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Introduction: Accurate temperature and thermal lesion prediction is very important for high-intensity 
focused ultrasound (HIFU) in the treatment of tumors. The traditional focal temperature and thermal lesion 
prediction methods usually use constant acoustic and thermal parameters. However, HIFU irradiation of 
biological tissue will cause its temperature rise and change the tissue characteristic parameters, which will 
affect the sound field and temperature field. 
Material and Methods: The constant acoustic and thermal parameters, dynamic acoustic and thermal 
parameters, constant acoustic and dynamic thermal parameters, dynamic acoustic and constant thermal 
parameters were used for simulation by Khokhlov-Zabolotskaya-Kuznetsov (KZK) equation and Pennes 
biological heat transfer equation (PBHTE), and their effects and differences on the focal temperature and 
thermal lesion of biological tissue were compared and analyzed.  
Results: The focal temperature predicted by constant acoustic parameters was less than that predicted by 
dynamic acoustic parameters, and the thermal lesion area predicted by constant acoustic parameters was also 
smaller than that predicted by dynamic acoustic parameters. On the premise of using dynamic acoustic 
parameters, the focal temperature predicted by dynamic thermal parameters was higher than that predicted by 
constant thermal parameters. When the acoustic parameters remained constant, the focal temperature 
predicted by dynamic thermal parameters was lower than that predicted by constant thermal parameters, but 
their predicted thermal lesion areas were almost the same. 
Conclusion: The temperature-dependent acoustic and thermal parameters should be considered when 
predicting focal temperature and thermal lesion of biological tissue, so that doctors can use the appropriate 
thermal dose in the surgical treatment of HIFU. 
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Introduction 
In recent years, the incidence rate and mortality of 

tumors have been increasing. High- intensity focused 
ultrasound (HIFU) can achieve non-invasive treatment 
of tumors and significantly improve the rehabilitation 
effect of patients [1,2]. In the process of HIFU 
treatment, the focused ultrasonic transducer uses the 
focusing and penetration of ultrasound to focus the 
low-energy ultrasound in vitro on the area requiring 
treatment in vivo, forming a high-energy target. The 
temperature of this point rises rapidly, changing the 
permeability and fluidity of cell membrane. Higher 
temperature will cause irreversible coagulation 
necrosis of the target tissue, but will not damage the 
normal tissue outside the target, so as to achieve the 
purpose of noninvasive treatment [3,4]. 

The traditional simulation of HIFU thermal 
ablation method sets the acoustic and thermal 
characteristic parameters of biological tissue as 

constant parameters. However, relevant experimental 
studies show that HIFU irradiation of biological tissue 
will not only change its temperature, but also change 
its acoustic and thermal characteristic parameters [5-
8], which will also affect the sound field and 
temperature field in biological tissue. Christopher et al. 
proposed a full three-dimensional model to study the 
effects of dynamic sound velocity and absorption 
coefficient on ultrasonic nonlinear propagation in 
liver tissue under HIFU irradiation, and the role of 
thermal lens in HIFU treatment using large focal 
phased array [9]. Hallaj et al. combined the acoustic 
temperature field and the non-uniformity of the 
temperature field to predict dynamic sound velocity in 
biological tissue, and solved the sound field in liver 
with and without fat layer through the acoustic 
thermal coupling algorithm. It was found that the size 
and location of lesion in liver were affected by the 
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thermoacoustic lens effect [10]. Guntur et al. 
compared the traditional method with the focal 
temperature predicted by thermal parameters 
measured at different temperature, and it was found 
that the traditional method significantly 
overestimated the focal temperature of porcine liver 
irradiated by HIFU [11]. As far as we know, the above 
research only considered the impact of dynamic 
acoustic and thermal parameters or thermal 
parameters at different temperatures on the 
temperature field of biological tissue. However, it is 
still unclear whether it is constant acoustic and 
thermal parameters, or dynamic acoustic and constant 
thermal parameters, or constant acoustic and dynamic 
thermal parameters, or dynamic acoustic and thermal 
parameters that have the most prominent impact on 
the temperature field. Therefore, we study the above 
four different combinations of acoustic and thermal 
parameters, and analyze the differences of 
temperature related acoustic and thermal parameters 
on focal temperature and thermal lesion of liver tissue. 
The research results are expected to provide medical 
personnel with more accurate temperature 
distribution and thermal lesion prediction, and have 
an in-depth understanding of the complex dynamic 
process in the process of HIFU hyperthermia, which 
will help doctors make treatment plans scientifically. 

 

Materials and Methods 
Numerical simulation method 

The axisymmetric Khokhlov-Zabolotskaya-
Kuznetsov (KZK) equation contains three terms, namely 
nonlinearity, diffraction, and absorption effect, which 
can be expressed as [12,13]: 
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 Where 
p

is the sound pressure, c is the sound velocity, 

 is the acoustic conductivity of the medium, 


is the 

nonlinear coefficient of the medium, AB 2/1 ，

  is the density and 
2  is the transverse Laplace 

operator [12]. In the frequency domain, the sound 
pressure can be expressed as [14,15]: 
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 Represents the n -order harmonic sound 

pressure, which is expressed as follow: 
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Among them, in which 
j

 is the imaginary unit, the 
sound intensity at the focus of transducer can be 
expressed by each harmonic sound pressure as [16]: 
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The heating rate can be expressed as below [11,17]: 
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Where   is the sound absorption coefficient. The 
focal temperature and thermal lesion are simulated by 
Pennes biological heat transfer equation (PBHTE), 
which can be expressed as [18,19]: 
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Where tC
 is the specific heat capacity, tk

 is the 

thermal conductivity of medium, and T  is the 
temperature of medium. Equation (6) does not consider 

the heat loss caused by blood flow, and vQ
 is the heat 

accumulation caused by sound field [20,21]. 
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The PBHTE equation is solved by finite difference 

time domain method (FDTD) [21]. 
The lesion area can be judged by the state of 

denaturation and ablation, which is related to the 

equivalent thermal dose 43TD
. The heat dose used to 

characterize the thermal lesion results is equivalent to 
the equivalent heating time at 43 ℃. In formula (8), R is 
a constant. When T≥ 43 ℃, R = 0.5, and when T < 
43 ℃, R = 0.25. The threshold of visible thermal lesion 
formation of biological medium is usually used at 43 ℃ 
for 240 minutes [22,23]: 

 dRTD
t

t

T




0

)(43

℃43
                                                （8） 

Numerical simulation model and characteristic 

parameters 

Numerical simulation model 
A two-dimensional axisymmetric geometric model 

of porcine liver irradiated by HIFU transducer, as shown 
in Figure 1. The HIFU source is concave spherical 

ultrasonic transducer with frequency 
f

=1.0 MHz, the 

geometric focal length is F =7.5 cm and the half 
aperture is a=2.2 cm. The length of porcine liver is L=3 
cm, and the width is W=1.5 cm. The surface sound 
pressure of transducer is adjustable, and the excitation 
signal of HIFU is pulse signal with a duty cycle of 15%.  
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Figure 1. Geometric model of porcine liver irradiated by HIFU 
transducer 

 
The transmission distance of ultrasonic wave in 

water is 5cm.The order of nonlinear harmonics used for 
simulation calculation is 128, and MATLAB 
R2011(MathWorks, Natick, Massachusetts, United 
States) software is used to simulate focal temperature 
and thermal lesion. 
 

 

 

 
 

Temperature-dependent acoustic and thermal 

characteristic parameters 
Numerous academics have carried out experimental 

investigations on how temperature affects the acoustic 
and thermal properties of porcine liver tissue. In vitro 
measurements of the acoustic and thermal properties of 
porcine liver tissue were made by Choi et al. [8, 24]. 
They collected information on the absorption coefficient, 
sound velocity, B/A, density, specific heat capacity, and 
thermal conductivity, where B/A is the Taylor series 
expansion's ratio of the second-order (B) coefficients to 
the first-order (A) coefficients [25]. The impact of blood 
perfusion rate was disregarded due to the short HIFU 
treatment duration, and the study's focus on the local 
temperature level thermal lesion of porcine liver 
subjected to HIFU in vitro. Due to the little modification 
of nonlinear B/A parameters above 75 ℃ with 
temperature rise, the features of nonlinear B/A above 
75 ℃ are still represented by the corresponding 
nonlinear B/A at 75 ℃ in order to facilitate issue 
analysis [24-26]. By utilizing polynomials to fit known 
experimental data on the acoustic and thermal properties 
of porcine liver tissue, the following mathematical 
formulas for temperature-related acoustic and thermal 
parameters were created [7,8]. 
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Figure 2. Temperature-dependent acoustic and thermal parameters of 
porcine liver tissue  (a) Absorption coefficient; (b)B/A; (c) Density;  
(d) Sound velocity; (e) Specific heat capacity; (f) Thermal 
conductivity 

 
The polynomial corresponding graph of the above 

fitting is shown in Figure 2.The corresponding constant 
acoustic and thermal parameters of porcine liver and 

water at 30 ℃ are shown in Table 1. 

 
Table 1. Constant acoustic and thermal parameters of porcine liver and 
water at 30 ℃ [17, 18, 24] 
  

Material properties Units Symbol Porcine 
liver 

Water 

Density kg/m3 ρ 1036 1000 

Sound velocity m/s c 1590 1500 

Absorption coefficient dB/m α 70.57 0.217 

B/A / B/A 6.6 5.0 

Specific heat capacity J/kg/K C 3604 4180 

Thermal conductivity W/m/K K 0.53 0.60 

 

The irradiated area of porcine liver tissue is 
discretized by FDTD method, and the sound field and 
temperature field in the focal region are simulated and 
calculated in combination with KZK equation and 
PBHTE equation. 
 

Results 
Sound field simulation results 

In HIFU sound field, the sound pressure on the 

transducer surface was 0.27 MPa. The effects of 

temperature-dependent acoustic and thermal parameters of 

porcine liver on nonlinear positive pressure, negative 

pressure, sound intensity, and heating rate were studied. 

 (a1) ~(b1) with constant acoustic and thermal 

parameters; (a2) ~(b2) with dynamic acoustic and thermal 

parameters; (a3) ~(b3) with dynamic acoustic parameters 

and constant thermal parameters; (a4) ~(b4) with constant 

acoustic parameters and dynamic thermal parameters 

In a cycle, a single sinusoidal (or cosine) pulse 

ultrasonic wave has a positive and negative maximum 

sound pressure (i.e. peak and trough), and the in-phase 

focused ultrasonic transducer experience positive and 

negative peak sound pressure in the focus area. Due to the 

nonlinear propagation and focusing of ultrasound, peak 

positive pressure and peak negative pressure will appear in 

the medium [27-29], which can be calculated by equation 

(2). The nonlinear positive and negative pressure 

waveforms in porcine liver tissue were simulated and 

calculated by equation (2), as shown in Figure 3. The 

maximum peak positive pressure at the focus shown in 

Figure 4 (a1) ~(a4) were 3.82 MPa, 7.01 MPa, 4.21 MPa 

and 3.82 MPa, respectively. The minimum peak negative 

pressure at the focus shown in Figure 4 (b1) ~(b4) were -

2.65 MPa, -2.58 MPa, -2.60 MPa and -2.65 MPa, 

respectively. 
 

 

 
Figure 3. Simulation results of nonlinear positive pressure and negative pressure at t = 3.7 s 
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Figure 4. Simulation results of nonlinear sound intensity and heating rate at t = 3.7 s 

 
 

Figure 5. Effect of different temperature-dependent acoustic and thermal parameters on focal temperature of porcine liver 

 

 
 

Figure 6. Comparison of effects of different temperature-dependent acoustic and thermal parameters on thermal lesion of porcine liver at t = 3.7s 
 
 

(a1) ~(b1) with constant acoustic and thermal 

parameters; (a2) ~(b2) with dynamic acoustic and thermal 

parameters; (a3) ~(b3) with dynamic acoustic parameters 

and constant thermal parameters; (a4) ~(b4) with constant 

acoustic parameters and dynamic thermal parameters 

Figure 4 showed the above two-dimensional spatial 

distribution of sound intensity and heating rate simulated 

by equation (4) and equation (5), respectively. The 

maximum sound intensity at the focus shown in Figure 4 

(a1) ~(a4) were 292.2 W/cm2, 303.0 W/cm2, 306.9 W/cm2 

and 292.2 W/cm2, respectively. The maximum heating rate 

at the focus shown in Figure 4 (b1) ~(b4) were 43.43 

W/cm3, 51.26 W/cm3, 49.27 W/cm3 and 43.43 W/cm3, 

respectively. 
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Temperature field simulation results 

Dynamic acoustic and thermal parameters, dynamic 

acoustic and constant thermal parameters, constant acoustic 

and dynamic thermal parameters were used to simulate the 

changes of focal temperature and thermal lesion of porcine 

liver tissue irradiated by HIFU. The corresponding 

dynamic acoustic and thermal parameters were updated 

every 0.1 s. 

Figure 5 showed the focal temperature change 

simulation using constant acoustic and thermal parameters, 

dynamic acoustic and thermal parameters, constant 

acoustic and dynamic thermal parameters, dynamic 

acoustic and constant thermal parameters, respectively. 

Before HIFU irradiation for 2.4 s, using the above four 

different combinations of acoustic and thermal parameters 

for simulation, the focal temperature rise rate is almost the 

same. 

After HIFU irradiation for 2.4 s, the focal temperature 

rising rate simulated by dynamic acoustic and thermal 

parameters was the fastest, followed by the temperature 

rising rate simulated by dynamic acoustic and constant 

thermal parameters and constant acoustic and thermal 

parameters, respectively, while the focal temperature rising 

rate simulated by constant acoustic and dynamic thermal 

parameters was the slowest. 

When the irradiation time was 3.7 s, the focal 

temperature of simulation using constant acoustic and 

thermal parameters, dynamic acoustic and thermal 

parameters, constant acoustic and dynamic thermal 

parameters, dynamic acoustic and constant thermal 

parameters were 59.99 ℃, 59.17 ℃, 56.43 ℃ and 

55.45 ℃, respectively.  

In Figure 6, dynamic acoustic and thermal parameters, 

dynamic acoustic and constant thermal parameters, 

constant acoustic and thermal parameters, constant acoustic 

and dynamic thermal parameters were used for thermal 

lesion simulation. The elliptical thermal lesion areas were 

2.09 × 0.20 cm2, 1.98 × 0.18 cm2, 1.80 × 0.15 cm2 and 1.80 

× 0.14 cm2, respectively. These phenomena showed that 

the thermal lesion area predicted by constant acoustic 

parameters was smaller than that predicted by dynamic 

acoustic parameters. However, when the acoustic 

parameters remain constant, the difference between the 

thermal lesion area predicted by constant thermal 

parameters and dynamic thermal parameters was very 

small. 
 

Discussion 
Generally speaking, compared with the focal 

temperature or thermal lesion predicted by dynamic 
acoustic parameters, the focal temperature or thermal 
lesion area predicted by constant acoustic parameters 
was smaller. Therefore, dynamic acoustic parameters 
had the most important influence on the focal 
temperature and thermal lesion area, and the influence 
was more obvious with the increase of HIFU irradiation 
time. Compared with other parameters, the absorption 
coefficient in the acoustic parameters had the greatest 
impact on the thermal lesion [30], because according to 

the calculation of equation (7), the larger the absorption 

coefficient, the larger the vQ
 value, the higher the focal 

temperature, and thus the larger the thermal lesion area. 
Meanwhile, although the dynamic acoustic parameters 
had the greatest influence on the focal temperature and 
thermal lesion area, the influence of other dynamic 
thermal parameters on HIFU heating could not be 
ignored.  

Soon after HIFU irradiation, the predicted focal 
temperature of both constant and dynamic acoustic 
parameters was almost the same. This may be due to the 
small change of sound absorption coefficient of liver 
tissue in the early stage of HIFU irradiation [30]. It can 
be seen from Figure 2 (a) that the sound absorption 
coefficient of liver tissue changed slightly from 30 ℃ to 
50 ℃, but after 50 ℃, the sound absorption coefficient 
of liver tissue gradually increased. After HIFU 
irradiation for a period of time, it was worth mentioning 
that under the condition that the acoustic parameters 
remained constant, the rising rate of focal temperature 
predicted using dynamic thermal parameters was slower 
than that predicted using constant thermal parameters, 
which indicated that due to the local changes of liver 
tissue characteristic parameters near the acoustic focus, 
the dynamic thermal parameters had little effect on the 
temperature during HIFU heating. It can be seen from 
Figure 2 (e) and (f) that when the temperature of liver 
tissue exceeded 50 ℃, its specific heat capacity and 
thermal conductivity gradually increased. This 
phenomenon can be explained by the physical meaning 
of specific heat capacity, which was defined as the heat 
required to increase the temperature of unit mass tissue 
by 1 ℃ [31]. For the same amount of heat and mass, the 
greater the specific heat capacity, the smaller the 
temperature rise. In addition, due to thermal diffusion, 
the greater the thermal conductivity, the more heat 
energy was lost [32,33]. Therefore, the greater the 
thermal conductivity, the slower the focal temperature 
rising, which was similar to Guntur's research results 
[11]. In the clinical treatment of HIFU, due to the 
influence of dynamic acoustic and thermal parameters 
and thermal diffusion, there may be closed areas 
connected by multiple lesion area, which were also 
affected by ultrasonic intensity, moving distance of 
ultrasonic transducer and heating time [34], but too large 
lesion area would lead to over treatment and lesion to 
surrounding normal tissue. However, the dynamic 
thermal parameters and constant thermal parameters 
predict the thermal lesion area almost the same. It was 
mainly because the size of the thermal lesion area 
depended on the thermal dose at 43 ℃ for more than 
240 minutes, which was the commonly accepted 
threshold value for cell death to occur [35,36], rather 
than the focal temperature. 

Among various combinations of acoustic and 
thermal parameters, dynamic acoustic and thermal 
parameters had the greatest influence on temperature 
and thermal lesion area, which was similar to the 
research results of Tan and Zou [30,34], but they did not 
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study the effects of dynamic acoustic and constant 
thermal parameters, constant acoustic and dynamic 
thermal parameters on focal temperature and thermal 
lesion. Hallaj et al. studied the thermo-acoustic lens 
effect and used dynamic acoustic parameters to simulate 
the thermal lesion of liver tissue irradiated by HIFU, but 
they did not consider the influence of dynamic thermal 
parameters on thermal lesion [10]. Dong et al. studied 
the effects of acoustic and thermal characteristic 
parameters of liver tissue at different temperature on 
thermal lesions, but this study only focused on the 
acoustic and thermal characteristic parameters at 
specific temperature, rather than dynamic acoustic and 
thermal characteristic parameters [37]. Understanding 
the influence of the combination of various acoustic and 
thermal parameters on the temperature and thermal 
lesion area was conducive to our deep understanding of 
the treatment principle of HIFU. The results showed that 
compared with the focal temperature and thermal lesion 
area predicted by constant acoustic and thermal 
parameters, the focal temperature and thermal lesion 
area predicted by dynamic acoustic and thermal 
parameters increased, which meant that compared with 
the simulation using all dynamic tissue characteristic 
parameters, the traditional simulation method using 
constant acoustic and thermal parameters 
underestimated the focal temperature and thermal lesion 
area. 

 

Conclusion 
In this paper, the effects of temperature-dependent 

acoustic and thermal parameters of porcine liver tissue 
on focal temperature and thermal lesion were studied 
through simulation. The differences of focal temperature 
and thermal lesion obtained by simulation with constant 
acoustic and thermal parameters, dynamic acoustic and 
thermal parameters, constant acoustic and dynamic 
thermal parameters, dynamic acoustic and constant 
thermal parameters are compared respectively. 
Therefore, when doctors use HIFU equipment to treat 
tumor tissue, it is necessary to consider the actual 
impact of temperature-dependent acoustic and thermal 
parameters on the focal temperature and thermal lesion 
area, and formulate a more accurate clinical treatment 
plan, so as to avoid accidental lesion to the normal tissue 
around tumor tissue. Two areas of future study will be 
the main focus: First, setting up experimental 
circumstances and carrying out experimental research to 
validate simulation findings. Second, the same tests and 
simulations will be performed in the future if 
experimental data on the acoustic and thermal 
characteristic parameters of other organs at various 
temperatures are available. 
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