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Abstract

:

Featured Application


This work provides a theoretical basis for how to optimize the combination of multifrequency ultrasound to achieve better reduction of the transient cavitation threshold in the medium and provide guidance of its applications for tissue ablation.




Abstract


Through the introduction of multifrequency ultrasound technology, remarkable results have been achieved in tissue ablation and other aspects. By using the nonlinear dynamic equation of spherical bubble, the effects of the combination mode of multifrequency ultrasound, the peak negative pressure and its duration, the phase angle difference, and the polytropic index on the transient cavitation threshold in four different media of water, blood, brain, and liver are simulated and analyzed. The simulation results show that under the same frequency difference and initial bubble radius, the transient cavitation threshold of the high-frequency, triple-frequency combination is higher than that of the low-frequency, triple-frequency combination. When the lowest frequency of triple frequencies is the same, the larger the frequency difference, the higher the transient cavitation threshold. When the initial bubble radius is small, the frequency difference has little effect on the transient cavitation threshold of the triple-frequency combination. With the increase of initial bubble radius, the influence of frequency difference on the transient cavitation threshold of the higher frequency combination of triple frequency is more obvious than that of the lower frequency combination of triple frequency. When the duration of peak negative pressure or peak negative pressure of the multifrequency combined ultrasound is longer than that of the single-frequency ultrasound, the transient cavitation threshold of the multifrequency combined ultrasound is lower than that of the single-frequency ultrasound; on the contrary, the transient cavitation threshold of the multifrequency combined ultrasound is higher than that of the single-frequency ultrasound. When the phase angle difference of multifrequency excitation is zero, the corresponding transient cavitation threshold is the lowest, while the change of the polytropic index has almost no effect on the transient cavitation threshold for the multifrequency combination. The research results can provide a reference for multifrequency ultrasound to reduce the transient cavitation threshold, which is of great significance for the practical application of cavitation.
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1. Introduction


Cavitation is a process of bubble oscillation and rupture in the medium under ultrasonic irradiation. Bubbles can either oscillate stably, that is, stable cavitation, or expand gradually and finally collapse, that is, transient cavitation [1]. Generally speaking, cavitation refers to transient cavitation, and the generation of transient cavitation is affected by many factors, including ultrasonic frequency, bubble size, and characteristics of the surrounding medium [2]. It is widely used in the treatment of tumor and thrombus in the medical field to produce high temperature and pressure [3,4,5]. Compared with traditional single-frequency ultrasound, multifrequency ultrasound has unique advantages in enhancing the cavitation effect, such as reducing cavitation threshold and improving reaction efficiency [6,7,8].



In order to study the cavitation effect of multifrequency ultrasound, many experiments have been carried out. Guo et al. [6] and Ma et al. [9] found that when the dual-frequency high-intensity focused ultrasound (HIFU) transducer with different frequencies was used to ablate chicken, compared with the single-frequency HIFU alone, the dual-frequency irradiation could obtain faster temperature rise. He et al. [10] used transducers with ultrasonic frequencies of 1563 MHz and 1573 MHz to irradiate the target porcine liver tissue at the same time, and carried out dual-frequency tissue ablation experiments. The results showed that under the same power condition, dual-frequency HIFU could produce greater lesions than traditional single-frequency HIFU, which may be the result of dual-frequency ultrasonic cavitation enhancement. When Gilles et al. [11] superposed two sine wave signals with ultrasonic frequencies of 531 kHz and 565 kHz for irradiation, compared with the single-frequency stimulation of 552 kHz, the transient cavitation threshold was reduced by nearly 30%. Saletes et al. [12] tested the thrombolytic efficiency of dual-frequency excitation composed of 535 kHz and 565 kHz on the blood clot in vitro and compared with the thrombolytic efficiency of single-frequency excitation of 550 kHz with the same power. The dual-frequency excitation doubled the thrombolytic efficiency and dissolved a 0.8 cm3 blood clot in 5 min. Suo et al. [13] used 1.45 MHz and 1.5 MHz dual-frequency ultrasound to achieve the same ablation efficiency under the same acoustic power and excitation conditions and found that, compared with single-frequency ablation, dual-frequency ultrasound could save about 30% power. Sasaki et al. [14] superposed 0.8 MHz and 1.6 MHz ultrasound to irradiate biological tissues, which confirmed that dual-frequency HIFU irradiation was more effective in enhancing tissue coagulative necrosis volume. Feng et al. [15] found that, compared with dual-frequency HIFU irradiation, triple-frequency (28 kHz, 1 MHz, and 1.87 MHz) irradiation could further improve cavitation efficiency. In the study of temperature rise of tissue ablation, under the same irradiation power and time, Guo et al. [16] used any two frequencies of 0.95 MHz, 1.5 MHz, and 3.3 MHz for dual-frequency combined irradiation. Compared with the combination of triple-frequencies of 0.95 MHz, 1.5 MHz, and 3.3 MHz, under the same excitation conditions, the temperature rise of the triple-frequency combination irradiation was higher than that of the dual-frequency combination. Many experimental results show that the cavitation effect can be significantly enhanced by the combination of multifrequency ultrasound irradiation, but there are few theoretical studies on this problem. On the one hand, although some unique characteristics have been found in some preliminary studies of cavitation, the mechanism of multifrequency combination to enhance bubble cavitation has not been fully understood, and on the other hand, the combination of multifrequency ultrasound has an impact on the transient cavitation threshold in the medium. The transient cavitation threshold has potential application value in contrast imaging, therapeutic drug development, and evaluation of localized effects on the body [17]. Theoretically, this paper discusses how to optimize the combination of multifrequency ultrasound to achieve better reduction of the transient cavitation threshold in the medium, and provides evidence for the enhancement of cavitation effect by multifrequency ultrasound, which has important guiding significance for practical application, such as multifrequency thermal ablation and so forth.



In this paper, the transient cavitation threshold of water, blood, brain, and liver are calculated by solving the bubble dynamic equation. The effects of the combination mode of multifrequency ultrasound, the peak negative pressure and its duration, the phase angle difference, and the polytropic index on the transient cavitation threshold of different media are studied.




2. Principle and Method


The numerical simulation of the transient bubble radial response is carried out by using the Yang–Church model [18], which considers the influence of medium viscosity on the vibration of a single microbubble. The vibration of a spherical bubble in an infinite range of incompressible thermoviscous medium is solved by the Keller–Miksis dynamic equation [19,20].


  ( 1 −    R .   c  ) R  R  ..   +  3 2  ( 1 −    R .    3 c   )    R 2   .  = ( 1 +    R .   c  )  P ρ  +  R  ρ c     d P   d t    



(1)




where  R  is the bubble radius,    R .    is the bubble wall velocity,    R  ..     is the bubble wall acceleration,  c  is the sound velocity in the surrounding medium,  ρ  is the density of the surrounding medium. The bubble pressure  P  can be expressed as follows [21]:


  P =  p g  −  p 0  −   2 σ  R  + 3    ∫ R ∞      τ  r r    r     d r +  p a   



(2)




where    p g    is the gas pressure in the bubble,    p 0    is the ambient pressure,    p a    is the excitation signal sound pressure,  σ  is the surface tension,    τ  r r     is the shear stress,  r  is the radial radius of the bubble. The gas pressure    p g    in the bubble can be expressed as follows [22]:


   p g  =  p  g 0     (  R 0  / R )   3 κ    



(3)




where    R 0    is the initial bubble radius, κ is the polytropic index, which is determined by the pressure and temperature in the bubble, reflecting the relationship between the air density and the pressure change in the bubble.   p  g 0     is the initial gas pressure in the bubble, defined as:


   p  g 0   =  p 0  + 2 σ /  R 0   



(4)







The shear stress can be expressed as [23]:


   τ  r r   = 2 ( G  γ  r r   + μ    γ  r r    .  )  



(5)




where    γ  r r     is the radial strain,      γ .    r r     is the strain rate,  μ  is the viscosity,  u  is the velocity,   u = (  R 2  /  r 2  )  R .    and      γ .    r r   = ∂ u / ∂ r  , G  is the shear modulus. In the near field near the bubble surface,    γ  r r   = ( 2 / 3  r 3  ) (  R 0 3  −  R 3  )  ,     γ  r r    .  = − ( 2  R 2  /  r 3  )  R .   , the shear stress integral is:


  3    ∫ R ∞      τ  r r    r     d r =   4 G   3  R 3    (  R 0 3  −  R 3  ) −   4 μ  R .   R   



(6)







In summary,  P  can be expanded as follows:


  P =  p g  −  p 0  −   2 σ  R  +  p a  − [   4 G   3  R 3    (  R 3  −  R 0 3  ) +   4 μ  R .   R  ]  



(7)




and


      d P   d t   =  d  d t   (  p g  −  p 0  −   2 σ  R  +  p a  ) +  d  d t   ( 3    ∫ R ∞      τ  r r    r     d r )     =   d  p g    d t   +   2 σ  R .     R 2    +   d  p a    d t   − 4 G    R 0 3   R .     R 4    − 4 μ ( −      R 2   .     R 2    +    R  ..    R  )    



(8)







Combining Equation (3) and Equation (7), we can get:


    d P   d t   = (   2 σ  R   - 3  κ  p g  )    R .   R  +   d  p a    d t   − 4 G    R 0 3   R .     R 4    + 4 μ (      R 2   .     R 2    −    R  ..    R  )  



(9)







For multifrequency ultrasound irradiation, the excitation signal can be expressed as follows:


   p a  =  p 1  sin ( 2 π  f 1  t ) + ϕ  p 2  sin ( 2 π  f 2  t + α ) + φ  p 3  sin ( 2 π  f 3  t + β )  



(10)




where    f 1   ,    f 2   , and    f 3    are the frequency of excitation signal,    p 1   ,    p 2   , and    p 3    are the amplitude of sound pressure,   0 ≤ φ ≤ 1  ,   0 ≤ ϕ ≤ 1  .  α  and  β  are the phase angle of the excitation signal,   0 ≤ α ≤ 2 π  ,   0 ≤ β ≤ 2 π  . Equations (7), (9) and (10) are substituted into Equation (1) to extract the equation with    R  ..    , and then the ordinary differential equation solver (ode45) [24] in MATLAB (R2018b) software is used to solve it to obtain the bubble radius  R . In this paper, the initial radius of bubble    R 0    varies from 0.1 μm to 10 μm, and the initial interface velocity between the bubble and the surrounding medium is zero (  R ˙   = 0). Finally, the bubble radius  R  and Equation (3) and (10) are combined into Equation (7), and take    R  max   = 2  R 0    as the condition of transient cavitation [25], and the transient cavitation threshold in the medium can be solved.



(a) When   ϕ = φ = 0  , it is single-frequency (   f 1   ) excitation,    p 1    =    p 0   .


   p a  =  p 0  sin ( 2 π  f 1  t )  



(11)







(b) When   ϕ = 1  ,   φ = 0  ,   α = 0  , it is dual-frequency (   f 1  ≠  f 2   ) excitation,    p 1    =    p 2    =    1   2     p 0   .





    p a  =  1   2     p 0  sin ( 2 π  f 1  t ) +  1   2     p 0  sin ( 2 π  f 2  t )   



(12)







(c) When   ϕ = φ = 1  ,   α = β = 0  , it is triple-frequency (   f 1  ≠  f 2  ≠  f 3   ) excitation,    p 1    =    p 2    =    p 3    =    1   3     p 0   .


   p a  =  1   3     p 0  sin ( 2 π  f 1  t ) +  1   3     p 0  sin ( 2 π  f 2  t ) +  1   3     p 0  sin ( 2 π  f 3  t )  



(13)







The above factors    2    and    3    are used to ensure that the ultrasound power of dual-frequency, triple-frequency, and single-frequency excitation is the same. The environmental pressure is    p 0  = 1.01 ×  10 5    Pa in the simulation, the polytropic index represents the change of state parameters in the process of polytropic compression of gas, and it is usually taken as   κ = 1.0 ~ 1.4   [26]. If there is no special description in the following paper, the irradiation mode is single-frequency ultrasound, dual-frequency ultrasound, and triple-frequency ultrasound, and  κ  is set to be 1.4. The transient cavitation threshold in water, blood, brain, and liver is studied by simulation, and the physical parameters of these four media are shown in Table 1.




3. Simulation Results


3.1. Influence of Multifrequency Ultrasonic Combination on Transient Cavitation Threshold


Figure 1 shows the relationship between the corresponding transient cavitation threshold and the initial bubble radius in water, blood, brain, and liver under different triple-frequency combined ultrasound irradiation. It can be seen from Figure 1a–d that the transient cavitation threshold is different under different triple-frequency combined ultrasound irradiation. The transient cavitation threshold decreases first and then increases with the increase of the initial bubble radius. In addition, a “groove” appears in Figure 1, and this indicates that the ultrasonic frequency is close to the resonant frequency of the bubble or several times of the resonant frequency of the bubble. The resonant frequency of the bubble in fluid [28] and tissue [29,30] can be described by the following equations, respectively:


   f l  =  1  2 π  R 0   ρ      3 κ (  p 0  −  p g  +   2 σ    R 0    ) −   2 σ    R 0    −   4  μ 2    ρ  R 0 2       



(14)






   f t  =  1  2 π  R 0   ρ      3 κ (  p 0  −  p g  ) + ( 3 κ − 1 )   2 σ    R 0    −   8  μ 2    ρ  R 0 2    + 4 G    



(15)







Because the transient cavitation threshold is closely related to the initial bubble size, the effectiveness of this study mainly depends on the existence of stable small bubble nuclei. It has been reported that the radius of cavitation nuclei in water was about 1 μm or less, and distribution density decreased exponentially with the radius of the nuclei [31,32]. However, the nuclei radius in vivo was estimated to be less than 0.3 μm [33,34]. Therefore, the bubble size in the range of 0.1 μm to 10 μm used here is close to the actual situation. Taking the triple-frequency combination of 1.4 + 2.0 + 2.6 MHz in Figure 1 as an example, when the initial bubble radius is 10 μm, the corresponding transient cavitation threshold from large to small in the media are: liver, brain, blood, and water. Therefore, for the high-frequency combination, the higher the viscosity and shear modulus of the medium, the higher the change trend of the transient cavitation threshold under the same and larger initial bubble radius.



For any combination of triple frequency in Figure 1a–d, the transient cavitation threshold of the combination of triple frequency with higher frequency (such as 1.4 + 1.41 + 1.42 MHz) is higher than that of the combination of triple frequency with lower frequency (such as 0.7 + 0.71 + 0.72 MHz) and when the frequency difference is the same, the higher combination frequency and viscosity of triple frequency will increase the transient cavitation threshold. The higher frequency results in an increase of the cavitation threshold. The inertia of large expansion ratios leads to the suppression of bubble collapse in the positive half cycle, and then the bubble continues to grow in the following negative half cycle, resulting in the higher transient cavitation threshold [35]. In Figure 1, the triple-frequency combination with high frequency corresponding to the transient cavitation threshold from low to high are 1.4 + 1.41 + 1.42 MHz, 1.4 + 1.5 + 1.6 MHz, and 1.4 + 2.0 + 2.6 MHz, but the triple-frequency combination with low frequency corresponding to the transient cavitation threshold from low to high are 0.7 + 0.71 + 0.72 MHz, 0.7 + 0.8 + 0.9 MHz, and 0.7 + 1.3 + 1.9 MHz. When the lowest frequency of the triple-frequency combination is the same, the larger the frequency difference is, the higher the corresponding transient cavitation threshold is. When the initial bubble radius is small, the influence of frequency difference on the transient cavitation threshold of different triple-frequency combinations is not obvious. With the increase of initial bubble radius, the influence of frequency difference on the transient cavitation threshold of the high-frequency triple-frequency combination is more obvious, but the influence on the transient cavitation threshold of the low-frequency triple-frequency combination is not obvious.



Figure 2 shows the relationship between the transient cavitation threshold and the initial bubble radius in water, blood, brain, and liver under the combination of single-frequency (2.6 MHz), dual-frequency (2.6 + 2.0 MHz), and triple-frequency (2.6 + 2.0 + 1.4 MHz). For these four different media, under the same initial bubble radius, the transient cavitation threshold of the dual-frequency combination is lower than that of the single-frequency ultrasound, and the transient cavitation threshold of the triple-frequency combination is lower than that of the dual-frequency combination. With the increase of the initial bubble radius, the difference between the transient cavitation threshold of the dual-frequency and triple-frequency combination and that of the single-frequency ultrasound gradually increases, but the difference between the transient cavitation threshold of the dual-frequency and triple-frequency combination is not significant. The results show that when the highest frequency of the multifrequency combination is the same as that of the single-frequency ultrasound, the transient cavitation threshold of the multifrequency combination is lower than that of the single-frequency ultrasound. Compared with the single-frequency ultrasound, the smaller the initial bubble radius, the smaller the effect of the multifrequency combination on reducing the transient cavitation threshold. The larger the initial bubble radius is, the better the effect of the multifrequency combination to reduce the transient cavitation threshold is. It is generally believed that if the ultrasound with lower frequency is introduced into the multifrequency combination, the transient cavitation threshold will be reduced [10,16,27,36]. The simulation results are consistent with the experimental results of Feng et al. [15], who used multifrequency irradiation to enhance cavitation: compared with the single frequency ultrasound, the dual-frequency combination can significantly enhance the cavitation effect, while the triple-frequency combination can further enhance the cavitation effect.



Figure 3 shows the relationship between the transient cavitation threshold and the initial bubble radius in water, blood, brain, and liver under the combination of single-frequency (1.4 MHz), dual-frequency (1.4 + 2.0 MHz), and triple-frequency (1.4 + 2.0 + 2.6 MHz). Compared with Figure 2, the single-frequency in Figure 3 is reduced, and the dual-frequency and triple-frequency are combined in the way of increasing frequency. For these four different media, under the same initial bubble radius, the transient cavitation threshold of the dual-frequency combination is higher than that of the single-frequency ultrasound, and the transient cavitation threshold of the triple-frequency combination is higher than that of the dual-frequency combination. The simulation results in Figure 3 are just opposite to those in Figure 2. When the lowest frequency of the multifrequency combination is the same as that of single-frequency ultrasound, the transient cavitation threshold of the multifrequency combination is higher than that of the single-frequency ultrasound. The simulation results in Figure 3 show that the transient cavitation threshold change from the single-frequency ultrasound to the dual-frequency combination is stronger than that from the dual-frequency combination to the triple-frequency combination, which is consistent with the experimental results of Suo [13] and other researchers [37,38] who used multifrequency excitation to enhance cavitation.




3.2. Effect of Peak Negative Pressure and Its Duration on Transient Cavitation Threshold


For a single spherical bubble in the medium, the dynamic response of the bubble can be evaluated by the initial bubble radius, the peak negative pressure of the ultrasound, and its duration. When the maximum radius of the bubble is    R  max   = 2  R 0   , the corresponding transient cavitation threshold is closely related to the peak negative pressure and its duration [39,40]. Taking Figure 2d as an example, Figure 4 theoretically analyzes the reason for the difference of transient cavitation threshold of liver under the combined irradiation of 2.6 MHz, 2.6 + 2.0 MHz, and 2.6 + 2.0 + 1.4 MHz.



The initial bubble radius is 5 μm and the initial pressure is 0.101 MPa under the combination of three different frequencies of ultrasonic irradiation in Figure 4. It can be found from Figure 4 that from the single-frequency ultrasound to the triple-frequency combination, their peak negative pressure gradually increases, and the peak negative pressure values of the single-frequency (2.6 MHz), dual-frequency (2.6 + 2.0 MHz), and triple-frequency (2.6 + 2.0 + 1.4 MHz) combinations are −0.1005 MPa, −126 MPa, and −0.1685 MPa, respectively. In general, under the same ultrasound power, the peak negative pressure corresponding to the triple-frequency and dual-frequency combinations is greater than that corresponding to the single-frequency [13]. At the same time, the peak negative pressure duration of the single-frequency, dual-frequency, and triple-frequency combinations are 0.2 μs, 0.23 μs, and 0.24 μs, respectively. It can be seen from Figure 4 that the duration of peak negative pressure of the three different combined frequencies of ultrasound is relatively small, but the difference of peak negative pressure is relatively large. The peak negative pressure of the triple-frequency combination is the largest while that of the single-frequency ultrasound is the smallest. The increase of peak negative pressure reduces the cavitation threshold of the medium, and the probability and intensity of cavitation are also greater [41]. It is concluded that when the peak negative pressure of the triple-frequency combination is the largest and the peak negative pressure of the single-frequency ultrasound is the smallest, the transient cavitation threshold of the triple-frequency combination is the lowest, and the transient cavitation threshold of the single-frequency ultrasound is the highest.



In the same way, taking Figure 3d as an example, Figure 5 theoretically analyzes the reason for the difference of transient cavitation threshold of liver under the combined irradiation of 1.4 MHz, 1.4 + 2.0 MHz, and 1.4 + 2.0 + 2.6 MHz.



In Figure 5, the initial bubble radius is 5 μm and the initial pressure is 0.101 MPa under three different frequencies combined ultrasonic irradiation. From Figure 5, it can be found that the peak negative pressures of the single-frequency (1.4 MHz), dual-frequency (1.4 + 2.0 MHz), and triple-frequency (1.4 + 2.0 + 2.6 MHz) combined ultrasound are −0.1009 MPa, −0.1266 MPa, and −0.1685 MPa, respectively. At the same time, the peak negative pressure durations of the single-frequency, dual-frequency, and triple-frequency ultrasound are 0.37 μs, 0.29 μs, and 0.24 μs, respectively. Under the ultrasonic irradiation of three different combined frequencies, the peak negative pressure of the corresponding ultrasound is ~0.1 MPa, and the difference is not very large. However, their peak negative pressure duration is quite different. The longer the peak negative pressure duration is in a certain time range, the stronger the cavitation intensity is [42]. This is also the reason why the transient cavitation threshold of the dual-frequency combination is higher than that of the single-frequency ultrasound, and the transient cavitation threshold of the triple-frequency combination is higher than that of the dual-frequency combination.




3.3. Effect of Phase Angle Difference on Transient Cavitation Threshold


The phase angle difference of the ultrasonic excitation signal has an influence on the distribution of sound pressure and the occurrence of bubble chaotic oscillation [43], and it also has an influence on the transient cavitation threshold in the medium. In order to study the influence of different phase angle differences of the multifrequency excitation signal on the transient cavitation threshold, taking the three different kinds of phase angle combinations of triple-frequency (2.6 + 2.0 + 1.4 MHz) excitation as an example, the phase angle of 2.6 MHz excitation is set to 0, and that of 2.0 MHz and 1.4 MHz excitation are  α  and  β , respectively, and the phase angles of 2.0 MHz and 1.4 MHz excitation are   α = β = 0  ,   α = 2 π  / 3   ,   β = π   and   α = 2 π  / 3   ,   β = 4 π  / 3   , respectively. The phase angle difference between them is gradually increasing, and the phase angle differences are 0,   π  / 2   , and   2 π  / 3   , respectively. Figure 6 shows the relationship between the transient cavitation threshold and the initial bubble radius under triple-frequency excitation with different phase angle differences in water, blood, brain, and liver.



It can be seen from Figure 6 that when the initial bubble radius in water, blood, brain, and liver is small, the transient cavitation threshold excited by triple-frequency (2.6 + 2.0 + 1.4 MHz) is almost not affected by the change of phase angle difference at first, which may be caused by the nonlinear decrease of bubble oscillation [44]. The amplitude of transient cavitation threshold in brain and liver fluctuates less than that in water and blood. When the bubble radius is larger, the corresponding transient cavitation threshold is more sensitive to the phase angle difference of the excitation, which is more obvious in water and blood. Specifically, when the initial bubble radius in water, blood, brain, and liver is greater than 5.8 μm, 5.3 μm, 4.2 μm, and 4.1 μm, respectively, the cavitation threshold of different phase angle differences is significantly different. Under the same larger initial bubble radius, when the phase angle is   α = β = 0  , the phase angle difference of the triple-frequency excitation is 0, and the transient cavitation threshold is the lowest compared with other phase angle differences; when the phase angle is   α = 2 π  / 3   ,   β = 4 π  / 3   , the phase angle difference of the triple-frequency excitation is   2 π  / 3   , and the transient cavitation threshold of these four media is at the highest value compared with other phase angle differences. With the increase of the phase angle difference of triple-frequency excitation, the corresponding transient cavitation threshold of the triple-frequency excitation in the medium increases gradually. Therefore, the phase angle difference of the multifrequency excitation has an impact on the transient cavitation threshold in the medium. In the actual HIFU treatment process, the lower transient cavitation threshold can be obtained by selecting the appropriate phase angle difference of the multifrequency excitation.




3.4. Effect of Polytropic Index on Transient Cavitation Threshold


The polytropic index controls the thermal dynamic behavior of the gas in the bubble. The polytropic index  k  = 1.4 corresponds to the adiabatic process of the bubble, while  k  = 1.0 corresponds to the isothermal process. The relevant research shows that the adiabatic process underestimates the maximum radius of the bubble, while the isothermal process overestimates the maximum radius of the bubble [26,45]. Figure 7 takes the liver as an example to analyze the influence of the polytropic index on the transient cavitation threshold under different frequency combinations by changing the value of the polytropic index. Figure 7 shows the relationship between the transient cavitation threshold and the initial bubble radius under the combinations of single-frequency (2.6 MHz), dual-frequency (2.6 + 2.0 MHz), and triple-frequency (2.6 + 2.0 + 1.4 MHz).



It can be found from Figure 7 that under the same irradiation conditions, the change of polytropic index has little effect on the transient cavitation threshold of multifrequency combinations in the medium, whether it is a single-frequency ultrasound, dual-frequency combination, or triple-frequency combination.





4. Conclusions


In this paper, the Yang–Church model is used to simulate the nonlinear vibration of bubbles in thermally viscous media. The effects of multifrequency ultrasonic combination mode, peak negative pressure and its duration, phase angle difference, and polytropic index on the transient cavitation threshold in different media are analyzed. The simulation results show that:




	(1)

	
On the premise of the same frequency difference and initial bubble radius, the transient cavitation threshold of the triple-frequency combination with higher frequency is higher than that of the triple-frequency combination with lower frequency. With the increase of the initial bubble radius, the threshold difference between the single-frequency ultrasound and the multifrequency combination increases, and the influence of the frequency difference on the transient cavitation threshold of the triple-frequency combination with higher frequency is more obvious.




	(2)

	
When the lowest frequency of triple frequencies is the same, the larger the frequency difference is, the higher the corresponding transient cavitation threshold is. When the bubble radius is small, the frequency difference has little effect on the transient cavitation threshold of the triple-frequency combination.




	(3)

	
The level of transient cavitation threshold is related to the peak negative pressure and duration of ultrasound. Compared with the single-frequency ultrasound, the introduction of a low-frequency component in the multifrequency combination can significantly reduce the transient cavitation threshold in the medium. However, the introduction of a high-frequency component in the multifrequency combination can significantly increase the transient cavitation threshold in the medium.




	(4)

	
When the phase angle difference of the multifrequency excitation is zero, the corresponding transient cavitation threshold in the medium is the lowest. The change of the polytropic index has little effect on the transient cavitation threshold of different frequency combinations.









The results of this study can provide guidance for multifrequency ultrasound in frequency combination, frequency difference, and phase angle selection, so as to better reduce the transient cavitation threshold in the medium, and provide reference for the design of tissue ablation treatment schemes in clinical application.
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Figure 1. Transient cavitation threshold corresponding to different triple-frequency combinations in different media: (a) water; (b) blood; (c) brain; (d) liver. 
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Figure 2. Transient cavitation threshold of single-frequency (2.6 MHz), dual-frequency (2.6 + 2.0 MHz), and triple-frequency (2.6 + 2.0 + 1.4 MHz) in different media: (a) water; (b) blood; (c) brain; (d) liver. 
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Figure 3. Transient cavitation threshold of single-frequency (1.4 MHz), dual-frequency (1.4 + 2.0 MHz), and triple-frequency (1.4 + 2.0 + 2.6 MHz) in different media: (a) water; (b) blood; (c) brain; (d) liver. 
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Figure 4. Pressure waveforms of different frequency combinations in liver: (a) 2.6 MHz; (b) 2.6 + 2.0 MHz; (c) 2.6 + 2.0 + 1.4 MHz. 






Figure 4. Pressure waveforms of different frequency combinations in liver: (a) 2.6 MHz; (b) 2.6 + 2.0 MHz; (c) 2.6 + 2.0 + 1.4 MHz.



[image: Applsci 10 04778 g004]







[image: Applsci 10 04778 g005 550] 





Figure 5. Pressure waveforms of different frequency combinations in liver: (a) 1.4 MHz; (b) 1.4 + 2.0 MHz; (c) 1.4 + 2.0 + 2.6 MHz. 
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Figure 6. Transient cavitation threshold of triple-frequency (2.6 + 2.0 + 1.4 MHz) excitation with different phase angle differences in different media: (a) water; (b) blood; (c) brain; (d) liver. 
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Figure 7. The influence of polytropic index on transient cavitation threshold under three different frequency combinations: (a) 2.6 MHz; (b) 2.6 + 2.0 MHz; (c) 2.6 + 2.0 + 1.4 MHz. 
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Table 1. Physical parameters of media [27].
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	Medium
	Speed/c (m/s)
	Density/ρ (g/m3)
	Surface Tension/σ (mN/m)
	Viscosity/μ (mPa.s)
	Shear Modulus/G (MPa)





	Water
	1500
	1000
	68
	1
	0



	Blood
	1570
	1050
	56
	5
	0



	Brain
	1540
	1050
	56
	9
	0.012



	Liver
	1549
	1100
	56
	9
	0.04
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