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Abstract

Background and Objective: Magnetic hyperthermia is an oncological therapy that employs magnetic
nanoparticles activated by alternating current (AC) magnetic fields with frequencies between 50 kHz and 1
MHz, to release heat in a diseased tissue and produce a local temperature increase of about 5 °C. To assess the
treatment efficacy, in vivo tests on murine models (mice and rats) are typically performed. However, these are
often carried out without satisfying the biophysical constraints on the electromagnetic (EM) field exposure,
with consequent generation of hot spots and undesirable heating of healthy tissues. Here, we investigate
possible adverse eddy current effects, to estimate AC magnetic field parameters (frequency and amplitude)
that can potentially guarantee safe animal tests of magnetic hyperthermia. Methods: The analysis is performed
through in silico modelling by means of finite element simulation tools, specifically developed to study eddy
current effects in computational animal models, during magnetic hyperthermia treatments. The numerical tools
enable us to locally evaluate the specific absorption rate (SAR) and the produced temperature increase, under
different field exposure conditions. Results: The simulation outcomes demonstrate that in mice with weight
lower than 30 g the thermal effects induced by AC magnetic fields are very weak, also when slightly
overcoming the Hergt-Dutz limit, that is the product of the magnetic field amplitude and frequency should be
lower than 5-10° A/(m-s). Conversely, we observe significant temperature increases in 500 g rats, amplified
when the field is applied transversally to the body longitudinal axis. A strong mitigation of side-effects can be
achieved by introducing water boluses or by applying focused fields. Conclusions: The developed physics-
based modelling approach has proved to be a useful predictive tool for the optimization of preclinical tests of
magnetic hyperthermia, allowing the identification of proper EM field conditions and the design of setups that
guarantee safe levels of field exposure during animal treatments. In such contest, the obtained results can be
considered as valid indicators to assess reference levels for animal testing of biomedical techniques that involve
EM fields, like magnetic hyperthermia, thus complying with the Directive 2010/63/EU on the protection of

animals used for scientific purposes.

Keywords: Bio-heat transfer model; Magnetic hyperthermia; Magnetic nanoparticles; Magnetic field

applicators; Numerical simulations; Specific absorption rate; In silico modelling; Computational animal

models; Preclinical tests.



1. Introduction

Hyperthermia is a non-conventional therapy for cancer treatment, which consists in the generation of high
temperatures in a tumour-affected region, within the range 39-45 °C [1,2]. This medical technique has been
shown to provide benefits in oncology due to its tumour selectivity and minimal injury to normal tissues: a rise
in temperature promotes irreversible damage of cancer cells, more susceptible to heat than healthy ones for
their reduced oxygenation [3]. A great contribution of hyperthermia to cancer treatment is the ability to enhance
the effectiveness of other therapies, like radiotherapy and chemotherapy [2-4].

Among the different ways of delivering heat in diseased tissues, magnetic hyperthermia has gained a lot of
attention, due to its ability to induce a localized increase in temperature with reduced side-effects [5-8]. This
is achieved by means of magnetic nanoparticles (MNPSs) excited by alternating current (AC) magnetic fields
with frequency between 50 kHz and 1 MHz [9]. For safety reasons, it is necessary to impose restrictions on
the product of the peak amplitude (H,) and frequency (f) of the AC magnetic field. In fact, the exposure to
magnetic fields with large amplitude and/or frequency can lead to the occurrence of hot spots even in healthy
tissues, as a consequence of eddy current heating [10]. To reduce health risks as much as possible, a biophysical
constraint on the AC magnetic field parameters was proposed in 1984, known as the Atkinson-Brezovich limit,
that is A, x f < 4.85-10% A/(m-s) [11]; subsequently, a less rigid limit, A, x f < 5-10° A/(m-s), was introduced
by Hergt and Dutz [12].

Despite the above indications, several preclinical studies (i.e. in vivo tests on animals) have been performed
without satisfying the safety criterions suggested for magnetic hyperthermia. In many tests conducted on
murine models (mice and rats), the AC magnetic field parameters have been selected without fulfilling even
the less rigid limit of Hergt-Dutz [13-26], to exploit as much as possible the MNP heating capabilities. This
fact, which is well documented in recent reviews [27,28], poses severe questions on the animal welfare during
and after the experiments, and on the possibility to translate to humans the outcomes obtained in tests on
animals. Moreover, it makes complex a correct estimation of the real MNP heating efficiency in tissues, due
to the difficulties in distinguishing the heating contribution of MNPs from the one of the radiofrequency
electromagnetic (EM) field alone, which cannot be negligible for large values of A, or f.

Information about the effects on animals of the exposure to radiofrequency EM fields can be found in the

guidelines released by the International Commission on Non-lonizing Radiation Protection (ICNIRP), which



are not conceived for medical purposes, but to provide safe levels for EM field human exposure in occupational
and general public scenarios. In particular, ICNIRP provided reference levels for the whole-body average
specific absorption rate (SAR), which indicates the power absorbed, per unit of mass, averaged over the entire
body [29]. In animals, harm was only found under conditions of exposure characterized by a whole-body
average SAR substantially higher than 4 W/kg; this value can be assumed as the threshold below which adverse
effects would not be expected [30]. In the ICNIRP guidelines, the results on animals were reported as an
additional proof to extrapolate safe limits of EM field exposure for humans, but from a research point of view
can be also considered as indicators for performing safe preclinical tests of biomedical techniques that involve
EM fields, like magnetic hyperthermia. In particular, such outcomes can guide the selection of magnetic field
parameters that enable to reduce unnecessary pain for the animals, also in compliance with the Directive
2010/63/EU of the European Parliament on the protection of animals used for scientific purposes.

Another critical aspect in preclinical studies is the design of the magnetic field sources, which have to
generate a field in the target region sufficiently uniform and large to activate the MNPs, whose specific loss
power is an increasing function of both field amplitude and frequency [31,32]. At the moment, there are no
standards for the setups used in vivo. Although some commercial applicators are specifically manufactured for
preclinical experiments on mice [33], many research groups build their own applicators to better adapt them
to the size of animals and tumours to be treated. Different coil geometries and experimental settings were
proposed, comprising helical or Helmholtz coils with animals placed totally or partially inside [34,35], and
helical or pancake coils not surrounding the animal body, but positioned close to the tumour site [36,37].
However, not always the biophysical constraints on the AC magnetic field [11,12] are satisfied [13-26].

In this paper, we perform in silico experiments on high-resolution digital phantoms of two murine models
(a 30 g mouse and a 500 g rat) to investigate the effects of the only EM field exposure in magnetic hyperthermia
preclinical tests. The aim is to provide indications to avoid as much as possible eddy current generation and
appearance of undesirable hot spots, which can cause discomfort and tissue damage to the animals. First, we
evaluate the SAR and temperature increase under the application of uniform AC magnetic fields with variable
frequency and peak amplitude. In this case, we also analyse the role of magnetic field direction (parallel or
perpendicular to the body longitudinal axis), body size and type of heat exchange between the skin and the

environment. Particular attention is paid to the conditions overcoming the Hergt-Dutz limit. Second, we



compare two different kinds of local magnetic field applicators already used in preclinical tests, namely a
helical coil and a pancake coil. In particular, we investigate the eddy current mitigation consequent to a more
focused EM field exposure, by evaluating SAR and temperature increase in the exposed tissues as a function
of the applicator geometry.

The study is performed by means of in-house finite element models. The eddy current effects produced in
the biological tissues during the AC magnetic field application are evaluated with a low-frequency EM field
solver, in which displacement currents are neglected. The induced thermal effects are calculated with a

numerical code that solves the Pennes’ bio-heat transfer equation.

2. Methods

The analysis is performed by means of in-house numerical models aimed at determining SAR and thermal
effects correlated to the exposure to the only AC magnetic field. The numerical solutions are obtained by using
the finite element method (FEM) with linear shape functions, after discretizing the 3D domain under analysis
Qyp into tetrahedral elements. In the following, Q, represents the region occupied by the animal body (with

boundary 6Qp).

2.1 Simulation of eddy current effects

A low-frequency EM field solver is developed to calculate the eddy current effects produced in biological
tissues during AC magnetic field application. Within the frequency range of interest for magnetic hyperthermia
(50 kHz — 1 MHz), the EM field wavelength is much larger than the size of Q, thus we can consider a quasi-
static approximation, neglecting displacement currents. Due to the low electrical conductivity (o) of tissues,
we can assume that the magnetic field is not modified in an appreciable way by the induced eddy currents.

Hence, the electric field vector E inside Qs is expressed as

where o is the angular frequency, j is the imaginary unit, ¢ is the electric scalar potential and As is the magnetic
vector potential due to the magnetic field sources [38]. The introduction of the charge conservation equation

leads to
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combined to the following boundary condition on 0Qy (with n being the normal unit vector):
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The unknown ¢ is obtained by FEM, applied to the weak formulation of (2) with linear basis function w,

namely:
[ oVo-Vwdy, =—jo [ oA, - Vwdy, . (4)
Qp Qp

After solving (4) the whole-body average SAR is calculated as

1 . olgf
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where Vj is the body volume and p is the tissue density.
In presence of source conductors with complex geometry, the magnetic vector potential As in (4) is computed

numerically, as:
A(ry) =22 ] Lty (6)

where o is the vacuum magnetic permeability, Js is the current density vector in a point with vector position
rs inside the source conductors (3D domain €Qs) and ry, is the vector position of a point in Qy. The spatial
distribution of Js within € is calculated by solving the current-field equation with FEM under quasi-static
conditions, considering current driven formulation [39]. Once known Js, we can evaluate A for determining

E and the magnetic field in the body, as:

()= o [ BB o),
4TCQs |rb_rs.|3

v - @)



2.2 Simulation of thermal effects

To calculate the thermal effects induced in the animal body Qs due to the exposure to the AC magnetic field,

we implement a FEM code that solves the Pennes’ bio-heat transfer equation [40]

or

In (8) T is the local tissue temperature, C, is the tissue heat capacity, k is the tissue thermal conductivity, Qm
is the metabolic heat generation rate per unit volume, W is the local tissue-blood perfusion rate, Cyiood iS the
heat capacity of blood and Tyiceq is the arterial temperature [41]. Coiood and Thicoa are fixed to 3617 J/(K-kg) and
37 °C, respectively. The external power deposition term is Qs, which is the heating power produced by the AC
magnetic field per unit volume; here, the heat released by the MNPs is not included.

Equation (8) is completed by the following boundary condition at the interface 0Qp between the skin and

the surrounding environment:

or
q=—k=—=-h(

Text _Tskin ) ! (9)

where g is the outward heat flux, Tex is the external temperature (set at 25 °C), Tskin is the skin temperature and
h is the heat transfer coefficient.

Att =0, T =Ty, which corresponds to the baseline temperature or steady-state temperature before heating,
governed by the metabolic heat.

The application of the weak formulation to (8) leads to:

J. pCp aa—TWdVb + I kvT 'VWdVb + I WCb|OOdTWdVb + I hTskianSb =

G % o o , (10)
[ hTeqwdsy, + [ WChiooq Thioog WAV, + | Quwdv, + [ Qswdv,
oQp Qp Qp Qp

The time integration of (10) is performed with the Crank-Nicholson’s method [42].
Thermoregulation or temperature-dependence of blood perfusion phenomena is also considered following
the approach described in [43]. This consists in multiplying the blood perfusion term in (8) by a local

temperature-dependent coefficient Lpiood, defined as:
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where AB is the local vasodilation parameter, here assumed equal to 4 K or 10 K. According to [43], coefficient

Luiood IS limited to 15 for all tissues except for skin, where the limit is set at 32. The non-linearity introduced in

the modified version of (8) is handled with an iterative method.

skin Our solver |E| [V/m]

muscle

1000
800
600
400
200
0

1cm
|_|
bl\cnne (a)

39.8 — T [C]
40
396 ' l
395
G 39.4
= 39

390 Sim4Life
Our solver

L oul

388 " r : " .
-15 -10 05 00 05 1.0 15

X (cm) ( C)

Sim4Life

»

|E[ [V/m]

1000

800

600

400

Sim4Life
Our solver

3951 —
38.5-
Bone
39.0 i

38.0

38.5 1 . .
o O 375

£ 380- ] <

-
™ 75! 1 37.01
37.01 i i 4 36.5 4

------ Sim4Life

36.5 - Qur solver 1 3604
0 50 100 150 200 0

time (min) (e)

50 100

time (min)

150

200

()

Fig. 1. (a) Schematic of the sample considered for numerical model validation. (b) Comparison of the maps of the
electric field amplitude, calculated on the median cross-section with our solver (left) and Sim4Life (right). (c) Spatial
variation of the temperature at equilibrium, calculated along the red line depicted in the schematic in (a). (d) Comparison
of the maps of the temperature at equilibrium, calculated on the median cross-section with our solver (left) and Sim4L.ife
(right). Comparison of the time evolutions of the temperature calculated in two different points, located in (e) bone region

and (f) skin region.



3. Method Validation

The developed EM and thermal solvers are validated by comparison to the numerical models implemented
in the computation platform Sim4L.ife (v6.2, ZMT, Zurich, Switzerland), using the structured-grid FEM solver
for the EM problem and the finite-difference time-domain (FDTD) method for the thermal problem [44]. The
results are obtained on a simplified geometry, schematized in Fig. 1a, consisting in a rectangular prism with
size of 2.9x2.9x5.4 cm?® and composed of three regions of different materials, namely:

- anouter 2 mm thick layer with skin properties, i.e. 6 = 0.17 S/m, p = 1109 kg/m3, k = 0.372 W/(K-m),
Cp =3390.5 J/(K-kg), Qm = 1827.1 W/m?3 and W = 2.203 kg/(s:m°);
- an internal rectangular prism with 5x5 mm? cross-section and bone properties, i.e. 6 = 0.0035 S/m, p
= 1908 kg/m?, k = 0.32 W/(K-m), C, = 1312.8 J/(K-kg), Qm = 295.5 W/m® and W = 0.356 kg/(s-m?3);
- the remaining volume with muscle properties, i.e. = 0.355 S/m, p = 1090.4 kg/m?, k = 0.495
WI/(K-:m), C, = 3421.2 J/(K-kg), Qm = 988 W/m? and W = 0.748 kg/(s-m3).
The heat transfer coefficient h on the external surfaces is set at 3.5 W/(m?K). The simulations are performed
considering a uniform mesh grid with 0.6 mm size.

First, we test the low-frequency EM field solver, considering as external source an AC magnetic field
uniformly applied along the longitudinal axis, with a frequency of 100 kHz and a peak amplitude of 80 kA/m.
Fig. 1b compares the maps of the electric field amplitude, calculated on the median cross-section with our
solver and Sim4L.ife; the results are in good agreement, with an average discrepancy of 1.2%, associated with
an average discrepancy on local SAR of 2.3%.

Second, we test the thermal solver in the stationary case, considering as an input the heating power per unit
volume, i.e. Qs in (8), previously determined with the low-frequency EM field solvers. Fig. 1c and Fig. 1d
compare the spatial distributions of the temperature at equilibrium, calculated respectively along a line parallel
to x-axis intersecting the bone region and on the median cross-section; the results obtained with our solver and
Sim4Life are in very good agreement, with an average discrepancy of 0.008%.

Third, we test the thermal solver in the transient case, simulating a heating process with a duration of 100
min, followed by a cooling process with a duration of 200 min; for both our solver and Sim4L.ife the time-step

is fixed to 1 min. For the initial condition we consider the temperature spatial distribution evaluated in the



absence of the EM field; the heating process is driven by the same spatial distributions of Qs inputted in the
stationary cases. The results are compared in Fig. le and Fig. 1f, which show the time evolutions of the
temperature calculated in two different points, one located in the bone region (Fig. 1e) and the other one in the
skin region (Fig. 1f). The discrepancies averaged over the entire time interval are in the order of 0.02%,

confirming the good agreement between our solver and Sim4L.ife also for the transient case.

4. Results and Discussion

In this section we elucidate the role of magnetic field sources on the safety of magnetic hyperthermia
preclinical tests. To this aim, we mimic the in vivo experiments by means of in silico simulations performed
on high-resolution digital phantoms of two murine models with realistic geometry and tissue properties. The
detailed anatomical structures of the two voxel-based phantoms, which are provided by IT’IS Foundation under
license [45], were generated from magnetic resonance, x-ray CT or cryosection image data [46]. The
considered murine models have very different size; the smaller one is a male nude normal mouse with a length
of 8.6 cm (excluding tail) and a weight of 28 g; the bigger one is a Sprague Dawley rat with a length of 22.5
cm (excluding tail) and a weight of 503 g, with three tumours located in the bottom part of the body. The
mouse and rat models are resampled to isotropic 0.25 mm and 1 mm voxel size, respectively.

The electrical conductivity, density and thermal properties of the tissues are extracted from the IT’IS
Foundation database [47], except for the properties of the tumours within the Sprague Dawley rat. In this case,
o is set at 0.8 S/m [48], p at 1045 kg/m?, C, at 3760 J/(K-kg), k at 0.51 W/(K-m), Qm at 31872.5 W/m*and W
at 9.97 kg/(s-m?) [41].

We analyse the role on eddy current heating of the following parameters: peak amplitude A, and frequency
f of the AC magnetic field; animal body size; orientation of the field with respect to the body (under the
assumption of field uniformity); applicator geometry (case of non-uniform field). The impact of these
parameters can be deduced from the following approximated expression for the specific heating power

produced by eddy currents in a cylindrical uniform sample
A2
P=o(muy)" (H, ) r?, (12)

where r is the radial distance from the cylinder axis [11].



To evaluate the role on thermal response of forced thermal convection (e.g. presence of a water bolus), we
also consider different values of the heat transfer coefficient h at the skin interface with the surrounding
environment. If not directly specified, this is assumed equal to 3.5 W/(m?-K) [48], to simulate a condition

where free convection prevails.

4.1 Influence of magnetic field amplitude and frequency

Many preclinical tests of magnetic hyperthermia have been conducted without fulfilling the biophysical
limits on the exposure to radiofrequency EM fields [27,28]. In particular, in almost all the investigations on
murine models the Atkinson-Brezovich limit was not satisfied, considering only the restrictions imposed by
Hergt-Dutz, e.g. in [49-53]. As listed in Table 1, there are also studies in which even the less rigid criterion of
Hergt-Dutz was exceeded; these were mainly performed on mice with a weight lower than 30 g [13-25].
Anyway, in [26] 250-270 g rats were exposed to a field with an amplitude of 14 kA/m and a frequency of 606
kHz, corresponding to a product A x f of 8.5-10° A/(m-s).

A non-careful selection of the AC magnetic field parameters may lead to non-negligible eddy current
heating, thus impacting on the animal welfare as well as on the correct evaluation of the MNP heating
efficiency. During in vivo treatments the thermal dose is indeed a result of the heating induced by the MNP
activation as well as by the possible eddy current effects arising when applying AC magnetic fields with large
amplitude and/or frequency. The simultaneous presence of the two phenomena makes critical the experimental
guantification of the two contributions, as outlined in [54], which proposed a methodology that is a step
forward towards the in vivo estimation of the SLP of MNPs as well as of the SAR from EM field exposure.

In order to check the safety of preclinical tests in terms of EM dosimetry, we investigate the influence of the
field peak amplitude H, and frequency f on the induced eddy current heating. The analysis is initially focused
on the 28 g mouse, which is one of the most typical murine models used in preclinical tests. The field is first
assumed to be uniformly distributed along the body longitudinal axis, hypothesis that can be considered

acceptable when the animal is placed totally within a helical coil or solenoid.



Data from preclinical studies of magnetic hyperthermia exceeding the Hergt-Dutz limit

Table 1

. Tumour size . . H, x f Heating
Ref. Animal model . Applicator and exposure type H, [KA/m]  f[kHz] . )
and location [A/(m-s)]  time [min]
) 100-250 mm?® Helical coil
[13] Athymic nude mouse ) . 154 435 6.7-10° 60 (more
(backside area) (backside external exposure) cycles)
) 200 mm?® Helical coil
[14] Athymic nude mouse . . 15.4 435 6.7-10° 60
(backside area) (backside external exposure)
Athymic nude mouse 200 mm?® Helmholtz coil
[15] o 143 470 6.7-10° 5 (more
(~3009) (flank area) (body inside) cycles)
Athymic nude mouse 500 mm?® Helmholtz coil
[16] L 14.3 470 6.7-10° 30
(~3009) (flank area) (body inside)
Athymic nude mouse 125 mm?® Helmholtz coil
[17] L 14.3 470 6.7-10° 30
(~209) (flank area) (body inside)
BALB/c nude mouse 100-150 mm? Helical coil
[18] o 195 389 76-10°  25(more
(~29-32g) (flank area) (body inside) cycles)
HSP70-LucF transgenic mouse N/A Helical coil
[19] o 10.2 755 7.7-10° 10
(~209) (back area) (body inside)
21-30 mm? Helical coil
[20] Mouse o 9.3 880 8.2.10° 30 (more
(femoral area) (body inside) cycles)
22040 mm? Helical coil
[21] C3H/HeJ mouse o 55.7 150 8.4-10° 15
(breast) (body inside)
BALB/c nude mouse 60 mm? Helical coil
[22] L 23.9 350 8.4-10° 8
(~1809) (breast) (body inside)
Nude mouse 50 mm? Helical coil
[23] ) o 26.9 420 11.3-10° 30 (more
(~26g) (flank area) (posterior half inside) cycles)
SCID Mouse 200 mm?
[24] N/A 318 366 11.6-10° 10
(~18-19 g) (flank area)
BALB/c nude mouse 100 mm? Helical coil
[25] L 373 500 18.7-10° 10
(~209) (abdomen) (body inside)
Rat 3 Helical coil
[26] 460 (+190) mm o 14 606 8.5-10° >21
(~250-270 g) (liver) (body inside)

The diagram in Fig. 2 reports the values of the whole-body average SAR calculated by varying H, between

5 kA/m and 75 kA/m and f between 50 kHz and 1 MHz. The markers refer to specific combinations of H, and

f from Table 1, for which the maximum temperature increases in the body are also indicated. These are

calculated as the maximum differences between the temperature reached at the thermal equilibrium and the

initial temperature before field application.

The results reported in Fig. 2 demonstrate that under the Hergt-Dutz limit the whole-body average SAR in

mice does not exceed the value of 1 W/kg, whereas the threshold of 4 W/kg is reached when the product H, x

f is ~12-10° A/(m-s), which is more than twice the value corresponding to the Hergt-Dutz limit. When this is

barely overcome the estimated maximum temperature increase is very low (less than 0.3 °C), but it reaches



values in the order of 0.8 °C in proximity to the SAR threshold of 4 W/kg. When this threshold is largely
exceeded, the temperature increase is no more negligible and, according to the ICNIRP guidelines, discomfort
to the animals can occur [30]. As an example, when H, = 37.3 kA/m and f = 500 kHz [25], a maximum
temperature increase higher than 2 °C is found on the skin, in correspondence of the lower part of the mouse
back. This value is reached in about 50 min of heating and a time interval of 40 min is needed to re-establish
the initial temperature, once the field is turned off. If we consider a heating time of 10 min as in [25], the
estimated maximum temperature increase is in the order of 2 °C anyway.

For the cases referenced in Fig. 2, the values of the peak spatial SAR averaged over 5 mg of tissue mass [55]
vary from 5.9 W/kg, for case H, x f = 6.7-10° A/(m-S), ATmax = 0.28 °C, to 46 W/Kg, for case H, x f = 18.7-10°
A/(Mm-s), ATmax = 2.16 °C.

SAR (W/kg)

200 400 600 800 1000
f (kHz)
1 Ref.[13,14] (0.12°C) @ Ref.[23](0.35°C)
™ Ref.[15-17] (0.12°C) ® Ref. [24](0.37 °C)
@ Ref.[21] (0.19°C) A Ref. [25](0.94 °C)
Ref. [22] (0.19 °C)

Fig. 2. Whole-body average SAR evaluated for the 28 g mouse, versus magnetic field frequency and amplitude, when
the field is uniformly applied along the body longitudinal axis. The values specified beside the markers refer to the
maximum temperature increases (in °C), calculated for field parameters used in preclinical tests. The legend reports the
relative references, together with the estimated average temperature increases (within the brackets).

4.2 Influence of animal size

The moderate temperature increase observed in mice when exposed to EM fields during magnetic

hyperthermia sessions enable us to perform in vivo tests of MNPs that require high magnetic fields to be



activated, e.g. disk- or ring-shaped MNPs [56,57]. However, as clearly demonstrated by (12), a significant
temperature rise can be obtained if the experiments are performed under the same field conditions on animals
with larger size, like rats, as a consequence of the enlargement of the body transversal section [26]. This is
depicted in Fig. 3a, which reports the whole-body average SAR, and the maximum and average temperature
increases calculated for the 503 g rat, versus Ha x f. Also in this case the field is assumed to be uniform and
applied along the body longitudinal axis.

Even below the Hergt-Dutz limit, non-negligible temperature changes can be observed. As an example,
when A, x f = 4.10° A/(m-s), an average temperature increase of 1.6 °C is reached, with a maximum in the

order of 4.6 °C (the corresponding whole-body average SAR and peak spatial SAR averaged over 50 mg of
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Fig. 3. (a) Whole-body average SAR (left), and maximum and average temperature increases (right) estimated for
the 503 g rat, versus the product of the AC magnetic field frequency and peak amplitude. The field is uniformly
applied along the body longitudinal axis. (b) Corresponding maximum temperature increase, as a function of heating
time (the inset reports the ratio of the maximum to the average temperature increases).



tissue mass [55] are 8.5 W/kg and 37 W/kg, respectively). Maximum temperature increments lower than 1°C
are found only when the product A, x f does not exceed the value of 2-10° A/(m-s) and the whole-body average
SAR is lower than 2 W/kg. In correspondence of the Atkinson-Brezovich limit, a negligible increase in
temperature is estimated (maximum lower than 0.1 °C), thus not affecting physiological conditions. The
obtained results are in line with the experimental findings in [26], where the application of a magnetic field
with A= 14 kA/m and f = 606 kHz is responsible for a temperature increase around 2 °C in 250-270 g rats.

The heating effects due to the EM field exposure can be mitigated by reducing the time duration of the field
application. Anyway, as shown in Fig. 3b, a significant weakening of eddy current effects can be obtained only
for very short heating time intervals (e.g. 5-10 min). When the magnetic field is applied for 5 min and A, x f =
4-10° A/(m-s), the average temperature increase is 0.6 °C, with a maximum of 2.1 °C. It’s worth noting that
the increase in the heating time leads to an extension of the regions characterized by the highest temperature,
i.e. the ratio of the maximum to the average temperature increases reduces from 7.5 to 3, when raising the
heating time from 5 min to 60 min (inset of Fig. 3b).

For the rat, the temperature peaks are localized in the regions closest to the skin, especially in correspondence
of the hips, where the body is wider. For the mouse the temperature increase is practically negligible. This is
well illustrated by Fig. 4a, which compares the spatial distributions of the temperature at the end of the heating
transient, calculated over longitudinal sections of the rat and mouse, when H, = 50 kA/m and f = 100 kHz
(Hergt-Dutz limit).

Fig. 4b reports the corresponding time evolutions of the average and maximum temperature increases
estimated in the two animals during the heating-cooling transients. The heating phase has a duration (100 min)
sufficiently long to ensure the reaching of thermal equilibrium. In the rat an average temperature increase of
2.4 °C is found, associated with a maximum of 7.2 °C, a whole-body average SAR of 13.3 W/kg and a peak
spatial SAR averaged over 50 mg of tissue mass of 58 W/kg; whereas the mouse is subjected to very low
temperature increments, maintaining the temperature practically stable during all the heating time. It presents
an average temperature increase of 0.07 °C, corresponding to a maximum of 0.16 °C and a whole-body average
SAR of 0.9 W/kg. Once the field is switched off, the rat needs about 80 min to re-establish the initial
temperature, while the mouse 50 min.

It is important to notice that the above results are obtained disregarding thermoregulatory response, i.e.
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Fig. 4. (a) Maps of the temperature spatial distribution at thermal equilibrium calculated over two longitudinal sections of
the 503 g rat (left) and 28 g mouse (right), when the AC magnetic field is applied uniformly along the body longitudinal
axis with a peak amplitude of 50 kA/m and a frequency of 100 kHz. (b) Corresponding time evolutions of the average and
maximum temperature increases during the heating-cooling transients; the data for the mouse are reported in the inset (with
the same measure units of the main graph).

neglecting the dependence of blood perfusion on temperature. This choice is motivated by the fact that, during
hyperthermia tests, the animals are generally anesthetized, with the consequent inactivation of
thermoregulatory response, accompanied by a reduction in blood flow and basal metabolism [58, 59]. Under
these conditions, the eddy current effects are more intense, with major probability of tissue damage. If
thermoregulatory mechanisms are present (no anaesthesia is administered), a lower increase in temperature is
indeed expected. In particular, the introduction of temperature-dependence of blood perfusion leads to a
reduction in the temperature increase in the order of 27% and 15%, when the local vasodilation parameter AB

in (11) is set at 4 K and 10 K, respectively.

4.3 Influence of magnetic field orientation

In most cases, magnetic hyperthermia preclinical tests are performed by placing the animal body within a
helical coil, positioning the tumour at the centre, where the field is higher and more uniform. Typically, the
animal longitudinal axis is orientated along the coil vertical axis, but it can be also positioned transversally
[60], if the coil is sufficiently large. In this case, as explained by (12), more intense eddy current effects are
expected, due to the enlargement of the body section orthogonal to the field.

The results obtained when a uniform field is applied transversally to the animal longitudinal axis are shown

in Fig. 5, considering again H, = 50 kA/m and f = 100 kHz. Under this condition, at thermal equilibrium the



rat experiences an average temperature increase of 4 °C, associated with a maximum of 14.1 °C, a whole-body
average SAR of 21.2 W/kg and a peak spatial SAR averaged over 50 mg of tissue mass of 132 W/kg; whereas,
in the mouse negligible temperature variations are found (average of 0.11 °C, maximum of 0.31 °C and whole-
body SAR of 1.24 W/kg).

The role of the body orientation with respect to the field is clearly deducible from the comparison of Fig. 4a
and Fig. 5a. The latter displays the spatial distributions of the temperature at the end of the heating transient,
calculated over longitudinal sections of the rat and mouse, when the field is applied transversally to the body
vertical axis. The mouse presents a temperature map that is not significantly affected by the field orientation,
due to the negligible influence of the field itself. The temperature spatial distribution is similar to the one
observed when the field is absent, that is, the tail as the coldest part, and the abdomen and the head as the
warmest ones (the highest temperatures are found in the heart, intestine and brain). On the contrary, the
influence of field orientation and related eddy current effects is evident for the rat. In this case, the temperature
peaks are mainly localized at the body surface, with an internal extension larger when the field is applied
orthogonally to the animal longitudinal axis. The maximum temperature values are found in muscles,
connective tissue and skin.

The time evolutions of the average and maximum temperature increases experienced by the two animals

during the heating-cooling transients are reported in Fig. 5b. For the entire duration, the temperature increments
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Fig. 5. (a) Maps of the temperature spatial distribution at thermal equilibrium calculated over two longitudinal sections
of the 503 g rat (left) and 28 g mouse (right), when the AC magnetic field is applied uniformly and transversally to the
body longitudinal axis with a peak amplitude of 50 kA/m and a frequency of 100 kHz. (b) Corresponding time evolutions
of the average and maximum temperature increases during the heating-cooling transients; the data for the mouse are
reported in the inset (with the same measure units of the main graph).



observed in both the mouse and rat correspond to almost twice the values estimated when the field is parallel

to the body longitudinal axis.

4.4 Influence of heat transfer coefficient

The non-negligible increase in temperature found in rats, when exposed to EM fields even satisfying the
Hergt-Dutz limit, can have a significant impact on their physiological conditions. As this effect is more intense
on the body surface, a precaution to prevent excessive temperature increments on the skin is the use of water
boluses [61,62]. Other mitigation solutions for local heating comprise the intermittent application of magnetic

field (in an ON/OFF pulse mode) and the coil displacement [63,64].
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Fig. 6. (a) Influence of the heat transfer coefficient h on the maximum temperature increase estimated in the 503 g rat,
versus the product of the AC magnetic field frequency and peak amplitude. The field is uniformly applied along the
body longitudinal axis. (b) Maps of the temperature spatial distribution at thermal equilibrium calculated over two
longitudinal sections of the rat, for h = 80 W/(m?-K) and H, x f = 5-10° A/(m-s).



The introduction of cooling systems like water boluses leads to a condition of forced convection at the
interface between the skin and the external environment. This is associated with an increment of the outward
heat flux, which can be described in (9) via an increase in the heat transfer coefficient h, which depends on the
water bolus thickness and thermal conductivity of the bag material [61].

To simulate different cooling conditions under forced convection, we vary coefficient h within the range
3.5-150 W/(m?-K) [62], assuming that the water circulating inside the bolus has a constant temperature of 25
°C. As a first approximation, h is uniformly modified over the entire body surface. The maximum temperature
increases found in the 503 g rat for the considered values of h and applying the field along the body longitudinal
axis are reported in Fig. 6a, versus A, x f. In comparison to the values obtained by setting h at 3.5 W/(m?-K),
when h = 150 W/(m?-K) the maximum and average temperature increases reduce by 39% and 56%,
respectively.

We can also observe that the temperature increments have an asymptotic behaviour versus h, since for very
high values of h the eddy current effects are strongly mitigated and the thermal state tends to metabolic
condition. This is well illustrated by Fig. 6b, which shows the temperature spatial distributions at thermal
equilibrium, calculated over longitudinal sections of the rat for h = 80 W/(m?-K) and A, x f = 5-10° A/(m-s).
The temperature peaks are no more concentrated on the peripheral tissues, as for the case of free convection

(Fig. 4a), but internally.

4.5 Role of applicator geometry

In the previous analysis we assume that the entire body is exposed to a uniform magnetic field; this
hypothesis can be considered valid for applicators based on helical coils, when the animal is placed totally
within the coil. However, in many preclinical studies the AC magnetic field invests only a small portion of the
body, since the coil does not surround the entire animal, but it is placed in close proximity to the target region
(tumour to be treated). In this case, the treatment is done under safer conditions, enabling us to reduce the
appearance of hot spots in healthy tissues.

To investigate the possible mitigation of eddy current effects consequent to a more localized EM field
exposure, we consider two different applicators, namely an 8-turn helical coil and a pancake coil (both with

an outer diameter of 5 cm). These are similar to geometrical configurations already used in preclinical tests on



murine models [36,37] and to available commercial applicators [33]. The two coils are positioned in closed
proximity to the target region, which is a 2.4x3.7x3.8 cm? tumour placed on the rat right flank and with centre
distant about 1 cm from the skin (see Fig. 7a). The coils are supplied with a current of 300 A and positioned
in a way to guarantee that the magnetic field within the tumour is sufficiently large to enable the activation of
standard MNPs, when a frequency of 300 kHz is considered [31].

Fig. 7b shows the maps of the magnetic field spatial distribution calculated on a plane that crosses the rat
body and contains the tumour centre, as schematized in Fig. 7a. For the 8-turn helical coil, in the tumour region
the field varies between 3.8 and 17.5 kA/m, with an average value of 8.5 kA/m. For the pancake coil, in the
tumour region the field is characterized by a stronger gradient, varying between 2 and 28.2 KA/m, with an
average value of 7.2 KA/m. In comparison to the case of uniform field, the large variation of the magnetic field
amplitude within the target region can impact on the treatment efficacy, since the specific loss power of MNPs
is a function of the field magnitude [31,32]. As an advantage, the corresponding values of SAR are strongly
reduced, being the regions interested by eddy current effects localized in the only area exposed to the EM field.
A whole-body average SAR of 0.3 W/kg is estimated for the 8-turn helical coil, while a value of 0.1 W/kg is

obtained for the pancake coil.
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Fig. 7. (a) Schematics illustrating the position of the 8-turn coil (top) and pancake coil (bottom) with respect to the 503 g
rat, with the target region (tumour) coloured in red. (b) Maps of the magnetic field amplitude, calculated over the rat
transversal section, depicted in light blue in (a), for a supply current of 300 A. (c) Corresponding maps of the temperature
spatial distribution at thermal equilibrium calculated over the same transversal section, when the frequency of the AC
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From the thermal simulations, it results that the temperature spatial distribution is similar to the case when
no field is applied, with the brain, heart, intestine and tumours as the warmest areas, due to metabolic heat
dominance. The average temperature increase is in fact negligible. Also the highest temperature increments,
which are concentrated on the muscle peripheral tissues, near to the coils, are very low, being 0.36 °C and 0.18
°C for the 8-turn helical coil and the pancake coil, respectively. The largest eddy current effects, despite very
limited, are found for the former, due to the presence of more extended areas (going from the skin to the tumour
centre), where the magnetic field amplitude is such that A x f is close to the Hergt-Dutz limit.

If the portion of the body exposed to the EM field is relatively larger, the eddy current effects can be no
more negligible also for the case of localized EM field exposure. As an example, if we resize the digital
phantom of the rat to a length of 11.2 cm (excluding tail), we observe a maximum temperature increase of
about 1.3 °C, when considering a 300 kHz magnetic field source with geometrical configuration, dimensions,
supplied current and position similar to the case depicted in Fig. 7a. This result is in line with the experimental
findings in [36], where a maximum temperature increase around 2 °C was obtained in a comparable murine
model, exposed to a 300 kHz magnetic field generated by a coil with features similar to the case above. The
slight discrepancies can originate from a non-perfect reproduction, with simulations, of the experimental test
in terms of coil geometry, size and location with respect to the body, as well as from differences in murine
model anatomy, tissue electrical and thermal properties, and type of heat exchange with the surrounding

environment.

5. Conclusions

In this study, we have investigated by means of in silico simulations the possible occurrence of non-
negligible eddy current effects during preclinical tests of magnetic hyperthermia. In particular, we have
demonstrated that for animals of very small size, like mice weighting less than 30 g, the thermal effects induced
by AC magnetic fields are very modest, also when slightly overcoming the Hergt-Dutz limit. Important effects
can be observed only for very large values of the product A, x f. As an example, when H, = 40 kA/m and f =
500 kHz, a maximum temperature increase higher than 2 °C is found on the skin.

As shown in our study, eddy current effects are no more negligible in animals with larger size, like rats. In

particular, we have observed that in 500 g rats exposed to a uniform magnetic field along the body longitudinal



axis, maximum temperature increases lower than 1 °C are found only when H; x f does not exceed the value
of 2:10° A/(m-s). Higher temperature increments are observed when the field is applied transversally, due to
the enlargement of the body section orthogonal to the field.

The obtained results demonstrate that the Hergt-Dutz limit could not be considered as a condition that
guarantees a safe level of EM field exposure for animals with size comparable to rats or larger, with obvious
consequences on its validity in human applications. Anyway, a strong mitigation of eddy current effects can
be obtained when introducing water boluses, due to the forced heat convection at the interface between the
skin and the surrounding environment. Another strategy to reduce eddy current effects is a partial exposure of
the body to the AC magnetic fields, thanks to a proper selection of the applicator geometry and positioning
with respect to the target region. We have observed that with helical or pancake coils placed in proximity to
the tumour, a strong decay of SAR can be obtained, with negligible temperature increases in the superficial
tissues closer to the coils. Conversely, the achievement of high level of magnetic field uniformity becomes
very critical within extended tumours, due to the presence of elevated gradients.

Finally, the physics-based numerical modelling approach here developed can be used as a predictive tool to
guide and optimize in vivo tests of magnetic hyperthermia. In this specific case, it can be employed to select

the magnetic field parameters and treatment conditions to avoid the appearance of hot spots in healthy regions.
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