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Abstract

In therapeutic applications, ultrasound is widely used in physiotherapy, tissue repair, and
cancer treatment. Regarding cancer treatment, as an emerging field for technology, signif-
icant research efforts have been devoted to the area of ultrasound therapy. The derived
energy from beams can be deposited in tissues not only through heating but also through
non-thermal mechanisms, whereby cancer cells are subject to cell death. Ultrasound-in-
duced heating can generate localized temperature elevations within biological tissues,
making it a subject of interest for thermal therapeutic applications. Nevertheless, exces-
sive temperature elevations outside the primary exposure region may result in undesira-
ble thermal effects within the surrounding tissue. In this study, we used continuous 3
MHz ultrasound waves at the powers of 0.4 to 1.4 W on ex vivo chicken breast tissue in a
water bath to prevent fluctuations in temperature. The process was also numerically mod-
eled with a maximum error of 0.4% from the measured data. Temperature measurements
revealed a significant difference between the region of maximum acoustic pressure along
the beam axis and deeper tissue locations (in some cases, above 3.5 °C). These findings
indicate that temperature gradients can develop within homogeneous tissue during ultra-
sound exposure, emphasizing the importance of controlling acoustic power and exposure
conditions. Moreover, increasing the temperature was significant during the first mo-
ments of treatment, which highlights the importance of precise controls for rate and pre-
cision in therapy. The numerical simulations also showed that increasing acoustic power
elevates tissue temperature while simultaneously producing a less uniform temperature
distribution. These observations may be useful for the optimization of future ultrasound-
based thermal treatment strategies; however, direct clinical extrapolation requires further
investigation using physiologically representative tissue models.

Keywords: ultrasound; hyperthermia; thermal damage; numerical modeling; cancer
therapy

1. Introduction

From the therapeutic view, a treatment plan with accurate estimation of heat depo-
sition, which is performed during the least possible time, is pivotal in achieving an effec-
tive clinical outcome. Hyperthermia treatment planning (HTP) is crucial to improving
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loco-regional heating and the final outcomes in ultrasound therapy. Effective HTP re-
quires careful selection of an optimal treatment technique, as well as an accurate calcula-
tion of power deposition and temperature distribution in the patient body [1]. Recent ad-
vances in HTP has placed value on hyperthermia in a broad range of medical applications,
as ultrasound opens up the possibility of reaching deep and hard-to-access tissues [2].
Therapeutic ultrasound [3], which has been used in physiotherapy practices for many
years, is used to provide deep heating to soft tissues in the human body, as well as non-
thermal effects, where high-frequency ultrasound waves cause dislocation and movement
of cellular fluids. These tissues include muscles, tendons, joints, and ligaments. Ultra-
sound can be employed to improve lesions, heal fractured bones, reduce muscle spasms,
treat joint stiffness, increase flexibility in tendons and ligaments, and boost nerve conduc-
tion velocity [4-7]. In lithotripsy, focused ultrasound waves are directly sent to the stone
to break it into smaller stones that will eventually pass through the urinary tract [8]. More-
over, especially in recent years, the advent of the drug delivery system has opened a new
area of application for ultrasound therapy [9,10]. New drug/gene delivery systems have
been a focus of interest in, especially in cancer treatments, as the full range of designed
delivery systems provides a various set of advantages [11]. High-frequency waves of ul-
trasounds are employed in various drug/gene delivery systems to promote drug delivery
to the brain, as they are able to transiently and locally open the blood-brain barrier [12,13].
Ultrasound-guided drug/gene delivery in cancer has attracted much attention, with an
increasing number of studies employing the technique. In cancer treatment, a great deal
of interest in ultrasound therapy is caused by the accurate targeting of the intended tissues
without damaging healthy cells [14,15]. The importance of finding brand-new solutions
in cancer cures with minimized toxicity to healthy tissues cannot be overstated. Hence,
ultrasound therapy can be a promising tool in the field. Up to this day, this approach has
been employed in a wide range of tumors [16,17], including renal [18], prostate [19], liver
[20], breast [21], pancreatic [22], and uterine cancer [23]. High-intensity focused ultra-
sound (HIFU) is a treatment that aims to target and kill cancer cells [24]. Safety and control
of unwanted damage to the healthy cells are integral with HIFU; thus, a trend in the on-
going research on HIFU is to find the optimum HTP to provide the best possible clinical
outcomes with minimized side effects [25]. The use of nanoparticles is a complement to
this treatment [26]. In physical therapy, it was proven that only a 1 °C increase in tissue
temperature raises metabolic activity. Further increase up to 2-3 °C is associated with re-
lief in muscle spasms and rigidity. In contrast, 4 °C could eventually lead to an improve-
ment in the flexibility of the collagen compartment of muscle [5]. Concomitant with radi-
otherapy and chemotherapy, hyperthermia can be used for a better clinical outcome in
cancer therapy. This approach has been performed for many years in treating progressed
tumors. As supported by a considerable number of preclinical and clinical trials, hyper-
thermia combination therapy can significantly contribute to the effective treatment of can-
cer, indicating the role of thermal therapy as an adjuvant to the conventional treatments.
In the range of 41 °C to 45 °C, immune systems become active, boosting the anti-cancer
activity of the conventional treatments [27]. When the temperature rises up to 55 °C, a
direct effect on the cancer tissue induces coagulated necrosis in the cancer tissue [28]. In
brief, regarding the heating plan, hyperthermia can be divided into (1) thermal ablation
(46 °C < T<56 °C), (2) moderate hyperthermia (41 °C < T <46 °C), and (3) diathermia (T <
41 °C) [29,30]. Local heating of tumors with the least damage to the surrounding tissues
can be achieved using ultrasound. As mentioned, the optimum hyperthermia therapy is
maximized damage to the cancer cells with the minimized side effects of off-targeting
healthy tissues. This can be achieved using the HIFU technique; nevertheless, unwanted
side effects might be inevitable in many cases. Treatment with HIFU might lead to local
pain, bleeding, infection, swelling, burns, and blistering [31], as well as non-thermal
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adverse effects, including, as the most important one, cavitation, which increases the risk
of tumor vessel rupture, hemorrhage, and metastasis. Fast expansion and collapse of cav-
itation bubbles can quickly cause high pressure and extend the thermal effects [32,33].
Thus, precise control of the factors impacting the hyperthermia process is pivotal to suc-
cessful therapy. These factors include but are not limited to frequency, depth of the tissue,
tissue type, ultrasound intensity, and the area being treated [5,34].
Consequently, in effective ultrasound therapy, the following statements must be con-
sidered [35]:
(1) Accurate location of the targeted tissue.
(2) Anticipating the possible thermal adverse effects on the area being treated.
(3) Real-time observation and control of the whole process, with considerable attention
to the detrimental effects on healthy tissues.
(4) Monitoring the biological changes as a marker for the efficacy of treatment.

As noted previously, one of the biggest challenges in ultrasound therapy is the eval-
uation of the thermal load on tissue and the likely adverse effects on the surrounding
tissues [36,37]. At present, magnetic resonance imaging (MRI) is one of the popular mo-
dalities in hyperthermia treatment. For this aim, measuring temperature changes during
hyperthermia treatment can be achieved by magnetic resonance thermometry using the
proton resonance frequency shift method. However, due to the frequency drift of the MRI
system, significant errors with the measured temperature change hinder the exact thermal
evaluation. Another method is signal processing using ultrasound waves, but as in MR],
this method is rather costly for thermal evaluation and might not be feasible in clinical
application [38]. The rise in temperature depends on the ultrasound source parameters,
tissue properties, and shape of the beam [39]. The third option for temperature monitoring
is thermocouples. These cheap and easy-to-use electric devices have repeatedly appeared
in numerous studies on thermal evaluation. Although thermocouples are invasive ther-
mometers, they are favored for ex vivo studies [40]. This paper aims to evaluate the tem-
perature gradients resulting from different distances between the ultrasound probe and
targeted tissue, using 3 MHz ultrasound waves at various powers of the transducer. We
attempted to monitor temperature directly in the targeted area and its border with sur-
rounding tissues and record the fluctuation in heating to prevent possible thermal damage
to the surrounding tissue areas. The entire process can also be modeled in order to im-
prove the treatment planning [41]. Here, we used COMSOL Multiphysics to simulate
wave propagation followed by heat generation in the tissue, which showed an excellent
agreement between the numerical results and the experimental data.

2. Materials and Methods
2.1. Material

The study was conducted at the department of medical physics’ laboratory at the Iran
University of Medical Sciences (IUMS). For temperature monitoring, two thermocouples
(Hanyoung®, Korea, 125 um diameter sheath, accuracy of 0.1 °C) were used, and for ul-
trasound therapy, the Phyaction (190i, Germany) was used with continuous 1:1 pulsations
(0.4-1.4 W/cm? at 3 MHz). The ultrasound probe was flat and non-focused (head size of 1
cm?). Ultrasound waves of 1-5 MHz are used for HIFU therapeutic application [42]; thus,
in this research, we set the frequency at 3 MHz. Eighteen fresh slices of chicken breast
were used for the experiments. The chicken breast samples were obtained fresh from a
local supplier on the same day as the experiments and were stored under refrigerated
conditions at approximately 4 °C prior to use. Before the experiments, the samples were
removed from refrigeration and maintained at room temperature for approximately 3 h
to achieve thermal equilibrium. No chemical preservation or dehydration procedures
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were applied to the tissues before measurements. Although the hydration levels of the
samples were not quantified, efforts were made to minimize tissue dehydrationfluring
sample preparation and experimentation by maintaining the tissues within a water-con-
taining experimental setup. The slices were cubic (40 + 1 mm) and left at room temperature
(21 °C) 3 h before the experiments. All experiments were conducted in a temperature-
controlled laboratory environment. The ambient room temperature was maintained at 21
+ 1 °C throughout all measurements using the laboratory’s air-conditioning system. Alt-
hough relative humidity was not actively controlled, it remained within the laboratory’s
normal operating range during the experiments. To minimize external thermal disturb-
ances, all measurements were performed away from direct sunlight and external heat-
generating equipment. In addition, tissue samples were immersed in a water bath with an
initial temperature of approximately 21 °C to reduce rapid environmental temperature
fluctuations and improve thermal stability. No active temperature-controlled systems,
water circulation, or mechanical agitation were employed during the experiments; there-
fore, small local temperature variations may have occurred during ultrasound exposure.
To keep the structure of the chicken breast slices stable, the pieces were cut with a poly-
carbonate mold (cube No. 1, 40 + 1 mm) and were put in a bigger cube mold filled with
water (21 °C) (cube No. 2, 126.6 £1 mm) (Figure 1). During the experiment, the water tem-
perature was constant with the room temperature. At the bottom of each cube, an acoustic
wave-absorbing layer was placed to reduce ultrasound reflections within the experi-
mental setup. The absorber consisted of a commercially available soft rubber-based damp-
ing material, with an approximate thickness of 10 mm. Although the exact acoustic im-
pedance and absorption coefficient of the material were not experimentally measured, the
material was selected due to its high attenuation characteristics and its common use for
minimizing acoustic reflections in laboratory ultrasound experiments.

2xNear Field

probe
R ——— |
=y
)

¥ i e A e i

- — — e
N e —

Y Y
Near Field Far Field

Figure 1. [llustration of the near-field, Fresnel, and Fraunhofer regions of a linear probe, with d as

the probe diameter.

2.2. Experimental Setup

At first, the ultrasound remains cylindrical along the path of the beam axis, which is
aligned perpendicular to the center of the crystal. However, after some distance, as shown
in (Figure 2), the beam starts to converge and then diverge. The region before the beam
divergence area is referred to as the Fresnel zone, and the beam divergence region as the
Fraunhofer zone [43,44].

Near-zone length is derived from Equation (1) [45]:

N length diameter? 1)
ear —zone length = ———

Wavelength is designated by the Greek letter lambda (A), as given by Equation (2)
[43]:
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A=- 2

7 )

where C is the speed of sound (m/s) and f is the wave’s frequency measured in the MHz
unit. Given the probe area of 1 cm?

ar? =1 cm? where r=5.64 mm

The most crucial point derived from the speed of sound in different tissues is that,
regardless of tissue type, the speed of sound in soft tissues is approximately the same. As
per the method in this study, 3 MHz ultrasound waves were used to travel through two
different environments of water and chicken breast, and the waves travel most of the way
in the water. According to the data, between the speed of sound in water (1484 m/s) [46]
and chicken breast (1533 m/s) [47], there is only 3.3% difference; therefore, to simplify the
calculation, water is considered as the whole environment of the experiment. Hence, near-
zone length is measured as follows:

. a2
diameter? _ 2 _ r2f  (5.6x107%) x3x10°

4x2 2 c 1484 = 63.3mm

Near — zone length =

where r represents the radius of the ultrasound transducer. It should be noted that, for the
flat unfocused transducer used in the present study, the acoustic field does not exhibit a
true geometric focus as observed in focused HIFU systems. Instead, the ultrasound field
is characterized by near-field interference patterns and pressure maxima along the beam
axis within the Fresnel region. Therefore, the region discussed in this study corresponds
to the location of maximum acoustic pressure in the near field rather than a sharply de-
fined focal point. The beam narrowing within this region is associated with constructive
interference effects and should not be interpreted as a true geometric focusing phenome-
non [45]. In practical experimental conditions, the acoustic field distribution may be influ-
enced by diffraction effects, edge waves, attenuation, and medium heterogeneity, partic-
ularly at the water-tissue interface. Moreover, the employed transducer was not a focused
HIFU source and therefore did not generate a sharply localized focal region. Consequently,
the calculated near-field length should be interpreted as an approximate estimation of the
acoustic field behavior rather than an exact representation of the spatial pressure distri-
bution. Nevertheless, the equation provides a useful first-order approximation for char-
acterizing the propagation region of the flat transducer used in the present study. It should
also be emphasized that the calculated near-field length of 63.3 mm represents a theoreti-
cal estimate derived from the analytical model and was not experimentally validated
through acoustic field mapping. Consequently, this value should not be interpreted as the
exact location of maximum acoustic pressure or temperature within the experimental
setup.

With increasing the ultrasound intensity, the produced heat rises, but the location of
the point where the temperature is at its maximum does not merely change, as it is more
dependent on frequency and speed and rises with frequency [42]. The speed of sound
relies on the density and elasticity of the media through which it is traveling. The follow-
ing equation (Equation (3)) reflects these parameters:

c= |-, 3)

where f is the coefficient of stiffness representing modulus of bulk elasticity (kg/m), and
0 is the density of the elastic medium (kg/m?) [43].

According to Equation (3), rises in temperature could lead to density alteration,
which in turn affects the speed of sound within the media. At the same time, changes in
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ultrasound speed, as per Equations (1) and (2), alter the focal area. Changes in these pa-
rameters and their effects in water are represented in Table 1 [48].

Table 1. Effects of water temperature variation on acoustic propagation parameters.

Change in Parameter Value %
Temperature Less than 7 °C -

Speed Less than 27 m/s Less than 1.8%
Near-zone length Lest than -1.1 mm Less than 1.7%

As mentioned in this section, the overall change in temperature in this study was no
more than 7 °C; such temperature variations could lead to changes of less than approxi-
mately 1.8% in the speed of sound and less than approximately 1.7% in the estimated near-
field length. These variations were considered relatively small compared with the overall
uncertainties associated with the experimental and numerical setup and were therefore
neglected to simplify the model. Consequently, near-field length and acoustic propaga-
tion parameters were assumed to remain approximately constant during simulations.

During ultrasound radiation, the temperature was measured in two areas. Both ther-
mocouples were positioned along the central axis of the ultrasound beam (r =0 mm). The
Tc thermocouple was placed at the geometrical center of the cubic tissue sample, corre-
sponding to approximately 20 mm below the upper tissue surface and 20 mm above the
lower tissue surface. The Ts thermocouple was positioned at the lower central region of
the tissue sample, adjacent to the lower tissue boundary, corresponding to 40 mm below
the upper tissue surface (as shown in Figure 2).

(1) The temperature at the center of the tissue sample (hereafter referred to as Tc) was
measured using a thermocouple positioned at the geometrical center of the sample.
Tc represents the temperature measured at the central measurement location within
the homogeneous tissue specimen.

(2) The temperature at the lower central region of the tissue sample (hereafter referred
to as Ts) was measured using a second thermocouple positioned near the lower
boundary of the specimen along the beam axis. Ts represents the temperature meas-
ured at a deeper location within the homogeneous tissue sample.

It should be noted that the present ex vivo model employed homogeneous chicken
breast tissue and therefore does not reproduce the complex biological interface between
tumor and healthy tissues observed in clinical conditions.

Ts is an important parameter, and its value is informed by the following three facts:

e The heat from the central part of the tissue increases its value.

e It represents the temperature of the surrounding parts of the tissues located along
the direction of the waves; thus, it continuously rises as the ultrasound radiation pro-
ceeds.

e  Itisdirectly influenced by the immense heat transfer area (such as the water container
in this study or internal organs and blood circulation in the human body).

Continuous 3 MHz exposure was used for each experiment. The temperature was
recorded with thermocouples every 30 s for a total of 5 min. Experiments were performed
on three different tissues and repeated three times. Six different acoustic power levels (0.4
to 1.4 W/cm?, with 0.2 sequential increases) were investigated in the experiments. For each
power level, measurements were performed using three independent chicken breast tis-
sue samples, resulting in a total of 18 samples (40 + 1 mm). Each tissue sample was used
for only one experimental condition to avoid possible thermal history effects from previ-
ous ultrasound exposure.
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Figure 2. A schematic representation of the experiment showing the locations of the tissue, thermo-

couples, and ultrasound probe.

2.3. Numerical Simulation

The numerical simulations were implemented in COMSOL Multiphysics 5.6 using a
two-dimensional axisymmetric formulation. The pressure acoustics and frequency do-
main interface was employed to model ultrasound wave propagation, while the heat
transfer in solids interface was used to simulate temperature evolution within the tissue
and surrounding water media. Coupling between the acoustic and thermal problems was
achieved through the acoustic heat source term derived from ultrasound attenuation.

The acoustic field was first solved in the frequency domain to obtain the spatial dis-
tribution of acoustic pressure. The resulting acoustic intensity distribution was subse-
quently introduced into the transient heat transfer model as a volumetric heat source.
Time-dependent thermal simulations were then performed over a total duration of 5 min.

A direct solver was used in the simulations, with automatic time stepping imple-
mented by COMSOL. The convergence criteria and relative tolerances were kept at the
default COMSOL settings to ensure numerical stability and convergence of the coupled
solution. The input parameters were considered to be exactly the same as the experiment
(Tables 2 and 3).

Table 2. Chicken breast properties used in the simulation [49,50].

Parameter Symbol Value

Attenuation coefficient a 5x 108 (Np-Hz'-cm™)
Density p 1040 (kg'm=)

Speed of sound c 1533 (m-s™?)

Thermal conductivity k 0.4683 (W-m™-C1)
Specific heat capacity Cp 3210 (J-kg1-C1)

Table 3. Water properties used in the simulation [49].

Parameter Symbol Value
Attenuation coefficient a 0.025 (Np'm™)
Density p 998 (kg-m™)
Speed of sound c 1484 (m-s™)
Thermal conductivity k 0.598 (W-m-1-C1)
Specific heat capacity Cy 4182 (J-kg1-C1)
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2.4. Ultrasound Pressure

Ultrasound waves travel through media in the form of mechanical energy caused by
the vibration of particles. Particles are also compressed and rarefied by wave propagation,
generating a pressure wave. At lower powers of the transducer, particle displacement is
small and thus, it can be assumed that the wave propagation is linear [51]; therefore, the
Helmbholtz equation is used to describe the acoustic pressure as follows [52]:

0 d o1 10 2
e B G
orl p.\or dzL p.\oz c./ | pe
where p is the acoustic pressure, w is the angular frequency, and ¢, and p. are the com-
plex speed of sound and complex density, respectively, which are defined as [53]:

w
Cc = o 5
(? —ia) ®)

pc?
Pe="7 ®)

where p is the medium density, c is the speed of the sound in the medium, and a is the
attenuation coefficient of the medium.

2.5. Heat Transfer

As the ultrasound waves penetrate into the tissue, attenuation of the energy occurs.
This mechanical loss leads to temperature elevation [54]. The generated heat distribution
can be modeled using the bioheat equation [55,56]:

oT
Peo 3¢ = V- &VT) + ppcrwp(Ty = T) + Qmer + Qext (7)

where T is temperature, p is the density of the tissue, c is the specific heat capacity of the
tissue, k is the thermal conductivity of the tissue, p, is the density of blood, ¢, is the
specific heat capacity of blood, w,, is the blood perfusion rate, T, is the arterial temper-
ature, Qe is the metabolic heat generation rate of the tissue, and Q. is the acoustic
heat source. However, in this study, as the experiments were carried out on a piece of
chicken breast, the blood terms and metabolic heat source have been neglected. Therefore,
the implemented model represents a simplified thermal conduction formulation with an
ultrasound-induced acoustic heat source rather than the complete physiological Pennes
bioheat model. Consequently, the thermal behavior obtained in this study primarily re-
flects conductive heat transfer combined with acoustic energy absorption under con-
trolled laboratory conditions.
The acoustic heat source is defined by Equation (8) [51]:

Qext = 2a, 8)

where [ is the acoustic intensity, as expressed by Equation (9):

2

_Pp
2pc’

©)

where p is the acoustic pressure obtained from the Helmholtz equation, p is the density of
the medium, and c is the speed of sound in the medium.

Moreover, ais the frequency-dependent attenuation coefficient obtained from Equa-
tion (10) [57]:

o= ao(é)". (10)
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where fois 1 MHz and n is 1 for biological tissues and 2 for water. Values of o for chicken
breast and water are presented in Table 2 and Table 3, respectively. Several studies have
shown that the attenuation coefficient of tissue may change during the experiment based
on the temperature, heating duration, and type of tissue. However, it has also been indi-
cated that the attenuation coefficient starts to increase at temperatures above 55 °C [58].
Therefore, the attenuation coefficient of tissue has an approximately constant value in hy-
perthermia temperature ranges.

2.6. Initial and Boundary Conditions

Ultrasound pressure at the beginning of the process was set to be zero, as there was
no wave propagating through the domain at t = 0.

A flux boundary condition equal to —wAx? was considered at the surface of the
transducer, where w is the frequency of the transducer and Ax is the normal displace-
ment of the transducer, which is calculated using the equation below [17]:

P
= [ a
where P and S are the power and surface area of the transducer, respectively; f is the fre-
quency at which the transducer operates; p,, is the density of water; and ¢, is the speed
of sound in water.

A perfectly matched layer (PML) was also regarded at the bottom of the bowl to act
as an absorber of waves and prevent their reflection.

In order to prevent tissues from overheating, as mentioned before, the temperature
of the water surrounding the tissue was set to 21 °C during the whole process as a simpli-
fying boundary condition, and the initial temperature of the entire domain was consid-
ered to be 21 °C. Figure 3 illustrates a schematic of the geometry of the model and bound-
ary conditions.

i flux= —wAx?

56 6.5 mm

S
flux= | &
2 | B
O m/S B
T PML Y
—>r 63.3 mm

Figure 3. Schematic of the geometry of the model and boundary conditions.
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2.7. Mesh Generation

A built-in quality assessment was used to evaluate the element quality [59]. Mesh
distribution in acoustic pressure and heat transfer was considered to be the same. A free

. . . . c . c
triangular mesh with a maximum element size of o at the water domain and o at the

tissue was constructed. The size of the elements should be smaller than the wavelength of
the acoustic waves; as the acoustic pressure at the tissue was of higher importance than at
water in this study, more elements were built in this domain. Mapped mesh with the max-
imum element size of 1.5 mm was used for the perfectly matched layer domain. The num-
ber of the elements in this area was less than the other domains because acoustic waves
do not penetrate into this region. Figure 4 shows the mesh distribution in the entire do-
main.

AV AT AV AV AV AV AV AVAY AV AV AVAVAVAVAVAVAY,
FAYAY AV AVAYAYAVAVAVAVAVAVAVAVAYA

PV AV AV AV AV AN AV AV AV AV AV AV & X%
Water ¢ AVAYAVAYAY wmvwvwv v

FAVAVAYAN
IWAVAVAVAV
AW A AV LYY A A AV AT AV AV AV AV AV AV AV AVAVAVAVAVAVAVAY
WAVAVAVLY

|
%%

. .
—> DA FAVAN VAN AVAVAVAVAY FAYAN I iy
FAVAYAY VAVANAVAVAVAVAVAVLAY FAV AV AV AV AV AV AV AV AV AV AV AVAY

10 mm

\/
JAVAYAY P A AV AV AV AV AV AV AVAVAVAVAVAVAVAVAYAY WYAYAVAVAN
[YANAYA WAVAVAVAYS

PML<

A
v
A
v

18 mm 18 mm

Figure 4. Mesh distribution within the tissue, water, and PML.

3. Results

Tcand Ts values were recorded every 30 s, followed by recorded rises in temperature
at different time sets. An average of three results for every power (the probe area was 1
cm?, so the intensity and power were equal) was measured and used as the final value for
each sample. Afterward, the changes in temperature for different powers were plotted
against the time points (Figure 5).

Previous studies have demonstrated that rises in temperature are often dependent
on several factors, such as frequency, intensity, exposure time, and the intrinsic sensitivity
of treated tissue to radiation in a non-linear behavior [60]. Our findings were also in agree-
ment with previous works, as the relationship between the variables was non-linear and
the obtained chart was somewhat radical.

According to the results, Tc always had a higher value than Ts, which was reasonably
expected, as Tc represents the center temperature of the tissue. The results indicate that
the rise in Tc was higher than it was in Ts, which is crucial to successful clinical hyperther-
mia as Tc corresponds to the targeted site. At the same time, Ts represents the possible
damage to the healthy tissues and cells.

As shown in Figure 5, the rate of increase in temperature during the first 30 or 60 s is
significantly higher than the other times, and the slope decreases with time. The decline
in temperature rise approximately 1 min after exposure is due to the establishment of a
heating balance between ultrasonic heating and tissue thermal conductivity [61]. Gener-
ally, for ultrasonic waves with frequencies higher than 1.5 MHz, the temperature reaches
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its balance rapidly, and the temperature changes slowly over time [42]. This points to the
importance of accuracy and speed during the first moments of radiation in therapeutic
ultrasound applications. Due to the delicacy of different treatment methods, caution must
be taken with the temperature rise in the beginning moments to reduce unwanted thermal
damages [62].

| Power (W)
G 8- 04--- — T
o |—06--- -
S
g ;]—08---
2
© | —1.0---
S 4 12- - -
£ 1.4
= 5
e
@ |
(2]
8 4
G |
£
o 37
o
8 |
3 21
<
1
0
0

Time (min)

Figure 5. The increases in temperature with 3 MHz ultrasound beams with powers of 0.4-1.4 W at
Tcand Ts.

The same scenario occurs for Ts increase as a function of time with some exceptions,
as shown in Figure 5; although the first 30 or 60 s saw a steep rise in temperature similar
to T, the slope of this increase had a lower amount. This observation can be explained by
the fact that during the first minute, the dominant heating source was the direct exposure
of the ultrasound beam, while in proceeding minutes, the established balance between
ultrasonic heating and tissue thermal conduction reduced the slope of the ascending part
of the temperature-time curve [61]. However, as the thermal transfer continued, the tissue
center became a new source of energy that forced the chart to go up more rapidly for the
following minutes, so the curve once again merely ascended to reach a new peak. The
change in the temperature in this step was directly dependent on the convective heat
transfer coefficient of the tissue [63]. For a better understanding of this result, a graph of
temperature gradients based on time is presented in Figure 6. As can be seen, the gradients
of fluctuations are very significant, especially in the first minute. After that, the increase
in the temperature is slowed down by the cooling effect of the water surrounding the
tissue, resulting in a gradual descent in the curve. This is pivotal in cancer therapy, as
malignant tumor tissues in many cancers, such as lymphoma, bladder, colon, liver, breast,
prostate, and spleen cancer, have a high conductive heat transfer coefficient, increasing
the risk of adverse effects compared to the healthy tissues.
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Figure 6. Graph of the Tc and Ts gradients.

As per the results of the study, it is clear that regardless of wave’s intensity, the tem-
perature rises with ultrasound exposure time; as the intensity increases, the temperature—
time slope increases, as we have the highest temperature rise at the power of 1.4 W. The
results during the first 5 min are shown in Table 4. For completeness, the total temperature
profiles for all investigated power levels are presented in the Supplementary Materials.

Table 4. Rises in Tc and Ts values during the first 5 min of ultrasound therapy.

Power (W) 0.4 0.6 0.8 1.0 1.2 1.4
Tc 1.9 2.83 3.40 3.93 5.63 6.80
Ts 0.83 1.50 1.60 240 2.87 3.27

Figure 7 indicates the acoustic pressure field along the radial axis for various powers
of the transducer at the end of the process. As can be seen, although increasing the power
does not change the pressure field pattern, it increases the magnitude of the pressure field
within the tissue. Maximum pressure amplitude within the tissue increased by 22%, 15%,
12%, 10%, and 8% when the power was raised from 0.4 to 0.6, 0.6 t0 0.8, 0.8 to 1, 1 to 1.2,
and 1.2 to 1.4, respectively (Figures 7 and 8). This finding is in agreement with Abdolhos-
seinzadeh’s [53] findings, which showed that doubling the power from 5 W to 10 W in-
creased the pressure amplitude from 0.91 MPa to 1.29 MPa. As one moves away from the
z-axis, where the peak pressure occurs, variations in the pressure amplitude become less
significant, meaning that the pressure profile becomes more uniform. Maximum pressure
was achieved at 2 mm below the surface of the tissue along the z-axis at all powers, while
maximum temperature was obtained at 9 mm below the upper boundary of the tissue at
r =0 due to the cooling effect of the surrounding water, which prevents overheating of the
area near the surface of the tissue. The location of the point with the maximum tempera-
ture does not change with the acoustic power. Therefore, increasing the power cannot be
effective if one wants to achieve the highest temperature at the center of the tissue. In fact,
higher powers of the transducer result in higher temperatures. As the power increased,
pressure distribution became less uniform, leading to a less uniform temperature distri-
bution within the tissue, which could be attributed to the larger variations in the magni-
tude of the heat sources. Figure 9 showcase this best.
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Figure 8. Simulated acoustic pressure distribution within tissues at t =5 min for different transducer

power levels, predicted by the numerical model.
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Figure 9. Simulated temperature distribution within tissues at t = 5 min for different transducer
power levels, predicted by the coupled acoustic-thermal numerical model.

In order to determine how successful the numerical simulation can be in predicting
the experimental results, time-dependent temperature of the center of the tissue was com-
pared to that of the measured data (Figure 10). It can be seen that the curves follow the
same trend, and the maximum relative percentage error of 0.4% confirms the accuracy of
the numerical simulation. The comparison was performed for all recorded time points
during the 5 min exposure period.
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Figure 10. Comparison of the time-dependent temperature of the center of the tissue obtained from
the numerical simulation and from the experiment.
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4. Discussions

In order to achieve an appropriate treatment plan, a good understanding of the pa-
rameters involved in heat generation within tissues and the targeted tissue temperature
is necessary. This study investigates some of the essential aspects of good ultrasound ther-
apy, such as evaluating the effect of acoustic power on temperature rise in tissues, tem-
perature differences between central and surrounding regions of the tissue during treat-
ment, and temperature gradients as a function of time during radiation. The main aim of
the study was to control unwanted damage to the surrounding tissue, as monitoring in-
flammatory responses during ultrasound therapy is one of the biggest challenges in the
field.

It should be noted that the present experimental setup employed a flat and unfocused
ultrasound transducer rather than a clinically used focused HIFU transducer. Therefore,
the current model does not fully reproduce the highly localized focal energy deposition
observed in clinical HIFU systems. Instead, the aim of this study was to investigate the
fundamental thermal behavior, temperature gradients, and heat transfer mechanisms
generated by continuous therapeutic ultrasound exposure under controlled experimental
conditions. Despite this limitation, the obtained findings provide useful insight into ther-
mal distribution patterns and the potential risk of unwanted heating in surrounding tis-
sues, which are relevant to ultrasound-based hyperthermia applications. Future studies
should investigate focused transducer geometries and fully developed HIFU systems to
improve clinical translation of the results. Furthermore, because the present study em-
ployed homogeneous ex vivo tissue and neglected physiological factors, such as blood
perfusion and metabolic heat generation, the findings should be interpreted as fundamen-
tal thermal observations rather than direct predictions of in vivo clinical outcomes.

Insufficient attention to tissue temperature during treatment modalities is often con-
nected with parallel damage to healthy tissues, hindering the practical application of ul-
trasound therapy in clinical practice. Particularly in hyperthermia, rises in temperature
have to occur within the targeted tissues specifically. In contrast, neighboring tissues are
allowed to have temperatures during exposure that do not cause thermal damage [64].

There was a significant difference between Tc and Ts in this study. This difference in
clinical practice can be translated into a different thermal response in the deep regions of
tissues during exposure. In cases of exposure with high intensities, equal attention must
be paid to both Ts and Tc values to prevent unwanted damage to deep tissues. Moreover,
the effect of increasing the power of the transducer on Tc was shown to be more significant
than on Ts. This could be good news, as it means that the central cells are being killed,
while the surrounding ones are protected from overheating. However, it should not be
ignored that it is also equivalent to creating a more non-uniform temperature profile
within the tissue. The importance of this issue may become greater in thicker or more
structurally complex biological tissues, where acoustic attenuation and heterogeneous tis-
sue properties can influence the spatial distribution of deposited thermal energy. In hy-
perthermia therapy, achieving a final uniform temperature profile is of high importance,
as non-uniform temperature distributions change the geometry of the tissue into more
complex shapes, making it more resistant to treatment. However, these data should be
interpreted with caution, as practical treatments usually contain tissues with capillaries
where the possible effects of blood flow on thermal convection cannot be ruled out [65,66].
Moreover, perfusion rate can also increase as the temperature of the tissue increases [67].
In addition to this, the amount of the temperature rise can also be influenced by the initial
temperature of the tissue [68]. So, further tests with various initial temperatures should
be undertaken before making any judgements. In addition, the present study was primar-
ily designed to investigate thermal trends and to evaluate the agreement between experi-
mental measurements and numerical predictions under different acoustic power levels.
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Although three independent tissue samples were evaluated for each power condition, the
relatively limited number of replicates restricts the extent of statistical characterization
that can be performed. Consequently, the reported temperatures should be interpreted
primarily as representative thermal trends and comparative observations within the in-
vestigated experimental conditions.

Previous studies have demonstrated that pre-focal point temperature always has
higher values than post-focal point temperature [69]. However, temperature monitoring
and control of superficial injuries are by far easier than deep tissue damage. Superficial
thermal injuries can be reduced using local ice compression to lower the temperature and
prevent rapid temperature elevation due to the ultrasound energy accumulation at the
skin surface.

5. Conclusions

In this study, the recorded temperatures from the central point and deep tissue dur-
ing continuous irradiation of 3 MHz ultrasound waves at powers of 0.4 to 1.4 W were
compared. But the main focus was the central point and surface point temperatures of the
tissues, as these areas are hard to access with commonly used experimental techniques;
thus, their temperature measurement is challenging. A proper understanding of temper-
ature changes in deep tissues, particularly within internal organs, is essential for ultra-
sound therapy. Temperature distribution in tissues is dependent on exposure time, beam
frequency, and the tissue attenuation coefficient; for each, a relevant experiment must be
carried out to determine its role in the final outcome of hyperthermia therapy. Moreover,
changes in the temperature within tissue is also influenced by internal parameters, such
as tissue heat conductivity, blood circulation, and the normal baseline body temperature.

Experimental and numerical investigation of the role of blood vessels in the ultra-
sound therapy process demonstrated that blood flow could conserve the core tissue tem-
perature [70], which should be considered during clinical ultrasound.

The present findings should be interpreted within the limitations of the study. The
experiments were performed on homogeneous ex vivo chicken breast tissue using a flat,
unfocused ultrasound transducer, and the numerical model neglected blood perfusion
and metabolic heat generation. Consequently, the reported temperature distributions
should not be directly extrapolated to clinical ultrasound therapy without further valida-
tion using physiologically representative tissue models and clinically relevant focused ul-
trasound systems.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biophysica6040054/s1, Figure S1: Mean temperature rise at

TC and TS for all investigated acoustic power levels.
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