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Introduction: The large aperture concave spherical focused ultrasonic transducer has stronger acoustic 
focusing effect and can obtain good temperature rise effect. The purpose of this study was to explore the 
effect of different frequency, duty cycle and inner radius parameters on temperature rise of multi-layer 
biological tissue. 
Material and Methods: The simulation model of high-intensity focused ultrasound (HIFU) irradiated multi-
layer biological tissue was constructed. By changing the irradiation frequency, duty cycle and inner radius of 
large aperture concave spherical focused ultrasonic transducer, the sound field and temperature field of multi-
layer biological tissue were simulated and calculated by using Westervelt nonlinear acoustic wave equation 
and Pennes biological heat conduction equation, respectively. 
Results: The intensity of sound field increased with the increase of frequency, while it decreased with the 
increase of inner radius, but the duty cycle almost had no effect on the intensity of sound field. The focal 
temperature increased with the increase of frequency and duty cycle, but decreased with the increase of inner 
radius. 
Conclusion: By selecting appropriate parameters of transducer, the optimum temperature rise in the target 
area of biological tissue can be obtained by using a large aperture concave spherical focused ultrasonic 
transducer. 
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Introduction 
Biomedical ultrasound refers to the research of 

ultrasound in the fields of biology and medicine, which 
includes ultrasound diagnosis and ultrasound 
treatment, and it has the characteristics of non-
invasiveness and high efficiency. High-intensity 
focused ultrasound (HIFU) is the most typical 
therapeutic ultrasound in biomedical ultrasound. It 
can not only be used to treat cancer, but also be 
applied in many other fields, such as hemostasis, 
ultrasonic lithotripsy, and cardiac conduction [1-3]. 
Thermal effect is the most important biological effect 
of HIFU in the treatment of tumor tissue.The principle 
of this technology is to use a wide caliber focused 
ultrasonic transducer to concentrate the acoustic 
wave energy in the focus area, and make the 
temperature reach the high temperature above 65 ℃ 
in a short time, resulting in irreversible degeneration 
and necrosis of cellular proteins and loss of active 
function, which will lead to the thermal coagulation 
and necrosis of the target tissue, and then achieve the 
purpose of killing cancer cells. In the histological 
examination of the focus treated by HIFU, there is 
often a narrow boundary between living cells and 

necrotic cells due to the obvious difference in the 
temperature gradient between the focus area and the 
surrounding tissue area. In recent years, the sound 
field and temperature field of focused ultrasound has 
been widely studied by many researchers. For 
example, Yuldashev et al. used the Khokhlov-
Zabolotskaya-Kuznetsov (KZK) equation to study the 
propagation of finite amplitude sound beam in multi-
layer biological tissue [4]. Zhao et al. used KZK 
equation to calculate the sound field in turbid water 
[5]. Fan et al. used the spherical beam equation (SBE) 
model to calculate the sound field in the oblate 
spheroidal coordinates [6], and Dong et al. calculated 
the sound field in biological tissue by SBE equation 
and analyzed the temperature field caused by focused 
ultrasound [7]. Haddadi et al. used Westervelt 
equation to calculate the temperature field through a 
focused ultrasonic transducer with wide aperture 
angle and compared it with the experimental data [8]. 

As a potential cancer treatment program, HIFU has 
been widely researched for many years. However, 
some problems still need to be solved. Because of high 
heating rate of HIFU, the acoustic focal position shift is 
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difficult to control, which limits its development and 
application. In order to monitor the HIFU treatment 
process in real time and improve its treatment 
efficiency, a ring-focused ultrasound transducer with 
B-mode probe in the center can be used. Kujawska et 
al. designed a ring-shaped transducer to concentrate 
acoustic energy on heat necrosis site [9]. The sound 
field was calculated by using Rayleigh integral, and 
then the temperature field was calculated by using 
Pennes equation [10]. They studied the relationship 
between the size and shape of the heat necrosis area 
and the radiation dose, which was determined by 
sound intensity and radiation duration. 

In this paper, the temperature field generated by 
large aperture concave spherical focused ultrasonic 
transducer in five-layer media is analyzed. Firstly, the 
sound field generated by large aperture concave 
spherical focused ultrasonic transducer is calculated 
by Westervelt equation and the thermal deposition is 
obtained. Then, by solving the Pennes bioheat 
equation, the temperature field distribution in five-
layer media is obtained, including the changes of 
several parameters related to the obtained 
temperature field are analyzed. 

 

Materials and Methods 
Theory 

The KZK equation is used to calculate the sound 
field of ultrasonic transducer based on parabolic 
approximation, so it is only applicable to the transducer 
with half aperture angle less than 16° (half of the 
aperture angle of transducer) [11]. The large aperture 
focused ultrasonic transducer is a spherical shell focused 
transducer with half angle greater than 16°. Compared to 
small aperture focused transducer, large aperture 
focused transducer has stronger acoustic focusing effect 
and smaller focus area radius. Because of these 
characteristics, focal area exhibits higher temperature 
elevation, while other area exhibit lower temperature 
elevation. The large aperture focused transducer can be 
modeled by Westervelt equation. Figure 1 shows our 
numerical simulation model, where r2 is the geometric 
outer radius of the radiation surface of the ultrasonic 
transducer, r1 is the geometric inner radius of the 
radiation surface of the transducer, F is the focusing 
distance of the transducer, d1 is the propagation distance 
of ultrasound in water, d2 is the thickness of skin, d3 is 
the thickness of fat, d4 is the thickness of muscle, d5 is 
the thickness of liver. The simulation model of multi-
layer biological tissue irradiated by HIFU is shown in 
figure 1.  

. 

 
 
Figure 1. Simulation model of multi-layer biological tissue irradiated 
by HIFU 

 
Figure 1 shows the simulation model of multi-layer 

biological tissue. The parameters used in the simulation 
are r1 = 1.0 cm, r2= 3.0 cm, F= 5.0 cm, d1= 2.0 cm, d2= 
0.2 cm, d3= 0.8 cm, d4= 1.0 cm, d5= 2cm, the irradiation 
frequency of ultrasonic transducer is 1MHz. The initial 
surface sound pressure of transducer is 0.24 Mpa, which 
can usually be measured with a needle hydrophone [12]. 

In order to describe the absorption, diffraction, and 
nonlinear effects of ultrasonic propagation in thermally 
viscous media, the widely used Westervelt wave 
equation is adopted, which can be written as follow [13]: 
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Where 
2 , p , 0c

, t  are Laplace operator, sound pressure, 

sound velocity and time, respectively. )2/(1 AB  
is the nonlinear coefficients, and B/A is the ratio of the 
second-order (B) coefficients to the first-order (A) 
coefficients of the Taylor series expansion [14]. 

23

0 /2  c
is acoustic diffusivity which considers 

thermal viscosity effect in media, where   is acoustic 

angular frequency and   is sound absorption 

coefficient. When the irradiation frequency is 
f

, the 
corresponding sound absorption coefficient can be 
expressed as follow [15]: 

 )/()( ** fff                                                        (2)                   
 

Where *  is the sound absorption coefficient of 

media with acoustic frequency *f . The index 


 is 
generally taken as 2 in water and 1.14 in biological 

tissue. The sound intensity of sound wave is I , the 

sound absorption coefficient of media is  , and the 
heat accumulation can be expressed as [16]: 

IQv 2
                                                                    (3)                    

 
The Pennes equation can be expressed as [17]: 
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Where 0  is the density, tc
 is the specific heat 

capacity of the media, h  is the heating time, tK
 is the 

heat conduction coefficient of the media, T  is the 

temperature of the media, b  is the blood flow rate 

when heating in the heating area, bc
 is the specific heat 

capacity of the blood, bT
 is the blood temperature of the 

heating area, mQ
 is the heat generation rate of the media. 

Suppose that before heating, the temperature distribution 
at each point of the media is uniform and the 

temperature is 0T
, the blood flow rate is 0b , and there 

is heat exchange between blood and media due to 
temperature difference. The heat exchange capacity per 
unit time and unit volume is equal to the heat generation 
rate of the media [18]: 

)( 00 bbbm TTcQ 
                                                   (5)           

When the temperature rise of 0

' TTT 
 is 

introduced, the heat produced by biological metabolism 

can be ignored for the tissue in vitro, and mQ
 can be 

ignored, the heat generation rate of the space heat source 

vQ
 is the only energy source, and the Pennes equation 

is written as [19]: 
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In the elliptic coordinate system, the Hamiltonian 

operator is expanded as follow: 
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Where b  and   are the length of focal point of 
ellipsoidal coordinate system, the included angle 
between the projection of any point in the coordinate 
system and the focal line on the x-z plane and the x axis, 

respectively.  bz / ,  cos , and z  is the distance 
from the focus to the source point of ultrasonic 
transducer.    

By using Crank-Nicolson implicit difference 
dispersion method [20], the following equation can be 
obtained. 
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Table 1.  Acoustic and thermal parameters of media (1 MHz) [18,22-24] 
 

Parameters 
Media 

water skin fat muscle liver 

0 (kg.m-3) 
1000 1090 910 1090 1050 

0c
(m.s-1) 

1500 1530 1430 1550 1050 

 (Np.m-1.MHz-1) 0.025 11.53 9.0 23 4.5 


 

3.5 4.5 10.5 4.5 6.0 


 

2.0 2.0 1.14 1.14 1.14 

tc
(J.K-1.kg-1) 

4180 3300 3700 3600 3700 

tK
(W.m-1.K-1) 

0.5 0.45 0.5 0.42 0.5 
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The temperature rise distribution at the focus is 
obtained by solving the above equation (9) with the 
pursuit method [21]. 

 

Simulation parameters 
The sound field and temperature field of large 

aperture concave spherical focused ultrasonic transducer 
were simulated by using the software of MATLAB 
2018b (MathWorks, Natick, Massachusetts, United 
States). The acoustic and thermal parameters of relevant 
media were given in Table 1.  

  

Results 
Sound field simulation  

Figure 2 showed the simulation result of sound 

intensity under different frequency, duty cycle and inner 

radius, respectively, and the sound intensity had a direct 

effect on focal temperature field. The duty cycle was 

calculated as follow [25]: 

%100cycle(%) 



offon

on

tt

t
duty

                                        (10) 

Where ont
 is the pulse duration (seconds) and offt

 is 

the pulse interval (seconds). The number of pulse 

repetitions ( ont
+ offt

) corresponds to the number of cycles 

within the extraction time. In this work, the extraction time 

depended on the number of pulse repetitions and varied 

with each duty cycle. 
 

 

 
Figure 2. Comparison of sound intensity: (a) different frequency; (b) 
different duty cycle; (c) different inner radius 

 

It can be seen from Figure 2 (a) that the sound intensity 

at the focus of the transducer increased gradually as the 

irradiation frequency of the transducer increased from 0.8 

MHz to 1.2 MHz. Wang et al. studied the change of axial 

sound intensity of five-layer of biological tissue under 

HIFU irradiation, and they found that the sound intensity at 

the focus increased gradually as the frequency increased 

from 1.0 MHz to 1.2 MHz [24]. Since the linear pressure 

gain was directly proportional to the frequency, and the 

linear pressure gain was proportional to the pressure at the 

focus, so the pressure at the focus increased with the 

increase of frequency of the transducer. In Figure 2 (b), as 

the duty cycle of the transducer excitation signal gradually 

increased from 10% to 20%, the sound intensity at the 

focus did not change at all, because the duty cycle was only 

related to the thermal dose and it almost had no effect on 

the sound intensity. It can be found from Figure 2 (c) that 

the sound intensity at the focal point decreased gradually 

with the increase of the inner radius of the transducer from 

0.8 cm to 1.2 cm. This was mainly because the acoustic 

energy on the surface of the transducer decreased with the 

increase of the inner radius, which led to the decrease of 

the sound intensity at the focus. 

 

Temperature field simulation 

Comparison of temperature contour under different 

frequency, duty cycle and inner radius 

Figure 3 showed the simulation results of temperature 

contour under different frequency, duty cycle and inner 

radius, respectively, and it was found that the change of 

these parameters had a significant effect on temperature 

contour. 
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Figure 3. Comparison of temperature contour: a-c different frequency; d-f different duty cycle; g-i different inner radius 

 

In order to analyze the influence of different frequency, 

duty cycle and inner radius parameters on the temperature 

field, Figure 3 showed the simulation results of temperature 

contour corresponding to five-layer of media. Under a 

certain sound pressure of sound source, it can be seen from 

Figure 3 a-c that with the increase of transducer frequency, 

the heat affected zone was gradually reduced, and the 

acoustic energy was more concentrated in the focus zone. 

The reason for this was that the absorption coefficient was 

closely related to the frequency of the sound source. 

Therefore, more acoustic energy was dissipated, leading to 

higher temperature rise. Because of the second harmonic 

generation, this effect was very prominent in the focus area. 

In Figure 3 d-f, with the duty cycle of excitation signal 

gradually increasing from 10% to 20%, the heat affected 

zone was gradually reduced, and the acoustic energy was 

more concentrated in focal region. It can be seen from 

Figure 3 g-i that with the increase of the inner radius of the 

transducer from 0.8 cm to 1.2 cm, the heat affected zone 

gradually increased and the acoustic energy was more 

divergent in focal region. 

 

Comparison of focal temperature rise under different 

frequency, duty cycle and inner radius  

Figure 4 showed the simulation results of focal 

temperature rise at different frequency, duty cycle and 

inner radius, respectively. 
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Figure 4. Comparison of focal temperature rise: (a) different frequency; (b) 

different duty cycle; (c) different inner radius 

 

It can be seen from Figure 4 that the temperature of 

focal region of biological tissue increased first and then 

decreased whether changing the irradiation frequency and 

duty cycle of ultrasound or changing the inner radius of the 

transducer. Figure 4 (a) showed that the focal temperature 

increased with the increase of transducer frequency from 

0.8 MHz to 1.2 MHz. Similarly, Gupta et al. also found 

that in multi-layer biological tissue, with the increase of 

irradiation frequency from 0.8 MHz to 1.2 MHz, the focal 

temperature also increased correspondingly [23]. It can be 

seen from Figure 4 (b) that as the duty cycle of the 

transducer excitation signal gradually increased from 10% 

to 20%, it was found that the temperature rise of the focus 

was also gradually increased. Gajendra et al. also found 

that in five-layer of biological tissue, as the duty cycle of 

ultrasonic signal increased from 60% to 90%, the focal 

temperature also increased gradually [26]. Because the heat 

dose in the media was positively proportional to the duty 

cycle. In Figure 4 (c), the temperature rising at the focus 

decreased gradually with the increase of the inner radius of 

the transducer from 0.8 cm to 1.2 cm.  
 

Discussion 
Numerical simulations have shown that the optimal 

temperature distribution of a large angle concave 
spherical focused ultrasound transducer can be obtained 
by varying the operating parameters of the focused 
ultrasound transducer, such as frequency, duty cycle, 
and internal radius. To obtain optimal treatment, the 
temperature rise in tumor tissue should be high for 
irreversible tissue damage, while the temperature rise in 
healthy tissue should be relatively small to avoid 
unnecessary damage [27-29]. 

By changing the irradiation frequency, the biological 
tissue irradiated by large aperture concave spherical 
focused ultrasonic transducer was studied, and the 
relationship between the focal temperature rise and the 
frequency was analyzed. With the increase of frequency, 
the temperature in the focal region also increased 
gradually. In other words, when other parameters remain 
unchanged, and an increase in frequency enhanced the 
focusing ability of ultrasonic transducer. The effect of 

frequency on temperature rise depended on vQ
, which 

was correlated with the absorption coefficient and sound 
intensity. As the frequency increased, the absorption 
coefficient and sound intensity gradually increased, and 
the focal temperature also increased. The focal 
temperature of biological tissue reached a maximum 
when the contributions of the absorption coefficient and 

sound intensity to vQ
 were balanced. However, when 

the frequency of ultrasonic transducer continues to 

increase, the contribution of sound intensity to vQ
 will 

be better than the sound absorption coefficient, and the 
focal temperature of biological tissue will decrease 
[18,30,31]. This showed that the selection of appropriate 
ultrasonic transducer frequency was very important for 
the therapeutic effect of tumor. The effect of frequency 
on skin surface temperature rise can be ignored. 

The higher the duty cycle, the greater the maximum 
temperature rise at the focal region of biological tissue, 
because higher duty cycles due to longer on time for the 
heat to be transferred to surrounding media, which can 
significantly increase the heat buildup in biological 
tissue through non-continuous energy deposition with 
higher temporal average intensity, and it was conducive 
to the absorption of energy by biological tissue, 
resulting in a significant increase in the temperature of 
focal region [32-34]. In order to obtain the best tumor 
treatment effect, the duty cycle of large aperture 
concave spherical focused ultrasound transducer can be 
adjusted to minimize the thermal damage to adjacent 
healthy tissue. 

When the inner diameter of the focused ultrasound 
transducer increased, the maximum temperature rising 
in the focal region of biological tissue decreased. This 
was mainly because when the inner radius of the 
transducer increased, the surface acoustic energy 
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decreased, which led to the decrease of the sound 
intensity at the focus, so the focal temperature decreased. 

 

Conclusion 
The distribution characteristics of HIFU sound field 

and temperature field corresponding to five-layer media 
irradiated by a large aperture concave spherical focused 
transducer under different frequency, duty cycle and 
inner diameter parameters were simulated. The effects 
of varied frequency, duty cycle and inner diameter 
parameters on temperature rise of five-layer media were 
discussed. The results showed that the maximum 
temperature rise increased with the increase of 
frequency and duty cycle. With the increase of the inner 
diameter of transducer, the maximum temperature rising 
of the tissue decreased gradually. Therefore, in actual 
HIFU treatment, it is very important to select 
appropriate frequency, duty cycle and inner diameter 
parameters, because they have an important impact on 
local temperature rise of tissue. This study can provide a 
theoretical basis for parameter optimization in HIFU 
treatment, and provide a theoretical reference for the 
temperature control of large aperture concave spherical 
focused ultrasound transducer in actual treatment of 
tumor tissue. 
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