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Introduction: High-intensity Focused Ultrasound (HIFU) treatment is a non-invasive technology. The 
purpose of this study was to explore the effects of different treatment depths, tissue types and treatment 
interval on biological tissue thermal lesions under continuous and intermittent treatment modes. 
Material and Methods: A simulation model of biological tissue irradiated by HIFU was established by finite 
difference time domain (FDTD). The thermal lesion of biological tissue irradiated by HIFU was calculated 
using the spherical beam equation (SBE) and Pennes biological heat transfer equation (PBHTE). Parameters 
such as treatment depth, tissue type, and treatment interval were varied to explore their effects on the thermal 
lesion to biological tissues in both continuous and intermittent treatment modes. 
Results: For the same biological tissue or treatment depth, with the increase of HIFU irradiation time, the 
focal temperature under continuous treatment was higher than that under intermittent treatment, and the 
thermal lesion area under continuous treatment was greater than that under intermittent treatment. Whether 
continuous or intermittent treatment, with the increase of treatment depth, the temperature rise rate of deep 
tissue was slower than that of superficial tissue, and the thermal lesion area decreased gradually. Moreover, 
in the intermittent treatment mode with a long single treatment time and short treatment interval, the focal 
temperature rase quickly and the thermal lesion area was large. 
Conclusion: For the same tissue type, treatment depth, or any treatment interval, the focal temperature and 
thermal lesion area corresponding to continuous treatment were greater than those corresponding to 
intermittent treatment. 
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Introduction 
High-intensity focused ultrasound (HIFU) is a non-

invasive tissue hyperthermia method, which has 
attracted much attention in the field of medical 
treatment for decades [1-4]. HIFU device is being 
studied as an effective method for the treatment of 
solid tumors such as prostate, liver, breast, kidney, 
and brain [5-8]. Because HIFU irradiation can rapidly 
raise the temperature at the focus to more than 60 ℃, 
so that the tumor can be ablated within a few seconds 
without damaging the surrounding tissue. 

In the existing clinical HIFU equipment, there are 
two modes of ultrasonic energy transmission, namely 
continuous treatment mode and intermittent 
treatment mode [9-10]. The former strategy is to 
irradiate biological tissue continuously for a short 
period of time without interruption. However, the 
latter is that each ultrasonic irradiation is conducted 
for a short time (usually 2~8 s), and then suspended 
for a short period of time (usually 1~5 s) for several 
times. In order to better understand the physical 
mechanism of HIFU treatment, numerical simulation 

was carried out to study the formation of a thermal 
lesion in tissue, the thermal lesion area, and HIFU 
treatment efficiency under continuous treatment 
mode and intermittent treatment mode were 
compared with each other. 

Zhang, and et al [10] compared the effects of HIFU 
continuous irradiation and discrete irradiation on 
porcine liver lesion, and they found that compared 
with the traditional discrete treatment scheme, 
continuous irradiation can produce more uniform 
lesions in tissue and significantly reduce the total 
treatment time. Fan, and et al [11] used two energy 
transfer strategies of HIFU continuous scanning and 
discrete scanning to conduct numerical simulation 
and experimental research on the lesion formation 
and temperature distribution induced by HIFU. It was 
found that the peak temperature distribution and 
lesion boundary were more uniform in the continuous 
scanning mode. 

Wang, and et al [12] used a 60% pulse duty cycle, 
pulse duration of 6ms, and total irradiation time of 5 s 
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to compare the ablation effect of continuous pulse 
therapy in bovine liver and rabbit liver. Xu, and et al 
[13] used the irradiation mode of fixed-point 
irradiation for 2 s, stopping for 2~3 s and irradiation 
for 1~6 times to judge the ablation of the target area 
according to whether the focal temperature of 
magnetic resonance imaging (MRI) temperature map 
reaches 60 ℃~65 ℃. Yi, and et al [14] also used MRI-
guided HIFU treatment equipment to treat 44 
symptomatic hysteromyomas of 43 patients with 
ultrasound treatment by irradiating for 2 s and 
stopping for 2~3 s, which verified the feasibility and 
safety of MRI-guided HIFU in the treatment of 
hysteromyomas. 

In this paper, the finite difference method is used 
to construct the simulation model of biological tissue 
irradiated by HIFU. Combined with the spheroidal 
beam equation (SBE) and Penne’s biological heat 
transfer equation (PBHTE), the thermal lesion of 
biological tissue irradiated by HIFU is calculated. The 
thermal lesion of biological tissue under different 
tissue types, treatment depth, and treatment interval 
under continuous and intermittent HIFU treatment 
modes is simulated, and the laws between the change 
of these parameters and the change of focal 
temperature and thermal lesion area are discussed. 
The research results are expected to provide 
theoretical reference for the formulation of a safe and 
effective preoperative treatment scheme for HIFU. 

 

Materials and Methods 
SBE 

Khokhlov-Zabolotskaya-Kuznetsov (KZK) equation 
was used to calculate the sound field of ultrasonic 
transducer based on parabola approximation [15], so it 
was only applicable to transducers with half aperture 
angle <16°(half of transducer aperture angle), while 
Westervelt equation took a relatively long time [16-18]. 
Therefore, the SBE equation was used to calculate the 
sound field of HIFU, and it was also used to describe the 
propagation of nonlinear ultrasound in an ellipsoidal 

coordinate system, where   , 0 1  , 

0 2    (Figure 1). 
 

 
Figure 1. Oblate spherical coordinate system 

 
The transformation relationship between the 

ellipsoidal coordinate system ),,(  , and a 

rectangular coordinate system ),,( zyx is: 

 cos)]1)(1[( 2/122 bx , 

 sin)]1)(1[( 2/122 by , bz  ,  cos , 2b  
is the focal length. 

The SBE equation divides the focused ultrasonic 
field into two regions, the spherical wave approximation 

region near the surface of the transducer（ < 0 ) and 

the plane wave approximation region near the focal（ >

0 ）. For the spherical wave approximation region 
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Where 0/ ppP 
 is the standardized sound pressure,
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 is the sound attenuation coefficient,  、
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 are the sound diffusivity, angular frequency, 

and sound velocity in the medium, respectively.
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 is the impact formation distance of 

plane wave, and 0 、 0p
 ,and   are the density of the 

medium, the amplitude of sound pressure on the surface 
of the transducer, and nonlinear coefficient, respectively.

)2/(1 AB , and B/A is the ratio of the second-order 
(B) coefficients to the first-order (A) coefficients of the 

Taylor series expansion [19]. )2/(1 kb , k  , and b  
are the wave number and half inner focal length, 
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The plane wave approximation region can be 

expressed as: 
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]/cos[ 0cbtp  
, due to the axial symmetry 

of the spherical shell coordinate system, the variable 


 
is omitted from above equation. Equations (1) and (3) 
are solved by the combination of the time domain and 
frequency domain. Using operator separation, equations 
(1) and (3) can be simplified as follow: 
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The coefficients ),( G , ),( H , follow ),( R ,

),( S  and ),( N  can be derived from equations (1) 
and (3). Equation (4) contains diffraction and 
attenuation terms, which are calculated by the traditional 
frequency domain algorithm [20]. Equation (5) is a 
nonlinear term, which is calculated by the time-domain 
difference algorithm [21-23]. 

 

PBHTE 
The PBHTE is used to simulate thermal lesion, 

which is expressed as [24,25] 
                        

2 ( )t t t b b b v

T
C K T W C T T Q

t



    

                      （6） 

In formula (6), t  and tC
 are the density and 

specific heat capacity of the medium, respectively. The 
first term on the right is the heat conduction term, and 

tK
 is the heat conduction coefficient of biological 

tissue. The second item on the right is perfusion cooling, 

where bW
、 bC

、 T  and bT
 are the perfusion 

coefficient of the blood flow, the specific heat capacity 
of blood, the temperature of biological tissue, and the 
temperature of blood in the heating zone, respectively. 
The third item on the right is the heat accumulation 
absorbed by the tissue when ultrasound propagates 
through the medium. The heat accumulation caused by 
the sound field can be expressed as [24]:  

2vQ I
                                                                （7） 

 
  is the attenuation coefficient of tissue, and I  is 

sound intensity in the focal region of transducer, the 
PBHTE is solved by finite difference time domain 
(FDTD) method [26]. 

 

Equivalent heat dose 

The calculation formula of equivalent heat dose 43TD

[15,27] is calculated by formula (8). 

  

43 ( )

43
0

t
T tTD R dt                                                  （8） 

In formula (8), R  is a constant. When T  43 ℃, 

R =0.5, and when T <43 ℃, R =0.25. In this paper, the 

lesion area where the equivalent heat dose is greater 
than 240 min is defined as the area of thermosetting 
necrosis. 

Numerical simulation model and simulation 

parameters 

Numerical simulation model 
A two-dimensional axisymmetric simulation model 

of HIFU irradiated biological tissue was established, as 
shown in Figure 2. The simulation area was composed 
of the ultrasonic transducer, water environment and in 
vitro tissue model. A perfect matching layer was added 
at the boundary of the model to avoid the influence of 
reflection and diffraction on the sound field in the target 
area. The z-axis is the ultrasonic propagation direction, 
and the r-axis is the radius direction of the transducer. In 
order to simplify the problem analysis, this study 
ignored the effect of cavitation on focal temperature and 
lesion of biological tissue. 

HIFU source was a concave spherical ultrasonic 

transducer with frequency 
f

=1.0 MHz, geometric 

focal length F = 6.0 cm, outer radius a =2.5 cm, inner 

radius [28] b =1.0 cm. The output power of the 

transducer and the treatment depth ld
 can be adjusted. 

The spatial grid parameters used for simulation are 
dz=0.068 mm and dr=0.089 mm. The nonlinear 
harmonic order was 128, and the time steps of the sound 
field and temperature field were 6×10-9 s and 0.002 s, 
respectively. The presented method was evaluated on an 
Intel (R) core (TM) i7-9750H CPU @ 2.60 GHz with 
8.0 GB RAM PC using Windows 10 operating system, 
and MATLAB R2011 (MathWorks, Natick, 
Massachusetts, United States) software was used to 
simulate biological tissue thermal lesion. 

 

 
Figure 2. Geometric model of biological tissue irradiated by HIFU 

 
The simulation consists of an acoustic module and a 

thermal module. Firstly, the acoustic module is 

calculated to extract the sound intensity I  in the focal 

region of the transducer to obtain vQ
. For intermittent 

treatment mode, we set the treatment interval function of 

HIFU irradiated biological tissue as 
)3,2,1)(( itMi . 
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Table 1. Acoustic and thermal parameters of different medium [26,29-33] 
 

Material ρ0(kg/m3) c0(m/s) α(dB/m) B/A Ct(J/kg/K) Kt(W/m/K) 

Water 1000 1482 0.217 5.0 4180 0.60 

Skin 1109 1400 115 7.0 3530 0.40 

Fat 960 1476 36 10.3 2973 0.24 

Liver 1036 1590 58 6.6 3604 0.53 

 

)(1 tM
: 1.2 s-2.8 s-4 number, indicating that the 

treatment time was 1.2 s, the treatment interval was 2.8 s, 

and the number of treatment was 4.
)(2 tM
: 1.6 s-2.4 s-4 

number, indicating that the treatment time was 1.6 s, the 
treatment interval was 2.4 s, and the number of 

treatment was 4.
)(3 tM
: 2.0 s-2.0 s-4 number, indicating 

that the treatment time was 2.0 s, the treatment interval 
was 2.0 s, and the number of treatment was 4. For 
continuous treatment mode, the treatment interval was 0 

s. In the thermal module, 
. ( )v iQ M t

 is loaded into the 
focal region as the heat source to calculate the 
temperature change and thermal lesion of tissue under 
different treatment modes. 

 

Simulation parameters 
The parameters of water and biological tissue used 

in the calculation are shown in Table 1.   
 

Results 
Effect of tissue type on thermal lesion 

Kept the treatment depth ld
=1 cm and treatment 

interval unchanged to explore the effects of different tissue 

types on focal temperature and thermal lesion under 

continuous mode and intermittent treatment mode 
)(3 tM

. 

Figure 3 and Figure 4 showed the temperature rise and 

thermal lesion area of HIFU focus under different tissue 

types. It can be seen from Figure 3 that under the same 

irradiation condition, whether continuous irradiation or 

intermittent irradiation, the focal temperature of the liver 

was the lowest and the focal temperature of the skin was 

the highest, the temperature rise rate of the liver was the 

slowest and the temperature rise rate of the skin was the 

fastest. For the same tissue, the focal temperature 

difference between continuous and intermittent irradiation 

was slight shortly after HIFU irradiation. With the increase 

in HIFU irradiation time, the focal temperature under 

continuous irradiation was higher than that under 

intermittent irradiation. In the intermittent irradiation mode, 

it took about 14 s for the liver to achieved the maximum 

temperature, while it took about 6 s, and 2 s for fat and skin 

to reach the same temperature, which was shortened by 

about 4/7, and 6/7, respectively. The thermal lesion 

distribution of the skin, fat, and the liver was shown in 

Figure 4. Under continuous or intermittent irradiation, the 

thermal lesion area of the skin was the largest and that of 

the liver was the smallest. For the same tissue, the thermal 

lesion area corresponding to continuous irradiation was 

more significant than that corresponding to intermittent 

irradiation. The thermal lesion area was calculated 

quantitatively by Photoshop software [34]. The 

corresponding thermal lesion area of the liver, fat and the 

skin under continuous irradiation were 1.04 cm2, 1.12 cm2, 

and 1.78 cm2, respectively, and the corresponding thermal 

lesion area of the liver, fat and the skin under intermittent 

irradiation were 0.52 cm2, 0.61 cm2, and 1.11 cm2, 

respectively. 

 

 
Figure 3. Comparison of focal temperature in different tissue   

 

 
          

Figure 4. Comparison of lesion area in different tissue 

 

Effect of treatment depth on thermal lesion 

Kept the tissue type as liver and the treatment interval 

unchanged to explore the effects of different treatment 

depths on focal temperature and thermal lesion under 

continuous mode and intermittent treatment mode 
)(3 tM
. 

It can be seen from Figure 5 that under the same treatment 

interval, with the increase of treatment depth, the focal 

temperature rise of deep tissue was smaller than superficial 

tissue at the end of treatment, regardless of treatment mode. 

Moreover, the temperature rise rate of deep tissue was 

slower than superficial tissue. For the same treatment depth, 

the focal temperature difference between continuous 

irradiation and intermittent irradiation was slight shortly 

after the beginning of HIFU irradiation. With the increase 

in HIFU irradiation time, the focal temperature under 

continuous irradiation was higher than that under 

intermittent irradiation. Figure 6 showed that the lesion 

area gradually decreased with the depth of irradiation under 
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different thermal treatments, whether continuous or 

intermittent treatment mode. For the same treatment depth, 

the thermal lesion area corresponding to continuous 

irradiation was more significant than that corresponding to 

intermittent irradiation. The thermal lesion area 

corresponding to the treatment depth of 3 cm, 2 cm, and 1 

cm under continuous irradiation were 0.63 cm2, 0.74 cm2, 

and 0.93 cm2, respectively, and the thermal lesion area 

corresponding to the treatment depth of 3 cm, 2 cm and 1 

cm under intermittent irradiation were 0.31 cm2, 0.42 cm2, 

and 0.52 cm2, respectively. 

 

 
Figure 5. Comparison of focal temperature at  different depth 
 

 
 

Figure 6. Comparison of lesion area at different depth   

 

Effect of treatment interval on thermal lesion 

Kept the tissue type as liver and treatment depth ld
=2 

cm unchanged to explore the effect of treatment interval on 

focal temperature rise and thermal lesion under continuous 

and intermittent treatment modes. Figure 7 shows focal 

temperature rise in the liver under four different treatment 

intervals. Shortly after the beginning of HIFU irradiation, 

the corresponding focal temperature difference between 

continuous and intermittent irradiation was slight, but with 

the gradual increase of irradiation time, the focal 

temperature under continuous irradiation was gradually 

higher than that under intermittent irradiation. The 

intermittent treatment mode 
)(3 tM

 with a long single 

treatment time and short interval had the fastest 

temperature rise, while the intermittent treatment mode 

)(1 tM
 with short single treatment time and long interval 

had the slowest temperature rise. Figure 8 showed the 

comparison of thermal lesion area of the liver under 

intermittent mode and continuous treatment mode. The 

thermal lesion area under continuous irradiation was more 

significant than that under intermittent irradiation. For the 

thermal lesion under the intermittent treatment mode 

corresponding to three different treatment intervals, due to 

the long diffusion time of heat to surrounding tissue, the 

long single treatment time and a short interval under 

intermittent treatment mode 
)(3 tM

, the corresponding 

thermal lesion area was larger. The heat diffusion time to 

the surrounding tissue in the intermittent treatment mode 

)(1 tM  with short single treatment time and long interval 

was relatively short, so the corresponding thermal lesion 

area was small. The thermal lesion area corresponding to 

continuous treatment mode and three intermittent treatment 

modes )(1 tM 、 )(2 tM  and 
)(3 tM
 were 0.78 cm2 ,0.21 cm2, 

0.33 cm2, and 0.36 cm2 , respectively. 

 

 
Figure 7. Comparison of focal temperature under different treatment 

intervals 

 

 
 

Figure 8. Comparison of lesion area under different treatment intervals    
 

Discussion 
Under the same conditions, whether continuous 

treatment mode or intermittent treatment mode, due to 
the difference in acoustic parameters such as density, 
sound velocity and attenuation coefficient of different 
tissue, as well as thermal parameters such as thermal 
conductivity and thermal diffusion coefficient, the 
energy attenuation of ultrasound in the process of sound 
channel propagation was different, resulting in the 
difference of energy deposition in the target area [35-37], 
to affect the temperature rise, and thermal lesion area of 
tissue. The results showed that the liver had the slowest 
temperature rise and the lowest focal temperature, and 
the skin had the fastest temperature rise and the highest 
focal temperature, which may cause the skin layer to be 
burned during treatment. Because the attenuation 
coefficient of the skin was more significant than that of 
fat and the liver [29-31], and the ultrasonic energy 
absorbed by skin layer was greater than that absorbed by 
fat and liver under the same condition, the thermal 
lesion area of skin was the largest and the lesion area of 
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liver was the smallest. At this moment, the ultrasonic 
coupling gel should be applied to the skin surface to 
reduce the attenuation of the incident ultrasound [38,39]. 
For the same tissue, the focal temperature under 
continuous treatment was higher than that under 
intermittent treatment. Similarly, the thermal lesion area 
under continuous treatment was larger than that under 
intermittent treatment. 

With the increase of treatment depth, the ultrasonic 
energy transmitted to the focal gradually decreased due 
to reflection, scattering, and attenuation [40,41]. The 
temperature rise rate of superficial tissue was higher 
than that of deep tissue, and the thermal lesion area 
gradually decreased with the increase of depth. For the 
same treatment depth, with the rise in treatment time, 
the focal temperature under continuous treatment was 
higher than that under intermittent treatment, and the 
thermal lesion area corresponding to continuous therapy 
was more significant than that corresponding to 
intermittent therapy. For the treatment of deep tumors, 
the intermittent treatment mode with long single 
treatment time and short time interval can be switched 
according to the treatment situation of tumors. In this 
way, more energy can be concentrated at the focus to 
eliminate tumors, or consider the use of microbubble 
contrast agent to increase the deposition of deep 
ultrasound energy. Microbubble contrast agent can 
increase the local accumulation of ultrasonic energy by 
enhancing the biological effect of ultrasound and the 
ability of target tissue to disperse and reflect ultrasound 
[42,43], thereby enhancing the thermal lesion effect of 
HIFU on deep tissue. 

Furthermore, the treatment interval had an essential 
effect on the thermal lesion area of biological tissue 
during HIFU treatment. Under the same treatment 
condition, the thermal lesion area under continuous 
treatment mode was significantly larger than that under 
intermittent treatment mode. For intermittent treatment 
mode, single treatment time, treatment interval and 
treatment times significantly effects on focal 
temperature and thermal lesion. Overall, in the early 
stage of HIFU clinical, surgical treatment, continuous 
treatment mode is a better method for the treatment of 
large tumor tissue, which can reduce the treatment time 
and reduce the discomfort and pain caused by patients in 
the treatment process. However, in the later stage of 
HIFU clinical, surgical treatment, for small tumor tissue, 
the intermittent treatment mode with a short single 
treatment time and the long interval is better. It can 
effectively control the irradiation dose of HIFU, and 
reduce the risk of the lesion to healthy tissue and avoid 
unnecessary the lesion to normal tissue around tumor 
tissue. 

 

Conclusion 
In the simulation study of this paper, we established 

the theoretical simulation model of thermal lesion of 
biological tissue irradiated by HIFU. We showed the 
effects of continuous treatment mode and intermittent 
treatment mode with different treatment depth, tissue 

type and treatment interval on biological tissue thermal 
lesion. In the following research work, we will monitor 
the thermal lesion of biological tissue through in vitro 
tissue experiments and MRI-guided HIFU treatment 
equipment. Combined with the above theoretical model, 
we will deeply explore the impact of HIFU on the 
thermal lesions of biological tissue, provide reference 
ideas for clinical treatment of HIFU and improve the 
treatment efficiency of HIFU. 
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