subcutaneous tumors of A431 epidermoid car-
cinoma (80-100 mmn?®) was separated in three groups: a first
negative control (n=6) that received only Doxorubicin
(injected intravenously) for standard treatment; a second
positive control (n=6) where each animal received intratu-
moral injection of TR-cubes magnetic fluid (0.7 mg. per ani-
mal) for in vivo MNH (alone); and a third group (n =6) where
each animal received intratumoral injection of Doxorubicin
loaded  TR-cubes  (DOXO-TR-cubes) for  combined
chemotherapy + MNH (0.7 mg ) per animal). The application
of three sessions of 30 min of MNH (alone) in the second
group (one treatment per day) produced a better tumoral
response than the negative control regarding tumor growth
inhibition, but all animals were dead 40days after nanopar-
ticle injection. Complete tumor remission (confirmed by
histopathological analysis) was achieved only with combined
therapy in the third group, also submitted to three sessions
of 30 min of MNH (applying DOXO-TR-cubes) one treatment

per day, but now due to the combined effect of heat and
drug release. A survival rate of around 33% is reported for
animals followed up to 90days after nanoparticle injec-
tion [23].

Combined therapies are interesting approaches, but are
beyond the scope of this review, so only these brief two
comments are presented as examples.

Table 2 (below in the text) shows some of the MNH pre-
clinical studies reported in the last two decades:

From the reports in Table 2, it was possible to construct a
graph in order to confront the two biological safety criteria
adopted in the literature, the Atkinson criterion [24] and the
Dutz-Hergt criterion [25,26], against the experimental values
of the product (AMF amplitude x frequency).

As mentioned earlier, the Atkinson criterion, based on the
eddy current term, states that the value of Hf < 4.85 x 108
Am s ' should not be exceeded in order to avoid
unwanted tissue injuries. According to this criteria it is clear
from Figure 1 that no preclinical study from the literature is
satisfactory (as far as we know) which means, in principle,
that the experimental conditions that have been studied
would not be applicable for human use, since they are pre-
dicted to generate a lot of non-localized heat by eddy cur-
rents. This is very disappointing, and suggests that several
studies had not focused enough on the priority for clinical
translation, which is related to improving the heating effi-
ciency of magnetic nanoparticles at low-field condition
[147,148]. On the other hand, Dutz and Hergt suggest that
this limit can increase by a factor of 10 [25,26]; even so, note
that only a few investigations are within the expected safety
range of the second clinical limit.
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Figure 1. In several preclinical studies reported on the literature, the experimental setups for in vivo MNH are out of the clinical safe-limit region (some much
more than others): at the graph the dashed and shaded areas delimits, respectively, the Atkinson' and Dutz—Hergt2 thresholds to prevent harmful non-localized
heating regime due to eddy currents. The points correspond to the ordered pair of the experimental values for frequency f (in kHz) and amplitude H (in kA.m™"

and Oe) of the AMF for the reports presented in Table 2.



<
=
o
w
T
=
oc
w
o
>
I
LL
(©]
-
<<
=z
oc
2
o
=
—
<
=z
Q
=
<<
=z
oc
w
=
Z

[830] 3Y3 JO YIMOIB-31 “31 ‘UOISSILUBY [BIMRG Hd,, IUSWIRSI) HN 49 PIMO]|04 21aM

*‘Jeay 0] pasodxa aNssi Jown [eI0] Ayl JO YIMoIB-a1 ou “3| ‘UoissiwY 13|dwio) YD, ‘1eay 0} pasodxa anssny Jown)
s|ewiue 3y3 Jeyy pouad dwi, {padaful Ajjeiownienur sem (dN) S3P1edOURU JO JUNOWE SY3 SIIPNIS 3SIY} [[B U], !SIN[eA SWI PRY-H,

(shep €)
onels yimoib Kep (wuel) (saqnd (¢Ww001-08) ewoubied 7] 610T
jowny Jo uomqIyu| Ge ~ JUIWOE D, 5L = LV [ewiue Jad 96w 20 ©) _Bm LyT-TLSL oLL L -Y1) sagnooueN apixQ uoJ| prounapida Lepy 9=u [e 19 lepy
({ww 09)
(4d J0 %9'8Y) onel ujw g 10 towny _f-CHp (wusl) 13308 [z2l 6107
ymolb Jowny Jo uoniqiyul 8l Do TP-9°GE 09 — 00€ 6'€T snuer pd-YOfe4 15ea1q asnow 21doloyuo |1 S=u ‘[e 19 ey
®nE) - wdNBw N BM (%01 F wu ) (qwwo00L ~) [12 8Loz
4D J0 %001 vl ulw G| 404 3, 7°0S SLL 006£-00€C 66 €71 €07944-£10By snoauendqgns gedaH — ‘e 32 Buer
(qWw € yum siowny (skep 1) [0zl £10Z
1) HNW 42348 Aep yise ay3 ul fep towm) wurCbr ©)_b'm (wusy ~) (qww sz —€) HERE]
4D 4O %0V 0SL JUIWOE D, §'8C = LV €l-1 9F LS 861 6'€C sawosojaubepy Jo surey) gD dn7-/8N [elueidenu| oL=u Kigpueydy
towm) _w@NpH N _6M (wu oz) sbunouen urewop (qww 00§ ~) [61] 5L0T
¥D 40 %00L oy ulw L 40} D, S0 F v 00¢€ 0051 00t gLe -Xa40A dndubewIzy YOt J3dUR 358319 £-IW =u e 33
SWN|OA [BINUI 3Y} JO %0T (WugFZL yum 10> *Ofad) (gww 0SZ — 00L)
Uey) SS3| 0} UONDNP3J [eiown] (skep 2) towm)  wwrCpr ©) _bm XOAT9N-994W ewioupIed0UIpe [81] 51L0T
€ YlM S|ewiue Y JO %05 8T Aep/uiwi 09 10§ D, £'LY ST 005 134 'Sl 10 X0Q-994W “T9N-994W 1sealq LEZ-GN-YaW 9z=u ‘[e 19 Z3BS50Y|
(gWw 05T — 007)
s_‘_ET_E.mm_ e (wug) ewoulJed [eio [£1] v10T
4D 40 %00L L — LLOLX £ — 0001 43 ajeydsoydAjoduy £0%a4-% YiLDDS-WN 9=u  ‘[e1d opipued
towm) _ wur @M 6N 6 (wusL) [I3ys (sww 0oL) [oul L10z
4D 40 %001 9 = SL0 082t 00S €L -910> Qta4uN-vQa40) uleiq uewny SN/8N £=u ‘e 19 997
(shep 6)
fep ®n) VB (wu 05-07) (dVHW) (wzL—£0=0) [S1] 6002
4D J0 %00L Sl /Ul T 10§ D 9F—St 09l — — g€ aiedeAxoupAH dnsubeiy (921)) 123100 9=u ‘e 33 NoH
towm)  w Ibw ©) B'm (wu s ~) (gww ot ¥ 081) [¥1] 600T
¥D 40 %S/ 09 ulw G| 10} 3, §5-50 (€00F86'%) 18 0SL L334 (dNg) uenxag-*otad Arewwew g-o1 W r=u ‘[e 39 sluuaq
asuodsal saunwiwi (wul) sswosod 6-1 ‘L-XA [€1] 900T
Jownnue + (ewol|b 6-1) ¥d 8T uIw OZ 10} D, Sh—€ — — 8Ll 9°0¢ dluoned-vofay ‘SLSSO ‘9YINW ‘9Lg — ‘e 39 0
[zL] sooz
(4d 40 %6051 tr) onel towm) _ w> @NBw N _6M (wuGl) 1ys (qww ot2) e
ymoib Jowny jo uoniqiyu oL U1 0€ 10} 3,05 09 091 00l 9Tl -3100 uejisouluwe-Yofay ajeIsold /zegy buluung L=u ussuueyor
-4D pue {oun)._wur N N _Bm ({WW 851 F667) [L1] L00Z
HNW Jaye abexuniys sown | — J8FLL (0£¥02) k4 00% 59 (wuol) "0%4 eLIOUIDIBI0USPE |L-XIN oL=u ‘[e 32 J36IH
(p4d JO %) uonel toum)_wur e G, Ta7) (Wwu£0F L°€) (qwuw 007-0Z1) [ol] £66L
r_u>>ohm Jowny jo uoliqiyu| 09 ulw Qg 10} D, L F LY SoL 091 0¢s 89 :mbxwﬁ_.womwu_ Od# ewouipied Alewwew HED cL=u ‘|e 3o uepior
awodInQ |edbojoig SHNW J1ee  Bunesy |esowny qdN SEXRE] (V] oniA Ul 116 [zHA]4 [,_wwy] (9z1s 910> d13UbeW) (9215 Jowny) slewiuy Apnis
skeq 4O Junowy oH J31ied0URN |opoW Jown] pijos poieal| |ed1ulald

'SI0WN} PIjOS JO JUSWILDI} Y} Ul (SUOJR) HNIN JO 19342 3Y} MOYS Jey} SIIPNIS [edIUIPId 'Z d|qel



88 H. F. RODRIGUES ET AL.

Low-field magnetic nano-heaters

MNH therapy involving the intratumoral delivery of MIONP
and the external application of AMF to the patient’s body
can be used to generate localized hyperthermia via magnetic
hysteresis loss [52,53]. Since 2012, this kind of thermal ther-
apy, in combination with RT, has been approved in Europe
for the treatment of human recurrent GBM [52,149], and the
feasibility, safety and efficacy of intratumoral injection of
aminosilane-coated MIONP was demonstrated in two clinical
trials of patients with recurrent GBM in combination with
fractionated RT [52,53]. However, this approach has the fol-
lowing limitations: first, a high concentration of MIONP
(50-100 Mg re).g ' of tumor) is required for MNH, and this
can result in surrounding brain toxicity; second, MIONP are
typically delivered by intratumoral stereotactic injection,
resulting in leakage and a heterogeneous MIONP distribution
that contribute to limited MNH efficacy at the infiltrative
tumor margin and off-target heating of the surrounding
brain [150,151].

To address some of the current limitations of this thermal
therapy modality, not only for GBM treatment but mainly for
its widespread application as an elective treatment modality
for cancer, the development of better nano-heaters with low
toxicity formulations and high specific loss power (SLP) in
low-field conditions (i.e., feasible combinations of AMF ampli-
tude and frequency) [148], are eagerly needed in order to
explore the real potential of the technique, which in prin-
ciple might not need to be combined with ioniz-
ing radiation.

In a sea of propositions that have popped-up in the last
decade, there are some strategies in the material science lit-
erature that could be highlighted, as for instance those
involving: the control of nanoparticle shape, size and archi-
tecture aiming to maximize magnetic energy conversion in
heat power (e.g., clustering small magnetic cores forming big
nanocarriers); the use of metallic doping species such as Zn,
Co or Mn in MIONP, but whose toxicity in the live organism
needs to be carefully evaluated; the core-shell structures in
which, depending on the nature of the covering layer
adsorbed to the magnetic core, can even be used for more
than one localized heat generation modality (e.g.,, MNH plus
PTT [22]). About this issue, in Table 3 we summarize and
order in a time-line some interesting works related to mono-
core and multicore nanocarriers designed in the last 12 years,
aiming a better SLP performance for in vivo MNH.

The data in Table 3 are only a brief overview of the cited
works and, as we can see, to date most of these studies
have been betting on the use of magnetite (Fes0,) and
maghemite (¥-Fe,03) based magnetic cores (bare or coated
with organic or inorganic layers) as nano-heaters for MNH
applications. Other materials, such as the manganite perovsk-
ite oxides (La;,Sr,MnOs), have also been suggested, since
their exhibit a wide range of Curie temperatures (T.) values
(up to 90°C) and can maintain their heat generation capacity
(by hysteresis loss mechanism) even after reached the abla-
tive regime (>48°C) inside the tumoral mass. For instance, in
this kind of material this magnetic property can be tuned by
varying Sr-doping levels in the composition [159], and

according to the literature this material responds at very
low-field conditions. However, a careful toxicity analysis of
such material is absent, which might limit its clinical use.

Only four of the reported studies in Table 3 have already
been used for in vivo applications, namely Dennis et al. [14]
(commercial multicore BNF nanoparticles), Rodrigues et al.
(cluster of MnFe,O, cores coated with DMSA - also multicore
nanoparticles) [76], Soleymani et al. (Lag35r027MnOs nano-
particles) [159] and Mai et al. (Iron Oxide Nanocubes) [23],
with some reporting partial or even complete remissions out-
comes in solid murine tumoral models for animals that
underwent MNH. In particular, the BNF nanoparticle is prob-
ably the most widely tested in vivo [14,169,170] nanocarrier
of those listed in Table 3, although conclusions from some
data should be taken very carefully. For instance, In Dennis
et al. Ref. [98], the specific loss power was reported to be
81W.g e, while in Ref. [156] of the same group, the
reported value is 550 W.g ™' ). The explanation for the differ-
ence between them was already addressed in Ref. [152],
being related to a collective state. So basically, the lower SLP
value is related to mono-core nanoparticles, while the higher
SLP values appeared from multicore nanoparticles. Indeed, in
Table 3 we report several multicore nanoparticles, some of
them named as nanoflowers. This type of nanostructures
shows very interesting properties for low-field applications,
although the reason for such phenomena is not clear
theoretically.

Similarly to Figure 1, the graph in Figure 2 is a compari-
son of the ordered pair values for frequency f (in kHz) and
amplitude H (in kAm~"' and Oe), for each AMF setup taken
from Table 3, in order to check how many of them are
within the expected safe range to avoid harm during in vivo
MNH. Several samples seem to be at least close to the Dutz-
Hergt criterion, which suggests that such multicore nano-
structures have potential for clinical use. In addition, soft spi-
nel-ferrites-based materials are often associated with high
SAR values at low frequency and field conditions and some
of the nanomaterials mentioned appear in Table 3
[76,155,162,164,167]. Multicore nanoparticles of such type of
materials might also be relevant for clinical applications.

However, one must note a lack of more consistent tests
in vivo for most of the nano-heaters in Table 3 in order to
validate their heat performance in realistic scenarios. So far,
several of these studies do not seem to have focused
enough on the clinical translation of their outcomes, since
no preclinical studies are reported. Achieving the low-field
feasible conditions for human applications still seems to be a
challenge that needs future research. Nevertheless, para-
phrasing Richard Feynman, ‘there is [still] plenty of room’ for
improvements when it comes to the development of low-
field nanoheaters realistically suitable for safe clinical applica-
tions of MNH. A more complete understanding of the physics
of heat generation with such multicore nano-heaters might
have a great impact on clinical applications.

Overall, from the reported in vivo results in the literature,
it is clear that nobody, as far as we know, has so far theoret-
ically correlated the clinical outcome with the intratumoral
thermal dose in MNH. In order to achieve this goal, it is of
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Figure 2. In several in vitro studies reported on the literature, the experimental MNH setups are out of the clinical safe-limit region (some much more than others):
in the graph the dashed and shaded areas delimit, respectively, the Atkinson' and Dutz-Hergt? thresholds to prevent harm in human applications (minimizing the
off-target heating due to eddy currents). The points correspond to the ordered pair of the experimental values for frequency f (in kHz) and amplitude H (in kA.m™"

and Oe) of the AMF for each work presented in Table 3.

fundamental importance to determine, if possible noninva-
sively, the three-dimensional intratumoral heat deposition.
An alternative to achieve this goal is to combine tempera-
ture measurements with heat transport numerical simula-
tions. However, this approach for MNH might still be in its
infancy, as discussed in the next section. But, this is crucial
for the success of MNH since the ability to predict heat deliv-
ery during treatment is a great concern for clinical transla-
tion. Therefore, it is very important to evaluate treatment
planning and correlate, if possible, the therapy with the clin-
ical outcome using computer simulations.

Treatment planning and computer simulations for
in vivo MNH

Hyperthermia computer simulations are not new, but most
groups dealing with MNH mainly focus on the mechanisms
of heat generation [7-9,171]. In contrast, realistic in vivo
numerical simulations are quite rare (see Table 4). The reason
might be related to the fact that in the real-life in vivo scen-
ario one also deals experimentally with heat monitoring,
while theoretically one needs to determine heat transport
within the organ of interest during MNH. The solution for
this problem can be obtained (at least in murine tumor mod-
els) by numerically solving the Pennes’ Bioheat Transfer
equation, that is given by [178,179]:

oT, . .
PnCn 67: = Knvan + pbcbwb,n(Tb - Tn) + Omet,7 + OMNP,n
(7)

where p, is the density of the medium [kg.m 3] and n refers
to the medium under consideration (e.g.,, an underwrite (t)

to designate tumor tissue or (h) for healthy tissue), p, is the
blood density [kg.m™>], ¢, is the specific heat of the medium
(tissue) [Jkg™'.K™'1, k, thermal conductivity of the tissue
[W.mK '], ¢y is specific heat of the blood [J.kg "K', wp,, is
the blood perfusion rate [s~'], T, is the blood temperature
(K], Ometn is the amount of heat generated metabolically per
unit volume [W.m™3], OMNP,,, is the amount of magnetic
nanoparticle heat generated by hysteretic loss per volume
unit during MNH [W.m~3].

The Pennes equation is based on the assumption that
heat exchange between blood vessels and surrounding tis-
sue occurs mainly through capillary walls (blood vessels with
diameters on the order of 0.01 mm), where the blood speed
is very slow. The first term on the right side of the Equation
(7) is related to the diffusion of heat in the medium (tissue);
the second is a convective term due to blood perfusion; the
third is a metabolic term due to the high biochemical
reactivity of the tumor cells and, finally, the heat generated
due to the interaction of the nanoparticles magnetic
moments with the external alternating magnetic field. It is
assumed that in this model the rate of blood perfusion is
homogeneous and isotropic, but temperature depend-
ent [180].

Note that heat generation by hysteresis loss is only one of
the parameters (OMNP,,,) in Equation (7), and obviously is cor-
related to the three-dimensional localization of the nano-
heaters. Therefore, to correctly address the heat transport
problem, one also needs to infer the spatial distribution of
the magnetic nanoparticles inside the tumor. This increases
significantly the complexity of the problem if realistic results
are demanded. So, it is not a surprise that many articles in
the literature use very simplified and/or idealized
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nanoparticle distribution and tumor geometries. In fact, few
studies with in vivo MNH simulations can be found in the lit-
erature, and we summarized some of them in Table 4.

Pavel et al. [172-174] were one of the first to present a
MNH computer simulation. Besides not making comparison
with experimental data, they used a very high magneto-ther-
mal efficiency value (~ 10> W.g™'), which is not consistent
with actual experimental data - in this sense, it should also
be noted the very high hysteretic loss power value used by
Pearce et al. [175]. Also, most of the simulations in the litera-
ture, including ours [76], were performed without an
adequate three-dimensional reconstruction of the ‘object’
under study, modeling the ‘object’ by approximations to sim-
ple geometries, such as: cubes, spheres, ellipsoids, cylinders,
etc., that do not match reality. For example, in the work of
Lebrun et al. [55], the body of the mouse, as a whole, was
considered to be a cobblestone, while in our previous work
we considered an ellipsoid [76].

So far, distinct strategies to localize the magnetic nano-
heaters in the tumor have been suggested but, for instance,
LeBrun et al. [56] found from high-resolution micro-CT
images that nanoparticles do not always remain confined to
a spherical region close to the injection site. Indeed, several
authors have shown that the nanoparticles distribute non-
homogeneously inside the tumor after the particle injection
[57,61,63,181,182].

In this context, the development of more suitable theoret-
ical models able to predict (or refute) the required conditions
that the heating regime should achieve (in vivo) in order to
promote lethal thermal damage of the target tissues, is a
mathematical challenge that could be addressed by: (i) first,
an accurate description of the spatial distribution of the
nano-heaters (after injected within the tumor); (ii) second,
reconstructing the realistic geometries where Equation (7)
must be solved (i.e., the tumor volume in all its complexity
and off-target surrounding structures, including the animal’s
body if surface temperature measurements are important);
iii) third, segmenting the target region and assigning thermal
properties to each segment (e.g., tissue density, thermal con-
ductivity, specific heat, metabolic heat power, etc.); and, then
to take in account specific non-linear modeling for the tumor
blood perfusion rate, since this parameter depends on
temperature.

Of all the recently published articles, the one closest to a
realistic simulation was the one published by LeBrun et al. in
2016 [56]. In this study, the authors were more careful about
the description of the animal’s geometry, the tumor, the
heat sources and the boundary conditions that involve the
computer simulation, such as the temperature-dependent
perfusion rate, with a model adopted from Lang [183]. The
authors developed an algorithm, in Matlab, capable of three-
dimensionally reconstructing the tumor using DICOM image
data extracted from Micro-CT. In addition, they propose to
use the increase in contrast in Micro-CT, a consequence of
the nanoparticle distribution, to locate the heat centers
(magnetic nanoparticles), from which they also build a pixel-
dependent heat source. However, the model of the animal’s
body is not identical to the animal submitted for treatment
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by MNH. The tumor, although it is reconstructed from Micro-
CT images, has low resolution, as it is reconstructed from
few slices. In addition, if one decides to monitor heat depos-
ition using surface temperature measurements with a ther-
mal camera, a very negative impact on predicting the
thermal dose can occur due to inadequate animal
body geometry.

Overall, once a reliable methodology has been established
which indicates that a given computer simulation represents
the animal’s MNH therapy, it will be possible to predict the
temperature profile three-dimensionally for the target tissues
(and the surrounding boundary) through numerical calcula-
tions, i.e., the intratumoral thermal dose. However, to verify if
this theoretically calculated intratumoral dose adequately
describes the treatment, a comparison with the clinical situ-
ation needs to be made. One approach that is being devel-
oped in our research group [89] consists of analyzing
histological sections from the necrotic regions of the tumor,
resultant from irreversible thermal damages after being sub-
jected to MNH, and comparing these with computer

simulations. To ensure good reliability between our computa-
tional modeling and the experimental outcomes, we address
this problem by combining several techniques. First, photo-
grammetry is used to obtain the exact shape of the animal’s
body submitted to the MNH procedure, and since we study
subcutaneous tumors, the skin surface thermometry is quite
relevant. Second, the 3D geometry of the tumor is recon-
structed from two-dimensional ultrasound images by a tech-
nique known as freehand 3D ultrasound reconstruction [184].
Finally, to extract information about the location of the
nano-heaters, we developed a multifunctional nanocarrier
that contains fluorescent tracers in the near infrared, which
surface-coat Mn-doped iron oxide-based nanoparticles, so
that their location within the tumor can be extracted using
the fluorescence molecular tomography (FMT) tech-
nique [125,185].

Thereafter, by the fusion of these three complex geome-
tries (body surface, tumor volume and nano-heaters location)
it is possible to build a more realistic model (using the com-
mercial software COMSOL Multiphysics) and solve the



bioheat equation (Equation (7)) via the Finite Element
Method, obtaining the temporal evolution of the intratu-
moral temperature for each voxel. Then, applying the
Equation (6) (also for each voxel) in order to convert this 3D-
temperature mapping into an equivalent volume of thermal
damage Q(r,t) values, we can finally calculate the corres-
pondent three-dimensional degree of tissue injury in order
to predict the volumetric fraction of the heated tumor that
could be (or not) irreversibly thermally damaged [89].

The following flowchart (Figure 3) summarizes the main
steps of general treatment planning for in vivo MNH, starting
from the synthesis of low-field MIONP and its in vitro charac-
terization, passing by the obtention of more realistic and
personalized geometric models for the patient’s organs, the
tumor volume, and the nano-heaters 3D intratumoral loca-
tion. All of this is necessary in order to calculate numerically
the desired temperature increase in the target tissues, recog-
nizing the need for more accurate predictions of the
patient’s response to thermal therapy. A list of techniques to
achieve this goal is also schematized. In addition, we
included a chart for noninvasive real time temperature moni-
toring during MNH that serves as a feedback to control the
tissue thermal dose, as well as to correct the simulation pre-
dictions, which we expect to orient clinicians in the future, in
real-time, during the treatment. Thermometric techniques
that have potential to be used together with MNH are
also shown:

The success of the treatment planning simulation might
have a great clinical impact, since it could indicate why in
some cases tumor recurrence may occur. Nevertheless, it
might be fair to mention that only a few groups are actually
developing strategies to combine MNH in vivo studies with
‘realistic-like’ computer simulations with the aim to predict
the clinical outcome or noninvasively determine the three-
dimensional intratumoral thermal dose. It should be high-
lighted that in some works this kind of approach is also
linked to the challenge of improving heat-induced immuno-
logical stimulations [4,13,141], and therefore is expected to
impact heat-triggered cancer immunotherapy.

From all previous comments, it is clear that noninvasively
extracting the intratumoral thermal dose for MNH is a very
challenging task, and even though it is called realistic, a
computer simulation will never be able to accurately repro-
duce an in vivo experiment, because the number of random
variables and uncertainties is large. Nevertheless, if the
approximations are good, one expects to be able to explain
the clinical outcome due to the therapeutic procedure. Also,
one expects that during MNH treatment, by noninvasive real
time temperature monitoring with some clinical technique
(see Figure 3), corrections on the simulations could be envi-
sioned during treatment, affecting clinical decisions focused
on better thermal dose control.

Final considerations and future directions

To date, certain challenges remain in the current approaches
for clinical applications of MNH [54], limiting its effective use,
since MNH is not yet part of the clinical standard of care for
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cancer treatment. Among these is the need for the develop-
ment of nano-heaters able to deliver (in vivo) a high SLP
response at AMF low-field conditions (focusing on the clinical
safety criteria), the need for more accurate thermometry
within the tumoral mass and precise tumor heating (limiting
healthy tissue off-target) and, finally, more realistic computa-
tional modeling for better MNH treatment planning.

As previously mentioned, and going a bit farther with
regard to the problem of real-time monitoring of the intratu-
moral heat deposit compatible with in vivo MNH setups, LNT
may offer a possible alternative to extract temperatures
inside the animal, but only up to around 1cm [186].
However, a limitation remains, since it is not easy to infer
precisely at what position and volume of interest the tem-
peratures are being measured, in some cases because of
scattering due to the biological media. But, although this
technology is very interesting, it still can have a negative
impact on the ability to predict thermal deposition if the
tumors are not very small. Also, in this case, the magnetic
nano-heaters have to be combined with luminescent nano-
thermometers, which increase the complexity of the nanocar-
rier [79]. Photoacoustic thermometry is also an alternative
showing temporal resolution for in vivo applications, but
again is depth-restricted [187].

One might think that another option could be to explore
low-field MRI scanners, and consequently use the gold-stand-
ard 3D MRI thermometry [188]. But the technology here is
limited to DC fields within the range of 0.25-1T, that unfor-
tunately still has a very high static magnetic field able to
inhibit the MIONPs heat generation under AMF excitation
[2,32]. Moreover, even if MRI thermometry was possible, it
might be difficult to implement this methodology using
MIONPs because the vicinity is strongly influenced by the
magnetic material, which can feel significant variations in the
MRI signals, thus inhibiting the thermometry implementation
with the PRF method [44].

An alternative way to solve this problem is to use strong
magnetic field gradients, as extensively explored with the
MPI technology [189,190]. In this case one promotes a field
free region (FFR) that allows the excitation of nanoparticles
by AMF and promote heat generation within the ROl
Indeed, recently the development of a dual MPI-MNH system
was demonstrated, where MPI excites the nanoparticles at
AC induction fields of 20kHz, while MNH is tuned to gener-
ate heat at 354 kHz [80,191]. Both in vitro and in vivo studies
of the MPI-MNH system were able to demonstrate heat gen-
eration in specific ROIs. The heat delivery as function of the
distance from FFR (at 354 kHz) was analyzed using a theoret-
ical approach that assumes a magnetization equation due to
particle rotation (Brownian relaxation) [86]. From this ana-
lysis, the authors extract the value of heating efficiency (SAR/
SLP) in a particular position in space. However, the limitation
of this methodology, as will become clear below, is that at
MNH frequencies ranging from 100 to 500kHz the rotation
does not play any role in heat generation, so it might not
reveal adequately heat deposition. Also, the method does
not directly obtain the information about the temperature,
so thermal dose estimations might be limited.
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On the other hand, the magnetic response signal of the
nanoparticles measured as a result of the AMF excitation
might carry important information for thermometry. This is
expected, not only because the particle magnetization M(T) is
temperature dependent (usually follows Bloch’s law: M(T) =
/\/I(To)[1—(%)%], where T, is the critical temperature), but also
due to the strong effect on magnetization relaxation proc-
esses. The Brownian relaxation is influenced through tempera-
ture dependence of the viscosity, while for Néel relaxation
temperature appears in the exponential term, not forgetting
that even the anisotropy of the material is temperature
dependent. This might be described by the Zener-Callen
model, which relates the magnetic anisotropy temperature
dependence with the magnetization and the symmetry of
anisotropy [147]. Indeed, the MNT technique was suggested
some time ago, and relies on taking advantage of the tem-
perature dependence of the harmonic signals, commonly
obtained using MPI technology [189]. Moreover, it was sug-
gested to use the ratio of the 5th to the 3rd harmonic of the
magnetization to extract the temperature [81], which is
obtained from the Fourier transform of the time dependence
magnetization response after ac excitation. Here again it is
crucial to focus on the frequency range being monitored.

Magnetic particle spectroscopy, that monitors the har-
monic signals at 20 kHz, reveals a strong dependence of the
signal upon particle-particle and particle-matrix interaction
[87]. Immobilizing the nanoparticles strongly affects the har-
monic signals, indicating the importance of Brownian relax-
ation at this frequency range. This is consistent with the
analysis of the hydrodynamic radii of multicore nanostruc-
tures that, in the range of 50-100nm, predicts Brownian
relaxation in the frequency range lower than 20kHz, as
experimentally found by AC susceptibility measurements
[192] or estimated theoretically using linear response theory
[148]. On the other hand, Bender et al. clearly demonstrated
that at typical magnetic hyperthermia frequencies
(100-500kHz) the magnetic response of multicore nanopar-
ticles is governed by intrinsic magnetic relaxation, i.e, by
Néel-like relaxation [163,192]. Similar conclusions were
obtained by others [156].

In general, one can conclude that the nonlinear magnet-
ization response is related to collective relaxation, but our
understanding of this mechanism is still in its infancy.
Therefore, it might be fair to mention that our ability to per-
form magnetic nanothermometry might depend strongly on
improving our knowledge of the collective behavior in the
next few years, otherwise this thermometry approach might
not achieve success. In addition, the field-gradient technol-
ogy used in MPI has not been translated for human use as
yet, although some authors are starting to address this issue
[193]. This is eagerly needed and could have a huge impact
in clinical translation of MNH.

Moreover, even if the MPI-MNH system is developed for
human use in the near future, one expects the price of this
technology, at least in the beginning, to be as high as MRI.
This is competitive, but there is a low-cost technology that
so far has not been adequately applied to MNH, namely
ultrasound thermometry (UST). UST has been a topic of

interest for a quite long time [1], but its use for thermal
medicine applications is curiously not as high as it could be.
One possible reason for that is that most thermometry appli-
cations appear for ablation therapies, while UST had bet a
lot on thermal strain imaging that is known to be applicable
at temperatures lower than 50 degrees Celsius. Recently, it
was demonstrated in phantom studies that USTSI can be
used for real-time temperature monitoring during MNH [77].
However, this approach has significant challenges to be over-
come due to animal motion (because of the patient’s breath-
ing movements) [194]. Anyway, UST can get benefit from
shear wave thermometry, which is less sensitive to respir-
ation and valid in a considerable temperature range [78]. So,
we strongly recommend that the scientists in the MNH field
interact with ultrasound medical physicists (and engineers)
with the objective to develop a low-cost, good accuracy and
noninvasive system for in vivo real-time temperature moni-
toring during MNH treatment.

Further, there is a clinical technology that is rising again,
namely computed tomography based thermometry (CTT)
[82,83]. CTT was suggested several decades ago, but might
become a reality now because of innovative filters and new
data reconstruction techniques [82]. The challenge of low-
dose radiation might be achieved using dual energy imaging
systems. However, the proof-of-concept that CTT can be
combined with MNH has not been established. This could be
an interesting area of research for the future, since CT can
also be used to determine the magnetic nanoparticle 3D
location, and therefore extract important parameters for real-
istic treatment planning simulations during MNH.

In conclusion, so far, MNH has been approved only for
the clinical treatment of brain tumors together with RT. Ten
years have passed since approval and the technology has
not expanded yet to other types of tumors (although there
is a clinical study underway for prostate cancer treatment). In
our opinion, the failure for introducing new clinical applica-
tions might be related to the absence of applying noninva-
sive thermometry in MNH. In this review, we discussed some
limitations of this technology and tried to point some future
directions. Indeed, we expect a great impact on clinical trans-
lation of Magnetic Nanoparticle Hyperthermia if at least one
of the technologies mentioned here, namely the ultrasound-
based, computed tomography-based or the magnetic nano-
particle-based thermometry, are implemented for in vivo
applications. This, together with the development of more
efficient low-field magnetic nano-heaters and also realistic-
like MNH computer simulations for treatment planning could
result in a broad range of clinical applications. One expects
single therapeutic applications that could span not only from
heat-alone treatment applications (ablation technologies)
and more importantly, heat-triggered drug release strategies
at very well localized regions in the body, to highly efficient
heat-induced immunotherapy strategies that should benefit
from three-dimensional heat dose control.
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