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Recently, magneto-ultrasound heating of tissue in the presence of magnetic nanoparticles (NPs) has been studied
due to its high potential for use in oncological hyperthermia. It has been published that a synergistic effect,
generation of additional heat caused by magneto-ultrasonic coupling, was observed in a tissue-mimicking
material (TMM) enriched with magnetic NPs. The specific absorption rate (SAR) was determined from the
temperature rise measurements in a focus of the ultrasound beam. It is important to use precise measurement
methods when considering medical applications, for which there are limitations to the power of each field,
resulting from the prevention of biological phenomena dangerous to the patient. This study demonstrates that in
magneto-ultrasonic heating SAR can be measured much more accurately if the ultrasonic field is almost uniform.
Measurements were performed on TMM containing Fe;O, NPs with a diameter of approximately 8 nm and
superparamagnetic properties. Both, the measurement and simulation results showed that the errors resulting
from the inaccuracy of placing the temperature probe are smaller than in the case of the focused ultrasound.
At the same time, the temperature increase caused by the ultrasonic field is almost linear and the influence
of heat convection on the SAR determination is negligible. The measurements showed that magneto-ultrasonic
hyperthermia can provide the desired thermal effect at lower ultrasound powers and magnetic fields compared
to ultrasonic or magnetic hyperthermia used alone. No synergy effect was recorded.

Quantum effects must be considered to explain the thermal pro-
cesses in materials in the presence of nanoparticles. In particular, the
quantum effect is responsible for the appearance of a photon layer on
the surface of the nanoparticle from which the ultrasonic wave is re-
flected [3]. This effect results in increased heat production in samples
containing crystalline iron oxide nanoparticles during ultrasonic hyper-
thermia, cf. [4], [5]. The influence of the addition of nanoparticles to

1. Introduction

Multimodal therapies, especially those combining hyperthermia
with chemo- therapy and radiotherapy, are currently at the center of re-
search on modern minimally invasive cancer therapies, cf. [1]. Bi-modal
therapy combining magnetic nanoparticles (NPs) mediated magnetic
hyperthermia and radiotherapy are discussed in the paper [2]. The se-

lection of the type and size of magnetic nanoparticles added to cancer
tissue was optimized due to two parameters: the effectiveness of mag-
netic hyperthermia and radiotherapy measured by the specific absorp-
tion rate (SAR) and by the dose enhancement factor (DEF), respectively.
Ultrasonic-magnetic hyperthermia using magnetic nanoparticles is an
interesting alternative to tissue heating methods. Studies of such dual-
mode hyperthermia are of practical importance, as they can limit the
intensity of each of the independently operating fields, ultrasonic and
magnetic. At the same time, they try to answer the question of whether
the interaction of coupled magnetic and ultrasonic fields on magnetic
nanoparticles can lead to measurable additional thermal effects.
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the Si/Ge superlattice on the reduction of thermal conductivity was in-
vestigated [6]. In turn, [7] describes the influence of the size and shape
of nanoparticles on increasing the thermal conductivity of argon-based
nanoliquids. Under the influence of a changing electromagnetic or me-
chanical field (in particular ultrasounds), the active processes of heat
transport in nano liquids change, see [8]. Numerical modeling of the ef-
fect of doping tissues with nanoparticles and generating heat under the
influence of ultrasound (ultrasonic hyperthermia) is still the subject of
intensive research, e.g. in [9], the influence of the porous tissue struc-
ture enriched with nanoparticles on the temperature distribution in the
tumor during HIFU treatment was investigated.
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The effect of the simultaneous action of ultrasonic and magnetic
fields in two-mode hyperthermia, proposed in [10] and [11] was exper-
imentally studied using different samples of ferrofluid and ferrogel. In
the research, studies using agar-based ferrogel are of particular inter-
est because agar gel is the basis of tissue phantoms used in ultrasound
examinations as a material mimicking soft tissue. Doping the agar gel
phantoms with magnetic iron oxide nanoparticles increases the absorp-
tion of ultrasonic waves, but the properties of the phantom remain in
the range of soft tissue properties [5] and [12].

The properties of ferrogels have been intensively studied due to their
application in magnetic field-assisted drug delivery, positioning, and
biosensing see [13] and [14]. Regardless of biomedical applications, the
study of soft gels controlled by a magnetic field was discussed in the re-
view [15] in terms of their high-impact potential applications in soft
robotics/devices and metamaterials. The wide application of magnetic
hydrogels also included applications in devices related to environmen-
tal applications such as environmental remediation see [16]. Much less
research has been devoted to the study of ferrogels using ultrasounds.

The group of authors of papers [14] and [17] studied the use of ul-
trasound imaging of samples of chemical magnetic hydrogel with a PPA
(Polyphthalamide) matrix with different content of iron oxide nanopar-
ticles with a size of 100 nm. The effect of the NPs concentration in the
gel on the elasticity and acoustic impedance was investigated.

The influence of nanoparticles on the gel polymerization process (in-
cluding the degree of hardness) is strongly dependent on whether the
gel is physical or chemical, as well as on other parameters influencing
the polymerization structure. The elastic susceptibility of the ferrogel
was tested by an ultrasonic recording of the ferrogel deformation under
the influence of a variable magnetic field acting on the nanoparticles
fixed inside the gel. Such measurements were used to assess the hard-
ness of tissues containing magnetic nanoparticles [18] and [19]. The
influence of magnetic nanoparticles in gels on structural changes un-
der the influence of ultrasounds has not been sufficiently studied. The
hypothesis is that the addition of magnetic nanoparticles with a size of
approx. 100 nm to the gel results in higher absorption of ultrasounds
than the addition of non-magnetic nanoparticles has been discussed and
initially confirmed experimentally see [5] and [4] and [20].

Meanwhile, the question of the existence of a coupling (synergy) be-
tween the action of ultrasonic waves and an alternating magnetic field
in the phenomenon of converting mechanical (ultrasound) and electro-
magnetic energy into heat on magnetic nanoparticles remains open. To
prove this, one would have to show that ultrasound absorption increases
in an alternating magnetic field and/or vice versa and that magnetic ab-
sorption increases under the influence of ultrasound.

The authors of [11] in the dual-mode hyperthermia studies stated
the hypothesis that they can detect the effect of coupling between
magnetic and ultrasonic fields when ultrasound and magnetic field act
simultaneously on ferrogel samples. In the conducted tests, the tem-
perature measurement was recorded at points close to the focus of the
ultrasonic beam. However, the result of the presented measurements is
difficult to interpret. Both the nature of the temperature rise curves and
the range of changes, especially in the initial phase, are significantly
different when the sample is heated with a magnetic field and an ul-
trasonic field. This makes it difficult to compare them with each other
and makes it difficult to assess the contribution of both fields, working
together or separately, to the ferrogel heating efficiency.

Therefore, the issue of coupling interactions between the magnetic
field and ultrasound and the possibility of measuring these coupling
effects remains open. To prove such effects and results to be reliable,
measurements should be made several times, each time in a new sam-
ple and a new placement of the temperature probe in the sample. Such
operations undoubtedly cause differences in the position of the sam-
ple and the probe in subsequent measurements. It can be assumed
that the magnetic field is uniform in the ferrogel sample and, con-
sequently, the magnetic field evenly heats the sample throughout its
volume. Therefore, inaccuracies in the position of the probe measuring
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the temperature caused by the magnetic field have a negligible effect
on the temperature increase curves determined for subsequent samples.
Also, heat convection is small and therefore has little effect on the rate
of increase of the measured temperature. It looks completely different
when the sample is heated with a focused ultrasonic field. The probe
is placed in the focus area, i.e. in the area of large temperature gradi-
ents. Small differences in the position of the probe relative to the focus
have a large impact on the result of temperature measurement in sub-
sequent samples. In addition, when measuring the temperature in the
first seconds of heating with a probe placed in the focus, due to large
spatial temperature gradients, heat convection has a large influence on
the measured temperature rise curve.

In this research, a measurement was carried out in a sample placed
in a homogeneous ultrasonic field is proposed. This should significantly
reduce the errors in temperature estimation compared to measurements
in the focus, errors resulting from the low repeatability of the probe po-
sition. The measurement performed in a homogeneous ultrasonic field
also allows for a significant reduction in the impact of the convection
phenomenon. As a result, the nature of the temperature increase curve
should be similar to the curve obtained when heating with a magnetic
field, which will increase the accuracy of comparing the contributions
of both fields to the temperature increase. The presented research will
demonstrate that the value of the SAR coefficient (Specific Absorption
Rate), which is a commonly used measure of heating efficiency, deter-
mined from the temperature rise curve during heating using both fields,
is the sum of the SAR coefficients measured separately for the ultrasonic
field and the magnetic field.

Additionally, by modeling the ultrasonic field in the sample, the
temperature differences in the sample resulting from the distribution
of the ultrasonic field amplitude will be estimated for two cases: the
sample located outside the focus of the ultrasonic transducer and in the
focus.

2. Materials and methods

Ferrogel samples with properties similar to soft tissue (acoustic
attenuation, sound speed, density) were prepared for the study of
ultrasonic-magnetic hyperthermia (UMHT). Two heat sources of differ-
ent natures, an alternating magnetic field, and an ultrasonic field were
generated by a generator with a coil and an ultrasonic transducer. The
tested sample was placed in a container with water to enable the trans-
mission of ultrasounds and to stabilize the ambient temperature of the
sample. The temperature in the sample was recorded with an optical
thermometer, first under the influence of only ultrasounds, then only
the magnetic field, and finally under the influence of both fields acting
simultaneously. Numerical modeling was performed in COMSOL Multi-
physics and MATLAB programs.

2.1. Preparation of agarose-based samples with Fe;0, nanoparticles

Fe;0, nanoparticles coated with PEG (Polyethylene Glycol) were
synthesized by chemical co-precipitation. An aqueous solution contain-
ing ferrous (Fe?*)/ferric (Fe3*) ions and PEG-400 (Avantor (POCH))
was prepared. Ammonium hydroxide (NH40H) was used to precipitate
the nanoparticles. Then, the nanoparticles were purified using ethanol
and acetone and dried in a vacuum oven. A detailed description of the
procedure can be found in [21].

The composition of the nanoparticles was determined based on the
analysis of the FTIR (Fourier Transform Infrared) spectrum, performed
using the Perkin Elmer FTIR-ATR 100 instrument (MA, USA). The size
of nanoparticles was determined from images obtained from transmis-
sion microscope (TEM) JEOL 1011 (USA) and X-ray diffraction (XRD)
measurements using diffractometer D8 Discover (Bruker, Germany), see
[21] and [22].

FTIR analysis confirmed that the obtained nanoparticles consist of
Fe;0, and a PEG layer. Magnetic hysteresis was measured for the pro-
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Fig. 1. a) Transmission electron microscope image of PEG-coated Fe;O, nanoparticles. The histogram of the nanoparticle size distribution is additionally placed
at the top of the figure. b) Scanning electron microscope images of an agar-based sample containing nanoparticles. Additionally, a histogram of the thickness

distribution of agar fibers is placed at the top of the figure.
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Fig. 2. Experimental setup for magnetic-ultrasonic hyperthermia.

duced nanoparticles, which confirmed their superparamagnetic proper-
ties, see [21] and [22]. The size of the nanoparticles determined from
the TEM images was 7.6 +2.7 nm, and derived from the Shererr for-
mula using diffraction peak analysis (in XRD) was 8.9+1.02 nm. The
fabricated tissue mimic material (TMM), ferrogel, contained 2% agarose
(Agarose Broad Range, Carl Roth) with Fe; 0,4 coated with PEG at a con-
centration of 40 mg/mL aqueous agarose, see Fig. 1.

The mixture was sonicated in an ultrasonic bath (Sonorex DT 52H,
Bandelin Electronics, Germany) for 8 hours at 80 °C to obtain a uniform
distribution of the nanoparticles and to prevent their deposition. After
the mixture was cooled ton55 °C, the contents were poured into plexi-
glass cylinders 28 mm in diameter and 25 mm long, 10 samples were
produced to avoid repeated thermal measurements on the same sample.

The parameters of the agar sample with nanoparticles were deter-
mined experimentally. In the simulations, the ultrasonic attenuation
coefficient was assumed to be 0.24 dB/MHz cm, speed of sound = 1494
m/s, specific heat = 4177 J/(kg K), and thermal conductivity = 0.55
W/m K.

2.2. Experimental setup

The system consisted of two water containers made of plexiglass, a
smaller one at the top and a larger one at the bottom (Fig. 2).

The larger container had a diameter of 140 mm and a height of
120 mm, and the smaller container had a diameter of 90 mm and a
height of 60 mm. A smaller container was placed inside a coil that
produced an alternating magnetic field. A cylinder-shaped sample with
a diameter of 26 mm and a height of 20 mm was placed in a smaller
container, symmetrically to the axis of the ultrasonic beam, at a distance
of 150 mm from the spherical, focusing ultrasonic transducer, which
was placed at the bottom of the larger container.

With this arrangement, the alternating magnetic field produced by
the coil did not affect the ultrasonic transmitter. The water layer served
both to transmit ultrasound and to isolate the sample from the heat
generated during operation by the ultrasonic transducer and the mag-
netic coil. An ultrasonic heating transducer with a resonant frequency
of 2.5 MHz, a focal length of 60 mm, and an acoustic power of 7 W,
generating a signal of 1000 periods, repeated every 1.6 ms, duty cycle
of 0.4, was used to generate the ultrasonic field. The acoustic power of
the ultrasonic transducer was measured with a radiation force balance
(Ultrasound Power Meter, Ohmic Instruments Co., USA). The generator
(Agilent Technologies 33250A, USA) and RF amplifier (ENL.INC Model
3100LA, USA) were used to transmit ultrasonic signals.

The temperature was measured using an optical thermometer, and
the thermometer’s sensor was located in the center of the sample at
a distance of 160 mm from the surface of the transducer (100 mm
from the focus of the beam). A fiber optic thermometer FOTEMP1-H
with a TS3 temperature sensor (OPTOCON, Germany) with a resolu-
tion of 0.1 °C and a response time of 250 ms was used. The sensor was
placed perpendicularly to the symmetry axis of the ultrasonic transmit-
ting beam.

An EASYHEAT kit (Ambrell Cooperation, USA) with a four-turn coil
was used to generate the alternating magnetic field. The frequency of
the magnetic field was set to 250 kHz. Magnetic field strength H on
the axis of symmetry of the coil/solenoid was calculated according to
Biot-Savart low by the following formula [23]:

L
z+2

L
+_
HEp=X R ,
2L 2 2
(—z+5) + R? (z+5> +R?

where N is the number of turns, I is the electric current intensity,
L is the length of the solenoid, R is the solenoid radius and z is the
distance from the center of the solenoid to the point on the axis where
the magnetic field strength is calculated. The magnetic field inside the
sample of ferrogel located in the central part of the soil was nearly
spatially homogeneous, cf [24]. For the experimental conditions N =4,
R =50 mm, L =40 mm and I =50 kA. The maximum magnetic field
strength was in the center of the coil and it was equal to H(0) =1.85
kA/m.

The main goal was to investigate the process of temperature in-
crease changes in dual hyperthermia, in which both “heating” fields
have heat sources almost evenly distributed in the sample volume and
the temperature increases in the initial seconds when heated with each
field separately are qualitatively similar. The selected parameters of the
measurement system ensured that these conditions were met and at the
same time were within the limits clinically accepfor hyperthermia ther-

apy.

—Z

(€8]




B. Gambin, E. Kruglenko, R. Tymkiewicz et al.

2.3. Specific absorption rate (SAR)

An important parameter characterizing the efficiency of hyperther-
mia is the specific absorption rate, SAR measured in [W/kg] (or equiv-
alently, SLP-specific loss power). Determining the SAR from the calori-
metric experimental data requires knowledge of the temperature rise
curve in the sample. The SAR is defined as follows [20]

dT
SAR=C (—) 2
P\ dt /=0 2

where Cp, [J/(kg-K)] denotes the specific heat of sample, (%) . isa
1=l

measured initial slope of the heating curve (in the case of a continuum,
the value of the derivative of the curve at the initial time).

It is assumed that the SAR in UMHT can be determined in the phys-
ical model of heat transfer, in which there are three types of heat
sources: ultrasound heat, magnetic field heat, and heat from the mu-
tual action (coupling) of both of these fields:

pSAR — Qacousric + Qmagneric + stnergy’ (3)

where p denotes the density of the TMM with magnetic nanoparticles,
Qacoustic - gmagnetic ysynergy are the heat sources caused by ultrasound
and magnetic fields separately, and by the heat generation due to
coupling/interaction between both fields acting simultaneously, respec-
tively. From eq. (3) it follows:

pSAR — psARacousric + pSARmagnelic + stnergy’ (©))

and finally:

( dT ( dT ) (dT ) Qimersy )
dt )I:O,UMHT dt J1=0UHT dt Ji=oMHT oC, ’

The subscripts in the above expressions refer to UMHT - ultrasonic
magnetic hyperthermia, UHT - ultrasonic hyperthermia, and MHT -
magnetic hyperthermia respectively. The numerical determination of
the SAR coefficient in dual ultrasonic-magnetic hyperthermia requires
knowledge of the theoretical values of the coupling component, i.e. a
description of the physical coupling of the sound field and the magnetic
field for magnetic nanoparticles, which is currently unknown. There-
fore, one can only look for the existence of synergy, i.e. the non-zero
value of the right-hand side in the eq. (5), by determining the sum of
the derivatives at zero from the curves of temperature increase in ultra-
sonic, magnetic, and dual ultrasonic-magnetic hyperthermia.

The SAR value, i.e. the rate of temperature increase, depends on
many parameters such as the physical properties of both fields and the
material properties of the medium on which these fields act. There-
fore, determining the conditions under which SAR reaches its maximum
value as a function of one or more parameters simultaneously remains
a challenge for science. Research has been carried out to find the max-
imum SAR value in the case of exposure to magnetic field only. Due to
biosafety restrictions on the density of nanoparticles and their chemi-
cal composition, performance control was based on the selection of the
intensity and frequency of the field. e.g. [25-27]. No analogous consid-
erations have been found in the literature when SAR is associated with
both fields operating simultaneously.

The experimental values of the derivatives at the zero of the tem-
perature rise curves were estimated by approximating the temperature
rise curves with the linear function 7'(f) = at. The measurement curves
used to determine the SAR were obtained by averaging the results of
10 measurements of heating the samples successively by the ultrasonic
field, the alternating magnetic field, and both fields acting together.
The temperature rise curves were recorded over 3 minutes. For each
type of heating, average values of temperature increase and standard
deviations were calculated.
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Fig. 3. Geometric model of the computational area made in COMSOL. Half of
the cross-section of the considered axially symmetric problem is presented in
a cylindrical system with coordinates (r, z). At the top, the location of the soft
tissue sample is marked in blue, and then the area covered by water is marked
in gray, in which the location of the ultrasound beam focusing field is marked.
rl, r2, r3 and r4 at the edges of the calculation area denote damping layers for
ultrasonic waves. A cross-section of the ultrasonic transducer is marked on the
lower edge. The axis of symmetry of the system is marked with a red dashed
line.

2.4. Numerical model of ultrasound field distribution and heating

The numerical model makes it possible to determine the space-time
distribution of the temperature field caused by ultrasound. The nu-
merical model was necessary to evaluate the spatial changes of the
temperature field inside the tissue (sample). Neither the measurement
of the sound pressure, which determines the amount of heat released in
the sample, nor the reliable measurement of the temperature distribu-
tion can be carried out inside the samples. Temperature measurements
with an optical thermometer were made only at one point inside the
sample, and the measurement of the sound pressure distribution gener-
ated by the ultrasonic transducer was made in water.

To calculate the space-time temperature distribution caused by the
ultrasonic field, the COMSOL Multiphysics 4.3b program was used,
which combines the problems of ultrasonic wave propagation and heat
exchange in a sonicated medium. The numerical model consists of two
connected modules. In the first one, the spatial distribution of the acous-
tic field (pressure) in the sonicated area is determined, in this case
inside the tested TMM sample. In the second module, the spatial tem-
perature distribution during ultrasound operation is determined using
the equation for Bioheat Transfer. A detailed description of how the
modules work can be found in the work [20].

The geometry of the task, shown schematically in Fig. 3, is a rep-
resentation of the experimental set-up intended for testing the temper-
ature increase in the sample under the action of an ultrasonic beam.
The ultrasound is focused below the sample location as shown in Fig. 2.
Both the sample and the acoustic transducer are submerged in a water
tank and arranged coaxially, and the transducer is circular, hence the
model was defined as axisymmetric, 2D.

During the calculations (simulation) the constant temperature at the
edges of the sample (T = 20 °C) was assumed equal to the initial temper-
ature of the sample and the environment. For comparison, temperature
distribution simulations were also carried out assuming no heat flow at
the edges of the sample.
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Fig. 4. Distribution of the acoustic pressure field (in pascals, Pa) emitted by the
focusing ultrasonic transducer, calculations in Comsol. Cross-section along the
ultrasonic beam. The lower edge of the image shows a cross-section of the front
of the ultrasonic transducer. The position of the sample is marked at a distance
of 100 mm behind the focus.

3. Results and discussion
3.1. Validation of the numerical model

Numerical simulation made it possible to determine the pressure of
the acoustic wave in both liquid tanks and in the sample placed 100
mm from the focus, see Fig. 4. The distribution of sound pressure was
calculated for the measuring system, schematically shown in Fig. 3.

Validation of the numerical model was carried out by comparing
the experimental results with the prediction of the model. Namely, the
shape of the acoustic field in water was measured, perpendicular to the
direction of ultrasonic beam propagation, in the focus of the beam and
outside the focus. Measurements were made with a hydrophone, (0.2
mm, Needle Hydrophone PA). The voltage measured with a hydrophone
in [mV] was converted into sound pressure in [MPa] following the in-
formation provided by the manufacturer of the hydrophone. The sound
pressure of 1 MPa corresponded to a voltage of 549.4 mV at a frequency
of 2.5 MHz.

Fig. 5 shows the results obtained at a distance of 150 mm from the
transducer. The curves of the measured and calculated pressures have
similar values and shapes, which allows for a positive assessment of
numerical predictions.

Fig. 6 shows the pressure values measured with a hydrophone and
the values calculated from the numerical model both in the vicinity of
the focus of the ultrasonic transducer and in the area 100 mm behind
the focus (160 mm from the transducer), i.e. in the area proposed for
SAR determination.

Again, the pressure distributions, measured and calculated, are very
similar. The obtained results were also used to assess the temperature
measurement error resulting from the accuracy of the location of the
temperature sensor in subsequent measurements.
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Fig. 5. Sound pressure distribution in water (cross-section perpendicular to the
beam direction) at a distance of 100 mm behind the transducer focus. Hy-
drophone measurement result - blue curve and simulation result - red curve.

3.2. Numerical results of ultrasound field distribution and heating

In the next step, simulations of temperature distribution inside the
sample heated for 30 seconds with ultrasound were carried out. Fig. 7
presents distributions of temperature changes at a distance of up to 15
mm from the ultrasound beam axis for two cases, in the focus area
(depth 50-70 mm) and outside the focus (depth 150-170 mm).

The temperature difference between the focus and 1 mm from the
focus is about 20.4 °C. If the sample is placed 100 mm from the focus,
the difference in temperature at the axis of the beam and 1 mm from
the axis is only about 0.04 °C.

An assessment of the impact of boundary conditions on temperature
changes during ultrasonic heating was also carried out when measuring
the temperature with an optical sensor with an accuracy of 0.1 °C. Two
cases were simulated in a sample placed outside the focus, a case of
constant temperature at the edge equal to the initial temperature of the
sample and no heat flow at the sample boundary. The results of the
simulation are shown in Fig. 8. After 30 s of heating, the differences
in temperature increase at points 1 mm away from the center of the
sample were about 0.03 °C, which is much less than the accuracy of the
temperature sensor.

In addition, Fig. 9 shows the numerically calculated increase in
temperature during heating of the sample for two cases, when the trans-
ducer is focused in the sample and the temperature is measured at the
focus, and for the second case when the temperature is measured in the
center of the sample located 100 mm behind the focus. It can be seen
that for the location of the sample away from the focus, the relation-
ship between the temperature and the time of heating the sample with
ultrasound is almost linear.

3.3. Experimental results for magnetic heating

Fig. 10 shows the results of temperature rise measurements in TMM
samples placed in an alternating magnetic field and the average values
from these measurements with marked standard deviations.

3.4. Results for combined ultrasonic-magnetic heating and SAR
approximation

Fig. 11 presents the results of temperature measurements for 30 s
and 180 s for three heating methods: ultrasonic - UHT, magnetic - MHT,
and magnetic-ultrasonic - UMHT. Measurements were carried out for 10
samples.

Fig. 12 presents the average temperature values measured over 60
seconds for 10 samples during three heating methods (UHT, MHT and
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UMHT) and the result of summing the temperature measurement curves
for UHT heating and MHT heating.

Determining the SAR coefficient requires calculating the derivative
of the temperature-time function at the initial moment of heating. For
this purpose, experimental data describing the dependence of temper-
ature on heating time were approximated by a linear function. The
measure of the accuracy of fitting R? to the linear function in ultra-
sonic heating (UHT), magnetic heating (MHT), and ultrasonic-magnetic
heating (UMHT) was 0.826, 0987, and 0.952, respectively.

Table 1 shows the average SAR values and standard deviations for
experimental temperature rise data determined by fitting the rise curves
to a linear function, taking into account data from the first 15 s, 30
s, and 100 s of heating. SAR values have been determined for ultra-
sonic, magnetic, and simultaneous ultrasonic and magnetic heating.
Also presented are the corresponding values of the coefficients of vari-
ation (CV=mean/SD) and the sum of the SAR for UHT and MHT. Note
that when calculating the SAR over a longer period of time, the SAR
values decrease significantly for UHT and UMHT, a bit less for MHT.
This is due to the non-linearity of the temperature increase in the first
seconds of ultrasonic heating.

But at the same time, when the data collected from the longer
time, from 15 s to 100 s, were used for SAR calculations, the accu-
racy of fitting R? to the linear function in ultrasonic heating (UHT),
magnetic heating (MHT), and ultrasonic-magnetic heating (UMHT) in-
creased from 0.826, 0987, and 0.952 to 0.991, 0.995, 0.991, respec-
tively. Besides, the standard deviations strongly decreased. Also, in the
case of collection time increased to 100 s, the coefficient of variations
(CV) decreased significantly compared to 15 s collection time. Namely,
in ultrasonic heating (UHT), magnetic heating (MHT), and ultrasonic-
magnetic heating (UMHT) CV decreased from 0.42, 0.07, and 0.21 for
data collected from 15 s to 0.09, 0.03, and 0.06 respectively, for data
collected from 100 s, Table 1. It can be concluded that planning hyper-
thermia based on parameters determined on the basis of measurements
of the temperature increase after 30 seconds of heating, and even more
so after 100 seconds, is more reliable than using information from mea-
surements after 15 seconds of heating. Additionally, the level of SAR
dispersion in UMHT is at least twice lower than in UHT itself, which
means that the use of bimodal hyperthermia reduces the error in deter-
mining the heating efficiency of tissue containing magnetic nanoparti-
cles.
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Fig. 8. Maps of isothermal lines of temperature increase (in Kelvin, K) calculated after 30 seconds of sonication of a sample placed 100 mm behind the focus.
A 4x4 mm square marked the area in the center of which the temperature probe was placed. The boundary condition a) of constant temperature (20 °C) at the edges
of the sample, and b) the condition of no heat flow at the edges of the sample were assumed in the calculations.

Table 1

Averaged SAR (W/kg) with SD - standard deviation, and CV - coefficient of
variation, for three types of heating, and three data collections time intervals
15 s, 30 s and 100 s. UHT denotes ultrasonic heating, MHT - magnetic heating,
UMHT - simultaneous ultrasonic and magnetic heating, UHT+MHT - the sum

of the respective SAR values.

Time 15 s Time 30 s Time 100 s
Heating SAR  SD (9% SAR  SD (9% SAR SD CV
UHT 186 79 0.42 138 44 0.31 97 9 0.09
MHT 249 18 0.07 243 9 0.04 234 3 0.03
UMHT 423 87 0.21 383 48 0.12 332 18 0.06
UHT+MHT 435 381 332
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Fig. 9. Simulation of the temperature increase during 60 seconds measured in
the center of the sample for the case of placing the sample at the transducer
focus (red curve) and for placing the sample 100 mm behind the focus, in an al-
most uniform ultrasonic field (blue curve). Curves normalized to the maximum
value.

The evaluation of the numerical model confirmed the compliance
of the spatial pressure distributions with the distributions determined
numerically and measured experimentally, cf. e.g. [28], as well as com-
pliance with the measurement made at the focus and 100 mm behind
the focus. In measurements as well as in the calculations of the shape
of the pressure profile across the beam far from the focus, there are
diffraction effects in the form of two distinct maxima located on either

side of the central axis of the beam, see Fig. 6. On this basis, it can be
concluded that the simulations of the acoustic field inside the sample
are also consistent with real sound pressure distributions that cannot be
determined experimentally. Let us note that in the case of locating the
beam focus inside the sample, the simulation of the acoustic field us-
ing the linear model of ultrasonic wave propagation is burdened with a
large error due to the non-linear effects (thermal effect of generation of
higher harmonics) being not taken into account in the simulation. Such
effects are very limited when the sample is placed outside the focus, i.e.
in an ultrasonic field with a lower intensity than in the focus.

It has been shown that the method of measuring temperature in a
sample placed outside the focus of the ultrasonic beam, as compared to
measurements in the focus, has several significant advantages. Firstly,
such a measurement shows little sensitivity to the error of the position
of the temperature probe. Secondly, the measurement shows a small
influence of convection in the first seconds of heating on temperature
changes, which entails an almost linear increase in temperature with
heating time. The convection-related non-linearity of the temperature
increase is proportional to the measure of the spatial non-uniformity of
the sound pressure distribution inside the sample, i.e. non-zero temper-
ature gradients. Since the linear temperature increase is also observed
during spatially uniform heating with a variable magnetic field, as a re-
sult, determining the SAR from the observed temperature increase by
estimating the linear function in UHT and UMHT is more reliable.

An additional advantage of the proposed procedure for measuring
the temperature away from the focus is that the influence of the bound-
ary conditions on the change in the temperature increase during the first
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Fig. 10. Temperature increase in the sample measured while heating 10 samples with a magnetic field for 180 seconds. a) temperature increase curves in each of 10
samples, b) average value of 10 results with standard deviation (SD). Additionally, the results obtained during the first 15 seconds of heating are presented.
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Fig. 12. Temperature increase versus heating time curves averaged from the
results obtained for 10 samples using ultrasonic hyperthermia (UHT) - green,
magnetic hyperthermia (MHT) - blue and coupled ultrasonic-magnetic hyper-
thermia (UMHT) - red. Additionally, the algebraic sum of the results obtained
for ultrasonic and magnetic hyperthermia is marked with a black line. The
curves for UMHT and those obtained from the summation coincide.

dozen or so seconds of heating is negligibly small, which was shown by
the numerical simulation.

Note that in the experiments carried out in which the temperature
rise curves were measured, it was not possible to ensure thermal in-
sulation of the edges of the tested sample, but a constant temperature

outside. Such thermal conditions simulate the conditions of hyperther-
mia in a living organism, in which the perfusion mechanisms strive
to maintain a constant temperature. Thus, there is a constant tempera-
ture outside the tissue area containing the nanoparticles when subjected
to hyperthermia fields. Of course, this causes a heat transfer from the
heated area to the cooler outdoor area. For this reason, the measured
temperature rise curve becomes curved after the first few tens of sec-
onds. The numerical model was used to prove that this effect had little
influence on the rate of temperature change in the initial seconds of the
heating process, and thus on the SAR value.

Based on the obtained experimental results, it was found that in
the range of temperature determination accuracy (0.1 °C), in the range
of transmitting acoustic power up to 7 W, for an alternating magnetic
field with an intensity of H= 1.85 kA/m and a frequency of f= 250
kHz, no acoustic-magnetic coupling caused by the existence of magnetic
nanoparticles in a tissue-mimicking material, which would result in the
generation of additional heat, was found.

Perhaps this phenomenon occurs when a magnetic field of higher in-
tensity and/or frequency is used, or nanoparticles of larger size or mag-
netic susceptibility are used. The optimal size of magnetic nanoparticles
in ferrofluid that maximizes SAR is approximately 15-20 nm [29], [30],
when SAR is calculated assuming low magnetic field strengths. Larger
nanoparticles cease to exhibit superparamagnetic properties. However,
when forming aggregates, when NPs are located in the cellular envi-
ronment (as is the case in cancer therapy), not only the size of the
nanoparticles but also their mutual position and dipole and multi-field
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interactions begin to play an important role [31]. Used in the study
nanoparticles had a size of approximately 8-9 nm. The thickness of the
PEG layer was estimated at approx. 1-2 nm. Certainly, enlarging the
size of NPs can improve the magnetic heating performance, and chang-
ing the size of the PEG coating can change the amount of heat released
during ultrasonic sonication of ferrogel. If the appearance of the syn-
ergy effect dependence on the size of the fields used is assumed, then
if the heating efficiency of each type of heating (magnetic and ultra-
sonic) increases, the synergy effect could be measurable. Similarly, it
is possible that high-intensity ultrasonic waves (such as those that ap-
pear at the focus of an ultrasonic beam) can weaken the bonds of the
agar gel enough to alter the Brownian relaxation of nanoparticles in the
medium. This thesis was formulated in [10], [11]. The research was
conducted outside the focus when the intensity of the ultrasonic wave
was relatively low but spatially homogeneous, and any additional effect
that would indicate synergy, i.e. mutual interaction of both fields was
observed.

Nanoparticles were coated with PEG. The question arises whether
this can affect the change in the structure of the nanoparticle sur-
face and, consequently, its interaction with the magnetic and ultrasonic
fields. In the case of an ultrasonic wave, its length is so large compared
to the size of the nanoparticle that the medium with nanoparticles can
be considered a continuous medium, so the shape of the nanoparticles
and, of course, the surface do not influence the wave. However, if the
hypothesis of increased ultrasonic absorption as a result of the appear-
ance of a special phonon layer on the nanoparticle surface is true in
the case of doping the sample with nanoparticles, a PEG coating of the
nanoparticle should be considered. Particle surface conditions can likely
alter magnetic SAR. Assessment of the impact of changes in the surface
structure of the Fe;0, crystal, which were related to the existence of
the PEG coating, was beyond the capabilities of this research.

The main limitation of the obtained results is the relatively low-
intensity level of the acoustic fields causing the heating effect in the
area of the sample where the temperature measurement is made. Also,
the alternating magnetic field remained within a limited, biologically
safe range, which does not lead to the excitation of large eddy currents
in the tissue. The product of the alternating magnetic field frequency
and its strength was 1.85 kA/m - 250 kHz= 4.625 - 10% A/m:s.

4. Conclusion

The proposed new method of determining SAR for ultrasonic heat-
ing, consisting in placing the TMM sample outside the focus of the
ultrasonic transducer, in a homogeneous ultrasonic field, provides nu-
merous advantages compared to the method of placing the sample in
the focus of the ultrasonic beam. The simulations performed showed
that, firstly, it significantly reduces the error resulting from differences
in the position of the temperature sensor. At the same time, it greatly
limits the impact of thermal boundary conditions and heat convection
on the measurement result of the temperature rise curves from which
SAR is determined. Both measurements and simulations also showed
that when using a uniform ultrasonic field, the measured temperature
increases almost linearly during heating, similar to the curve obtained
with magnetic heating. Similar, linear increases in both temperature
curves are important in experiments seeking synergy when heating with
an ultrasonic and magnetic field. The measurement results when heat-
ing the TMM with an ultrasonic and magnetic field at biologically safe
intensities allowed to obtain an increase in the temperature of the tested
samples by 5 degrees (60 sec) or 12 degrees (120 sec). Raising the tem-
perature of the tumor tissue to about 42 degrees supports oncological
treatment - radiotherapy and immunotherapy or chemotherapy. This is
the range of temperature increase required for oncological hyperther-
mia. Within this power range, it has been shown that the SAR calculated
from the temperature rise of the sample when the two fields are op-
erated simultaneously is equal to the sum of the SARs obtained from
the temperature rise measurements when the fields are operated sepa-
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rately. It was found that by using magneto-ultrasonic hyperthermia, the
desired thermal effect can be obtained at lower intensities of each field
than when using magnetic or ultrasonic hyperthermia separately. This
is important for the safety of hyperthermia therapy.
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