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Background and objective: Hyperthermia is a cancer treatment aiming to induce cell death by directly
warming cancerous tissues above 40 °C. This technique can be applied both individually and together
with other cancer therapies. The main challenge for researchers and medics is to heat only tumoral cells
avoiding global or localized heating of sane tissues. The objective in this study is to provide a realis-
tic virtual scenario to develop an optimized multi-site injection plan for tailored magnetic nanoparticle-
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mediated hyperthermia applications.

Methods: A three-dimensional model of a cat’s back was tested in three different simulation scenarios,
showing the impact of magnetic nanoparticles in each specific environment configuration.

Results: As a result of this study. This simulation method can, minimising the affection to healthy tissue.
Conclusions: This virtual method will help real and personalized therapy planning and tailor the dose

and distribution of magnetic nanoparticles for an enhanced hyperthermia cancer treatment.

© 2022 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Hyperthermia is the fourth recognised cancer therapy technique
after surgery, chemotherapy and radiation [1]. This technique is
minimally invasive and consists of heating a tumoral tissue up
to 40-48 °C [2]. Clinical studies confirm that hyperthermia pro-
duces a noteworthy toxicity in tumour cells and induces apoptosis
[3,4] as well as a synergetic effect when combined with radio or
chemotherapy [5]. In fact, improvement factors in the range 1.5 to
5 have been reported when used together with radiotherapy and
up to 10 when combined with chemotherapy [6].

Modern techniques permit the performance of improved local
hyperthermia therapies minimizing the effects on the surround-
ing healthy tissue [7,8]. In this sense, the newest radiofrequency
devices (RF) remarkably improve the hyperthermia results [5] by
increasing the penetration of the radio waves and focusing on a
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specific tissue volume being both directly related to the selected
wavelengths. As a result, a precise and comparatively large heated
volume is obtained [9]. In this technique, reflection, coupling, and
absorption are different for each case and depend on the tumour
location, requiring a specific planning for each patient and making
it difficult to obtain a perfect setup. Whereas, focused ultrasound
devices are able to heat very precise volumes; these volumes are
much smaller than the tumour, which requires a step-and-repeat
approach [10]. This coverage complicates the therapy, particularly
if the patient moves during the treatment.

On the contrary, hyperthermia therapy mediated by direct in-
jection of magnetic nanoparticles (MNPs) does not exhibit the
afore-mentioned problems [11]. MNPs are excited by low frequency
electromagnetic field (LF-EMF) irradiation, releasing the energy as
heat [12,13]. In this technique, LF-EMF itself does not significantly
contribute to tissue heating, as the loss mechanisms are small for
the low intensity and frequency generated by the magnetic field
[13]. In this technique, important issues such as location of the
MNPs injection points, doses, MNPs types and concentrations, and
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aspects regarding the LF-EMF sources are yet being studied and de-
spite the theoretical advantages, there is still work to do until the
therapy is accepted by the global medical community [14]. Directly
linked to this end, selecting the appropriate MNPs is not obvious as
there are some requirements that they must meet such as biocom-
patibility or the use of specific capping molecules to make them
biocompatible. Thus, physical properties of the selected MNPs will
condition the thermal performance and the associated mathemati-
cal model [15,16].

Despite MNPs hyperthermia is known for more than 75 years,
its personalized clinical application is still being debated [17]. In
the last decades, personalized therapies have advanced and signifi-
cant improvements are already being published. Some of the most
recent research are focused on model parameterization [18] and
temperature monitoring to improve tailored-therapies [19]. Thus,
some of the uncertainties limiting the hyperthermia personalized
applications are being overcome [20].

In this sense, simulation environments using the finite elements
method (FEM) are excellent tools to solve some of these issues
[21,22], facilitating the design of personalized therapies. Virtual
simulations allow treatment planning optimization as well as pre-
dicting final results [23]. Furthermore, the posed physical and bio-
logical limitations can be overcome by including the most relevant
parameters in the virtual simulation conditions [24].

In this study, three different scenarios and a 3D virtual model
by nonlinear Pennes bio-heat equation, perfusion and thermal tis-
sue properties in combination with LF-EMF and MNPs have been
designed to study the thermal behaviour of animal tissue samples.
The aim is to provide a realistic simulation model to obtain an op-
timized method for a multi-site injection planning thus improving
hyperthermia treatments and their clinical applications.

2. Materials and methods

The introduced model has considered three fundamental pa-
rameters: the MNPs, LF-EMF and a virtual model of cat’s back with
a tumour. Once the model was developed, tests were carried out
in three different 3D-simulation scenarios: (a) Small dose of MNPs
without diffusion, (b) Aleatory MNPs position with diffusion and
(c) MNPs Distribution Plan, in the way it is explained below:

2.1. MNPs selection

Magnetite (Fes04) MNPs [25,26] were selected due to their
high biocompatibility (approved by the US Food and Drug Admin-
istration) [27-29] and efficient thermal energy at relatively low
field strengths (up to 400 A/m for LF-EMF) [30]. Within this type
of MNPs, superparamagnetic subtype particles (SP) were selected
since they are small and do not present remanence. Consequently,
they permit better diffusion inside the tumour [31]. Moreover, SP-
MNPs have demonstrated good behaviour in cellular environments,
being an ideal factor in this therapy.

Intrinsic loss power (ILP) is the parameter characterising the
heating capability of MNPs and although the MNPs performance
can be extremely effective in water suspension, ILP dramatically
decreases when MNPs are immersed in a cellular environment
[32,33] In this sense, two loss mechanisms contribute to the over-
all heating: Brownian and Néel relaxations. On the one hand,
Brownian relaxation time increases when viscosity in the cellu-
lar medium rises, making the Brownian loss mechanism inefficient
[34]. Hence, higher frequencies are used where SP-MNPs loss is
dominated by the Néel relaxation effect; however, there is certain
dependence on the Brownian effect due to its morphological na-
ture [35]. On the other hand, MNPs tend to accumulate in certain
parts of the cell resulting in a dipole interaction due to their prox-
imity.
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In the conducted simulations, the maximum concentration was
limited to 3% Fe w/v (155 mg/mL), assuming a linear response
theory (LRT) behaviour model [36]. Finally, a thermal performance
of nano-fluid (NF), extracted from different real-case reports, was
provided. Thus, ILP maximum values were 4.1 nH-m?/kg in the ex-
tracellular environment and 1.75 nH-m?2/kg in the intercellular en-
vironment [29,37,38].

2.2. Predictive mathematical models

Once the MNPs dose was injected, it was possible to change NF
heating by changing the field properties remotely. The appropriate
mathematical formulae allow heating prediction to be used both in
the planning stage and in real-time while therapy is being carried
out. In this scenario, many predictive mathematical models have
been proposed [39,40]. Egs. (1) and (2) developed by Rosensweig
solve the problem of losses using an LRT model. Some parame-
ters in these equations, such as anisotropy, are too complex to be
theoretically obtained although their experimental determination
is simpler. E.g.: Specific Absorption Rate (SAR) is a reference pa-
rameter and it is calculated a posteriori [41]. The purpose is to start
from the experimental thermal performance conditions and then,
apply variations according to the concentration and properties of
the field.

1 1 1 kT 1 0
R 8 Tn 3NV goekesV/keT

Eq. (1) shows an expression for the effective relaxation time tp,
where 1 is the Brownian relaxation time, 7y is the Néel relaxation
time, kg is the Boltzmann constant, T is the absolute temperature
of the medium, n represents the fluid viscosity, V}, is the hydrody-
namic volume, K is the anisotropy constant, 7 is a value of time
characteristic of the material (typical values are between 10~2 and
10-10 seconds) and V is the volume of MNPs.

Quantification of the power dissipation of magnetic nanoparti-
cles in an LF-EMF is usually carried out by measuring the specific
absorption rate (SAR) (also referred to a specific loss power) (see
Eq. (2)),

KEMIVH,  (2mfte)’
3kgT TR 1+ (ZTIfTR)Z

where g is the vacuum permeability, Hy and f are the amplitude

and frequency of the LF-EMF and M;s is the magnetic saturation.

The ILP is obtained by SAR normalization using the field fre-

quency and amplitude, and is therefore independent of the mag-
netic field parameters (ILP = SAR/fH?)

SAR = (2)

2.3. LF-EMF

MNPs are excited using an alternating electromagnetic field
generated by field coils outside the animal’s sample. Excitation fre-
quency and amplitude are determined by a combination of MNPs
size and properties, and limitations imposed by undesired expo-
sure of normal tissue.

Field strengths and frequencies that could exceed biological
limitations [42,43] are commonly used to quantify the MNPs heat
losses. Various researchers have proposed simple criteria to avoid
undesired eddy current heating: Among others, Hergt and Dutz
[44] suggested that the product field strength (H) and frequency
(f) should not exceed C = 5x10° [Am~1s~1]:

H-f<C (3)

However, this limit is also dependent on the field coil geom-
etry with respect to the body, a factor that was not explicitly
taken into account and hence may be excessive, as reflected in
the phase I clinical trial performed by Johannsen’s team [45]. In
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Table 1
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Simulated thermal tissue properties; where p, ¢, k, h and p are mass density, specific heat, thermal conductivity, generated heat and

perfusion ratio respectively.

plkg/m?] cli/kg/K] k[W/m/K] h[W/kg] plmi/min/kg]

Bladder 1023.61 4178.00 0.560 0.506 32.709

Blood 1049.75 3617.00 0.517 0.000 10000.000

Large Intestine 1088.00 3654.50 0.542 11.851 765.232

Cerebrospinal Fluid 1007.00 4095.50 0.573 0.000 0.000

Muscle 1090.00 3421.00 0.495 0.906 36.738

Spleen 1089.00 3596.00 0.534 24.113 1556.980

Spinal Cord 1075.00 3630.00 0.513 2.483 160.333

Fat 911.00 2348.33 0.211 0.5066 32.709

Rectum 1088.00 3763.00 0.535 11.851 765.232

Small Intestine 1030.00 3595.00 0.493 15.893 1026.250

Kidney 1066.25 3763.00 0.535 18.052 3795.030

Bone Cortical 1908.00 1312.83 0.320 0.1549 10.000

Bone Cancellous 1178.33 2274.00 0.312 0.465 30.000

Skin 1109.00 3390.50 0.372 1.64752 106.381
Table 2 ) ) techniques. Once differentiated, the appropriate physical proper-
Linear response perfusion data [mi/min/kg/K]. ties and perfusion behaviours were assigned to each type of tissue.
T[°C] 38 40 41 42 435 44 45 Thus, the concurrent use of these elements allowed the simulation
Muscle 52 99 B 163 0 B B of thgrmal NF behaviour in the stgdled tissues. .As a resu}t, power
Muscle Tumour  -1.08  -3.18  -1087 O - - - density (PD) was calculated by using LRT equations and it was fi-
Fat 44 83 138.1 0 - - - nally transformed into heat inside the tumour. The virtual space
Fat Tumour -1.08 318 -1087 0 - - - model was discretized using a uniform, isotropic tissue grid. In the
Skin 141 268 637 - - 1516 0

this case, LF-EMF application was limited to 100 kHz and 5 kA/m
because of the sensations experienced by the patient. Subsequent
studies determined that the maximum tolerated amplitudes de-
pend on the application area, being in the order of 3-5 kA/m
for the pelvic area, up to 8.5 kA/m for the thorax and between
3.8-13.5 kA/m for the head. Taking these results as a reference,
it is stipulated that the frequency-amplitude product should not
exceed 1.35 x 10° [Am~'s~1] [8]. In the same way, the maxi-
mum field strength was limited to tolerable limits [42,43]. Thus,
a field intensity of 3.97 kA/m (5mT) was selected using a virtual
solenoid inductor with 30 circular turns of 200 mm diameter and
300 mm length. The inductor reached a maximum current of 125 A
at 300 kHz.

2.4. Virtual scenario

2.4.1. The cat’s back model

Simulations were carried out with the virtual model of a cat
presenting a tumour in the front part of the trunk with 21.51 ml
and 0.405 ml of muscle and fat tissue volumes respectively. The
virtual model was obtained by biomedical imaging using comput-
erized tomography (CT) and biomedical images were segmented
using the iSEG application (ZMT, Zurich, Switzerland). The result-
ing segmentation volumes were exported to the FEM environment
Sim4Life (ZMT, Zurich, Switzerland) as it is a computational life
sciences platform integrating computable phantoms with physics
solvers and advanced tissue models for directly analyzing biologi-
cal real-world phenomena and complex technical devices in a 3D
validated biological and anatomical environment. Next, physical
properties for each type of tissue were defined (Table 1) as well
as perfusion values for the different tissues involved in the ther-
apy (Table 2).

The adopted perfusion model was a linear one (as a function of
the treatment temperature) thus, considering tissue thermoregula-
tion [46,47].

Multiple 2D slices of the studied body were extracted by using
biomedical imaging techniques. These sections allowed to create a
3D model of different tissues and organs by using segmentation

case of the tumour, a 0.8 mm grid was set, in contrast to the rest
of the tissues where a grid size of 2.5 mm was used.

Additionally, an initial and uniform temperature of 37 °C was
considered for the tissues as well as a room temperature of 25 °C.
The selected heat blood capacity was 4.05291 MJ/m3/K and the an-
imal/air thermal transmission coefficient was 6 W/m?2/K.

2.4.2. Thermal model

The thermal response of an animal’s body requires a complex
model [48]. Body heat is distributed from one area to another by
blood flow in arteries and veins and its branching varies depending
on various factors: sex, age, and even from one individual to an-
other. The Pennes model proposes a solution using a thermal equi-
librium equation which shows that the ratio of heat transferred
between blood and tissues is proportional to the volumetric perfu-
sion and the difference between the arterial blood and local tissue
[49,50]:

oT, (X, t
Cu% =V . k,VI[T,X, )] — 0pCTu (X, t) + Qu + CowpTy

+Qup (X, 1) (4)

where Cy, y Cp refer to the specific heat of tissue and blood re-
spectively; X are the Cartesian coordinates X, y, z; t the simulation
time; k, the thermal tissue conductivity; w;, the blood perfusion;
Ty, Tq are the unfrozen tissue and arterial blood temperatures re-
spectively; Qn is the metabolic heat [51]; and Qnp the PD provided
by MNPs under the action of LF-EMF [52].

2.4.3. 3D simulation scenarios
In this study, three different 3D simulation scenarios have been
considered:

— Small dose of MNPs without diffusion.
— Aleatory MNPs position with diffusion.
— MNPs Distribution Plan.

The aim was to study the distribution, concentration and power
loss of the MNPs under LF-EMF excitation, when the NF was in-
jected into the tumour. After the NF injection two different scenar-
ios were considered: (a) NF without diffusion in the tumour and
(b) with NF diffusion. Finally, the best result was optimized using
a new NF distribution method.
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Fig. 1. (a) Virtual animal model obtained by computed tomography and detail of the injection points and (b) flowchart process.
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Simulation Setup
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Concentration 155.00 mg/mL
Room Temperature 300 K
Operating Frequency 300 kHz
Inductor Current 125 A
Magnetic Field 4.27 mT

Power Density (Max) 2.254 MW/mA3

ILP 4.1 nH-m"2/kg

SV 0.1870 mL

. High Limit . Ok . Low
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46.9

Isothermal Volume (43°C)
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Fig. 2. (a) Simulation setup and (b) temperature distribution within the virtual tumour and isothermal volume at 43 °C.

3. Results and discussion

Simulations provided 3D temperature distributions and their
evolution with time throughout the treatment (3600 s). The goal
was to achieve hyperthermal temperatures in 90% of the tumour
volume whilst preventing the rest of the tissues from being sig-
nificantly affected. A further restriction was imposed to limit the
maximum allowed temperature that was set in the range from 43
to 46 °C in order to avoid tissue ablation.

3.1. Small dose of MNPs without diffusion

In this simulation scenario, a small NF volume was injected at
different tumour points (Fig. 1a). In order to take advantage of the
high NF ILP in liquid base, treatment should be performed imme-
diately after the injection. For this reason, no diffusion was con-
sidered and the proposed model only had one concentration. From
this concentration and the distribution of the LF-EMF, the 3D dis-
tribution of the PD using the mathematical LRT model was cal-
culated. The 3D PD volume was used as input data for a subse-
quent transient temperature simulation (Fig. 1b). The result shows
the thermal evolution of the tumour over time taking into account
the different physical properties and the cooling capacity of the
tissues.

Fig. 2a shows the simulation setup including a colour diagram
quantitatively indicating the degree of adjustment and limitations

of the main parameters. The graphical result (Fig. 2b) shows how
temperature was distributed within the tumour. In order achieve
a better visualization, skin, fat and muscle, were hidden from the
simulation. Temperature distribution within the animal tissue is
represented by a colorimetric gradation along a plane. This plane
cuts the median area of the tumour in which the isothermal tem-
perature is represented by the 43 °C volume. In this case, temper-
ature is associated with a linear scale of colours ranging from 36
to 46.9 °C.

Despite the high ILP, high MNPs and PD concentrations were
required to reach an acceptable volume of hyperthermia inside the
tumour [53]. Nevertheless, it must be taken into consideration that
this technique could only be applied immediately after injection,
since NF diffusion is immediate.

3.2. Aleatory MNPs position with diffusion

Opposite to the previous case, NF diffusion after injection was
expected in this scenario. To counteract the low ILP due to the dis-
persion in the cellular environment, the injected suspension vol-
ume (SV) was increased to that used in clinical trials (from 0.28
ml/cm3 to 0.4 ml/cm3? of tumour) [54,55]. Once NF is applied to
the tumour, diffusion through the intercellular space starts in a
theoretical Gaussian form [56].

As shown in Fig. 3a, the simulation configuration was set main-
taining both inductor current and electromagnetic field intensity
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Fig. 3. (a) Simulation setup and adjustment to the limit values and (b) temperature distribution within the virtual tumour and isothermal volume at 43 °C.
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Fig. 5. (a) Graphical temperature distribution when the average tumour temperature reaches 43 °C and (b) transverse thermal profile recorded by the green line.

at their limits. As observed in Fig. 3b, the hyperthermia volume
reached was higher than the one obtained in the previous scenario
(Fig. 2a). Nevertheless, the hyperthermia volume did not exceed
25% of the tumour still being far away from the target (90% of the
tumour volume).

A strategy to raise the obtained hyperthermia volumes is to
increase PD. For this purpose, either the LF-EMF intensity or the
initial injection concentrations must be increased. In this sense,

the proposed configuration does not allow the field intensity to
increase, since it is at the limit, but it would allow an increase
in concentration. This effect can be appreciated in the volumet-
ric histogram of temperature distribution within the tumour. Con-
sequently, if PD raises, temperature in the hyperthermia volume
>43 °C also increases (yellow mark), as well as heat in the hotspot
thus, having a hotspot volume in the ablation area (red mark)

(Fig. 4).
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Fig. 8. (a) Highest NF concentration volume and (b) positioning of 28 injection points.

3.3. MNPs distribution plan

The strategy in the previous scenario meant a considerable im-
provement in the obtained hyperthermia volume. However, it was
appreciated that performing a random NF distribution was not a
good option in a scenario affected by many factors such as tumour
morphology, different thermal properties of tissues and perfusions,
thermal NF performance, field properties, etc. In order to improve
these results, a method capable of solving this problem and able
to be an application pattern is required.

Salloum et al. proposed an iterative algorithm in which an
index is optimized in order to reach hyperthermia temperature
within the tumour, depending on the number of predetermined
injection points and assuming a NF Gaussian distribution [56,57].
Undoubtedly, the obtained results meet the expectations. However,
working in a 3D scenario with a large number of injection points
would be computationally very demanding [58,59].

The proposed planning method (Fig. 10) was based on a dif-
ferent concept as it aimed to find an optimal NF distribution able
to reduce the number of injection points as well as considering
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their position, concentration, volume and the LF-EMF parameters
and also taking into account the physical properties of the tissues
and their different perfusions. A specific goal for this method was
to reduce the computation requirements in order to perform sim-
ulations in a reasonable computation time [60].

3.3.1. Optimization method

1. A uniformly distributed PD throughout the tumour volume and
a transient thermal response was simulated. The simulation
was iterated by varying the PD until the mean tumour volume
temperature reached 43°C. With this result, we obtained a char-
acteristic three-dimensional map.

2. The temperature map obtained was taken as a reference to gen-
erate a new distribution of the MNPs and produce a new PD
map. The result was included in the simulation model and a
transient thermal simulation was performed. The algorithm was
iterated by varying the Gaussian distribution profile of concen-
trations until it was adjusted better to a volume of hyperther-
mia (43 °C) that approached the target set. It was necessary to
verify that the rest of the tissues remained minimally affected
by the thermal dose.

3. Once the model was adjusted, it was possible to extract the po-
sition of the injection points taking the maximum MNPs vol-
ume concentration as a reference.

4. Finally, SV and concentration in the injection points were de-
duced from the 3D NF distribution.

In the first step of this method, a characteristic pattern of
temperature distribution was obtained when the tumour reached
43 °C. In fact, Fig. 5b is a thermographic section showing remark-
ably higher temperatures inside the tumour than in the peripheral
area as well as temperature decrease much more pronounced in
the tissues positioned close to the skin and muscle due to their
greater perfusion capacity (Fig. 5a).

The second step consisted in performing a new NF distribu-
tion concentration depending on the temperature. The procedure
consisted of increasing the concentration in the points where the
temperature was lower and vice versa. For the NF diffusion simu-
lation, 20 different distribution concentrations were taken follow-
ing a Gaussian pattern using Eq. (5). Another consideration was to
prevent the NF from being deposited too close to the superficial
cortex of the tumour, trying to minimise the effect on the tissues
adjacent to the tumour. Handling these parameters, the intention
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Fig. 10. Flowchart process of the new MNPs distribution method showing the different steps and stages.

was to maximize the volume of hyperthermia within the tumour
and to minimize the heat dose in the rest of the tissues.
Automation of this process consisted in displacing the Gaussian
crest to the left or the right. This permits control of the depth of
the NF injection and thereby affects the adjacent tissues and the
appearance of hot spots to a lesser extent. On the other hand, in-
creasing or decreasing the concentration and/or intensity of the LF-
EMF directly influenced the PD in order to adapt the volume to the
tumour (Fig. 6).
—(i=ncon)”
Ci = CMax - e(ﬁ)

(5)
where C; is the concentration, Cyqy is the maximum concentration,
Neon 1S the number of concentrations; i is a number from 0 to (neen-
1).

The NF pattern distribution was transformed into a PD through
the LRT model, obtaining the 3D distribution as shown in Fig. 7b.
The 2D graph representing the temperature was added to the PD
distribution and the new thermal response after a transient sim-
ulation. As shown, the thermal stimulus was compensated around
the hyperthermia temperature (Fig. 7a).

The third step was to deduce the ideal injection points. These
points are connected to the maximum MNPs concentration, and
they indicate their exact positions (Fig. 8).

The last step consisted in determining volume and concentra-
tion of the initial injection from the highest concentration dis-
tribution. For the selection, a total volume and concentration of
the suspension, lower than the maximum limit (155 mg/ml and
0.4 ml/cm3 of tumour) should be considered. In addition, it should
be taken into account that the initial concentration was higher
than the maximum obtained, since it was expected to be diffused
later.

As shown in Fig. 9, all the experimental parameters are within
the optimal limits. The histogram shows a volumetric distribution
around the hyperthermia temperature (yellow mark) avoiding ab-
lation of the tissues (red mark). As for the graphical results, hy-
perthermia volume is perfectly adapted to the tumour morphology

and the area affected by the heat located in the peripheral tissues
was minimal. As for hot spots, they also appear but only when 90%
of the hyperthermia volume has already been reached within the
tumour, so this a limiting factor cannot be considered.

4. Conclusions

The present work focuses on the development of a tailor-made
planning for MNPs mediated hyperthermia therapy in various sim-
ulation situations. Different elements were included, modelling the
main characteristics and limitations. The simulation model was
based on three different scenarios. The results showed that NF
worked in an isolated way when there was no diffusion, gener-
ating localized heat close to the volume it occupied. As a conse-
quence, a high PD was needed to obtain a minimum hyperther-
mia volume. Therefore, for this heating to be properly distributed
throughout the tumour volume, an internal NF diffusion was nec-
essary. Diffusion in the cellular environment implies a reduction
of the calorific power, which was counteracted with a higher NF
volume. The result was a much higher hyperthermia volume re-
quiring both lower field strengths and concentrations than in the
previous scenario. However, one of the limitations in reaching a
higher hyperthermia volume was the presence of hot spots within
the tumour caused by poor NF distribution. Finally, the last opti-
mized distribution method serves as a pattern in order to reach
90% hyperthermia volume, minimally affecting to the rest of the
tissues.

In the simulations, NF was supposed to reach its maximum con-
centration around the injection point with a constant diffusion tak-
ing a Gaussian pattern. However, the MNPs were dispersed differ-
ently to the theoretical homogeneous tissue case, and it was due
to the irregularities within the tumour. For this reason, predict-
ing MNPs exact distribution was complex. Therefore, it would have
been interesting to obtain the actual distribution map through
biomedical imaging techniques, once the NF was injected follow-
ing the described pattern.



R. Montes-Robles, H. Montanaro, M. Capstick et al.

Once the MNPs concentration is determined, it can be used
to recalculate the temperature distribution and can later serve as
a reference to guide future injection positions. Nevertheless, the
number of points will be set depending on the accessibility and
diffusion inside the tumour. As a complete virtual model of the af-
fected tissue and surroundings is at our disposal, a study to guess
how different positions could be reached and to assess the most
appropriate position could be conducted. Additionally, diffusion ex-
perimental data inside the tumour would also be vital for point
position determination.

The described optimal MNPs distribution method does not im-
ply high computational cost, the result can be obtained in min-
utes. However, these results depend on the spatial resolution and
the used processing machine. Although the present study has not
focused on deducing the computational cost of the processing, we
can state that the waiting time of the planning would not imply a
significant delay in treatment.
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