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ABSTRACT

For in vivo magnetic hyperthermia tests, which are typically conducted on small animal models, one of the
objectives is the design of alternating current (AC) magnetic field applicators able to guarantee an effective
activation of magnetic nanoparticles (MNPs). During therapy application, it is critical to optimize heat deposition
due to MNPs and minimize side effects in healthy tissues. For an accurate treatment planning, it is required to
carefully select the geometry of the applicator coils and their location with respect to the body, as a function of
the position and size of the tumour target region. Additionally, one should preliminary estimate the impact of
experimental conditions on the MNP heating efficiency and thus on their capability to induce a temperature
increase in tissues. Biophysical constraints have also to be taken into account in the choice of AC magnetic field
parameters (frequency and amplitude), to avoid eddy current effects as much as possible.

In this study, we present realistic simulations of preclinical tests on a mouse model, evaluating thermal
response under various experimental conditions. We investigate different field applicator configurations,
including helical, Helmholtz and pancake coils, while also analysing the role of the amplitude and frequency of
the supply current, as well as of the type and administered dose of MNPs. The temperature increase in tissues,
resulting from the heating effects due to AC magnetic field exposure and MNP activation, is calculated by means
of in-house finite element models that solve the low-frequency electromagnetic field problem and the bioheat
transfer equation. This in silico approach, which is applicable to any type of field applicators and MNPs, has been
demonstrated to provide useful insights for the optimization of in vivo experiments, enabling the design of safer
and more effective treatments.

1. Introduction

setup for the generation of the AC magnetic field, in order to optimize
heat deposition and minimize side effects in healthy tissues as much as

Magnetic hyperthermia has shown great potential as an adjuvant to
standard cancer therapies, such as radiotherapy or chemotherapy, due
to its high biosafety, deep-tissue penetration, and selective tumour
killing [1]. This treatment is based on the administration of magnetic
nanoparticles (MNPs) within a target region, i.e. the diseased tissue, and
on their activation with alternating current (AC) magnetic fields, with
frequency between 50 kHz and 1 MHz [2]. The MNP activation leads to a
local release of heat that produces an increase in temperature within the
tumour, inducing cancer cell damage when average temperatures in the
range of 40-45 °C are reached [3].

Preclinical tests on murine models (mice, rats) are commonly used to
evaluate the therapeutic efficacy of magnetic hyperthermia [4,5]. One of
the issues to be faced for in vivo treatments is the proper design of the
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possible. Several factors have to be taken into account, including (i) the
fulfilment of biophysical constraints when selecting the AC magnetic
field parameters (frequency f and peak amplitude H,), (ii) the depen-
dence of the MNP heating efficiency on the experimental conditions, and
(iii) the choice of the geometry of the field applicator and its placement
with respect to the body.

In magnetic hyperthermia, biophysical constraints were introduced
as limits on the magnetic field parameters, which enable us to guarantee
safe heating conditions, without undesired eddy current effects associ-
ated with electromagnetic (EM) field exposure [6]. A first criterion,
known as the Atkinson-Brezovich limit, was proposed in 1984, i.e. H, x
f< 4.850108 A/(m-s) [7], but in almost all the preclinical studies this
was not satisfied [8-26]; a less restrictive limit was introduced by Hergt

E-mail addresses: m.vicentini@inrim.it (M. Vicentini), a.manzin@inrim.it (A. Manzin).

https://doi.org/10.1016/j.ijthermalsci.2024.109151

Received 15 December 2023; Received in revised form 11 April 2024; Accepted 10 May 2024

Available online 19 May 2024
1290-0729/© 2024 The Authors. Published by Elsevier
(http://creativecommons.org/licenses/by/4.0/).

Masson SAS.

This is an open access article under the CC BY license


mailto:m.vicentini@inrim.it
mailto:a.manzin@inrim.it
www.sciencedirect.com/science/journal/12900729
https://www.elsevier.com/locate/ijts
https://doi.org/10.1016/j.ijthermalsci.2024.109151
https://doi.org/10.1016/j.ijthermalsci.2024.109151
https://doi.org/10.1016/j.ijthermalsci.2024.109151
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijthermalsci.2024.109151&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Vicentini et al.

and Dutz in 2007, i.e. H, x f< 5¢10° A/(m-s) [27]. In recent in silico
investigations on murine models, it was demonstrated that in 30 g mice
the thermal effects due to the only EM field exposure are very weak, also
when the Hergt-Dutz limit is overcome. However, significant tempera-
ture increases were found in 500 g rats, especially when the field is
applied transversally to the body longitudinal axis [28].

Besides safety reasons, the selection of f and H, should be carefully
made also for assuring an adequate MNP heating efficiency. This can be
quantified by means of the specific loss power (SLP), i.e. the power
dissipated per unit mass of magnetic material, derived from calorimetric
or thermometric measurements [29,30]. For a specific sample of MNPs,
higher values of SLP can be obtained by increasing fand/or H, [31-34],
thus the magnetic field in the target region should be sufficiently large to
enable the MNP activation [35].

Regarding the geometry of the field applicator, there are no currently
available standards for the definition of the setups to be used in vivo.
Anyway, there is a wide range of applicators suitable for preclinical tests
of magnetic hyperthermia, comprising custom made as well as com-
mercial setups specifically designed for research or dedicated for other
purposes (e.g. induction welding), and then adapted. Different
geometrical configurations were implemented and applied, including
helical or Helmholtz coils with the animal positioned totally or partially
inside [36,371, and helical or pancake coils placed in proximity to the
animal body, close to the target region [38,39]. Strong efforts were also
made to optimize the supply electronic circuits, in order to obtain ver-
satile devices able to operate under a wide range of field frequencies and
amplitudes [40,41], also exploiting non-sinusoidal waveforms [42,43].
Depending on the applicator geometrical configuration, size, position
and supply conditions, variations are expected in the spatial distribution
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and magnitude of the magnetic field within the tumour, with a conse-
quent impact on the heat release from the MNPs and thus on the tem-
perature increase reached during hyperthermia sessions [44].

In this scenario, in silico tests are a valid tool for addressing the en-
gineering of magnetic field applicators, their operating frequency and
supply current, and their placement with respect to the body, as a
function of the position of the target region within the body and of the
heating properties of the used MNPs. In this paper, we perform realistic
simulations of preclinical tests on a 30 g mouse, evaluating the thermal
response under different experimental conditions. In particular, we
consider various magnetic field applicators (with helical, pancake and
Helmbholtz-type geometry), varying the frequency and peak amplitude of
the supply current, the type of MNPs, their administered dose and
confinement. The analysis is performed by means of in-house finite
element solvers [35,45], which enable us to evaluate the magnetic field
spatial distribution within the target region, the thermal effects due to
both MNP excitation and EM field exposure, under different conditions
of magnetic field application.

The dependence of the MNP heating efficiency on the experimental
conditions is modelled taking into account different aspects. These
include the influence of the AC magnetic field parameters on the MNP
heating properties (SLP), and the effects on temperature rise when the
MNPs are dispersed in a target region with non-uniform magnetic field
spatial distribution. The second aspect, which becomes important for
particular coil applicator geometries and positions, is handled by
introducing a locally variable MNP heating power, while in most of the
previous studies the field is supposed to be uniform in the target region
where the MNPs are dispersed.

Fig. 1. (a) Schematic of an in vivo magnetic hyperthermia experiment, where a mouse is exposed to an AC magnetic field. The animal, defined by domain Qy,, presents
a tumour region, Qiarger, Where MNPs are distributed. The field applicator is represented by a solenoid Qs with current density vector Js. (b) Portion of the digital
phantom of the considered mouse model. Specific loss power (SLP) versus AC magnetic field peak amplitude for (c) FeO@citrate (JHU) NPs, (d) FeO@dextran (BNF)
NPs, and (e) SPIO@dextran (Nanomag-D) NPs. The blue and red markers correspond to the experimental data extrapolated from the literature for the frequencies of
150 and 300 kHz [33], respectively, whereas the black curves to their polynomial interpolation.
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2. Numerical model

The study is carried out by means of in-house numerical models for
the calculation of (i) the magnetic field produced by the applicator, (ii)
the induction phenomena due to EM field exposure, and (iii) the thermal
effects consequent to the AC magnetic field application and MNP acti-
vation. Fig. 1a schematizes the 3D domain under analysis, comprising
the applicator coil () and the animal body (£,), with the indication of
the target region or tumour to be treated (Qarget)-

2.1. Calculation of magnetic field within the body

The spatial distribution of the magnetic field produced by the
applicator in the body region €, is calculated in two steps. First, we
determine the spatial distribution of the current density vector Js within
the applicator coil Q, by solving the current-field equation with finite
element method (FEM), using linear basis functions and discretization
with tetrahedrons of Q. We implement the model by considering
current-driven formulation [46] and quasi-static conditions. Second, we
calculate the magnetic field in the body, as:

1 /‘Js(rs) x (rp _r5>dv

H,(ry) = 1
(x) 4n |ty — 1° W

Q

where rg indicates the vector position of a point inside the source con-
ductors and ry, the vector position of a point in Q. Moreover, we eval-
uate the corresponding magnetic vector potential A, as:

S5
b_rs‘

JS s
As(ry) :% / hﬂdv @
Q

where py, is the body magnetic permeability, assumed to be equal to the
one of vacuum.

2.2. Calculation of induction phenomena within the body

The induction phenomena produced in the body during the appli-
cation of the AC magnetic field are evaluated disregarding displacement
currents. By assuming that the magnetic field produced by the applicator
is not appreciably modified by the eddy currents induced in the body, we
can express the current density vector Jy, inside Qy, as

J» = 6By, = —6(V + j2nfAs), 3)

where Ej, is the electric field vector, j is the imaginary unit, ¢ is the tissue
electrical conductivity, ¢ is the electric scalar potential and Ay is
calculated according to (2) [47]. Considering the charge conservation
equation V-J, = 0 and the boundary condition J,-n = 0 (with n being
the unit vector normal to dQ2p), we derive the following equation:

/ oVp-Vwdyv, = —j2nf / cAs-Vwadvy, 4)
Q,

[

after applying the weak formulation with test function w. Also (4) is
solved with FEM, using linear basis functions and discretization with
tetrahedrons of (), after subdividing into 6 tetrahedrons each voxel of
the body digital phantom.

2.3. Calculation of thermal effects within the body

The thermal effects within Qy, consequent to the AC magnetic field
application and MNP activation, are evaluated by solving the Pennes’
bioheat transfer equation with FEM, using the same discretization with
tetrahedrons adopted for the calculation of induction phenomena. The
application of the weak formulation with test function w leads to the
following equation:
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where T is the tissue temperature, p is the tissue density, C, is the tissue
heat capacity, k is the tissue thermal conductivity, Qy is the tissue
specific metabolic heat generation rate, W is the tissue-blood perfusion
rate, Cplood is the blood heat capacity and Tpje0q is the arterial temper-
ature. Cplood and Tplood are fixed to 3617 J/(K-kg) and 37 °C, respec-
tively. Qgu is the specific heating power produced by the AC magnetic
field, obtained with the low-frequency EM field solver described in Sub-
section 2.2, as Qgm = c5|E|,|2 /2. Qunps is the specific heating power
released by the MNPs, and it is expressed as the product of the SLP and
the dose of the administered MNPs.

In the presence of a non-uniform magnetic field spatial distribution
in the target region, as occurs for many applicator configurations, Qunps
varies locally, and results to be a function of the local value of the field
peak amplitude H,(r). Once known the dependence of the SLP values on
the magnetic field parameters (e.g. from experimental or modelling
estimation), we can derive the expression of Qunps for a specific supply
frequency, as follows:

Ques (T) = doseymps (1) - SLP[H, (r)] = doseyps (T)- XP: [apﬁi @], (6)

where the SLP is approximated as a polynomial function of H,, with
degree P and coefficients a,, obtained by interpolating the measured or
calculated curve versus H,. The dose of the MNPs, assumed to be uni-
formly distributed within the target region Qarger (if not differently
specified) is quantified as the mass concentration of iron [Fe].
Equation (5) is completed by the following boundary condition at the
interface dQp, between the skin and the surrounding environment:
q= 7k37:: _h(Text_Tskin)7 (7)
where q is the outward heat flux, Tey is the external temperature (set at
25 °C), Tekin is the skin temperature and h is the heat transfer coefficient.
The time evolution of the temperature during the heating and suc-
cessive cooling transients is calculated by time-integrating (5) with the
Crank-Nicolson’s method, fixing the temperature at the initial time
instant to the baseline temperature. The thermal equilibrium configu-
ration is directly calculated by solving the steady-state version of (5).

3. Simulation parameters

To mimic preclinical tests of magnetic hyperthermia, we consider a
voxel-based mouse model, obtained by resizing the Sprague Dawley rat,
available on the IT’IS Foundation database [48], by a scaling factor of
2.6. The resulting animal, which has a body length of about 8.7 cm,
presents a large tumour on the flank, with a size of 815 mm? (see Fig. 1b)
and is discretized with 0.38 mm sized voxels, in turn subdivided into 6
tetrahedrons. Except for the tumour region that represents the target
region Qarger, the tissue properties (electrical conductivity o, density p,
heat capacity Cp, thermal conductivity k, perfusion rate W and specific
metabolic heat generation rate Qp,) are retrieved from the IT’IS Foun-
dation database [49] (see the Supplemental Material where they are
listed in Table S1). For Qarger, We fix 6 to 0.8 S/m [50], p to 1045 kg/m3,
Cp to 3760 J/(K-kg), k to 0.51 W/(K-m), W to 9.97 kg/(s-rns) and Qp, to
31.87 kW/m® [51]. To replicate a condition in which free convection
prevails, the heat transfer coefficient h is set at 3.5 W/(m2K) [50].
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We simulate different experimental conditions by varying the ge-
ometry of the magnetic field applicator, the supply current peak
amplitude and frequency, and the type of MNPs, assumed to be uni-
formly distributed within Qarger, if not differently specified. This is
generally a valid condition for multi-injection administration. The
considered applicators comprise: (i) an 8-turn helical coil with an outer
diameter of 5 cm; (ii) a 3-turn pancake coil with an outer diameter of
4.75 cm; (iii) a Helmholtz-type coil with 3 turns per side and an outer
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diameter of 7.85 cm. The coil geometries and dimensions refer to
custom-made or commercial applicators already employed in vivo
studies [8,36-39,52].

The positions of the coils with respect to the animal body are defined
with the aim of focusing the magnetic field as much as possible in the
target region and mimicking experimental conditions typically adopted
in preclinical tests. Fig. 2 illustrates the selected setups: for the 8-turn
coil we have two configurations, in the first one (configuration #1),

Fig. 2. Analysis of magnetic field generated in the mouse body for (a) configuration #1: 8-turn coil with mouse placed inside, (b) configuration #2: 8-turn coil with
mouse placed outside, (c) configuration #3: Helmholtz coil, and (d) configuration #4: pancake coil. Left: schematics of the four applicator-mouse configurations.
Middle: average, maximum and minimum magnetic field peak amplitude in the tumour region versus supply current (the field at the tumour barycentre and the
maximum value in the body are also reported). Right: maps of the magnetic field peak amplitude over a longitudinal and a transversal section of the mouse, crossing
the tumour barycentre, calculated by supplying the applicator in configuration #1 with a current of 100 A and the applicators in the other configurations with a

current of 300 A.
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the mouse body is placed inside apart from the head (Fig. 2a, left), in the
second one (configuration #2), the mouse is placed outside with the coil
positioned in close proximity to the tumour (Fig. 2b, left); for the
Helmholtz coil (configuration #3), the mouse is located between the two
wires, closer to one side (Fig. 2c, left); for the pancake coil (configura-
tion #4), the mouse is positioned above the coil (Fig. 2d, left), similarly
to the experimental condition found in Ref. [52]. The supply current
peak amplitude I is varied in a range that depends on the considered
setup (from 50 to 150 A for the 8-turn coil with the mouse inside, and
from 150 to 300 A for the other applicator-mouse configurations). The
selected values are in line with previous preclinical studies adopting
custom-made applicators, where supply currents with peak amplitudes
from 70 A [8] to more than 400 A [36,39] are used. Lower currents are
chosen for configuration #1, being sufficient for reaching magnetic field
amplitudes needed for activating the MNPs, while with the other con-
figurations higher currents have to be supplied.

The three types of MNPs considered in the analysis refer to iron oxide
based materials whose relevant properties are available from the liter-
ature in terms of SLP versus magnetic field peak amplitude H, and fre-
quency f [33]. Specifically, these are: (1) core-shell NPs with citrate
shell, from NanoMaterials Technology Pte Ltd, commercialized as Johns
Hopkins University (JHU) NPs [53]; (2) core-shell NPs with dextran
shell, from micromod Partikeltechnologie GmbH, commercialized as
bionized nanoferrite (BNF) NPs [54]; (3) matrix-based NPs constituted
by superparamagnetic iron oxide (SPIO) NPs dispersed in a dextran
matrix, from micromod Partikeltechnologie GmbH, commercialized as
Nanomag-D NPs [52]. For simplicity, we refer to them as (1) FeO@ci-
trate NPs, (2) FeO@dextran NPs and (3) SPIO@dextran NPs, respec-
tively. The values of the SLP are extrapolated for two frequencies, i.e.
150 kHz and 300 kHz, fitting and extending the data from Ref. [33]
down to very low fields.

4. Results and discussion

The modelling approach described in Section 2 is here applied to
investigate the following aspects.

(i) the spatial distribution and amplitude of the magnetic field in the
target region (tumour), as a function of the setup configuration
(coil geometry and position with respect to the mouse body) and
supply current;

(ii) the eddy current effects associated with the only EM field expo-
sure and the possible occurrence of non-selective heating of
healthy tissues;

(iii) the heating effects produced in the tumour after MNP excitation,
as a function of MNP type, concentration and local distribution,
setup configuration and supply current parameters (frequency
and peak amplitude);

(iv) the time duration needed to reach thermal equilibrium.

4.1. Analysis of magnetic field exposure

In this sub-section, we compare the applicators in terms of the spatial
distribution of the produced magnetic field as well as of the possible
thermal effects, caused by eddy current generation. With the supply
conditions reported in Section 3, the peak amplitude of the magnetic
field applied at the tumour barycentre varies within the ranges 5.8—17
kA/m for configuration #1, 5.2—10.3 kA/m for configuration #2,
5.2—10.4 kA/m for configuration #3, and 5.3—10.6 kA/m for configu-
ration #4 (Fig. 2, middle). Similar intervals of variation are also found
for the average values, evaluated within the tumour.

The spatial distributions of the magnetic field produced by the ap-
plicators within the animal body are compared in the right part of Fig. 2,
on both a longitudinal and a transversal cross section intersecting the
tumour barycentre; in order to obtain similar values at the tumour
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barycentre a current of 100 A is used for configuration #1, while a
current of 300 A is employed for the other configurations. Apart from
configuration #1 (Fig. 2a), for which the magnetic field is practically
uniform in overall the animal body, reaching a value around 11 kA/m, a
great uniformity is also found with the Helmholtz-type coil in configu-
ration #3 (Fig. 2¢). In this case, the magnetic field in the tumour varies
between 10 and 11 kA/m. In contrast, with the other two configurations
there is a rapid decay of the magnetic field amplitude as the distance
from the coil increases; in particular, for the 8-turn coil with the animal
outside (configuration #2), the magnetic field in the tumour varies be-
tween 8 and 14 kA/m (Fig. 2b), while for the pancake coil (configuration
#4), an even wider change is found, with the field ranging from 5.5 to
22.5kA/m (Fig. 2d). This behaviour is reflected in the field-current plots
(Fig. 2, middle), where the curves corresponding to the average,
maximum and minimum magnetic field peak amplitudes in the tumour
region are very close for configurations #1 and #3, corresponding to a
uniform field, and spread out for configurations #2 and #4, indicating a
strong heterogeneity.

With the selected interval of parameters for the supply current
(frequency and peak amplitude), we can ensure compliance with the
Hergt-Dutz limit for most of the considered cases. In particular, the limit
is slightly overcome for configuration #1, when f = 300 kHz and I = 150
A, with magnetic field peak values observed on the abdomen, flank and
back surfaces, and for configuration #4, when f = 300 kHz and I = 200
and 300 A, with magnetic field peak values on the abdomen. The ther-
mal effects due to the only AC magnetic field exposure are illustrated in
Fig. 3, which shows for all the configurations, as a function of the peak
amplitude of the magnetic field averaged in the tumour region, the
maximum temperature Tp,y and the average temperature T,yg inside the
tumour, plus the maximum temperature external to the tumour Tmax ext,
to investigate possible eddy current effects generated in healthy tissues.
For each value of the average magnetic field reported in abscissa, the
corresponding supply current can be derived from the graphs of Fig. 2,
middle. The analysis is performed for f equal to 150 kHz and 300 kHz.

It can be noticed that the magnetic field exposure weakly affects the
tumour temperature when f = 150 kHz, in this case the maximum
increment in Tayg, in the order of 0.13 °C, is observed for configuration
#1 when the average magnetic field is 17 kA/m (I =150 A). Anyway,
Tmax and Timax ext result to be lower than 37.3 °C. When f = 300 kHz, the
maximum increment in Tayg is more significant, being 0.53 °C for
configuration #1 and around 0.3 °C for configurations #2 and #3, while
negligible variations are found for configuration #4. Also for the highest
frequency, Tmax and Tmaxex: result to be within safe limits, being well
below 38 °C.

The thermal effects due to magnetic field exposure are clearly illus-
trated by the longitudinal maps in Fig. 3e, which reports the spatial
distributions of the temperature at equilibrium, comparing the condi-
tions corresponding to the different applicator-mouse configurations
with the case of only metabolic heat present. The results with the field
switched on are obtained having fixed f to 300 kHz and I to 300 A, apart
from configuration #1, for which I = 100 A, to compare conditions
where similar field levels are reached. It is interesting to note that
configurations #1, #2 and #4 lead to a similar temperature spatial
distribution, with peak values in the tumour and in the surrounding
regions, being characterized by the higher specific metabolic heat gen-
eration rate and interested by the stronger eddy current generation (the
tumour is indeed located at one flank, where the transversal section is
wider). Conversely, for configuration #3, the temperature increases
approximately in the whole body; the reason is that the magnetic field is
applied orthogonally to the mouse longitudinal axis, and thus the cross
section where eddy currents appear interests practically all the animal,
from tail to head. In this case, the maximum temperature increments,
resulting in the order of 2 °C, are found in correspondence to muscle
tissue near neck region.
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Fig. 3. Analysis of thermal effects due to AC magnetic field exposure for (a) configuration #1, (b) configuration #2, (c) configuration #3, and (d) configuration #4.
The graphs show the maximum and average temperatures evaluated at thermal equilibrium within the tumour as a function of the average magnetic field in the
tumour, for f equal to 150 kHz and 300 kHz (the maximum temperature external to the body is also reported). (e) Temperature maps calculated at thermal equi-
librium across the mouse longitudinal section, comparing the heating contribution due to only metabolic heat (top) to the heating contribution of the AC magnetic
field for the different configurations. The temperature spatial distributions are obtained by supplying the applicator in configuration #1 with a current of 100 A and
the applicators in the other configurations with a current of 300 A, fixing f to 300 kHz.

4.2. Analysis of magnetic nanoparticle heating efficiency

In this sub-section, we compare the applicators in terms of the
heating effects produced in the tumour by the AC magnetic field appli-
cation and MNP activation. In particular, we analyse how the thermal
effects can be tuned by varying the type of MNPs, their concentration,
the setup configuration and the supply current parameters.

The combined action of magnetic field exposure and MNP excitation
is first shown for FeO@citrate NPs in Fig. 4, which reports for all the
configurations the maximum temperature Tp.x and the average tem-
perature T,y inside the tumour, plus the maximum temperature
external to the tumour Trax ext, as a function of the peak amplitude of the
magnetic field averaged in the target region, for f equal to 150 kHz and
300 kHz. The results are obtained for an MNP dose corresponding to an
iron mass concentration [Fe] of 1.25 rng/cm3 within the tumour, which
has been previously demonstrated to guarantee the achievement of
therapeutic conditions (40—45 °C for Tayg), while fulfilling the Hergt-
Dutz limit and under the assumption of magnetic field uniformly
applied along the mouse longitudinal axis [35]. In particular, for the
small animal here considered this condition corresponds to an average
temperature increase from 3 up to 8 °C.

With configuration #1 (Fig. 4a), a current of 100 A, leading to an
average magnetic field of 11 kA/m, is sufficient for achieving the ther-
apeutic temperature range with f = 150 kHz, while with a 50 A current
no significant differences are found in comparison to the case without
MNPs, being the generated field too low to activate the MNPs. When

supplying the applicator with a current of 150 A, corresponding to a
field in the order of 17 kA/m, the upper limit of 45 °C is reached; a
possible issue is that such temperature is also observed in the healthy
tissues surrounding the tumour. When f = 300 kHz, smaller currents
should be used to avoid the exceeding of the upper threshold tempera-
ture, i.e. currents around 75 A, leading to 8.5 kA/m average magnetic
fields, could be optimal. On the contrary, with currents higher than 100
A, adverse thermal effects can occur (e.g., when I = 150 A an average
temperature of 50 °C is found in the tumour, corresponding to an
average temperature increase of about 13 °C).

With the other configurations, higher currents have to be used to
reach magnetic fields able to activate the MNPs. With configuration #2
(Fig. 4b), when f = 150 kHz, the maximum considered current (300 A)
enables to obtain a 10.5 kA/m average field and thus only an average
temperature of 40 °C in the tumour. With currents around 200 A, tem-
peratures well below the therapeutic range are reached. When f = 300
kHz, currents in the order of 260 A should be selected to supply the
applicator, in order to reach 9 kA/m average magnetic fields in the
tumour, thus enabling the achievement of temperatures within the
therapeutic range. With configuration #3 (Fig. 4c), a similar behaviour
is found, in terms of supply conditions to be chosen to guarantee an
effective magnetic hyperthermia application. With configuration #4
(Fig. 4d), when using the same current amplitudes, slightly larger
average temperatures are obtained with respect to configurations #2
and #3, but the maximum temperatures (both in the tumour and in the
external surrounding regions) are at least 1 °C greater, due to the strong
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Fig. 4. Analysis of thermal effects due to FeO@citrate NP activation for (a) configuration #1, (b) configuration #2, (c) configuration #3, and (d) configuration #4.
The graphs show the maximum and average temperatures evaluated at thermal equilibrium within the tumour as a function of the average magnetic field in the
tumour, for f equal to 150 kHz and 300 kHz (the maximum temperature external to the body is also reported). The dose of the FeO@citrate NPs, assumed to be
uniformly distributed within the tumour, corresponds to an iron mass concentration [Fe] of 1.25 mg/cm>. The target temperature range for Tavg (40—45 °C) is

indicated with the grey rectangle.

heterogeneity of the field, characterized by a discrepancy of about 100%
between the maximum and average values (see Fig. 2d, middle).

To provide indications on the hyperthermia session duration, we
calculate the time evolution of the maximum temperature Ty, and the
average temperature Tayg inside the tumour, during the heating and
successive cooling transients. As an example, Fig. 5 reports the results
obtained for FeO@citrate NPs with [Fe] = 1.25 mg/cm3, having set the
magnetic field frequency at both 150 and 300 kHz. It is important to
note that the thermal equilibrium can be approached in about 5 min and
fully achieved in 30 min, a time interval compatible with in vivo appli-
cations [8,36-39]. These features are characteristic of all the investi-
gated cases, having fixed all the tissue properties.

The applicator performances are also investigated by considering a
larger dose of FeO@citrate NPs, corresponding to an iron mass con-
centration [Fe] of 2 rng/cm3 within the tumour; the relative results for
the equilibrium condition are reported in Fig. 6. In this case, lower
currents are adequate for reaching the therapeutic range, e.g. with
configuration #1 (Fig. 6a) currents of 75 and 55 A are sufficient to arrive
at 40 °C when f is equal to 150 and 300 kHz, respectively. However,
major attention has to be paid to avoid the overcoming of the upper limit
of 45 °C, which can be locally exceeded when the average applied field is
only 8 kA/m (i.e., for a supply current around 70 A). With configurations
#2 (Fig. 6b) and #3 (Fig. 6¢), when f = 150 kHz, the larger MNP con-
centration enables to reach the therapeutic range with wider average
field ranges, starting from approximately 8.5 kA/m, achievable with a

current of about 250 A. When f = 300 kHz, fields in the order of 7 kA/m
(obtainable with 200 A currents) allow to operate under target condi-
tions. With configuration #4 (Fig. 6d), very careful attention has to be
paid when selecting the supply current if f = 300 kHz, since in this case
fields of 6.5 kA/m (and thus currents around 180 A) are enough large to
exceed the therapeutic range, in terms of maximum temperatures
reached in both the tumour and external surrounding regions.

As a comparison of the performances of the different applicators,
Fig. 7 shows the spatial distributions of the temperature obtained at
equilibrium on a transversal section crossing the tumour barycentre. The
maps are calculated for all the applicator-mouse configurations, sup-
plying the applicator in configuration #1 with a current of 100 A and the
applicators in the other configurations with a current of 300 A, and
fixing the frequency to 150 kHz. Different spatial distributions of
FeO@citrate NPs are considered. In Fig. 7a the MNPs are assumed to be
uniformly dispersed in the whole tumour with a dose corresponding to
an iron mass concentration [Fe] of 2 mg/cms. For all configurations, the
temperature increment is mainly concentrated within the tumour as a
proof of the effective magnetic hyperthermia application, but with a
different spatial distribution depending on the magnetic field focusing
(see Fig. 2). The most heterogeneous distribution is observed with
configuration #4, with temperature values varying between 38.6 °C and
45.6 °C in the entire tumour volume (the peaks are localized in the lower
part adjacent to skin areas). In contrast, the temperature spatial distri-
bution is more uniform with the other applicator-mouse configurations,
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Fig. 5. Analysis of thermal effects due to FeO@citrate (JHU) NP activation for (a) configuration #1, (b) configuration #2, (c) configuration #3, and (d) configuration
#4. The graphs show the time evolutions of the maximum and average temperatures within the tumour during the heating and cooling transients. The calculations
are performed for f equal to 150 kHz and 300 kHz, switching off the magnetic field after 60 min. The dose of the FeO@citrate NPs, assumed to be uniformly
distributed within the tumour, corresponds to an iron mass concentration [Fe] of 1.25 mg/cm3.

especially for configuration #1, where the temperature varies in the
range 42-44 °C in overall the tumour volume, reducing to 39.3 °C to-
wards the internal tumour periphery. With configurations #2 and #3 the
increments are more focused on the tumour side where the distance from
the applicator wires is shorter, with tumour temperatures varying be-
tween 38.4 and 43.9 °C for configuration #2 and between 38.7 and
43.1 °C for configuration #3.

Although for all the applicator-mouse configurations the selected
parameters enable to operate within the therapeutic range (apart from
configuration #4 that leads to a slight exceeding of 45 °C), it is possible
to observe that the tissues exhibiting temperatures higher than 40 °C
extend significantly beyond tumour boundaries. Such effects appear not
only in regions near the skin and thus closer to the applicator wires, but
also within internal parts of the body. This can be quantified by evalu-
ating the tissue volume outside the tumour, where the temperature ex-
ceeds 40 °C, as a percentage of the tumour volume itself. Such quantity
varies from 49% with configurations #2 and #3 to 80% for configura-
tion #1, while for configuration #4 a percentage in the order of 55% is
found. Therefore, with a more uniform magnetic field distribution
throughout the tumour region, as obtained with configuration #1,
thermal effects can largely extend to the surrounding healthy tissues.

To reduce non-selective heating, one possibility is the dispersion of
MNPs in a limited portion of the tumour, mimicking the administration
with a single injection. As an example, Fig. 7b reports the results ob-
tained by uniformly distributing the FeO@citrate NPs in a 4 mm
diameter sphere centred in the tumour barycentre, with [Fe] fixed to 10

mg/cm®. Small differences are found among the temperature maps, by
varying the setup configuration, being comparable the magnetic field
amplitude at the tumour barycentre. However, in this case the increase
in temperature is strongly limited (occurring in a 5 mm sized region) and
reaching a maximum temperature in the order of 43 °C, even if the dose
of MNPs is incremented of five times. More evident differences among
the set-up configurations can be appreciated when the MNPs are
distributed within a region closer to the skin, due to the diverse mag-
netic field patterns, as shown in Fig. 2. As a proof, Fig. 7c illustrates the
results obtained when the FeO@citrate NPs are uniformly distributed in
a 4 mm diameter sphere located in the tumour and centred at about 2.6
mm from the skin, with [Fe] fixed to 10 mg/cm3. In this case, the highest
temperatures are obtained with configuration #4, reaching values
higher than 45 °C.

Magnetic hyperthermia outcomes are strongly dependent on the type
of used MNPs and their heating properties. This is well highlighted by
the comparison of Figs. 4 and 8, the latter reports the results obtained
when injecting in the tumour FeO@dextran NPs, whose SLP values are
significantly lower than the ones of FeO@citrate NPs, within the interval
of variation of the magnetic field generated by the applicators consid-
ered in this study. In particular, for the same iron mass concentration
[Fel, when using FeO@dextran NPs much lower temperatures are
reached, even below 40 °C, as happens for configurations #2 (Fig. 8b)
and #3 (Fig. 8c) for both 150 and 300 kHz. With these applicator-mouse
configurations, the maximum average magnetic field observable in the
tumour is indeed around 10.5 kA/m (Fig. 2b and c), corresponding to an
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Fig. 6. Analysis of thermal effects due to FeO@citrate (JHU) NP activation for (a) configuration #1, (b) configuration #2, (c) configuration #3, and (d) configuration
#4. The graphs show the maximum and average temperatures evaluated at thermal equilibrium within the tumour as a function of the average magnetic field in the
tumour, for f equal to 150 kHz and 300 kHz (the maximum temperature external to the body is also reported). The dose of the FeO@citrate NPs, assumed to be
uniformly distributed within the tumour, corresponds to an iron mass concentration [Fe] of 2 mg/cm?®. The target temperature range for Tayg (40—45 °C) is indicated

with the grey rectangle.

SLP of 35 W/gge (f = 150 kHz) and 67 W/gge (f = 300 kHz) for FeO@-
dextran NPs (Fig. 1d), against values of 170 and 360 W/gg. for FeO@-
citrate NPs (Fig. 1c). Slightly larger temperatures are obtained with
configuration #4 (Fig. 8d), being the maximum magnetic fields in the
tumour doubled with respect to the previous configurations, anyway the
therapeutic range is reached in terms of maximum temperature only
when I = 300 A and f = 300 kHz, conditions for which the average
temperature in the tumour is only 39 °C. On the contrary, with config-
uration #1 (Fig. 8a), it is possible to overcome 40 °C also in terms of
average temperature values, but currents higher than 110 A (f = 150
kHz) and 140 A (f = 300 kHz) are needed.

Finally, we analyse what happens when considering widely used
commercial MNPs, like SPIO@dextran (Nanomag-D) NPs, which are
characterized by very low SLP values within the interval of variation of
the magnetic field generated by the applicators considered in this study
(Fig. 1e). With such MNPs, the previously considered doses are practi-
cally ineffective, and one order of magnitude larger quantities should be
used to obtain temperature values comparable to the ones reached with
FeO@citrate NPs in Fig. 4. As an example, Fig. 9 shows the results found
when a SPIO@dextran dose corresponding to an iron mass concentra-
tion [Fe] of 12.5 mg/cm3 is considered. It is interesting to note that even
with this very high dose, with configurations #2 (Fig. 9a), #3 (Fig. 9b)
and #4 (Fig. 9¢) the therapeutic range is not reached in terms of average
temperature when f = 150 kHz, also when a current of 300 A is supplied.

On the contrary, with configuration #1 (Fig. 9a), a current of 100 A is
sufficient to achieve target thermal conditions.

With 300 kHz it is always possible to overcome the limit of 40 °C and,
interestingly, a remarkable variation of the behaviour with respect to
the case with f = 150 kHz can be observed, as a consequence of the
relative large change of SLP. In this case, attention has to be paid when
using large currents due to the possibility of exceeding the limit of 45 °C,
not only locally, but also in terms of average values, as happens for
configuration #1 (Fig. 9a), when I=150A.

In summary, the FeO@citrate NPs offer the best thermal efficiency
and safest treatment conditions, since they enable the attainment of
therapeutic temperatures with minimal doses and low magnetic field
amplitudes, for both the considered frequencies. In particular, with such
MNPs effective magnetic hyperthermia application is achieved, once
carefully selected the supplying parameters, with all the types of
applicator-mouse configurations here considered.

4.3. Advancements, limitations and future directions

The numerical methodology here implemented has demonstrated to
be a valid tool for addressing the selection of MNP type and operating
conditions to be used in magnetic hyperthermia preclinical tests, also
thanks to the adoption of computational phantoms with realistic
anatomical details. The reliability of our modelling approach is
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Fig. 7. Analysis of thermal effects due to FeO@citrate (JHU) NP activation for all the considered configurations. Temperature map on a transversal section of the
mouse crossing the tumour barycentre, calculated supplying the applicator in configuration #1 with a current of 100 A and the applicators in the other configurations
with a current of 300 A, and fixing f to 150 kHz. Different spatial distributions of FeO@citrate NPs are considered: (a) uniform distribution inside the whole tumour
with [Fe] = 2 mg/cmS; (b) uniform distribution in a 4 mm diameter sphere centred in the tumour barycentre, with [Fe] = 10 mg/cmB; (c¢) uniform distribution in a 4
mm diameter sphere, located in the tumour and centred at about 2.6 mm from the skin, with [Fe] = 10 mg/cm®. The spherical regions where the MNPs are dispersed
are indicated with a black circle.

Fig. 8. Analysis of thermal effects due to FeO@dextran (BNF) NP activation for (a) configuration #1, (b) configuration #2, (c) configuration #3, and (d) config-
uration #4. The graphs show the maximum and average temperatures evaluated at thermal equilibrium within the tumour as a function of the average magnetic field
in the tumour, for f equal to 150 kHz and 300 kHz (the maximum temperature external to the body is also reported). The dose of the FeFO@dextran NPs, assumed to be
uniformly distributed within the tumour, corresponds to an iron mass concentration [Fe] of 1.25 mg/cm®. The target temperature range for Tavg (40—45 °C) is
indicated with the grey rectangle.
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Fig. 9. Analysis of thermal effects due to SPIO@dextran (Nanomag-D) NP activation for (a) configuration #1, (b) configuration #2, (c) configuration #3, and (d)
configuration #4. The graphs show the maximum and average temperatures evaluated at thermal equilibrium within the tumour as a function of the average
magnetic field in the tumour, for f equal to 150 kHz and 300 kHz (the maximum temperature external to the body is also reported). The dose of the SPIO@dextran
NPs, assumed to be uniformly distributed within the tumour, corresponds to an iron mass concentration [Fe] of 12.5 mg/cm?®. The target temperature range for Tavg

(40—45 °C) is indicated with the grey rectangle.

confirmed by the good agreement between calculated and experimental
results, when analogous treatment conditions are considered. As an
example, the temperature increase obtained for the FeO@citrate NPs
with configuration #3 is comparable to the one measured during in vivo
tests on mice with the same tumour volume, when using a similar
applicator and MNPs with SLP values and concentrations that lead to a
similar specific heating power in the target region [55].

Our modelling approach can be easily extended to simulate human
applications in view of a treatment plan design, as envisaged in previous
works, where in silico tests of breast, head and pancreas tumour treat-
ment were performed [56-58]. An advantage of our methodology is the
possibility of including in the bioheat simulations the dependence of the
MNP heating properties on the local values of the magnetic field,
introducing a spatially-dependent heating power of the MNPs, while in
most of the studies the field is supposed to be uniform in the target re-
gion where the MNPs are dispersed. This enables us to investigate the
influence of the coil geometry and position with respect to the
anatomical target region, providing indications for the design and
proper placement of the field applicator, also for deep-seated tumours.
Moreover, thanks to our approach, it is possible to evaluate the overall
temperature increase in tissues, adding to the contribution of MNPs the
undesired heating effects associated with eddy current generation. In
this way, we can guide the design of field applicators and protocols that
fulfil biophysical requirements, reducing risks for safety and
non-selective heating of healthy tissues, which are more likely to occur
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when the body part exposed to the field is large, as for human adult
thorax.

As a limitation of our methodology, thermoregulation or
temperature-dependence of blood perfusion phenomena are not
currently taken into account [59]. Moreover, the reliability of the model
resides in the quality of estimation of the tissue thermal properties,
whose accurate characterization is a very complex task, also considering
that they are typically derived from ex vivo measurements. One main
issue is the lack of enough experimental data on tumour region prop-
erties, also considering the complex perfusion patterns arising in tu-
mours. In our modelling approach, we refer to data retrieved from the
literature, as commonly done. Obviously, different thermal properties
lead to a different thermal response, with implications on the definition
of efficacious and safe treatment plans. Anyway, a combined variation of
20% in the most impactful tumour parameters (electrical conductivity,
thermal conductivity and tissue-blood perfusion rate) is demonstrated to
lead to a maximum variation in the local temperature of about 0.8 °C, as
shown in the sensitivity analysis reported in the Supplemental Material
(Table S2).

Another criticality regards the proper knowledge of the MNP SLP,
which depends on many factors, including the excitation conditions
(peak amplitude and frequency of the AC magnetic field), the MNP
properties (size, shape, material composition, surface coating, and ag-
gregation state) [60-62], and the viscosity of the medium where they
are dispersed. It is worth noting that experimental SLP values used in
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this work were derived from measurements in water, thus including
possible Brownian rotation effects that can be appreciable in low vis-
cosity media, depending on the MNP size [63]. On the contrary, these
effects are typically suppressed when MNPs are confined within tissues,
translating in eventually lower SLP values and thus lower relative in-
crements in temperature. The discrepancy between water and
high-viscosity media is difficult to be quantified, being Brownian rota-
tion effects strongly dependent on the MNP size and shape. Moreover, it
is important to observe that the derivation of SLP from thermometric
and calorimetric measurements can suffer from uncertainties and errors
imposed by experimental conditions and estimation methodology [64],
thus limiting SLP value reproducibility and reliable use in silico tests.

Additionally, more precise simulations for treatment planning
require an accurate determination of the spatial distribution of the MNPs
in the tumour, which can be affected by the tumour shape and size, the
tissue heterogeneity, the rate of infusion of the MNPs, and the number
and sites of injections. As a future direction for improving the realism of
in silico tests, the bioheat simulations can be combined with modelling
approaches able to predict MNP concentration profile during the infu-
sion [65] or with microCT image based simulations [66]. As a further
step, heterogeneity in tumour composition can be considered, intro-
ducing necrotic area, where the rate of MNP penetration drops drasti-
cally [67], as well as spatially varying blood perfusion properties [68].

Finally, thanks to the possibility of simulating the entire treatment
pipeline, from the field applicator design to the evaluation of the tem-
perature increase, another step forward of our methodology can be the
optimization of the applicator coils. In this direction, the objective is the
engineering of applicators with proper electronic circuit, able to
generate AC magnetic fields with amplitudes suitable for magnetic hy-
perthermia and treatment of non-superficial tumours, too. As a
requirement, low supply currents (less than 100 A) should be used, to
reduce the risks of conductor overheating as much as possible. To this
aim, our modelling approach could be further extended to include Joule
loss effects within the coil wires and heat transfer from the conductors to
the surrounding environment, also for supporting the design of appli-
cator cooling systems [69].

5. Conclusions

In this study, we have simulated magnetic hyperthermia in vivo tests
to investigate the thermal response in a mouse, produced by AC mag-
netic field exposure and consequent MNP activation, under realistic
operative conditions. The obtained results have shown that the treat-
ment outcomes, in terms of temperature increments in the target region,
can strongly depend not only on the amplitude and frequency of the
local magnetic field, but also on its spatial distribution, which varies
with the geometry of the applicator and its position with respect to the
body. Therefore, a detailed knowledge of these information, besides
MNP heating properties, is essential for optimizing the tumour exposure
to the AC magnetic field and thus planning an effective and safe treat-
ment. When the animal is positioned within the wires of helical or
Helmbholtz coils, strongly uniform fields can be generated inside the
body, with larger amplitudes observable for the helical coil, thus
allowing the use of lower currents and the reduction in technical issues
connected to the design of proper power electronics. When the animal is
not placed inside the wires, as for helical and pancake coils positioned in
close proximity to the tumour, the magnetic field rapidly decays with
the distance from the applicator, thus requiring the use of high currents.
In this case, a strongly heterogeneous spatial distribution of the field is
found, especially for the pancake coil, making the above solutions not
suitable for the treatment of deep-seated or very large superficial
tumours.

Another important aspect highlighted in our analysis is the need of
monitoring the temperature increase during AC magnetic field appli-
cation to avoid the overheating of healthy tissues. Such effects can
appear also in body areas distant from the target region, as happens for
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the configuration with the mouse placed inside the Helmholtz coil, for
which the field exposure is responsible for the generation of eddy cur-
rents that circulate from tail to head. In the presence of MNPs uniformly
distributed within the tumour, important side effects in the areas sur-
rounding the tumour can appear with all configurations, suggesting to
opt for a more localized MNP dosage.

Finally, our study has quantified the thermal response of different
MNPs as a function of magnetic field application configuration and
supply conditions. When using MNPs like the FeO@citrate (JHU) ones,
characterized by relative high values of SLP at low magnetic field am-
plitudes and frequencies, the temperature therapeutic range can be
reached with low doses (in the range of 1 mg/cm®) and no restrictions
need to be imposed on the applicator choice. With less efficient MNPs,
like the FeO@dextran (BNF) and SPIO@dextran (Nanomag-D) ones,
careful attention has to be paid when selecting the experimental setup,
since for certain configurations (e.g., the helical coil with the mouse
outside and the Helmholtz coil), sufficiently high temperature in-
crements can be obtained only when using one order of magnitude
larger doses.
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