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In Silico Experiments to Explore the Heating Efficiency of
Magnetic Nanoparticles in Hyperthermia Preclinical Tests

Marta Vicentini,* Riccardo Ferrero, and Alessandra Manzin

Preclinical tests on murine models are typically performed to evaluate the
therapeutic efficacy of novel magnetic nanoparticles (MNPs) in cancer
treatment with magnetic hyperthermia. Here, through in silico experiments,
in vivo tests are mimicked on a 30 g mouse and a 500 g rat, with the aim of
determining the optimal treatment conditions allowing to reach the
therapeutic temperature range (40−45 °C) within tumor regions. Various
types of MNPs are considered with very different heating properties in terms
of specific loss power, varying their administered dose, as well as the
frequency and peak amplitude of the magnetic field. The analysis is performed
by means of finite element models that solve the low-frequency
electromagnetic (EM) field problem and the Pennes’ bioheat transfer
equation, to calculate the temperature increase in biological tissues due to the
combined effects of EM field exposure and MNP activation. The methodology,
which can be generalized to any type of MNPs, has permitted to identify the
proper doses of MNPs to be administered to the tumor region, as a function
of their heating properties and magnetic field parameters, highlighting the
conditions that can lead to possible overheating, generation of hot spots or
magnetic hyperthermia inefficacy.

1. Introduction

In oncology, hyperthermia has been investigated as an adjuvant
to radiotherapy or chemotherapy for the treatment of several can-
cer types, including brain, breast, liver, prostate, and lung. The
reaching of a target temperature in the tumor mass, within the
range of 40−45 °C, contributes to tumor cell damage and en-
hances cell sensitivity to standard therapies; moreover, adverse
effects on healthy cells are reduced due to their lower suscepti-
bility to temperature increase.[1–4]

Thanks to the latest advances in nanotechnology, magnetic hy-
perthermia has become a promising candidate for hyperthermia,
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due to the possibility of achieving highly se-
lective heating. With this technique, mag-
netic nanoparticles (MNPs) excited by an al-
ternating current (AC) magnetic field can
lead to a localized release of heat in the
tumor-affected region with limited side ef-
fects in the surrounding healthy tissues.[5–8]

The MNP heating efficiency is generally
measured by means of the specific loss
power (SLP), which is defined as the power
dissipated per unit mass of magnetic ma-
terial, and can be estimated via thermo-
metric or calorimetric measurements;[9,10]

the SLP depends on the physicochemical,
structural, and dimensional properties of
MNPs (material composition, size, shape,
and surface coating),[11–14] as well as on the
AC magnetic field parameters (peak ampli-
tude Ĥa and frequency f).[15,16] For a spe-
cific sample of MNPs, larger SLP values
can be obtained by increasing Ĥa and/or
f. However, the magnetic field parameters
have to be selected within a range that
satisfies biophysical constraints, to avoid

undesired eddy current heating. A first indication, known as the
Atkinson-Brezovich limit, was provided in 1984, that is Ĥa ×
f ≤ 4.85 × 108 A m−1 s−1;[17] a less rigid limit was introduced by
Hergt and Dutz in 2007, that is Ĥa × f ≤ 5 × 109 A m−1 s−1.[18]

A crucial aspect when planning magnetic hyperthermia treat-
ments is themonitoring of the temperature increase, considering
that the target temperature range should be ideally reached in the
entire tumor region and maintained for a sufficiently long time
(from 20–30 min up to 1 h). However, a complete knowledge of
the temperature distribution within the region of interest is im-
possible during hyperthermia sessions. Typically, infrared ther-
mal cameras are employed for the real-timemonitoring of super-
ficial temperature, whereas fiber-optic thermometers are used for
the measurement of temperature in the target region, but this
procedure can provide temperature values at discrete points only
and can be rather invasive.[19–21]

Temperaturemeasurements can be complemented by in silico
modeling,[22] which can be used to evaluate the spatial-temporal
distribution of the temperature in the target region, versus the
MNP heating properties (SLP), the AC magnetic field parame-
ters, the duty cycle, the MNP local concentration, as well as the
position of the tumor within the body and its thermal proper-
ties. In silico replication of in vivo tests mainly focuses on the
role of the MNP concentration and deposition pattern, and of
the tumor size, shape, position, and thermal properties, giving
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less attention to the role of the type of employed MNPs and their
ability to release heat as a function of magnetic field peak am-
plitude and frequency.[23–34] Moreover, to reduce computational
complexity, most numerical models introduce simplifications on
the body anatomy, which is often approximated as a domain com-
posed of elementary regions, typically spherical, ellipsoidal, or
cubic, where the inner one represents the tumor.[24–29] Further
complexity is added, by considering a more realistic shape of the
diseased organ, but describing the tumor as an internal sphere
and avoiding the presence of surrounding healthy organs and
tissues.[30] To better mimic in vivo tests and include the effects
of thermal diffusion and heat exchange with the external envi-
ronment, computational phantoms with realistic anatomical de-
tails are also employed, extending their volume to the tissues sur-
rounding the diseased organ or to the entire body.[31–33] In some
studies, the irregularities in the tumor shape are also included
in the voxel discretization, via 3D reconstruction from in vivo
measurements.[22,34]

In this framework, we present a physics-based modeling ap-
proach to evaluate the spatial distribution of the temperature in-
crease induced by magnetic hyperthermia in tumor regions lo-
cated in the body of two murine models (i.e., a 30 g mouse and
a 500 g rat). Among the key factors that influence magnetic hy-
perthermia efficacy, we investigate the role of MNP heating prop-
erties (SLP) as a function of magnetic field parameters, in order
to determine the optimal therapeutic conditions. In particular,
we simulate hyperthermia treatments with four types of MNPs,
varying the magnetic field peak amplitude Ĥa and frequency f,
and the concentration of MNPs in the target region, where they
are assumed to be uniformly distributed.
The spatial distribution of the temperature in the whole ani-

mal body is calculated by means of an in-house finite element
method (FEM) code, developed to solve the Pennes’ bioheat
equation.[32,35] The numerical model takes into account the heat-
ing power due to MNP excitation as well as to AC magnetic field
exposure. The latter term is calculated with an in-house FEM
code that solves the low-frequency electromagnetic (EM) field
problem, developed to assess possible eddy current effects.[35] To
extend the parametric analysis, the results from thermal simula-
tions are integrated with the outputs of regression models.

2. Results and Discussion

The modeling approach described in Section 4 is employed to
simulate in vivo tests of magnetic hyperthermia, calculating the
spatial distribution of temperature consequent toMNP excitation
within voxel-based murine models. Specifically, we use the com-
putational anatomical model of the Sprague Dawley rat available
on the IT’IS Foundation database;[36] this model corresponds to a
female rat with a weight of 503 g and a body length of 22.5 cm (ex-
cluding tail). Among the three tumors present in the animal, we
assume that theMNPs are administered in the largest one (target
region Σ), which has a size of 2.4 × 3.7 × 3.8 cm3 (correspond-
ing to 3.1% of the body), and is located on the right flank (see
schematic in Figure 1a). To also simulate the thermal response
in a mouse-size model with a weight of about 30 g, we resize
the rat model by a factor of 2.6. The tissue properties (electrical
conductivity 𝜎, density 𝜌, heat capacity Cp, thermal conductivity
k, perfusion rate W, and metabolic heat Qm) are extracted from

the IT’IS Foundation database,[37] except for the tumor proper-
ties. Specifically, for the tumor regions 𝜎 is set at 0.8 S m−1,[38]

𝜌 at 1045 kg m−3, Cp at 3760 J K
−1 kg−1, k at 0.51 W K−1 m−1,

W at 9.97 kg s−1 m−3, and Qm at 31 872.5 W m−3.[25] To simu-
late a condition where free convection is predominant, the heat
transfer coefficient h is fixed to 3.5 W m−2 K−1.[38] Being the
animals generally anesthetized during magnetic hyperthermia
tests, we assume that their thermoregulatory response is inac-
tivated and thus we neglect the dependence of blood perfusion
on temperature.[39]

We simulate different experimental conditions by consider-
ing four types of MNPs and by varying their dose within the
treated tumor as well as the peak amplitude and frequency of the
AC magnetic field. This is assumed to be uniformly distributed
within the whole animal body, applied along its longitudinal axis,
and with peak amplitude and frequency guaranteeing the fulfil-
ment of the Hergt-Dutz limit.[18] The considered MNPs refer to
samples available from the literature and previously character-
ized, via calorimetric heatingmeasurements, in terms of SLP val-
ues versus Ĥa and f.

[16] These comprise: 1) Johns Hopkins Uni-
versity (JHU) NPs from NanoMaterials Technology Pte Ltd (Sin-
gapore), composed of a multicrystallite dense iron oxide core sta-
bilized with citrate;[16,40] 2) bionized nanoferrite (BNF) nanoparti-
cles (NPs) from micromod Partikeltechnologie GmbH (Rostock,
Germany), composed of a multicrystallite dense iron oxide core
coated with a dextran shell;[16,41] 3) custom-made manganese fer-
rite NPs, composed of a multicrystallite dense iron-manganese
oxide core stabilized with citrate;[16,42] and 4) Nanomag-D NPs
from micromod Partikeltechnologie GmbH, composed of su-
perparamagnetic iron oxide (SPIO) NPs dispersed in a dextran
matrix.[16,41] According to the order above, we name the four types
of MNPs as: 1) FeO@citrate NPs, 2) FeO@dextran NPs, 3) Mn-
FeO@citrate NPs, and 4) SPIO@dextran NPs.We extrapolate the
SLP values from the literature[16] for two frequencies, i.e., 150 and
300 kHz; Figure 1b−e shows the curves of the SLP versus the
AC magnetic field peak amplitude Ĥa obtained via polynomial
fitting.

2.1. Evaluation of Eddy Current Effects

Before the evaluation of the temperature increase caused by the
MNP activation, we investigate heating phenomena due to the
only EM field exposure. These can contribute to an additional
temperature rise in the target region as well as to possible side
effects in healthy tissues.[35] Figure 2a,b illustrates the effects of
the ACmagnetic field in the rat body as a function of the product
Ĥa × f, reporting, respectively, the whole-body average specific ab-
sorption rate (SAR), and the average temperature Tavg and maxi-
mum temperature Tmax in the body and in the target regionΣ (the
corresponding graphs for the mouse are reported in Figure S1,
Supporting Information). The whole-body average SAR is calcu-
lated as

SAR = 1
Vb ∫

Ωb

𝜎|E|2
2𝜌

dv (1)

where Vb is the body volume and E is the electric field vec-
tor, which is estimated by means of the 3D FEM code used for
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Figure 1. a) Schematic of the rat model with the target regionΣ, whereMNPs are administered, in red. Specific loss power (SLP) versus ACmagnetic field
peak amplitude for two frequencies (150 and 300 kHz), for b) FeO@citrate (JHU) NPs, c) FeO@dextran (BNF) NPs, d) custom-made MnFeO@citrate
NPs, and e) SPIO@dextran (Nanomag-D) NPs. The blue and red markers correspond to the experimental data extrapolated from the literature,[16]

whereas the black curves to their polynomial interpolation.

obtaining QEM in Equation (2).[35] The values of Tavg and Tmax
are determined at thermal equilibrium, reached in approximately
20 min. Nonappreciable increments of temperature are found
in the mouse (Figure S1, Supporting Information), while non-
negligible eddy current effects occur in the rat when the prod-
uct Ĥa × f exceeds the value of 3 × 109 A m−1 s−1, i.e., for
Ĥa = 20 kA m−1 when f = 150 kHz and Ĥa = 10 kA m−1

when f = 300 kHz. In these cases, average temperature in-
creases larger than 0.9 and 0.3 °C are found in the body and in
the target region, respectively, with a whole-body average SAR
higher than 4 W kg−1, value assumed as the threshold below
which adverse effects due to EM field exposure would not be
expected.[43]

When approaching theHergt-Dutz limit, setting Ĥa × f at 4.5×
109 A m−1 s−1, the temperature reaches a maximum of about 42
and 40 °C in the body and in the target region, respectively, corre-
sponding to a whole-body average SAR in the order of 11W kg−1.
This is well illustrated by the map in Figure 2c, which represents
the spatial distribution of the temperature at thermal equilib-
rium, calculated over a cross section of the rat (Figure 1a), for
an AC magnetic field with Ĥa = 30 kA m−1 and f = 150 kHz.
The temperature increments are mainly localized in proximity

of the back and the abdomen, whereas the temperature within
the target region is less affected by EM field exposure. As a refer-
ence, the corresponding map of the temperature due to the only
metabolic heat is reported in Figure S2 in the Supporting Infor-
mation.

2.2. Evaluation of Magnetic Nanoparticle Heating Effects

In the following, we investigate the combined effects of the heat-
ing due to the EM field exposure (associated with eddy current
generation) and to the activation of the MNPs, assumed to be
uniformly distributed within the target region Σ. The consequent
temperature increase is analyzed versus the AC magnetic field
parameters Ĥa and f, and the MNP dose, expressed as a function
of the iron concentration [Fe] in Σ. This is varied in the range
0.1−5 mg cm−3 for all the considered types of MNPs, apart from
the SPIO@dextran ones for which, due to their lower heating per-
formance, [Fe] is varied from a minimum of 0.25 mg cm−3 to a
maximum of 20mg cm−3, considering that larger concentrations
(up to 40 mg cm−3) have been already employed in in vivo tests
of SPIO NPs.[44]

Adv. Theory Simul. 2023, 6, 2300234 2300234 (3 of 12) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 2. a) Whole-body average SAR and b) maximum and average temperatures, in the body and in the target region, estimated for the rat, versus the
product of the AC magnetic field frequency and peak amplitude. The field is uniformly applied along the body’s longitudinal axis. Comparison between
temperature maps calculated at thermal equilibrium over the rat transversal section, depicted in blue in the schematic of Figure 1a, considering: c) the
heating contribution of the only magnetic field (peak amplitude of 30 kA m−1 and frequency of 150 kHz), d) the heating contribution of SPIO@dextran
NPs (iron concentration equal to 5 mg cm−3), and e) both heating contributions. The 2D section crosses the barycenter of the tumor, whose contour is
indicated by the dotted gray line.

To estimate the MNP heating efficiency in terms of thermal
response, we evaluate the maximum temperature Tmax and the
average temperature Tavg within Σ at thermal equilibrium, and
we provide a measure of the temperature uniformity through
the heterogeneity coefficient HC, defined by Equation (4). The
thermal equilibrium during MNP activation is reached in about
20 min, in keeping with the typical duration of mild hyperther-
mia treatments.[45] A time interval of 20 min is needed to re-
establish the initial temperature, once the field is switched off.
As an example, Figure S3 in the Supporting Information dis-
plays the heating–cooling transient when treating the mouse
with SPIO@dextran NPs, fixing [Fe] to 5 mg cm−3, and consider-
ing Ĥa = 30 kA m−1 and f = 150 kHz.
The four types of MNPs are compared in Figures 3 and 4,

which show the thermal response (Tmax, Tavg, and HC within Σ)
calculated in themouse and in the rat, respectively, when f is fixed
to 150 kHz and Ĥa is varied between 8 kA m−1 and 30 kA m−1.
To simulate a real therapeutic treatment, the heating effects due
to the EM field exposure are also taken into account. In the dia-
grams, the dashed black curves define the therapeutic tempera-
ture range of interest, i.e., 40−45 °C, for Tavg, whereas the dotted

gray curves define the same range for Tmax. The area of Tmax dia-
gram delimited by the 40 °C dashed black line and the 45 °C dot-
ted gray line corresponds to the ideal conditions for hyperthermia
treatments, where both Tavg and Tmax are within the therapeutic
range. We report only the results obtained with magnetic field
peak amplitudes and iron concentrations leading to values of Tavg
lower than 60 °C, in order to explore possible overheating effects
for conditions slightly above mild hyperthermia, but below ther-
mal ablation.
For eachMNP type, Tavg, Tmax, andHC show a similar behavior

as a function of Ĥa and [Fe], with temperature increments that are
lower in the mouse for the same magnetic field peak amplitude
and iron concentration. A good level of temperature uniformity
is generally found; the largest values of HC (in correspondence
of Tavg = 60 °C) do not exceed 0.17 for the mouse and 0.14 for the
rat. Within the therapeutic range, HC falls between 0.04 and 0.08
for all theMNPs, when treating themouse, while lower values are
obtained for the rat, with HC between 0.02 and 0.06.
For an easier comparison of the MNP thermal efficiency, the

most significant results illustrated in Figures 3 and 4 are sum-
marized in Figure S4 in the Supporting Information, which

Adv. Theory Simul. 2023, 6, 2300234 2300234 (4 of 12) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 3. Diagrams of the average temperature Tavg (left), maximum temperature Tmax (center), and heterogeneity coefficient HC (right) within the
mouse target region, versus iron concentration [Fe] and AC magnetic field peak amplitude Ĥa. The simulations are performed at 150 kHz, considering
both EM field exposure and MNP heating contributions. The diagrams refer to a) FeO@citrate NPs, b) FeO@dextran NPs, c) MnFeO@citrate NPs, and
d) SPIO@dextran NPs. The black dashed curves and the gray dotted curves delimit the temperature range of 40−45 °C for Tavg and Tmax, respectively.

Adv. Theory Simul. 2023, 6, 2300234 2300234 (5 of 12) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 4. Diagrams of the average temperature Tavg (left), maximum temperature Tmax (center), and heterogeneity coefficient HC (right) within the rat
target region, versus iron concentration [Fe] and AC magnetic field peak amplitude Ĥa. The simulations are performed at 150 kHz, considering both
EM field exposure and MNP heating contributions. The diagrams refer to: a) FeO@citrate NPs, b) FeO@dextran NPs, c) MnFeO@citrate NPs, and d)
SPIO@dextran NPs. The black dashed curves and the gray dotted curves delimit the temperature range of 40−45 °C for Tavg and Tmax, respectively.

Adv. Theory Simul. 2023, 6, 2300234 2300234 (6 of 12) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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outlines the conditions (in terms of [Fe] and Ĥa) for which Tavg =
40 °C, Tavg = 43 °C, and Tmax = 45 °C in both murine mod-
els when f = 150 kHz. FeO@citrate and FeO@dextran NPs per-
mit reaching average temperatures above 40 °C with the lowest
value of [Fe], thus limiting possible toxicity effects caused by large
concentration of MNPs. Specifically, this condition can be ob-
tained in the mouse for [Fe] in the order of 0.5 mg cm−3 and
Ĥa > 22 kAm−1, and in the rat for [Fe] in the order of 0.2mg cm−3

and Ĥa > 22 kA m−1 (see the graphs on the left in Figure S4,
Supporting Information). With the FeO@citrate NPs the thera-
peutic temperature range can also be reached with much lower
values of Ĥa, at the cost of a small increase in [Fe], e.g., for Ĥa =
10 kA m−1, it is sufficient to use an MNP dose with [Fe] around
1.3 mg cm−3 in the mouse and 0.6 mg cm−3 in the rat. On the
contrary, with the FeO@dextran NPs, when Ĥa = 10 kA m−1 [Fe]
should be about 3mg cm−3 for the rat and higher than 5mg cm−3

for the mouse. This is a consequence of the more rapid decay
of the SLP of FeO@dextran NPs at 150 kHz, observed when de-
creasing Ĥa (Figure 1c).
In the large field range, MnFeO NPs are little less ther-

mally efficient than FeO@citrate and FeO@dextran ones, while
for very low fields (around 8 kA m−1), they result to be the
most performant ones, with an SLP higher than 100 W g[Fe]

−1.
With SPIO@dextran NPs, having a very small SLP (lower than
40 W g[Fe]

−1), the condition of Tavg = 40 °C is achieved only for
large values of [Fe], namely 5.8 < [Fe] < 14.4 mg cm−3 for the
mouse and 2.1 < [Fe] < 9.5 mg cm−3 for the rat, when Ĥa is re-
duced from 30 kA m−1 down to 8 kA m−1.
As shown in the central graphs of Figure S4 in the Support-

ing Information, a similar trend is found for Tavg = 43 °C, i.e., a
target condition that guarantees that in all the tumor region the
temperature belongs to the therapeutic range, with theminimum
temperature higher than 40 °C. Overall, for the same ranges of
variation of Ĥa, when treating the mouse, the MNP dose should
be practically doubled with respect to the corresponding cases for
the target condition Tavg = 40 °C. When considering the rat, the
MNP dose should be increased 2.8 times.
Attention has also to be paid in the selection of the treatment

parameters, to not exceed 45 °C as a maximum temperature (see
the graphs on the right in Figure S4, Supporting Information)
and thus limit the appearance of side effects connected to over-
heating. As an example, when considering FeO@citrate NPs and
[Fe] = 2 mg cm−3, Ĥa should be lower than 12 and 9 kA m−1 for
the mouse and rat, respectively. In general, for the same ranges
of variation of Ĥa, the critical condition of Tmax = 45 °C can be
reached by increasing 2.1 and 3.2 times the MNP dose with re-
spect to the corresponding cases for the target condition Tavg =
40 °C.
As a comparison, the related diagrams of Tavg, Tmax, and

HC obtained with the only MNP contribution are reported in
Figure S5 in the Supporting Information, for the mouse, and in
Figure S6 in the Supporting Information, for the rat. It is worth
noting that the thermal effects estimated in the mouse are very
similar to the ones displayed in Figure 3, since the eddy current
contribution due to EM field exposure is negligible in the whole
body, even for the largest values of Ĥa. On the other hand, in the
rat, the eddy current contribution becomes significant also in the
target region as Ĥa increases, and the influence is well discernible

when decreasing [Fe], especially for the MNPs characterized by
the lowest values of SLP at high fields, like the SPIO@dextran
and MnFeO@citrate ones.
The comparison of Figure 2c–e well depicts how the heating

contributions due to the MNP activation and EM field exposure
affect in a different manner the spatial distribution of the tem-
perature within the rat body. As shown in Figure 2d, the temper-
ature increase produced by the only MNPs (SPIO@dextran NPs
distributed in the target Σ region with [Fe] = 5 mg cm−3 for the
reported case) is limited within Σ with a peak in the central area,
whereas the EM field alone (Figure 2c) is responsible for a tem-
perature increase more focused toward the back of the animal, in
the fat tissue close toΣ. This contributes to a quite large extension
of temperature levels above 40 °C to the healthy tissues that sur-
round the target region, as clearly depicted by Figure 2e, where
the two heating contributions are considered together. Also the
temperature inΣ results to be strongly affected by the EMfield ex-
posure, with amaximum temperature increment of about 5.8 °C,
against an increment of 2.9 °C due to the only MNP heating.
The SLP of the four types of MNPs greatly varies when dou-

bling the frequency of the magnetic field. This impacts on the
thermal response in the target region, as illustrated in Figures 5
and 6, which show the diagrams of Tmax, Tavg, and HC within Σ,
calculated in themouse and in the rat, respectively, when f is fixed
to 300 kHz and Ĥa is varied between 5 and 15 kAm

−1. The results
in Figures 5 and 6 are summarized in Figure S7 in the Support-
ing Information, for the target conditions of Tavg = 40 °C, Tavg =
43 °C, and Tmax = 45 °C. As observed for f= 150 kHz, the temper-
ature increments are lower in the mouse than in the rat, for the
same magnetic field peak amplitude and iron concentration. A
good level of uniformity is obtained within the therapeutic range,
which is generally achieved with smaller amounts of MNPs in
comparison to the cases with f = 150 kHz, due to the increase in
SLPwith frequency. As an example, if we aim at reaching the con-
dition Tavg = 43 °C by treating the mouse with FeO@citrate NPs
excited by a magnetic field with Ĥa = 10 kA m−1, we can advan-
tageously reduce the iron concentration to 1.2 mg cm−3, with re-
spect to the 2.7 mg cm−3 value required when f= 150 kHz.When
considering the rat, an iron concentration around 0.7 mg cm−3

can be sufficient, against a value in the order of 1.5 mg cm−3.
Overall, for f = 300 kHz the most efficient MNPs result to be

the FeO@citrate and MnFeO@citrate ones, with the latter that
enable us to reach the therapeutic range with iron concentrations
lower than 2 mg cm−3 for the entire interval of magnetic field
peak amplitude. The FeO@dextran NPs have a stronger decay
of their heating performance with the magnetic field decrease,
e.g., when Ĥa is below 10 kA m−1, [Fe] should be higher than
1.8 and 3.8 mg cm−3, to guarantee the reaching of Tavg = 40 °C
in the rat andmouse, respectively. The SPIO@dextran NPs allow
to obtain an important heating contribution at significantly lower
doses than for f= 150 kHz, becoming preferable to FeO@dextran
NPs under specific operative conditions. Even if the Hergt-Dutz
limit is again fulfilled, at the largest magnetic field amplitude, the
heating effects due to the EM field exposure are no more negli-
gible, as can be deduced by comparing Figures 5 and 6 with the
corresponding diagrams depicting the heat contribution of the
only MNPs, reported in Figures S8 and S9 in the Supporting In-
formation.

Adv. Theory Simul. 2023, 6, 2300234 2300234 (7 of 12) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 5. Diagrams of the average temperature Tavg (left), maximum temperature Tmax (center), and heterogeneity coefficient HC (right) within the
mouse target region, versus iron concentration [Fe] and AC magnetic field peak amplitude Ĥa. The simulations are performed at 300 kHz, considering
both EM field exposure andMNP heating contributions. The diagrams refer to: a) FeO@citrate NPs, b) FeO@dextran NPs, c) MnFeO@citrate NPs, and
d) SPIO@dextran NPs. The black dashed curves and the gray dotted curves delimit the temperature range of 40−45 °C for Tavg and Tmax, respectively.

Adv. Theory Simul. 2023, 6, 2300234 2300234 (8 of 12) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 6. Diagrams of the average temperature Tavg (left), maximum temperature Tmax (center), and heterogeneity coefficient HC (right) within the rat
target region, versus iron concentration [Fe] and AC magnetic field peak amplitude Ĥa. The simulations are performed at 300 kHz, considering both
EM field exposure and MNP heating contributions. The diagrams refer to: a) FeO@citrate NPs, b) FeO@dextran NPs, c) MnFeO@citrate NPs, and d)
SPIO@dextran NPs. The black dashed curves and the gray dotted curves delimit the temperature range of 40−45 °C for Tavg and Tmax, respectively.

Adv. Theory Simul. 2023, 6, 2300234 2300234 (9 of 12) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 7. a) Volume fraction VSE (expressed as a percentage of Σ) of the regions surrounding Σ where the temperature of 40 °C is exceeded and
b) maximum temperature Tmax,SE reached there, as a function of iron concentration [Fe] and magnetic field peak amplitude Ĥa. The simulations are
performed by treating the mouse at 300 kHz with FeO@citrate NPs.

Finally, to evaluate possible side effects in the healthy tissues
caused by the EM field, we determine the volume fraction VSE
(expressed as a percentage of Σ) of the regions surrounding Σ
where the temperature of 40 °C is exceeded as well as the max-
imum temperature Tmax,SE reached there. For a fixed value of
Ĥa, Tmax,SE varies linearly with the iron concentration, whereas
VSE has an exponential-like behavior, with a zero starting plateau
where the threshold of 40 °C is not overcome, and whose ex-
tension increases with the reduction in Ĥa. This is illustrated in
Figure 7 for the FeO@citrate NPs, when used to treat the mouse
at a frequency of 300 kHz; the results are reported up to the con-
ditions that lead to Tmax = 45 °C, which defines the superior limit
for the ideal therapeutic range. These correspond to a maximum
of 102% for VSE and of 44.6 °C for Tmax,SE. To reduce side effects
as much as possible, very low MNP doses and small field am-
plitudes are required, otherwise Tmax,SE results to be in the order
of the temperatures reached within the tumor, with an extension
comparable with that of the target region. As an example, when
Ĥa = 10 kA m−1 and [Fe] = 1.25 mg cm−3, in the tumor we reach
Tavg = 42.8 °C and Tmax = 44.3 °C, but in the surrounding tissue
a temperature of 43.9 °C is found with VSE around 83%, making
practically unavoidable the cancellation of side effects.
In summary, the best thermal efficiency and safest treatment

conditions, namely the possibility of achieving the therapeutic
temperature range with the lowest MNP doses and magnetic
fields, can be obtainedwith the FeO@citrate andMnFeO@citrate
NPs, for both considered animals and treatment frequencies. In
these cases, also the occurrence of side effects due to the EM field
exposure is strongly limited. For a selected field peak amplitude,
the MnFeO@citrate and SPIO@dextran NPs allowmore flexibil-
ity in the choice of the MNP dose leading to the therapeutic tem-
perature range, but the SPIO@dextranNPs require large amount
ofMNPs to reach such condition, at the cost of a possible increase
in toxicity.

3. Conclusions

In this study, we have simulated in vivo experiments of mag-
netic hyperthermia on murine models (mice and rats) to ana-
lyze the thermal response of tumor tissues under different sce-
narios, depending on AC magnetic field parameters (frequency
and peak amplitude), MNP heating properties and dose of MNPs

administered to the tumor. In silico modeling has proven to be
essential for investigating the eddy current effects due to the EM
field exposure, especially for distinguishing the heating contri-
bution of the MNPs from that of the field alone. In particular,
we have demonstrated that for 30 g mice eddy current effects do
not cause a noticeable temperature increase within the animal
body, whereas these become important for bigger animals, like
500 g rats, also when fulfilling the Hergt-Dutz limit. In this case,
to have an average temperature increment within the whole body
lower than 1 °C, the product Ĥa × f should not exceed the value
of 3 × 109 A m−1 s−1.
As an outcome of the simulation analysis in the presence of

MNPs, we have found that for specific types of MNPs an iron
concentration of 2 mg cm−3 within the target region can be suf-
ficient to guarantee the reaching of the therapeutic temperature
range between 40 and 45 °C in both mice and rats, with a good
level of temperature uniformity. This goal can be achieved with
both the JHU (FeO@citrate) and custom-made manganese fer-
rite (MnFeO@citrate) NPs, apart when applying very low mag-
netic fields corresponding to SLP values below 100Wg[Fe]

−1.With
BNF (FeO@dextran) NPs it is also possible to use small amount
of MNPs, but more caution is needed in the selection of the
magnetic field amplitude, which should be sufficiently greater
(e.g., higher than 15 kA m−1 when treating mice) to guarantee
the required temperature increase, whereas the use of Nanomag-
D (SPIO@dextran) NPs demand much larger doses, apart from
very restrictive heating conditions needing magnetic fields in the
order of 30 kA m−1.
As shown in our study, the monitoring of the temperature out-

side the diseased area is also important to avoid as much as pos-
sible side effects in healthy tissues surrounding the treated re-
gion. During the application of magnetic hyperthermia on mice,
we have observed that when the maximum temperature inside
the tumor is close to 45 °C, the nearest tissues that reach a tem-
perature above 40 °C can occupy a volume comparable to that of
the tumor itself. A much greater attention has to be paid when
treating bigger animals, like rats, where higher temperatures can
be reached even with smaller magnetic field amplitudes and fre-
quencies, and lower MNP doses.
In conclusion, the obtained results have highlighted the re-

liability of in silico modeling in assisting in vivo experiments
of magnetic hyperthermia, enabling the assessment, depending

Adv. Theory Simul. 2023, 6, 2300234 2300234 (10 of 12) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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on MNP heating properties, of the most suitable MNP dose and
magnetic field parameters that can lead to temperatures in dis-
eased tissues within the therapeutic range, avoiding the appear-
ance of hotspots in healthy tissues at the same time.

4. Experimental Section
In the following, the numerical modeling approach that enables to eval-

uate the spatial-temporal distribution of the temperature within a living
body, including the effects of two external heating sources, i.e., the MNPs
and the ACmagnetic field was described. The region occupied by the body
represents the 3D domain under analysisΩb, where the low-frequency EM
field problem and the bioheat transfer problem were solved.

Simulation of Thermal Effects: To determine the thermal effects in-
duced in a body Ωb, as a result of MNP excitation under an AC magnetic
field, a numerical code was developed,[32] which solved the Pennes’ bio-
heat transfer equation:

𝜌Cp
𝜕T
𝜕t

= ∇ ⋅ k∇T −WCblood (T − Tblood) +Qm + ΓQMNPs +QEM (2)

where T is the local temperature, Cp is the tissue heat capacity, k is the
tissue thermal conductivity,W is the tissue-blood perfusion rate, Cblood is
the blood heat capacity, Tblood is the arterial temperature, Qm is the spe-
cific metabolic heat generation rate, QMNPs is the specific heating power
released byMNPs, Γ is a piecewise function equal to 1 in the tissue regions
where MNPs are distributed and zero elsewhere, and QEM is the specific
heating power produced by the AC magnetic field. Cblood and Tblood are
fixed to 3617 J K−1 kg−1 and 37 °C, respectively. QMNPs is expressed as
the product of the SLP and dose of the administered MNPs (quantified
as the mass concentration of iron), whereasQEM is numerically evaluated
by solving a low-frequency EM field problem with an in-house 3D FEM
code.[35]

To describe the heat exchange between the skin and the surrounding
environment, the following boundary condition was imposed on ∂Ωb

q = −k 𝜕T
𝜕n

= −h (Text − Tskin) (3)

where q is the outward heat flux, Text is the external temperature (fixed to
25 °C), Tskin is the skin temperature, and h is the heat transfer coefficient.
The initial condition (at time instant t= 0) corresponds to the steady-state
distribution of the temperature before magnetic field application, which is
governed by the metabolic heat.

After discretizing Ωb with tetrahedral elements, Equation (2) was
solved with FEM using linear shape functions and adopting the Crank-
Nicholson’s method for time-integration.

Application of Regression Models: The thermal effects due toMNP exci-
tation and EMfield exposure were investigated by evaluating themaximum
temperature Tmax and the average temperature Tavg within the treated tu-
mor or target region, defined as Σ. To provide a measure of the tempera-
ture distribution within Σ, the following heterogeneity coefficient was also
calculated

HC =
T5 − T95

T95
(4)

where T5 and T95 are the temperatures reached within at least 5% and 95%
of tumor volume, respectively. Since for each experimental condition (AC
magnetic field peak amplitude and frequency, MNP type and dose), the
temperature within the whole target region Σ for the evaluation of Tmax,
Tavg, and HC was needed to know, after the collection of a sufficient num-
ber of data, regression models were employed to complement the simula-
tion results. The consideredmodels weremultiple linear regression (MLR)
and Gaussian process regression (GPR). For the MLR, the relationship be-

tween the dependent variable and the independent ones was linear and the
general equation was written as

y = a +
N∑
i=1

bi ⋅ xi + 𝜀 (5)

where y is the dependent variable to be predicted (Tmax, Tavg, or HC), xi is
the ith independent variable (SLP or dose of MNPs), a is the intercept, bi
is the ith regression coefficient to be estimated, and 𝜖 is the model’s error
term. GPR was a nonparametric and kernel-based Bayesian model used
for nonlinear regression, where the prediction was probabilistic and was
formulated by means of Gaussian processes.[46] Here, the calculation was
performed with the MATLAB functions fitlm for the MLR and fitrgp for the
GPR, available in the Statistics and Machine Learning Toolbox.
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