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ABSTRACT

Background: Phantoms accurately mimicking the electromagnetic and thermal properties of human
tissues are essential for the development, characterization, and quality assurance (QA) of clinically
used equipment for Hyperthermia Treatment (HT). Currently, a viable recipe for a fat equivalent phan-
tom is not available, mainly due to challenges in the fabrication process and fast deterioration.
Materials and methods: We propose to employ a glycerol-in-oil emulsion stabilized with ethylcellu-
lose to develop a fat-mimicking material. The dielectric, rheological, and thermal properties of the
phantom have been assessed by state-of-the-art measurement techniques. The full-size phantom was
then verified in compliance with QA guidelines for superficial HT, both numerically and experimentally,
considering the properties variability.

Results: Dielectric and thermal properties were proven equivalent to fat tissue, with an acceptable
variability, in the 8 MHz to 1 GHz range. The rheology measurements highlighted enhanced mechanical
stability over a large temperature range. Both numerical and experimental evaluations proved the suit-
ability of the phantom for QA procedures. The impact of the dielectric property variations on the tem-
perature distribution has been numerically proven to be limited (around 5%), even if higher for
capacitive devices (up to 20%).

Conclusions: The proposed fat-mimicking phantom is a good candidate for hyperthermia technology
assessment processes, adequately representing both dielectric and thermal properties of the human
fat tissue while maintaining structural stability even at elevated temperatures. However, further experi-
mental investigations on capacitive heating devices are necessary to better assess the impact of the
low electrical conductivity values on the thermal distribution.
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1. Introduction of the currently available HT devices operate at radio/micro-
wave frequencies between 8 MHz and 915 MHz, dictating the
frequency range of interest investigated in this work. Apart

from accurate dielectric and thermal properties and the sta-

Tissue-mimicking phantoms have a fundamental role in the
analysis of interactions between electromagnetic (EM) waves

and biological tissues, experimental evaluation of new diag-
nostic methods, and/or development and testing of medical
devices. In the context of hyperthermia therapy (HT), defined
as induced temperature increase in the target tissue to
40-44°C, the availability of appropriate phantom materials is
essential to assess the performance of heating devices, their
characterization and safety, as well as long term stability in
terms of quality assurance (QA) [1].

A phantom is defined as a physical structure made from
materials that together mimic the characteristics of a certain
biological tissue. In hyperthermia delivered by electromag-
netic fields, this encompasses the dielectric properties to
reproduce EM wave propagation and thermal properties to
represent the distribution of heat in tissues. The majority

bility of these even at elevated temperatures, other, more
practical attributes are important to enable the successful
implementation of the phantom in the quality assurance pro-
cedures in clinics. These attributes comprise appropriate
mechanical properties, stability over time, easily reproducible
manufacturing protocols, and finally, accessible, inexpensive,
and nontoxic materials [2].

Despite numerous formulations proposed over the past
half-century, the ideal phantom is yet to be established. This
is especially the case for phantoms representing tissues with
low water content, such as fat or bones, that are associated
with low permittivity and conductivity. Although not entirely
optimal, a handful of phantoms representing high-water con-
tent tissues, like muscle and brain, with permittivity (g,)
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values ranging between 40 and 80 and conductivity between
0.4-1S/m in the 10 MHz to 1 GHz range, is available. In these
phantoms, the water as a principal component is bound in a
network of hydrophilic polymers such as agar [3-6], carra-
geenan [7,8], polyacrylamide [9], or gelatin [10-12]. Agar-
based phantoms are currently recommended in the most
recent QA guidelines [13,14] as muscle-mimicking materials,
either in a sucrose-agar formulation [15] or in combination

with  TX-150/1513 gelling powder, also known as
Superstuff [5].
Low-water-content tissues that exhibit permittivity

between 5 and 26 and low conductivity (0.05-0.4S/m) for
frequencies between 10 MHz and 1 GHz are difficult to mimic
by phantoms depending on a high water amount. At the
same time, low water amount in gels leads to mechanical
weakness. The use of agar-based materials, which require
high water content, is limited to approximately &, = 40 at
frequencies below 1GHz [15]. Other water-based solutions
using alternative net-forming agents have been investigated.
Lagendijk and Nilsson [16] proposed a simple-to-make mater-
ial in the form of dough based on a mixture of water, salt,
oil, and flour. The dielectric and mechanical properties at the
evaluated frequencies were suitable. Nevertheless, the phan-
tom was subject to rapid degradation over time. Other stud-
ies show that oil in water emulsions enforced by gelatin,
where oil droplets are kinetically trapped within a gelatin
matrix, have the potential to adequately represent the dielec-
tric properties of fat tissue, but their thermal stability has not
been described [10-12]. More importantly, the gelation point
of these gels is around 25-30°C, depending on the gelatin
percentage by mass used [17]. Recently, Dobsicek Trefna
et al. [18] proposed a reinforcement using crystalline nano-
cellulose in the gelatin gels to increase their thermal stability.
Nevertheless, this solution is effective only for QA assess-
ments carried out with radiative heating devices starting at
lower temperatures as the phantom weakening occurs
already at temperatures above 32°C. For QA assessment of
capacitive devices, the usage of this phantom remains
unfeasible due to the high-temperature rise in fatty tissues
caused by the preferential power absorption in these tissues
at low frequencies [19].

Recipes that avoid the use of water, so-called dry phan-
toms, have also been explored, but generally, these recipes
suffer from complicated preparation procedures, inadequate
thermal or dielectric properties, or limited stability over time.
Allen et al. [20] proposed a polyester resin (Laminac 4110),
acetylene black, and aluminum powder-based material, while
another example is a silicone rubber phantom reinforced
with carbon fiber [21]. These phantoms are stable over time
but demanding to prepare. More recently, Garrett et al. eval-
uated mixtures of carbon powder and urethane rubber in
different quantities, leading to a flexible and dielectrically
stable material, but its thermal properties, as well as dielec-
tric properties at frequencies below 1GHz, have not been
investigated [22].

In this work, we propose a new fat-equivalent phantom
that is based on an ethylcellulose (EC) gel comprising of gly-
cerol and oil mixture. Despite its ability to form oleogels

with high setting and melting temperatures [23-26], the use
of EC for the production of solid phantoms has never been
reported in the literature. EC is a hydrophobic polymer,
meaning that it will be present in the oil phase, and no
water is needed in order to disperse the polymer. This is an
important difference compared to the gel systems described
above [3-8,10-12]. So far, the only use of cellulose derivate
in the form of hydroxyethyl cellulose (HEC) has been
reported for high permittivity materials [27,28]. Nevertheless,
the resulting phantom is viscous. In this work, we demon-
strate that EC-glycerol gels have great potential to be rou-
tinely employed in QA procedures for HT devices. These fat
tissue phantoms meet al.l the requirements in terms of ther-
mal and mechanical properties. The dielectric properties are
adequate in the 200-700 MHz band, and if the glycerol con-
centration is adjusted, even up to 1 GHz. The phantom exhib-
its a lower conductivity than human fat tissue at low
frequencies (8-200 MHz). However, the numerical analysis
demonstrates a potential application even for capacitive
devices, which needs further experimental verification.

2. Materials and methods

The use of the polymer ethylcellulose (EC) as a net-forming
agent together with edible oils has been proven to have sev-
eral applications, for instance, in the food [29] and pharma-
ceutical [30] fields. In the ethylcellulose oleogel-based fat
phantom, we mixed canola oil with glycerol to achieve the
appropriate dielectric properties. Canola oil, like most vege-
table oils, has both low relative permittivity of about 4 and
low conductivity of about 0.025/m in the 10 MHz to 1GHz
range [31-34]. Glycerol is a polyol compound that finds
applications in the food and cosmetics industry due to its
nontoxicity and bacteria resistance. As assessed by Meany
et al. [35], pure glycerol has permittivity around g, = 40 for
frequencies below 1GHz. Above 1GHz its permittivity
decreases and stabilizes around ¢ = 9. Its conductivity
exhibits moderate values reaching ¢ =0.55/m for frequen-
cies below 1GHz.

2.1. Materials and preparation protocol

The phantom is based on an ethylcellulose-glycerol gel,
where the main ingredients are oil, glycerol, and ethylcellu-
lose. A regular canola oil, Eldorado, purchased from a local
store, was used as the basis for the phantom, in which the
ethylcellulose was melted at high temperatures (130°C). The
glycerol was purchased from VWR Chemicals, Radnor,
Pennsylvania, USA, while the ethylcellulose Ethocel Standard
45 Premium was provided by Dupont, Grindsted, Denmark. A
critical parameter of EC is its viscosity. The values between
41 and 49 mPa-s have been proven effective. The use of eth-
ylcellulose with a higher viscosity may compromise the qual-
ity of the mixing procedure, resulting in air engulfment and
difficult handling of the phantom due to very rapid
solidification.

A dielectric properties assessment revealed that a mixture
composed of 57 wt% of glycerol with 7wt% EC and 36 wt%



of oil creates a mechanically stable gel with an adequate
permittivity over the frequency range of interest. As it has
been proven through rheological assessments, higher gly-
cerol concentrations have a negative impact on the mechan-
ical stability of the phantom. Therefore, the current
permittivity values represent the highest achievable without
compromising the mechanical structure of the phantom.
However, for frequencies above 700 MHz, the selected con-
centration of glycerol shows too high conductivity values, as
shown in Section 3.1. A later assessment proved that by
decreasing the glycerol concentration to 52wt%, it is pos-
sible to adjust the phantom for frequencies above 700 MHz
while maintaining acceptable permittivity and satisfactory
mechanical properties [36]. The two alternative recipes are
reported in Table 1.
The preparation protocol involves the following steps:

1. Oil and glycerol are mixed at room temperature. A
head-mixer with adjustable speed is used for this pur-
pose (ME SH-11-6C, MESE, Leeds, England). Alternatively,
any other suitable device can be used. Mixing was done
so that no air bubbles were visually present in the
resulting gel.

2. Once a visually uniform emulsion is obtained, which
takes around 10min, the temperature is gradually
increased to 130°C. A commercially available hot plate
is used.

3. The EC is then gradually added to the glycerol-oil mix
at 130°C until EC is visually dissolved.

4. The temperature is now increased to 170°C to enable
the pouring of the compound into the mold without
rapid solidification. During this procedure, the pot
should be covered to limit the dispersion of hot vapors.

5. The compound is poured into the desired mold and let
cool down.

6. Once the mixture cools down, the phantom can be
stored either in a refrigerator or in a dry environment,
avoiding contact with contaminating agents.

Table 1. concentrations of glycerol, EC, and oil for the two optimized recipes.

Frequency range of interest Glycerol [wt%)] EC [wt%)] Oil [wt%]
<700 MHz 57 7 36
>700 MHz 52 8 40
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Important notice: Keep stirring the mixture continuously
during steps 1 to 4 to avoid a glycerol/oil phase separation.

2.2. Dielectric properties assessment

The dielectric properties have been assessed using the
Dielectric Assessment Kit for Thin Layers (DAK-TL), (Schmid &
Partner Engineering AG, Zurich, Switzerland), connected to a
Rohde & Schwarz ZNBT8 16 channels vector network ana-
lyzer. A schematic representation of the setup is visualized in
Figure 1. The sample is placed on a mechanically actuated
platform which drives the specimen toward the probe with a
force defined by the operator. The measuring device is con-
trolled through dedicated software installed on an external
PC, where the measurement data are both displayed and
saved. To cover the entire frequency range of interest (8-
915 MHz), two different probes have been employed: DAK12-
TL2 (frequency range: 4-600 MHz) and DAK3.5-TL2 (frequency
range: 200MHz to 1GHz), both measuring with a user-
defined resolution of 10 MHz. The analyzed phantom samples
had a thickness between 8-10 mm and a diameter of at least
80 mm to guarantee the contact between the phantom sur-
face and the entire probe flange. During each measurement,
the phantom samples were further pushed toward the probe
surface with a constant force of 25N with the help of the
mechanical actuator to guarantee a uniform phantom-probe
contact. The dielectric properties have been measured both
on the top and on the bottom surface of each sample, in
four points on each surface, to assess their uniformity. The
average permittivity and conductivity of each sample were
then computed.

2.3. Thermal properties assessment

The thermal properties have been assessed using a commer-
cial thermal property analyzer (TEMPOS, Meter Group, Inc.,
Pullman, WA, USA, accuracy: 10%) with the dual-needle sen-
sor (SH-3) [37]. This sensor allows simultaneous measure-
ments of thermal conductivity and volumetric heat capacity
in non-liquid materials. The sensor applies a determined
quantity of heat to one of the needles for 30s. The heat is
transferred from the needle to the sample under test, and
the second needle measures the temperature for 90s. As
described by Silva et al. [38], the thermal property

Figure 1. Schematic of the measurement setup for the dielectric properties (DAK-TL2).



4 M. D. LAZZARI ET AL.

parameters are then calculated using an internal algorithm.
A cylindrical phantom sample of 7cm height and 6 cm diam-
eter was used. The entire length of the sensor (3cm) was
inserted into the phantom, ensuring that the minimum
dimensions requirements were satisfied [39]. Sets of five
measurements were conducted every 15min to allow the
measuring sensor to reach equilibrium before each measure-
ment. Measurements were conducted at room temperature.
Before and after each set of five measurements, the sensor
was validated through measurements in a Delrin® (Dupont,
Grindsted, Denmark) verification block with known thermal
properties.

2.4. Rheological properties of the EC gels

Rheology is the science of the flow and deformation of mat-
ter and describes the interrelation between force, deform-
ation and time. The main purpose of a rheological analysis in
this study was to analyze the response of the EC gel upon
deformation at different temperatures. As a result, it would
provide us with information about the mechanical strength,
elasticity and stability at elevated temperatures. The rheo-
logical properties of the phantom have been determined
using a Discovery HR-3 Rheometer (TA instruments New
Castle, US), with a normal force sensitivity of 0.005N. To
determine the maximum possible amount of glycerol in the
gel while preserving the mechanical stability of the material,
different samples with an increasing weight percentage of
glycerol (0%, 50%, 57%, 65%) have been prepared. Prior to
the analysis, the phantom samples were liquefied using a
hot-air gun and poured into the instrument plate, preheated
at 130°C. The temperature was then reduced to 20°C, with
a rate of 3°C/min, and afterward increased again to 130°C,
with a rate of 3°C/min. Storage (G') and loss modulus (G”)
were recorded as a function of temperature and at a fixed
frequency of 1Hz and a strain of 0.5%. The temperature con-
trol was assured by a Peltier Plate. For these measurements,
a plate-plate geometry was used, with a diameter of 40 mm
and a gap of 0.3 mm. The upper plate was equipped with a
solvent trap and a custom-made chamber provided by TA
Instrument to reduce evaporation and maintain a stable
temperature.

2.5. Phantom validation in superficial hyperthermia QA
procedures

The variation in dielectric and thermal properties of the fat
phantom related to the IT'IS tabulated values may impact
the values of the performance indicators of the applicator.
Therefore, we assessed the impact of varying dielectric prop-
erties, as measured in Section 2.2, on performance indicators
for superficial applicators. Namely, we considered the follow-
ing quantities as established in the QA guidelines for superfi-
cial hyperthermia [13]:

o Effective field size (EFS): the area within 50% of max-
imum SAR contour in the 1cm deep plane under the
antenna aperture.

e Thermal effective field size (TEFS): the area within 50%
of maximum temperature rise (TR) contour at 1 cm depth.

e Thermal effective penetration depth (TEPD): the depth
at which the maximum TR is 50% of the maximum TR at
1 cm depth.

Power and temperature distributions are first calculated
using commercially available EM simulation software. The
quality indicators are then derived through a MATLAB rou-
tine. The effect on EFS, TEFS, and TEPD is assessed numeric-
ally for both radiative and capacitive devices, while the
results for radiative devices are further validated
experimentally.

2.5.1. Numerical assessments
Figure 2 illustrates the arrangements for the validation of
both the capacitive and the radiative system as used in the
numerical assessment. Simulations were performed with
three different sets of dielectric properties of the fat phan-
tom, listed in Table 2. These values correspond to the aver-
age, lower, and upper bound of the properties measured on
the phantom samples. For comparison, simulation results
obtained using the properties defined for the average infil-
trated fat tissue in the IT'IS database [40] are included. The
thermal properties of the fat phantom followed the meas-
ured average values as listed in Table 2, while the parame-
ters of other materials followed the IT'IS database [40].

The thermal parameters are assessed after 6 min of heat-
ing, as prescribed by the QA guidelines. Dielectric and

@ =150 mm

150 mmx 150 mm

200 mm

i @ =250mm

300 mm x 300 mm

Figure 2. Graphical representation of the geometry adopted for the simulation of an EM radiative system (left) and of a capacitive system (right).
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Table 2. Dielectric properties used in the simulation studies for both radiative and capacitive systems.

13.56MHz 434MHz
o(S/m) &() G(S/m) &)

Air 0 1 0 1

Deionzed Water [40] 4.23e-5 84.6 0.043 84.6

Muscle [40] 0.63 138.4 0.81 56.9

Fat [40] 0.054 25.2 0.082 11.6

Fat (measured) 0.001 0.002 0.0015 14.4 17.7 16.5 0.05 0.07 0.06 10.3 12.4 11.4

[Lower/Upper range/Average]
Bow-tie self-

grounded antenna

Hydrogel bolus

10mm
2x5Smm | |mmmmmmmm e e e )| F b e
100mm
@ =6cm )
o N
M2 . O :
K4 A4 3 [
/ < 2cm > \ 2cm
M1 —D @ -
T/ o1 r
\ / 2cm
M3 \ ) L A
\. N 7
e e

Fat phantom
Muscle phantom

Figure 3. Top left: schematic representation of the experimental setup. The probes position and the geometrical dimensions are indicated. Bottom left: position of
the temperature sensors for the probes M1-3, located at 1cm below the muscle surface, with respect to the antenna aperture (red dotted line). On the right: pic-

ture of the same setup.

thermal properties are kept constant during the heating
simulation. A percentage variation between the EFS, TEFS,
and TEPD values obtained using the different fat models is
used as a metric that quantifies the effect of the variation in
phantom properties.

Performance assessment of the EM radiative device. A
self-grounded bow-tie antenna applicator [41] was mod-
eled in CST MW Studio [42] to represent a radiative heat-
ing device. The antenna operated at 434 MHz, forwarding
a net power of 150W to a fat-muscle phantom, whose
structure is shown in Figure 2. The phantom is composed
of a fat-mimicking layer with a uniform thickness of
10mm, placed on the surface of a 150 mm thick muscle
equivalent material. The matching between the antenna
and the phantom is guaranteed by a 30mm thick deion-
ized water bolus. A time-domain solver was used,
together with a hexahedral mesh, with an average of
90000 mesh elements. Open boundary conditions have
been applied.

An additional simulation was performed in order to valid-
ate the QA experimental results, as described in the next sec-
tion. The geometry was modified to accurately represent the
experimental scenario illustrated in Figure 3. The solver and
the meshing setup were identical to the previous scenario.
The antenna was set to radiate the power of 87W at

490 MHz, corresponding with the experimental condition.
Permittivity and conductivity of the fat phantom were 10.8[-]
and 0.051S/m, respectively. After a first round of simulations,
the power was adjusted to 80 W to compensate for the cable
losses and reflections happening in the experimental
environment.

Performance assessment of the EM capacitive device. A
similar configuration was adopted to assess the performance of
the EM capacitive HT system, but this time, it was carried out
using a simulation platform COMSOL Multiphysics [43], which is
more suitable for this simulation and has an easier definition of
the feeding port. Following the setup prescribed by the QA
guidelines, a 200 mm thick muscle layer is topped on both
sides with a 10 mm thick fat phantom layer, see Figure 2. A
20 mm thick deionized water bolus is placed between the elec-
trodes and the phantom. Similarly to Kok et al. [19], two elec-
trodes with diameters of 150 mm and 250 mm are placed at
the top and the bottom of the multilayered fat-muscle-fat
phantom, respectively. The assumed operation frequency is
13.56 MHz. An initial voltage of 100V was imposed between
the two plates (+50V and —50V) and then tuned to reach a
temperature rise of at least 6°C in 6 min at 1cm depth in the
muscle phantom. A frequency-domain study and a time-
dependent study have been run to determine the temperature
increase in the phantom. The simulation domain was bounded
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by an equipotential surface with null voltage. By default for
COMSOL, a FEM meshing strategy was adopted, with a total
number of elements equal to 5.4-10°.

2.5.2, Experimental assessment

The phantom was tested for compliance with QA guidelines
for superficial HT, following the arrangement described by
Dobsicek Trefna et al. [1,13]. A schematic representation and
a photograph of the experimental setup are shown in
Figure 3.

A 10mm thick hydrogel bolus (with no temperature con-
trol) [44] was employed as a matching medium between the
antenna and a 250 x 380 mm phantom, consisting of two
5mm layers of fat equivalent material, placed on a 100 mm
thick agar/sucrose muscle phantom [15]. The dielectric prop-
erties of the hydrogel bolus at 490 MHz were ¢, = 81 and ©
= 0.10S/m, while the muscle phantom had ¢, = 59 and ¢ =
0.69S/m.

A self-grounded bow-tie antenna with an aperture diam-
eter of 60mm was centered on the top of the hydrogel
bolus to radiate EM energy for 6 min at the operating fre-
quency of 490 MHz. This frequency was chosen to minimize
the antenna reflection, which had a measured value of
—11dB. Initially, a power of 73W was applied for 60s, but
then increased to 87 W to ensure an adequate temperature
rise and kept constant until the end of the experiment. Both
phantom and bolus were at room temperature of around
22°C at the beginning of the experiment.

The temperature rise was monitored at multiple locations
by five fiber-optic probes (THR-NS-882X, FISO Technologies
Inc, Canada), located in correspondence to the central plane
of the antenna, at different depths: between the two fat
layers (F, 8 sensors with 1cm spacing), at the fat-muscle
interface (FM, 1 sensor), and 1cm below the muscle surface
(M1-M3, 8 sensors with 2cm spacing) with a 20 mm spacing
between probes. Moreover, the temperature distribution at
each interface was captured by an infrared camera (B355,
Teledyne FLIR LLC, USA) at the end of the experiment.

3. Results

The results reported in this section were obtained by assess-
ing the properties of a phantom containing 57 wt% of gly-
cerol, prepared as described in Section 2.1. The phantom is a
semisolid gel, easy to handle, and fairly flexible (Figure 4).
Chemically, it is a glycerol-in-oil emulsion, with glycerol drop-
lets kinetically trapped in the oil, while EC acts as a net-form-
ing agent.

3.1. Dielectric properties of the EC-glycerol gel

The dielectric properties of the fat phantom over the fre-
quency range of 8 MHz to 1GHz are presented in Figure 5.
The measured average values of permittivity and conductiv-
ity on four distinct samples are shown along with the tabu-
lated values of human fat tissues provided by the IT'IS
database [40]. Although the infiltrated fat tissue properties
are considered in HT treatment planning more often, we

Figure 4. A phantom sample used for the QA experimental verification. The
material can be easily handled without damaging its structure.

added the values for non-infiltrated fat tissue to provide a
better impression of the variability in the human body. The
plots further indicate the measurement uncertainties, which
typically range up to 15% at frequencies below 100 MHz and
5% above 100 MHz [40,45].

The solid green and blue lines represent the measure-
ments performed using the DAK12-TL2 probe and the
DAK35-TL2 probe, respectively, together with their uncer-
tainties. The phantom exhibits an average permittivity
that decreases from 17 at low frequencies to 10 at 1 GHz.
The conductivity is almost zero at low frequency, reach-
ing values around 0.16 S/m at the other extreme of the
range.

It is worth remembering that the data presented in Figure
5 have been obtained from phantom samples with a glycerol
concentration of 57 wt%. Lowering the glycerol concentra-
tion to 52 wt% allows for adjustment of the conductivity val-
ues for frequencies above 700 MHz, in particular targeting for
915 MHz, the other commonly used frequency in hyperther-
mia systems [36]. For comparison purposes, the average
dielectric properties for the two formulations, at 434 MHz
and 915 MHz, are reported in Table 3.

The phantom was stored in a wrapped plastic foil in a
refrigerator, and its dielectric properties were re-measured
after one month without any observable changes.

3.2. Thermal properties: thermal conductivity and
capacity

The thermal properties of the phantom at room temperature
are presented in Table 4. The average value of thermal con-
ductivity (k) and volumetric heat capacity (Cv) of the phan-
tom approximate the ones reported from the IT'IS database
[40] as a reference for fat tissue. The average measured ther-
mal conductivity and volumetric heat capacity differ by
+13% and +8% from the average expected value. It is
worth reminding here that the accuracy of the thermal
property analyzer used is 10%. The thermal properties were
monitored after one month, and no variations were
observed.
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Figure 5. Average permittivity (left) and electrical conductivity (right) of the phantom, using a DAK12-TL2 (green solid line) and a DAK3.5-TL2 (blue solid line),
with their confidence intervals. The dashed lines represent the dielectric properties of the average infiltrated fat tissue (red), and non-infiltrated fat tissue (yellow),
both taken from the IT'IS database. The corresponding shaded areas indicate the uncertainty of dielectric probe measurements. Two vertical markers are positioned

at 434 MHz and at 915 MHz.

Table 3. Average permittivity and conductivity measured values for two dif-
ferent phantom formulations (glycerol concentration: 57 wt% and 52 wt%).
The data are reported for two common operating frequencies in HT, 434 MHz
and 915 MHz.

Permittivity [—] Conductivity [S/m]

Frequency 57 wt% 52 wt% 57 wt% 52 wt%
434 MHz 11.75 7.20 0.07 0.05
915 MHz 9.46 5.96 0.14 0.09

Table 4. Measured thermal properties of the phantom at room temperature.

Reference value for Measured value

Property fat tissue [40] at 22-24°C
k [W/m/°C] 0.21+0.02 0.246 +£0.000
Cv [J/kg/°C] 2.348 £0.372 2.556 £0.002

3.3. Rheological properties of the EC-glycerol gels

The storage (G') and loss (G”) moduli of the EC and EC—gly-
cerol gels are shown in Figure 6. The gels were added hot
(130°C) to the rheometer, after which the temperature was
lowered to 20°C. G’ and G’ have similar values at tempera-
tures > 100°C, showing a paste-like behavior. Once the tem-
perature is lowered < 100°C, G’ increases faster than G”,
showing a more elastic behavior and onset of gelation. G’
and G” as a function of temperature is similar upon heating
and cooling, and the gel melts at similar temperatures as it
sets. The general behavior of the gel as a function of tem-
perature is independent of the presence of glycerol or not,
however, the absolute values of G' and G differ, as well as
gelation onset and melting (Table 5). The addition of glycerol
reduces G’ and increases the temperature for the gelation
onset. Table 5 lists the moduli values and tan & (tan & =
G'"/G’) at 20°C and 39°C for both temperature ramps (cool-
ing and heating) of the EC and EC-glycerol gels. The

influence of glycerol upon temperature for setting of the gel
as defined here is reported in Table 6.

The values presented in the table clearly show that
increasing glycerol content and reducing oil leads to a reduc-
tion in G’ independent of temperature and increase in tan 8.
The increase in tan & shows that the elastic component of
the gel is reduced while the viscous component increases.
The network is thus weakened, and the EC gel becomes
more paste-like the more glycerol is added. Table 6 further
shows that the setting temperature of the network increases
with increased glycerol content of 50wt%, in agreement
with a polymer being driven out of solution, owing to poor
solvent quality.

These results suggest how the usage of a glycerol content
higher than 57 wt% leads to poorer gel properties (higher
tan 8 and low G').

3.4. Phantom validation in superficial hyperthermia QA
procedures: numerical assessment

The resulting EFS, TEFS, and TEPD obtained from the simula-
tions by considering different fat phantom properties are
listed in Table 7. For comparison, we further include the per-
centage variation with respect to the values calculated for
the model, using the IT'IS database values. The results are
presented for the three different fat phantom models, repre-
senting the lower (LB) and upper bound (UB) of the confi-
dence interval and the average (AVG) values of the
measured dielectric properties (Figure 5). The results
obtained for the different phantom models generally show a
good agreement, in particular for the radiative systems. The
maximum difference in the LB case results in an overesti-
mation of EFS and TEFS, about 5.26% and 4.10%, respect-
ively. The TEPD is underestimated by 4.5% in the same case.
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Figure 6. G’ (solid line) and G” (dashed line) as a function of temperature for different glycerol content phantoms: 0 wt% (left) and 65 wt% (right). The samples
were first cooled from 130°C to 20 °C (blue) and then heated to reach again 130°C (green).

Table 5. G’ and tan & at T=20 and 39°C for EC and EC glycerol gels. The
moduli values were recorded at f=1Hz and strain = 0.5%. The different val-
ues given are the value obtained upon cooling (C) and heating (H).

G’ at 20°C [kPa] tan & [—] at 20°C

Glycerol content (wt%) C H C H

0 810 750 0.3 0.4
50 820 730 0.5 0.4
57 680 640 0.4 0.5
65 550 490 0.5 0.6

G’ at 39°C [kPa] tan 6 [—] at 39°C

Glycerol content (wt%) C H C H

0 810 530 0.3 0.2
50 640 630 0.5 0.4
57 530 550 0.4 04
65 420 420 0.5 0.5

Table 6. Gel-setting temperature calculated for the different
phantom samples with increasing glycerol content.

Setting point [°C]

Glycerol content (wt%)

0 75
50 90
57 90
65 90

For capacitive systems, the differences in EFS reach similar
values, between 5-6%. The deviations in thermal quality indi-
cators are larger due to preferential heating of the fat at the
fat-muscle boundary, typical for capacitive systems. In the
most extreme case of LB dataset, the TEFS is overestimated
by 13.7% while TEPD is overestimated by 23.5%.

The simulated temperature distribution for radiative and
capacitive systems is exemplified in Figure 7, both on the
vertical XZ plane and on the horizontal XY place, at 1cm
depth in the muscle. For capacitive systems, the vertical view
reveals the final temperature within the fat layer being
around four times higher than in the muscle phantom, thus
highlighting the importance of the mechanical stability of
the phantom material over a large temperature range.

3.5. Phantom validation in superficial hyperthermia QA
procedures: experimental validation

The temperature increase recorded by thermal sensors dur-
ing the 6-min exposure at 73 W (0-605s) and 87 W (60-3605s)
is shown in Figure 8. The vertical positions of the tempera-
ture probes (F, FM, M1-3), and their horizontal placement in
the 1-cm depth of muscle phantom (M1, M2 and M3) are
better visualized in Figure 3. The antenna was centered in
between sensors 3 and 4 of probe M1 (sensors M1-1 and
M1-2, respectively). The results show a temperature increase
of around 10°C for these sensors after 6 min, validating the
applicator’s thermal capability according to the QA guide-
lines, which require a minimum increase of 6°C after 6 min
[1]. The small difference between the temperature recorded
by these two sensors can be explained by the slight mis-
placement of the sensors with respect to the antenna
center.

The recorded data by probe F reveal a temperature
increase of 15°C between the two fat layers at the end
of the heating period, and an increase of about 13°C at
the interface between muscle and fat (FM). In both
cases, the sensor was placed right below the antenna
center.

Figure 9 shows the thermal images captured by the IR
camera after 6 min of exposure and the corresponding
simulated temperature distributions between different
interfaces. To better visualize the correspondence
between the numerical and experimental data, the tem-
perature increase along the X and Y central axes is com-
pared in Figure 10, showing an excellent agreement. The
measured temperatures are slightly lower than the simu-
lated ones very likely due to heat dissipation in the phan-
tom that had happened within the 70s before the IR
image was captured. The absolute error of the camera,
+2°C as stated by the manufacturer, may be another
source of uncertainty.
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Table 7. EFS, TEFS and TEPD values calculated from the simulated SAR and temperature distribution for a capacitive and a radiative system, adopting different
dielectric properties for the fat layer (values from the database, plus lower, higher, and average values measured in the phantom). The percentage difference

with respect to the values computed using the IT'IS based fat phantom model is also shown.

EFS TEFS TEPD
[cm?] [em?] [mm]
Study IT'IS LB UB AVG IT'S LB UB AVG IT'IS LB UB AVG
Radiative 6.65 7.00 6.74 6.97 7.30 7.60 7.29 748 35.2 33.6 345 34.6
A% - +5.26 +1.35 +4.8 - +4.10 +0.14 +24 - —4.5 —2.0 —2.0
Capacitive 204 21.6 215 215 17.6 20.02 18.9 19.2 17.0 21.0 174 18.0
A% - +5.88 +5.40 +5.4 - +13.7 +7.3 +9.0 - 4235 +2.4 +5.8
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Figure 7. Contour plots of the temperature increase within a fat-muscle phantom after 6 min of heating with a single antenna radiative system (top row) and a
two electrodes capacitive system (bottom row), as described in section 2.5.1. Left column: XY plan view at 1cm depth in the muscle phantom, where the red dot-
ted lines indicate the boundaries of the TEFS and the contours of the antenna and the top electrode are represented as white dotted lines. Right column: XZ view.

Here, the boundaries between fat/muscle/bolus are shown as black dotted lines.

4. Discussion

This work proposes the use of a glycerol and oil mixture sta-
bilized with ethylcellulose as a fat-tissue mimicking phantom.
The objective of this work was to define a generic phantom
recipe, suitable for hyperthermia QA assessments over a fre-
quency range of 8-1GHz.

Overall, the developed phantom is a good candidate to
adequately represent human fat tissue, with satisfactory

thermal and mechanical properties. The representability of
the dielectric properties is limited to the 200-700 MHz range,
targeting 434 MHz, but easily extendable to a higher fre-
quency by lowering the glycerol concentration. A stronger
limitation appears in the lower frequency range (8-200 MHz).
Both permittivity and conductivity values are within the
range of interest dictated by reference values for infiltrated
and non-infiltrated fat, with the exception of electrical
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conductivity at low frequencies. The conductivity of the fat
phantom is 0.001 at 8 MHz in comparison to literature values
of 0.050, but linearly increases with frequency to become
equivalent at frequencies above 200MHz. In the current
protocol, the conductivity values are adjusted by the
increased amount of glycerol which is limited by the rhe-
ology of the gel. This is obvious from the rheological ana-
lysis, revealing an increase in loss tangent (tan 8) when the
amount of glycerol is higher than 57 wt%. Another common
and simple mechanism to increase the conductivity of the
gel could be the addition of NaCl to the solution.

AT [°C]

2 I . I . I I I
100 150 200 250 300 350

Time [s]

Figure 8. Temperature increase recorded over 6 min by fiber-optic temperature
probes at different measurement points. On the right side, the location of the
sensors (top) and the location of the probes within the layered phantom
(bottom).

80 60 40 -20 0 20 40 60 80 80 60 40 -20

0

Unfortunately, in the case of the NaCl-glycerol mixture, this
mechanism becomes effective first at frequencies above
100 MHz [35].

The measurement of the dielectric properties of materials
characterized by low permittivity and conductivity values
with open-ended coaxial dielectric probes is a challenging
task, especially at frequencies below 100MHz, and until
recently, not been possible with commercial devices. To
assess the dielectric properties within the frequency range
of interest, two probes from the Dielectric Assessment Kit
for Thin Layers (DAK-TL) have been used, operating at two
different but partially overlapping frequency ranges: 4-
600 MHz and 200 MHz-20 GHz. Unexpectedly, the properties
of the samples measured under the same conditions at fre-
quencies common for both probes were repeatedly differ-
ent, as visible in Figure 5. Despite independent calibration
procedures required for each probe, as indicated by the
manufacturer, the differences are surprisingly high. Further
verification tests carried out on materials with known prop-
erties, such as glycerol, revealed a systematic difference of
around 5 to 15% between the values measured by the two
probes in the common frequency range. The results of this
evaluation are reported in Appendix A. A possible explan-
ation for this phenomenon could be a lower accuracy of the
two probes for frequency points close to their operating
boundaries. Nevertheless, for frequencies above 300 MHz,
the DAK3.5 - TL2 seems to guarantee higher reliability by
comparing the measurement data for well-known materials
and the values reported in the literature for the same
materials.

To assess the effect of uncertainties in dielectric proper-
ties arising both from manufacturing and from measure-
ments, we performed a numerical validation. This validation

26

24

2

20

20 40 60 80 80 60 40 -20 0 20 40 60 80

Figure 9. IR camera thermal images capturing the temperature distribution (top row) and simulated temperature levels after 6 min of exposure at 87 W (bottom
row) at different interfaces. From the left to right: Fat/Fat, Fat/Muscle, Muscle/Muscle (1 cm deep). The markers on the thermal images correspond to the approxi-

mate position of the temperature sensors during the experiment.
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Figure 10. Comparison between the measured (orange line) and simulated (blue line) temperature increase along the y =0 axis (left panel) and the x=0 axis

(right panel).

revealed that these uncertainties affect the power deposition
only marginally. In the case of radiative systems operating at
generally higher frequencies, deviations in all parameters
were less than 5%, as shown in Table 4. For capacitive sys-
tems, the differences in EFS reach similar differences
between 5-6%, but due to preferential heating of the fat at
the fat-muscle boundary characteristic for the capacitive sys-
tems, the deviations in thermal quality indicators are larger.
In the most extreme case of the LB dataset, the TEFS is over-
estimated by 13.7% while TEPD by 23.5%. In absolute meas-
ures, the variability of TEPD and TEFS translates to an
acceptable 3cm? and 3 mm, respectively.

The suitability of the proposed fat phantom for QA pro-
cedures was assessed experimentally with a radiative appli-
cator and the results later compared with numerical data.
The temperature rise after six minutes of heating satisfies
the minimum requirements indicated in the QA guidelines
[13]. The data recorded by the temperature probes and the
IR camera show a temperature increase clearly below the
setting of the material (91°C). Overall, the phantom exhibits
excellent mechanical stability up to temperatures close to
100 °C, without showing a clear melting point below 130°C,
as shown in Figure 6. The material also possesses great han-
dling capabilities as shown in Figure 4. The 5-mm thick
phantom was removed immediately after the execution of
the QA experiment, sufficiently elastic to be moved without
cracking. The lifetime has not yet been experimentally
assessed, but its appearance and dielectric properties have
not changed after several months. The absence of water in
the recipe increases the microbiological stability and pre-
vents changes in the phantom composition upon water
evaporation.

5. Conclusions

We have demonstrated that glycerol-in-oil emulsions stabi-
lized with EC can be adopted as fat-mimicking phantoms

for hyperthermia QA procedures, even if with limitations in
the low-frequency range (< 200 MHz). The manufacturing
protocol is easily reproducible and contains affordable,
accessible ingredients. The requirements on dielectric and
thermal properties are also satisfied, although exhibiting
low conductivity values for frequencies below 200 MHz.
Despite the uncertainties on the dielectric properties, simu-
lations showed an acceptable variability (within 5%) of dif-
ferent quality indicators (EFS, TEFS, TEPD) for radiative
applicators. In the case of capacitive systems, the TEFS and
TEPD are overestimated by 3cm? and 3mm, respectively,
due to the low conductivity of the phantom. This repre-
sents a weakness to overcome, and a further experimental
QA assessment involving capacitive systems is needed. The
phantom shows excellent stability at high temperatures,
proven both by the rheological assessments and the
experimental QA testing, thus validating its usage in these
procedures.

In conclusion, this work demonstrates the potential of the
phantom to adequately represent both the dielectric and
thermal properties of fat tissue, along with proper structural
stability even at elevated temperatures. Therefore, we pro-
pose this fat tissue phantom for use in hyperthermia QA pro-
cedures, with limitations for usage in the lower clinical
frequency bands.
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Appendix A: verification of the DAK 12/3.5 TL-2
dielectric probes uncertainty

Permittivity and conductivity of pure liquid glycerol, purchased from
VWR Chemicals, Radnor, Pennsylvania, USA, have been measured over
the 8-600 MHz and 200 MHz — 1GHz frequency ranges using, respect-
ively, the DAK 12-TL2 and DAK 3.5-TL2 probes, provided by Speag. Prior
to the measurements of the samples, the system has been calibrated
according to the manufacturer’s indications, following an open-short-
load routine. Deionized water and a 0.1 molar saline (NaCl) solution
have been employed as loads for the DAK 3.5-TL2 and DAK 12-TL2
probes, respectively.

The glycerol was poured into the provided Petri dishes and left cov-
ered in the room for 1h to guarantee the thermic equilibrium with the
surrounding environment.

The measurement results are reported in Figure 1. As can be
observed, a systematic difference which varies between 5%
and15% between the values measured with the probes is present,
both for conductivity and permittivity in the common frequency
band.
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Figure A1. Permittivity and conductivity measured on a sample of pure glycerol using the DAK12 — TL2 (blue line) and the DAK3.5 - TL2 (orange line) probes.
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