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ABSTRACT: The irradiation pattern of high-intensity focused ultrasound (HIFU) has a 

significant impact on the therapeutic effect of tumor tissue. In this paper, based on the 

spheroidal beam equation (SBE) nonlinear acoustics equation and the Pennes bio-heat 

transfer equation, a thermal lesion prediction model of acoustic-thermal coupling is 

constructed. The effects of different irradiation patterns, such as HIFU irradiation power and 

pulse number combination, fractionated heating and sustained heating, and changes in the 

half-opening angle of a concave spherical ultrasonic transducer on thermal lesion in porcine 

liver tissue were studied. The research results indicated that the difference in thermal lesion 

area between the “low power × long pulse” and “high power × short pulse” irradiation pattern 

was relatively small, and their length and width were almost the same. The area of thermal 

lesion produced by sustained irradiation of porcine liver tissue by HIFU was significantly 

larger than the area of thermal lesion produced by fractionated heating. The larger the 

half-opening angle of the transducer, the larger the thermal lesion area generated by 

irradiating porcine liver tissue. By selecting appropriate irradiation patterns during HIFU 

treatment, the optimal thermal lesion area can be obtained in biological tissue. 
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1. Introduction 

High-intensity focused ultrasound (HIFU) is a promising technology for treating tumors 

[1-3]. It has the advantages of being non-invasive, less likely to cause cancer cell metastasis, 

less patient pain, and fast recovery after treatment. It is superior to surgical surgery in many 

aspects and has great potential clinical application value and application prospects. 

In HIFU surgery, clinicians generally choose the commonly used treatment patterns 

based on their experience, and large-dose treatment pattern will damage the normal tissue in 

the acoustic channel, such as skin normal tissue scald or nerve injury and other complications, 

which will bring pain to the patients. However, smaller-dose treatment pattern will cause 

incomplete lethality of the tumor tissue, which will increase the likelihood of postoperative 

recurrence [4-6]. Therefore, how to choose the appropriate treatment pattern, which can kill 

the tumor tissue without damaging the surrounding healthy tissue, is the key to clinical 

treatment. 

In order to effectively increase the treatment area of HIFU, Fan et al. [7] studied the 

effect of multiple ultrasound treatments on near-field heating in 1996 by changing the delay 

time between sustained pulses and the motion mode of the transducer in the focal plane. 

Research has found that in order to avoid normal tissue lesion, it is necessary to have 
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sufficient delay time between sustained pulses, which is related to sound power and pulse 

duration. In 2000, Salomir et al. [8] used magnetic resonance imaging (MRI) to guide the 

HIFU transducer to move along a double helix curve trajectory, and obtained a uniform 

temperature rise of a certain volume in simulated tissue models, in vitro fresh meat tissue, and 

in vivo rabbit thighs. In 2009, Kolher et al. [9] utilized a multi element phased transducer to 

electronically control the ultrasonic beam to generate multiple focal points and move outward 

along a concentric circle, resulting in a uniformly distributed large-scale thermal lesion to the 

muscles of the porcine leg. In 2012, Zhou [10] conducted HIFU experiments using simulated 

tissue models and isolated bovine liver tissue, aiming to shorten treatment time by optimizing 

the focused ultrasound irradiation path and irradiation time interval. In 2013, Partanen et al. 

[11] obtained the preset temperature distribution in the target area of tissue mimicking 

phantom, rabbit thigh muscle and other tissue by using an MRI-guided ultrasound treatment 

system in combination with multi-focus irradiation and hyperthermia. Vincenot et al. [12] 

divided the 256-element transducer into eight parts and focused them to form eight focal 

points to form a ring. By electronically controlling the ultrasound beam, the radius of the ring 

and the distance from the transducer can be changed. Through this method, a larger volume 

of lesion area can be obtained in liver tissue. In 2019, Wang et al. [13] compared the efficacy 

of pulsed HIFU and sustained HIFU ablation under the same ultrasound irradiation dose and 

found that pulse irradiation resulted in larger liquefied necrotic areas. At the same dose, 

compared to sustained HIFU, single pulse HIFU treatment can produce liquefaction necrosis 

and improve ablation efficiency at a higher duty cycle. In 2020, Andreeva et al. [14] 

investigated the effect of a series of focused ultrasound pulses generated by a multi-element 

array on the heating of biological tissue, analyzed the effects brought about by different focal 

point positions, the number of pulse sequences, and the inter-pulse time delay, and found that 

the parameters of the pulse string and the perfusion process have a significant impact on the 

size of the area of thermal lesion within the tissue. In 2021, Singh et al. [15] investigated the 

effects of different duty cycles and ultrasound powers on the thermal response and the 

corresponding thermal dose distribution during HIFU treatment and found that as the pulse 

width decreases, the peak temperature and rate of warming decrease accordingly. Pulsed 

ultrasound was able to increase the volume of necrotic injury within the same ultrasound time. 

In 2023, Zhu et al. [16] investigated the comparison of the different HIFU pulse repetition 

frequencies, duty cycles, and frequency differences in the area of in vitro lesion, and the 

results showed that different pulse parameters lead to different types of lesion. Zhao et al. [17] 

investigated the relationship between acoustic focal zones and biofocal zones for different 

combinations of power and time, and found that in low-power cumulative HIFU treatments, 

when the length of the biofocal zone and the length of the acoustic focal zone were roughly 

equal, the shape of lesion in the biofocal zone induced by high power with short irradiation 

was closer to the acoustic focal zone than that in the biofocal zone induced by low power 

with prolonged irradiation. In 2024, Huang et al. [18] designed a dual-frequency HIFU 

transducer operating at 4.5 MHz and 13.7 MHz for body-mode and ex vivo tissue testing, and 

compared the difference in the area of thermal lesion induced by single-frequency ultrasound 

and dual-frequency ultrasound and found that the use of dual-frequency ultrasound led to a 

larger area of lesion as compared with frequency ultrasound.  
In this paper, the acoustic-thermal coupling model [19] constructed by nonlinear 
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spheroidal beam equation (SBE) model and Pennes bioheat conduction equation was used to 

simulate the thermal lesion generated by HIFU irradiation of biological tissue. The effects of 

three different irradiation patterns, namely, HIFU power and pulse combination, fractionated 

and sustained heating, and transducer half-opening angle variation, on the thermal lesion of 

biological tissue were investigated separately, and the relationships between various irradiation 

patterns and the change in thermal lesion area were investigated. The results of this study are 

expected to provide theoretical references for the development of safe and effective HIFU 

preoperative treatment programs. 

2. Materials and Methods 

2.1 SBE nonlinear sound propagation model  
The SBE model is used to calculate the nonlinear sound field distribution of large angle 

transducers , and it is used to explain the nonlinear ultrasound propagation in the oblate 

spheroidal coordinate with +−  , 10  ,  20  .The transformation 

relationship between ellipsoidal coordinates ),,(   and rectangular coordinate system 

),,( zyx  is  cos)1)(1[( 22 −+= bx ，  sin)1)(1[( 22 −+= by ， bz = ,where the 

interfocal length is 2b [20,21]. The sound field is divided into two parts: the spherical wave 

approximation region near the surface of the transducer and the plane wave approximation 

region near the focal point. For the approximate region of spherical waves [21]: 
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The approximate region of plane waves can be expressed as [21]: 
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Due to the axial symmetry of the spherical shell coordinate system, the variable   is 

omitted from the equation. The angle variable   is associated with   as 

 cos= , ]/)2sin([ 0

2 cbts  ++= ， ]/cos[ 0cbtp  −= . kb2/1= ,and E  is the  

function of   and   as )1/()2cos(),( 22  ++=E .For a planar wave, 

 0

3

00 / pclD =  is the shock creation distance, 
3

0

2 2/ c =  is the sound attenuation 

coefficient,   is the sound diffusivity, and   is the angular frequency. Normalized sound 

pressure is denoted by 0/ ppP = , and 0p  stands for the sound pressure amplitude on the 

source surface, 0c  for the sound speed, 0  for the medium density,   for the nonlinear 

coefficient of the medium, and k  for the wave number. 
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Equations (1) and (2) are solved using a time-frequency domain combination method 

[22]. By using operator separation, equations (1) and (2) can be simplified as [22]: 
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The coefficients ),( G ， ),( H ， ),( R ， ),( S , and ),( N  can be derived 

from equations (1) and (2). Equation (3) is computed in the frequency domain, utilizing the 

axial distance   as the boundary condition [22], and equation (4) is resolved using the NT  

scheme finite-difference method in the time domain [22]. The mean of ),( P  within each 

step in the time   direction can be written as [22]: 
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If 
m

jP  represents ),(  djdmP  , 
1+m

jP  can be represented by a NT  type 

difference as [22]: 
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Where 2),()( PNPf −=  is a nonlinear term. The sound intensity at the focal point is 

defined as follow [23,24]:              
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iP  represents the i th order harmonic pressure amplitude and N  is the number of 

harmonic orders. Sound intensity is positively correlated with temperature increase and 

thermal lesion [25]. The SBE equation was used in the simulation to calculate the sound field 

of the HIFU, in which the generation of sound intensity plays a decisive role in the formation 

of the temperature field, leading to irreversible coagulative necrosis of the diseased tissue 

[26,27]. 

2.2 Pennes biothermal conduction model 
The thermal effect of HIFU increases the local temperature of the target area, and the Pennes 

equation is used to calculate the temperature field distribution at the focal region in biological 

tissue, and for simplicity of calculation, the blood perfusion rate was neglected here. [24, 28]. 
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t

T
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
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0                          （8） 

Where T  is the temperature, C  and k  represent the heat capacity and thermal 

conductivity of the tissue. Generally there is a thermal relaxation effect on biological tissue, 

which can have an effect on the heating of biological tissue. The Pennes equation assumes 

that biological tissue is homogenous and isotropic [29], which is based on the Fourier heat 

conduction model, and it does not take into account the thermal relaxation time. However, the 

non-Fourier heat conduction model considering thermal relaxation time, and the thermal 

relaxation time in biological tissue is approximately 10-8~10-12 seconds for homogeneous 

medium [30]. It can be seen that when the relaxation time of biological tissue is small, the 

two models are relatively close. In this paper, the commonly used Pennes equation based on 
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the Fourier model is used to simplify the calculation. It has been shown that the Pennes 

equation is suitable for examining temperature distributions, especially those that are at 

steady state in biological tissue [31-33].Q  is the thermal deposition source related to the 

sound field, calculated as follows [24]: 

                                 IQ 2=                                （9）     

Where   is the attenuation coefficient corresponding to the frequency f , and I  is 

the sound intensity.     

2.3 Equivalent heat dose 

The equivalent heat dose calculation formula is as follows [34]: 
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In formula (10), tT  is the temperature at time t ,R  is a constant,R =0.5 (T >43 ℃), 

R=0.25 (T <43 ℃). This paper defines the lesion area, where the equivalent heat dose is 

greater than 240 minutes as the coagulation necrosis area of biological tissue.  
2.4 Simulation model and parameters 

A two-dimensional axisymmetric geometric model of a HIFU transducer irradiating liver 

tissue was developed, as shown in Figure 1. The inner radius of the HIFU transducer b = 2 cm, 

the outer radius a = 3.2 cm, the irradiation frequency f = 1 MHz, the geometric focal length 

F  of the transducer, the irradiation power Ρ , pulse number n  of the ultrasonic signal, the 

half-opening angle   of the transducer, the ultrasound transmission distance wz  in water and 

the thickness lz  of the liver were all adjustable parameters. r  and z  represented the radial 

and axial directions of the HIFU transducer, respectively. The transducer and porcine liver 

were completely submerged in water. Because of its acoustic impedance similar to that of 

human tissue, water, as the acoustic wave propagation medium for HIFU therapy, can 

effectively reduce the reflection loss of acoustic waves at the tissue interface and enhance the 

penetration of acoustic waves. In addition, the speed of sound characteristic of water was 

favorable to the focusing of acoustic waves, which enhanced the focusing efficiency of the 

HIFU transducer. As a biocompatible and non-invasive medium, water also had a cooling 

function, which helped to protect the transducer and surrounding tissue from overheating 

damage [35,36]. 
 

Figure 1. Geometric model of HIFU irradiated porcine liver  
Simulation and calculation of thermal lesion were carried out using MATLAB R2018b 

software (MathWorks, Natick, Massachusetts, United States). The acoustic and thermal 

parameters of the media are given in Table 1. 

 Table 1.  Acoustic and thermal parameters of media at 30 ℃ [19,37-39] 

 

3 Simulation results 

Thermal lesion is an irreversible coagulative necrosis caused by HIFU irradiation, and 

the equivalent heat dose approach was developed for numerical simulation. Numerous 

investigations have proven the method's application in various tissue, as well as its reliability 

in therapeutic tumor treatment [40,41]. 

3.1 Effect of power and pulse number on thermal lesion 

The initial temperature of the porcine liver and the water was 30 ℃, and the propagation 

distance of the ultrasonic waves in the water was wz = 5 cm, and the geometric focal length 
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was F =6 cm. The ultrasonic pulse duty cycle was 50% and a single pulse duration was 0.2 

seconds. Figure 2 shows the comparison of thermal lesion area under different irradiation 

power and pulse number combinations. The number of HIFU pulses was usually proportional 

to the irradiation time for a given pulse duration [42,43]. 

Figure 2. Comparison of porcine liver lesion under different irradiation powers and pulse numbers 

Figure 2 shows the lesion map of porcine liver tissue after HIFU irradiation with different 

power and pulse number combinations. From Figure 2, it can be seen that different 

combinations of HIFU irradiation power and pulse numbers have certain differences in the size 

of the lesion area caused by porcine liver tissue. Under the same irradiation power conditions, 

as the number of ultrasound pulses gradually increased from 100 to 400 (Figure 2 (a) ⁓ (d)), the 

thermal lesion area of porcine liver tissue also gradually increased. Under the same pulse 

number conditions, as the irradiation power gradually increased from 40 W to 70 W (Figure 2 

(e) ⁓ (h)), the thermal lesion area of porcine liver tissue also gradually increased. To further 

investigate the difference in lesion area caused by different combinations of irradiation power 

and pulse number on porcine liver tissue, Photoshop software was used to statistically analyze 

the length and width of the thermal lesion area [44] of porcine liver tissue under the 

aforementioned conditions of different irradiation power and pulse number combinations. The 

results are shown in Figure 3. 
 

Figure 3. Comparison of length and width of porcine liver lesion area under different irradiation powers 

and pulse numbers 
From Figure 3, it can be seen that both the pulse number and irradiation power gradually 

increased, and the length and width of the corresponding thermal lesion area of the irradiated 

porcine liver tissue also gradually increased. The length and width of the thermal lesion area 

irradiated by HIFU under the combination of 30 W × 400 pulse were 1.466 cm and 0.485 cm, 

respectively, while the length and width of the thermal lesion area irradiated by HIFU under the 

combination of 70 W × 100 pulse were 1.532 cm and 0.455 cm, respectively. It was clear that 

the length of the lesion produced by the 70 W × 100 pulse irradiation pattern was greater than 

the length of the lesion produced by the 30 W × 400 pulse, whereas the width of the lesion 

produced by the 70 W × 100 pulse irradiation pattern was less than the width of the lesion 

produced by the 30 W × 400 pulse. This is due to the fact that high-power short-duration HIFU 

irradiation can deposit more energy in a shorter period of time, resulting in a faster rise in tissue 

temperature and thus longer lesion in the axial direction (the direction of acoustic wave 

propagation). The width of the lesion in the radial direction (i.e., the transverse direction of the 

focusing region) may be shorter as a result of irradiation for short periods of time with high 

power, relative to the axial direction. This may be due to the fact that in the radial direction, the 

focusing region of the acoustic wave was narrower and the energy distribution was relatively 

concentrated, whereas the high-power short-duration irradiation strategy reduced the diffusion 

of the energy in the radial direction, which resulted in a relatively shorter lesion region in the 

radial direction [42]. It can be seen that for the HIFU irradiation pattern under two different 

combinations of “low power × long pulse” and “high power × short pulse”, the length and 

width of the corresponding thermal lesion area of porcine liver tissue were almost the same. 

The other “high power × short pulse” and “low power × long pulse” combined irradiation 

modes produced thermal lesion of almost the same length, and similar conclusion was made for 

the width. 

3.2 Impact of fractionated and sustained heating on thermal lesion 

To compare the differences in the thermal lesion effects of HIFU fractionated heating and 

sustained heating irradiation patterns on biological tissue, a thermal lesion simulation study 

was conducted on porcine liver tissue. HIFU irradiation power P=40 W, ultrasonic 
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transmission distance in water wz =5 cm, and geometric focal length of the transducer F =6 

cm. For the fractionated heating method, first, the porcine liver tissue was irradiated at 30°C for 

2 seconds, and the acoustic and thermal parameters corresponding to the temperature of the 

porcine liver at 30°C were used to predict the focal temperature, followed by a pause of 0.5 

seconds. Subsequently, based on this, the porcine liver tissue was continued to be irradiated 

using the HIFU for 2 seconds, and the acoustic and thermal parameters corresponding to the 

temperature of the porcine liver tissue at the end of the previous 2 seconds of irradiation were 

used to simulate and calculate the area of the thermal lesion. To compare with the fractionated 

method, porcine liver tissue was sustainedly irradiated by HIFU at 30 ℃ for 4 seconds, and the 

dynamic acoustic and thermal parameters of the porcine liver were used to predict the thermal 

lesion area [19]. Through simulation, it can be seen that the temperature after the first heating 

of fractionated heating is 56.7 ℃, the temperature after the second heating reaches 83.4 ℃. 

However, the final temperature after one-time heating reaches 89.2 ℃, as shown in Figure 4. 

 

Figure 4. Prediction of focal temperature for fractionated heating and sustained heating 

The predicted lesion area for fractionated heating and sustained heating is shown in Figure 

5. 

Figure 5. Prediction of lesion area by fractionated heating and sustained heating 

In Figure 5, the lesion area of porcine liver was predicted by heating the liver from 30 ℃ 

for 2 seconds and then from 56.7 ℃ for 2 seconds. Compared with the predicted lesion area of 

porcine liver directly heated from 30 ℃ for 4 seconds, the predicted lesion area of fractionated 

heating was significantly smaller than the predicted lesion area of sustained heating. The 

sustained HIFU heating allowed heat to accumulate in the liver tissue due to the lack of cooling 

intervals, resulting in a continuously expanding area of thermal lesion. Fractionated heating, on 

the other hand, allowed the liver tissue to dissipate heat between heating cycles, limiting the 

accumulation and propagation of heat and therefore producing a relatively small area of 

thermal lesion [45]. 

3.3 Impact of changes in half-opening angle on thermal lesion 

The half-opening angle of HIFU transducers had a significant impact on the focal temperature 

of biological tissue [46]. There were two ways to change the half-opening angle of spherical 

focusing transducer, one was to change the transducer aperture while keeping the geometric 

focal length constant. The other method was to keep the aperture constant while changing the 

geometrical focal length of the transducer (as shown in the geometrical model of 

HIFU-irradiated porcine liver in Figure 1). Therefore, the second method was used in this paper 

to change the half-opening angle of the transducer. For the second method, simulation research 

was conducted by changing the geometric focal length F  of the transducer to 12 cm, 13 cm, 

and 14 cm, respectively. The transmission distance of ultrasound in water wz =10 cm, and the 

corresponding half-opening angles of the focused transducer were 1 =15.5 °, 2 =14.3 °, and 

3 =13.2 °, respectively. The irradiation power of the HIFU was P =60W and the irradiation 

time was 5 seconds. The temperature at the focal point was simulated for the three different 

half-opening angles mentioned above, and the focal temperatures were 60.6°C, 68.2°C and 

76.7°C, respectively, as shown in Figure 6. 

Figure 6. Predicted focal temperature under three different half-opening angle 

From Figure 6, it can be seen that as the geometric focal length of the transducer increased, 

i.e., the half-opening angle of the transducer decreased, the maximum temperature obtained by 

the focal point increased. In the focusing acoustic field of the spherical focusing transducer, the 

geometric focal length of the transducer increased while the aperture diameter remained 
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unchanged, the effective radiation area was basically unchanged, i.e., the sound energy was 

basically unchanged, and at this time, due to the focal point being farther away from the surface 

of the transducer, the area of the focusing region was smaller, i.e., the acoustic energy per unit 

area of the focusing area increased, and the temperature rise obtained by the liver layer was 

increased. 

Figure 7. Predicted thermal lesion area under three different half-opening angle 

From Figure 7, it can be seen that as the half-opening angle of the ultrasonic transducer 

increased, the effective radiation area of the transducer, i.e., the sound energy, decreased, 

resulting in a gradual decrease in its thermal lesion area. That was, when the half-opening angle 

of the ultrasonic transducer was 
1 =15.5 °, 

2 =14.3 °, and 3 =13.2 °, respectively, the 

corresponding thermal lesion area produced was about 0.18 cm2, 0.39 cm2 and 0.52 cm2 , 

respectively. An increase in the half-opening angle of the transducer (with the transducer 

aperture held constant) led to an increase in the focusing of the ultrasonic beam and a decrease 

in the degree of diffusion during propagation, which concentrated the acoustic energy in a 

smaller area, resulting in a decrease in the size of the thermal lesion area. Due to the diffraction 

effect of ultrasound, the actual focal point position was closer to the geometric focal point, and 

the larger the geometric focal length, the more obvious this situation became-that is, the 

thermal lesion position was closer to the transducer side. 

4 Discussion 

A theoretical study was conducted on the shape of thermal lesion in porcine liver tissue 

under different irradiation power and pulse number combinations. Due to the variation of the 

thermal lesion area with different irradiation power and pulse number combinations, different 

power and pulse array combinations were used to explore the relationship between the thermal 

lesion area and the combination of irradiation power and pulse number in low-power 

cumulative HIFU treatment. In the process of focused ultrasound heating biological tissue, 

thermal lesion was influenced by factors such as power and pulse number. From the simulation 

results in Figure 2, it can be seen that the thermal lesion area produced by the “low power × 

long pulse” irradiation pattern and the “high power × short pulse” irradiation pattern was 

almost the same, which was similar to the experimental results of Zhao et al. [47], and they 

found that the thermal lesion area produced by the combination of high acoustic power and 

short irradiation time was very close to that produced by the combination of low acoustic 

power and long irradiation time. The reason for this phenomenon was that if thermal lesion 

area of the same length or width were expected to occur, lower power typically lasted longer 

pulse irradiation than higher power. Moreover, the lesion area increased with an increasing 

number of HIFU irradiation pulses (constant power), which was confirmed in the experiment 

of He et al. [48], and it was found that the higher the acoustic power used for irradiation, the 

shorter the irradiation time required to achieve a thermal lesion, and there was a positive 

correlation between the area of the thermal lesion and the irradiation dose (power × exposure 

time). For smaller tumor tissue, using a “low power × long pulse” irradiation pattern can 

sometimes achieve good therapeutic effects. Compared with traditional HIFU treatment modes, 

sustained low-power cumulative HIFU therapy can achieve better efficacy and reduce harm to 

patients in the treatment of pancreatic tumors and mucinous fibrosarcoma [47,49]. For larger 

tumor tissue, the use of a “high power × short pulse” irradiation pattern will increase the effect 

of heat accumulation and lesion on tumor tissue, not only achieving good therapeutic effects 

but also reducing the time for patients to endure pain. 

The porcine liver tissue at 30 ℃ was sustainedly irradiated with HIFU for 4 seconds, and 

its thermal lesion area was simulated using the dynamic acoustic and thermal parameters 

corresponding to the porcine liver tissue at different temperature. To compare with this, the 

irradiation time was divided into three parts. Firstly, the porcine liver tissue was irradiated for 2 
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seconds, and the corresponding acoustic and thermal parameters at 30 ℃ were used to simulate 

and calculate the thermal lesion. Then pause for 0.5 seconds, subsequently, after another 2 

seconds of radiation treatment on the porcine liver tissue, the thermal lesion area was simulated 

and calculated using the acoustic and thermal parameters that corresponded to the temperature 

of the porcine liver tissue at the end of the first 2 seconds. From the simulation results in Fiure 

5, it can be seen that the thermal lesion area obtained using the sustained irradiation pattern was 

larger than the thermal lesion area obtained using the fractionated heating irradiation pattern, 

and this was similar to the research results of Coon et al. [50], but they only focused on the 

acoustic and thermal parameters at constant temperature instead of the dynamic acoustic and 

thermal parameters for sustained heating. In the late stage of clinical surgery, most tumors 

undergo irreversible coagulation necrosis under the thermal effect of HIFU. For the remaining 

small portion of tumors, the fractionated heating treatment pattern can be switched to reduce 

radiation dose and reduce the risk of health tissue damage caused by overtreatment. 

Keeping the radius of the ultrasonic transducer unchanged, but the geometric focal length 

gradually increased, and the corresponding half-opening angle gradually decreased. The 

increase in the acoustic radiation force of the focused ultrasound transducer at the focal point is 

significant when the half-opening angle of the transducer is changed from small to large, and 

the acoustic radiation force of the transducer at the focal point continues to increase with the 

increase of the half-opening angle, and the region of higher acoustic radiation force decreases, 

i.e., the focal region decreases. Therefore, the larger the half-opening angle of the transducer, 

the smaller the thermal lesion area (as shown in Figure 7), which is positively correlated with 

the results of Sheng et al. [21], who investigated the effect of the half-opening angle of the 

transducer on the lesion area and found that the axial and radial length of the lesion area 

decreased with the gradual increase of the half-opening angle. The axial and radial length of the 

focal region determine the size of the focal region area, i.e., the larger the focal region, the 

relatively larger the area of thermal lesion caused [16,51]. It can be understood that when the 

geometric focal length of the spherical focusing ultrasound transducer is increased, it causes a 

decrease in the acoustic radiation force and an increase in the effective area of action of the 

acoustic radiation force. When the initial acoustic pressure is the same, the increase in the 

geometric focal length of the spherical transducer increases the radiated acoustic power so that 

the focusing effect is enhanced, the focal region is increased, and the resulting thermal lesion 

area is enlarged. It can be seen that changing the irradiation pattern of the half-opening angle of 

the ultrasonic transducer, i.e., changing the acoustic radiation force of the transducer, can 

achieve the desired thermal lesion effect. 
5 Conclusion 

This paper investigated the thermal lesion effects of different HIFU irradiation patterns such as 

irradiation power and pulse number combination, fractionated heating and sustained heating, 

and transducer half-opening angle changes on porcine liver tissue through the numerical 

simulation method. The research results indicated that the difference in length and width 

corresponding to the thermal lesion area generated by “low power × long pulse” and “high 

power × short pulse” was relatively small. The focal temperature and thermal lesion area 

generated by fractionated heating were significantly smaller than that generated by sustained 

heating. The spherical half-opening angle of the ultrasonic transducer was directly proportional 

to the focal temperature and thermal lesion area. The spherical half-opening angle of an 

ultrasonic transducer was inversely proportional to the temperature of the focal point and the 

area of thermal lesion. The research results of this paper are expected to provide theoretical 

references for the safety and reliability of HIFU treatment. Future study will focus on creating 

experimental circumstances and conducting experimental tests to validate the simulation 

results. 
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Figure 1. Geometric model of HIFU irradiated porcine liver  

 

 Table 1.  Acoustic and thermal parameters of media at 30 ℃ [19,37-39] 

Material properties Units Symbol Water 
Porcine 

liver 

Density kg/m3 ρ 1000 1036 

Sound velocity m/s c 1500 1590 

Absorption coefficient dB/m α 0.217 70.57 

Nonlinear parameter / β 3.5 4.3 

Specific heat capacity J/kg/K C 4180 3604 

Thermal conductivity W/m/K k  0.60 0.53 

 
 

 
Figure 2. Comparison of porcine liver lesion under different irradiation powers and pulse numbers 
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Figure 3. Comparison of length and width of porcine liver lesion area under different irradiation powers 

and pulse numbers 

 

Figure 4. Prediction of focal temperature for fractionated heating and sustained heating 
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Figure 5. Prediction of lesion area by fractionated heating and sustained heating 

 
 

Figure 6. Predicted focal temperature under three different half-opening angle 
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Figure 7. Predicted thermal lesion area under three different half-opening angle 

 


