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Abstract

:

High-intensity focused ultrasound (HIFU) ablation has been widely used in advanced pancreatic cancer in recent years. In numerous studies, HIFU has been shown to be safe, effective, and practicable, but there are a few HIFU-related adverse effects. The patients’ discomfort during therapy increased proportionally with increasing delivered energy and pain levels seemed to be independent of the dose of anesthetic or sedation. If the power used in therapy is too high, the temperature of the target area will rise rapidly, and the boiling and cavitation make the shape of the necrosis area difficult to control. In recent years, moderate-intensity focused ultrasound (MIFU) has also been shown to heat the tumor locally for palliative treatment. Choosing the appropriate power and effectively controlling the tissue temperature until reaching the threshold for thermal necrosis are of great significance for ensuring the safety of palliative treatment. In this study, an infrared temperature measurement experimental system was set up to measure the temperature rise at different power in an ex vivo bovine liver. It was found that when the acoustic intensity of the focused ultrasound was lower than the cavitation threshold (within the range of the MIFU), the temperature of the tissue kept rising at a steady rate and could still reach the thermal damage threshold temperature within tens of seconds. The results showed that the temperature induced by the MIFU was almost entirely dependent on the thermal effect, and the temperature of the tissue at the end of sonication was linearly related to the power. Finally, this study considered the effect of blood perfusion on the temperature for the application of focused ultrasound in the palliative treatment of advanced pancreatic cancer with the goal of providing a reference for the application of focused ultrasound in the palliative treatment of advanced pancreatic cancer.
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1. Introduction


Pancreatic ductal adenocarcinoma (PDA), also known as pancreatic cancer, is projected to become the second leading cause of cancer-related mortality by 2030 [1]. Despite modest advances in conventional systemic therapies, the 5-year overall survival (OS) for PDAC remains a dismal 11% [2], in part because of its advanced stage at presentation precluding curative-intent resection and a high propensity for recurrence [3]. Early-stage pancreatic cancer usually has no symptoms. When symptoms do occur, the tumor has usually spread to surrounding tissues or distant organs [4]. Most patients are inoperable at the time of diagnosis due to locally advanced disease or metastasis and experience severe abdominal pain as the disease progresses. Therefore, the treatment of patients with advanced pancreatic cancer is palliative, with the main goal of prolonging the life of patients and alleviating their pain. Many studies have shown that focused ultrasound has become a modality for the palliative treatment of pancreatic tumors. There is now a general consensus that a temperature above 55 °C maintained for more than 1 s induces nonreversible enzymatic denaturation and leads to coagulative necrosis and cell death [5,6]. The absorption of acoustic energy by biological tissues can lead to a rapid increase in the temperature of the target area. High-intensity focused ultrasound (HIFU) aims to achieve this temperature threshold in the target area, induce coagulative necrosis, and ablate the tumor without affecting the surrounding healthy tissue.



HIFU systems usually use ‘high-intensity’ mode with the intensity at the focus exceeding 1000 W/cm2. Cavitation, boiling, and strong nonlinear acoustic emissions can be detected in this mode, which can complicate mathematical models of the focal domain and cannot accurately predict the temperature rise and the shape of coagulative necrosis [7]. In numerous studies, HIFU has been shown to be safe, effective, and practicable, but there are a few HIFU-related adverse effects [8,9]. In a study published by Strunk et al., ultrasound with a frequency of 0.8 MHz, acoustic power of 200–400 W, and a duration of more than 50 s for a single target was used to achieve palliative treatment of pancreatic cancer. Transient subcutaneous edema of the proximal upper abdominal wall was observed in nine of fifteen patients. In one patient there was superficial skin burning in the region of the navel (degree IIa) [10]. Sung et al. used focused ultrasound in the palliative treatment of pancreatic cancer with a center frequency of 0.8 MHz or 1.6 MHz and an acoustic power of 140 W–240 W; the duration of exposure depended on the monitoring of US. In forty-nine treatments, twenty-eight patients had minor complications, such as mild and severe abdominal pain with vomiting, and five patients had major complications, such as skin burn (II, III) and pancreaticoduodenal fistula [11]. During HIFU treatment, the patient’s discomfort increased proportionally with increasing delivered energy [12], and pain levels seemed to be independent of the dose of anesthetic or sedation [13]. Some patients interrupted their treatment due to pain [12,13,14]. Even though most of the studies were performed with US-guided HIFU, standardization of energy, power, and technical parameters are lacking, and are still needed to obtain the best results at the minimum risk for the patient. Radiofrequency ablation (RFA) and irreversible electroporation (IRE) can provide palliative treatment for pancreatic cancer patients in a minimally invasive manner, but they are also limited by complications, and they should be adopted only by expert users in specialized centers of interactive pancreatology [15]. The application of moderate-intensity focused ultrasound (MIFU) in the treatment of advanced pancreatic cancer proposed in this paper is non-invasive and helps to avoid these complications.



In addition to HIFU, MIFU also plays an important role in clinical treatment. The acoustic intensity at focus induced by MIFU is below the cavitation threshold. Its intensity range is generally 100–1000 W/cm2 and the peak negative pressure at the focus is 1–4 MPa [16]. Studies show that the errors caused by the complexity of cavitation and high nonlinearity can be ignored in MIFU [17,18]. During MIFU exposure, the temperature of the tissue still rises rapidly, and the general heating rate is ≤5 °C/s. Damianou and Hynynen indicated that pulses lasting 10 s at an acoustic intensity of 100–400 W/cm2 can be considered a threshold for tissue necrosis [19].



In this context, we studied the power setting of focused ultrasound in the palliative treatment of advanced pancreatic cancer. The primary goals of this study were to achieve accurate prediction of temperature in the target region and especially pain reduction with an improvement of the clinical condition. In this study, an infrared temperature measurement experimental system was set up to measure the temperature rise at different power in ex vivo bovine livers. This method not only has high temporal resolution and spatial resolution but also shows the temperature distribution on the two-dimensional plane and avoids the error caused by the inaccurate orientation in the axial direction when the temperature is measured by the thermocouple. The intervention of infrared glass in the experimental system made viscous heating (VH) artifacts inevitable. Viscous heating arose from the difference in density between the infrared glass and surrounding tissue; this difference in density led to relative motion (arising from the radiation force of FUS) between these two mediums and caused the viscous heating in the glass–tissue interface and then affected the measurement accuracy [20]. Therefore, based on Pennes’ equation, this study established a numerical simulation model of tissue temperature rise considering the influence of VH, and verified the consistency between the simulation temperature and the measured temperature at a power range of 4 W to 8 W (acoustic intensity range was 200 to 500 W/cm2). Considering that there is no glass in the actual treatment, a numerical simulation model was established by removing the infrared glass to predict the temperature rise of the bovine liver tissue at different power. Finally, the influence of blood perfusion on the temperature of the target area was analyzed to provide a reference for the intensity and time of the palliative treatment of tumors. It showed that the use of MIFU was conducive to effectively controlling the rise of tissue temperature until reaching the thermal damage threshold temperature (55 °C), which could more safely achieve the palliative treatment of tumors and provide a reference for the establishment of a standardized FUS dosage.




2. Materials and Methods


2.1. Ultrasound Field Calculations


The pressure distribution in the calculation domain was obtained by the nonlinear Westervelt equation [21], which is expressed as:


  ρ ∇ ⋅    1 ρ  ∇ p   −  1   c 0 2       ∂ 2  p   ∂  t 2    +  δ   c 0 4       ∂ 3  p   ∂  t 3    +  β   ρ 0   c 0 4       ∂ 2  p   ∂  t 2    = 0  



(1)




where    ∇ 2    is the Laplace operator, p is acoustic pressure, c0 is acoustic velocity, ρ0 is the density, β is the nonlinear coefficient, and  δ  is the acoustic diffusion coefficient.



The finite-difference time-domain (FDTD) method is usually used to solve the Westervelt equation, and the numerical solution of Equation (1) is calculated on the polar cylindrical grid. The ultrasonic source is modeled as a spherical shell shape about the axial symmetry of the sound source. The sound field and temperature field are calculated in axial z and radial r directions using a two-dimensional spatial grid x. The explicit FDTD method is generally used [22]. The FDTD method approximates the discrete difference of spatial and temporal partial derivatives. Each node on the computational grid is expanded from the Taylor series. The grids consist of two spatial dimensions (i, j) of uniform spacing,   Δ x   and   Δ r  , and a time dimension n of uniform spacing   Δ t  . The time derivative of the Westervelt equation is calculated to the second-order accuracy:


     ∂ 2  p   ∂  t 2    ≈  1      Δ t    2       p  i , j   n + 1   − 2  p  i , j  n  +  p  i , j   n − 1      



(2)






     ∂ 3  p   ∂  t 3    ≈  1      2 Δ t    3      6  p  i , j  n  − 23  p  i , j   n − 1   + 34  p  i , j   n − 2   − 24  p  i , j   n − 3   + 8  p  i , j   n − 4   −  p  i , j   n − 5      



(3)







The spatial difference is calculated using the fourth-order accuracy:


    ∂ p   ∂ r   ≈  1  12 Δ r     −  p  i , j + 2  n  + 8  p  i , j + 1  n  − 8  p  i , j − 1  n  +  p  i , j − 2  n     



(4)






     ∂ 2  p   ∂  r 2    ≈  1  12     Δ r    2      −  p  i , j + 2  n  + 16  p  i , j + 1  n  − 30  p  i , j  n  + 16  p  i , j − 1  n  −  p  i , j − 2  n     



(5)






     ∂ 2  p   ∂  x 2    ≈  1  12     Δ x    2      −  p  i + 2 , j  n  + 16  p  i + 1 , j  n  − 30  p  i , j  n  + 16  p  i − 1 , j  n  −  p  i − 2 , j  n     



(6)







The explicit difference equation of    p  i , j   n + 1     can be obtained, and finally, the acoustic field is obtained.




2.2. Temperature Profile Calculations


When focused ultrasound propagates in the tissue, part of the energy is absorbed and converted into thermal energy. At present, the most widely used heat transfer model is the biological heat transfer model proposed by Pennes in 1948; that is, Pennes’ equation [23]. Pennes’ equation is usually expressed as:


    ∂ T   ∂ t   =  κ   ρ 0   C t     ∇ 2  T −    w b   C b     ρ 0   C t    ( T −  T 0  ) +  Q   ρ 0   C t     



(7)




where T represents the tissue temperature,    ρ 0    is the density of the biological tissue,    C t    is the heat capacity of the biological tissue,  κ  is the thermal conductivity of the biological tissue, wb and Cb are the perfusion rate and heat capacity of blood flow, respectively, T0 is the initial temperature of the tissue, and Q is the heat source for ultrasonic heating. Q can be expressed as:


  Q =  1   ρ 0   c 0      ∑  n = 1  ∞   2  α n       p n    2     



(8)







In the formula,    α n    is the absorption coefficient corresponding to the nth harmonic component and < > represents the time average.



Although the infrared temperature measurement has a good spatial and temporal resolution, the viscous heating artifact caused by the infrared glass in the experimental system cannot be ignored. Viscous heating leads to a rapid increase in temperature, which affects the measurement. In this study, the effect of viscous heating artifacts is evaluated by numerical simulation based on Pennes’ equation. Equation (7) is modified as follows:


    ∂ T   ∂ t   =  κ   ρ 0   C t     ∇ 2  T −    w b   C b     ρ 0   C t    ( T −  T 0  ) +  Q   ρ 0   C t    +    Q  v i s      ρ 0   C t     



(9)







The secondary heat source has modeled the viscous heating and the heat generated by the viscous force in the steady state is given by [24]:


   Q  v i s   =    U 0 2  R  2      [ 1 − { ( 1 + k ) / [ ( M /  M ′  ) + k ] } ]  2    1 +   [  k ′  / [ ( M /  M ′  ) + k ] ]  2     



(10)




where   R =  k ′  ω  M ′   , with    M ′    defined as the mass of tissue displaced per unit length of the glass and  M  is the mass per unit length of the glass. The quantities k and k’ can be expressed as a function of   ɸ =    r 0   2       ω ν      1 / 2     with r0 defined as the thickness of the glass and  ν  as the kinematic coefficient of shear viscosity   ω = 2 π f  , U0 is the particle velocity at the tissue/glass interface, which can be obtained by    U 0  = p / ρ  c 0   .




2.3. Simulation Model


A two-dimensional axial symmetry simulation model of the HIFU ablation was established by using the k-wave toolbox of MATLAB. The schematic diagram of the numerical simulation model without the infrared glass is shown in Figure 1. The simulation domain consists of a transducer, water, and a bovine liver. The curvature radius of the transducer was 150 mm and the aperture diameter was 95 mm. The excitation signal was a sine wave with a center frequency of 1.12 MHz. The model parameters are given in Table 1. All parameters were assumed to be constant during the focused ultrasound. The maximum size of the mesh used in the simulation was   λ  / 10   , and the mesh was further encrypted to verify the mesh’s independence. After increasing the number of the mesh by 30%, the change in temperature was less than 1%. The non-linearity of the acoustic wave was calculated to order 10, and the effect of higher-order harmonics on the sound pressure distribution in the focal region was less than 0.1%.



The numerical simulation model corresponding to the infrared temperature measurement experiment is shown in Figure 2. The simulation domain includes a transducer, water, a bovine liver, and infrared glass.




2.4. Experimental Setup


A fresh bovine liver was collected from a local slaughterhouse and the whole experiment was conducted within 8 h after the cattle was slaughtered. The liver tissue was cut into a cylindrical shape with a diameter of 50 mm and a thickness of 25 mm. The cylinders were placed in a pressure chamber with degassing water and the pressure chamber was sealed. The tissue was degassed for 40 min with a pump with a vacuum degree of −0.9.



The experimental system is shown in Figure 3. The excitation signal was generated by the arbitrary signal generator (DG5072, RIGOL, Beijing, China). the signal passed through the power amplifier (AR800 W, Amplifier Research, Souderton, PA, USA) and drove the transducer to irradiate the continuous wave (the transducer parameters were consistent with those in the simulation). The transducer and tissue were immersed in degassed water, and the upper surface of a bovine liver tissue sample was attached to the infrared glass and placed in focus. The infrared glass was placed in the field of view of a 50 Hz infrared camera (K23a17, HJKIR, Wuhan, China) and the temperature distribution of the bovine liver at different power-focused ultrasounds was recorded.





3. Results and Discussion


The initial temperature of the experiment and simulation was 30 °C. Figure 4 shows the measured temperature rise of the bovine liver exposed for 5 s at 10 W, 40 W, and 125 W acoustic power. The maximum acoustic intensity at the focus was 500, 3000, and 10,000 W/cm2, respectively.



Under three kinds of power, the temperature of the bovine liver increased rapidly at the initial stage, which was caused by the cavitation effect and viscous heating of the tissue and glass at 125 W and 40 W. When the power was 10 W (lower than the cavitation threshold), this was due to viscous heating. When the power was 125 W, the temperature elevation of the tissue was rapidly above 60 °C, which indicated that cavitation occurred at the beginning of sonication. Due to thermal equilibrium, the temperature of the tissue reached its maximum and then decreased slightly until the end of the sonication. This trend was similar to that reported by Jensen et al. [25]. The temperature increase rate of the bovine liver at 40 W was slower than that at 125 W and reached the maximum temperature of 77 °C within 1 s; then, the temperature remained almost unchanged. This trend was similar to that reported by Chang et al. [26]. When the power was 10 W (below the threshold of acoustic cavitation), the temperature of the tissue increased rapidly at first and then slowly under the effect of viscous heating, and the temperature increased steadily to 43 °C within 5 s. It can be seen that when the intensity of focused ultrasound exceeded the cavitation threshold, the time of heating to the maximum temperature decreased with the increased power. It was difficult to predict the temperature of the tissue during sonication, which was closely related to some complex factors such as cavitation bubbles, thermal necrosis, etc. These processes such as cavitation, boiling, and their effects on temperature have not been accurately evaluated, and are not included in the classical numerical simulation model of the HIFU. Therefore, if the intensity above the cavitation threshold was applied to the tissue, for example, 125 W, its temperature prediction after several milliseconds might not be reliable. The mean temperature increase rate of the tissue was more than 30 °C/s in the first 1 s of the sonication at 40 W, and the temperature was difficult to control accurately. When the intensity of focused ultrasound was lower than the cavitation threshold (the power was 10 W and the intensity was within the MIFU range), the temperature increased steadily. At this power, the main factors that make the temperature increase were the thermal effect and viscous heating, which facilitated the prediction and control of the temperature. The relationship between temperature and exposure time of the bovine liver at different power (within the MIFU range) was studied as follows.



Figure 5 shows the measured, simulated, and modified predicted temperature elevation curves of the bovine liver with time during 40 s of sonication at 4 W, 6 W, and 8 W (200~500 W/cm2, MIFU). First, the temperature measured was compared with the temperature calculated by numerical simulation considering VH to verify the correctness of the secondary heat source    Q  v i s    . The maximum relative error was 4.1%. The measured temperature elevation after sonication was 12.9 °C (power = 4 W), 18.4 °C (power = 6 W), and 30.8 °C (power = 8 W). The simulated temperature elevation after sonication was 13.6 °C (power = 4 W), 19.4 °C (power = 6 W), and 28.3 °C (power = 8 W). With the increase in power, viscous heating would make the tissue rise to a higher temperature within 5 s. After a certain period of time, the contribution of viscous heating to temperature reached the plateau, and further temperature rise was mainly caused by absorbing acoustic energy.



Furthermore, viscous heating was removed from the numerical simulation model, and the temperature elevation of the bovine liver is given in Figure 5. The temperature rise curves were approximately linear (without the infrared glass). The difference between the predicted temperature and the measured temperature reached the maximum within 5 s, and then gradually decreased. The modified predicted temperature elevation after sonication was 13.1 °C (power = 4 W), 19.8 °C (power = 6 W), and 25.4 °C (power = 8 W).



The width of the acoustic focal area (−3 dB acoustic field) of the transducer used in this study is 2.95 mm. Figure 6 shows the temperature elevation at 1.5 mm away from the focus in the direction of the focal plane. It can be seen in Figure 6 that the simulated results considering viscous heating were close to the measured results, and the maximum relative error was 6.7%. After removing the viscous heating from the numerical simulation model, the predicted temperature of the bovine liver at 4 W, 6 W, and 8 W reached 40 °C, 45.8 °C, and 49 °C, respectively, at the end of sonication, which was 3~4 °C lower than the temperature at focus.



These studies were based on an ex vivo bovine liver without considering blood perfusion. However, blood can take away part of the heat and reduce the efficacy of FUS. This study further quantified the effect of blood perfusion on the efficacy of FUS. The temperature at focus after sonication (40 s) and the temperature at 1.5 mm from the focus (Figure 7) at different power were calculated by numerical simulation, whether or not blood perfusion was considered in both cases. As shown by the best-fitting line, the relationship between temperature and power was approximately linear in the MIFU range.




4. Conclusions


The infrared temperature measurement system was set up to measure the temperature elevation of a bovine liver at different power. The temperature rise curves at the focus fall into three broad categories. 1. At a power of 125 W (I ≈ 10,000 W/cm2), the tissue temperature at focus rose rapidly to the maximum temperature (>90 °C) within tens of milliseconds and then fluctuated slightly. 2. When the power was reduced to 40 W (I ≈ 3000 W/cm2), the temperature rose rapidly in a short time, reached the maximum temperature of about 77 °C within 1 s, and was almost kept unchanged. The temperature rise rate of the tissue was still more than 30 °C/s. 3. When the power was in the range of 4 W to 8 W (MIFU, 240 ≤ I ≤ 500 W/cm2), the temperature increased steadily. At the end of sonication, the measured temperature was controlled below 60 °C.



Accurate prediction before operation and optimal control during treatment are the keys to achieving therapeutic effects and avoiding adverse effects when focused ultrasound is applied in tumor ablation. The development of acoustic cavitation, boiling, and shielding of large bubbles and their effects on temperature has not been accurately evaluated and is not included in the classical numerical simulation model. Therefore, it might not be reliable to predict the temperature when the intensity of 1000 W/cm2 was applied to the tissue; high temperature would lead to tissue boiling and bubble formation and might induce more undefined and less predictable necrosis. These would challenge the effective temperature control during the treatment [27]. For focused ultrasound (MIFU) with an intensity below 1000 W/cm2, the intensity range was below the cavitation threshold and the temperature increase mainly depended on the thermal effect, and it was easy to assess and predict temperature during treatment. The goal of this study was to control tissue temperature rise until reaching the threshold for thermal necrosis (55 °C), which could more safely achieve the palliative treatment of tumors. Therefore, this study focused on the intensity range of moderate-intensity focused ultrasound (100 W/cm2 ≤ I ≤ 1000 W/cm2), and discussed the temperature rise at different power in a bovine liver. The simulated and measured results showed that (1) the temperature of the tissue induced by the MIFU at the end of sonication was linearly related to the power and (2) the effect of blood perfusion on temperature increased with the power increase.



Fabiano et al. described that focused ultrasound could reach and keep the required temperature at low acoustic power, which might reduce potential adverse effects and patients’ discomfort [28]. This paper further quantified the appropriate intensity range for tumor ablation of advanced pancreatic cancer. The MIFU is easier to control the temperature than the HIFU while ensuring treatment efficiency, which is conducive to accurate prediction, and is safer and more suitable for the palliative treatment of tumors.



This study is based on homogenous bovine liver tissues. In clinical treatment, the situation of each patient is different, and the setting of treatment parameters varies from person to person. In future research, the parameters used in clinical treatment cases can be considered for the temperature simulation to evaluate the impact of different sound channels on the treatment effect.
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Figure 1. Schematic diagram of the simulation model without infrared glass. 
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Figure 2. Schematic diagram of the simulation model with infrared glass. 
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Figure 3. Schematic diagram of the experimental system. 
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Figure 4. The measured temperature rise of the bovine liver tissue was exposed continuously for 5 s at 10 W, 40 W, and 125 W. 
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Figure 5. Temperature elevations at focus (a) 4 W, (b) 6 W, and (c) 8 W. The yellow solid lines present the measured temperature (measurement). The blue solid lines present the simulated temperature considering viscous heating (simulation + vis). The red solid lines present the predicted temperature (without glass and without VH) in the pure bovine liver (prediction). 
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Figure 6. Temperature elevations at 1.5 mm away from the focus (a) 4 W, (b) 6 W, and (c) 8 W. The yellow solid lines present the measured temperature (measurement). The blue solid lines present the simulated temperature considering viscous heating (simulation + vis). The red solid lines present the predicted temperature (without glass and without VH) in the pure bovine liver (prediction). 
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Figure 7. The temperature (predicted) of the bovine liver at 40 s at different power. The blue solid line presents the temperature at focus when ignoring blood perfusion (wb = 0, at focus), the blue dotted line presents the temperature at 1.5 mm away from the focus when ignoring blood perfusion (wb = 0, 1.5 mm away), the red solid line presents the temperature at focus when considering blood perfusion (wb = 0.008, at focus), and the red dotted line presents the temperature at 1.5 mm away from the focus when considering blood perfusion (wb = 0.008, 1.5 mm away). When the blood perfusion was ignored, for a 1 W increase in power, the temperature at focus increased by 3.3 °C after sonication, and the temperature at 1.5 mm away from the focus increased by 2.5 °C. When the blood perfusion was considered (wb = 0.008), the temperature at focus increased by 3 °C after sonication, and the temperature at 1.5 mm away from the focus increased by 2.1 °C. With the increase in power, the temperature difference between the focus and at 1.5 mm from the focus gradually increased, and the effect of blood perfusion on the temperature gradually increased. 
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Table 1. Parameters for simulation research.
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	Parameters
	
	





	Acoustic parameters
	Frequency (MHz)
	1.12



	
	Aperture diameter (mm)
	95



	
	Focal length (mm)
	150



	Water
	Sound speed (m/s)
	1500



	
	Density (kg/m3)
	1000



	
	Thermal capacity (J/kg K)
	4180



	
	Thermal conductivity (W/m K)
	0.6



	
	Absorption coefficient (Np/m/MHz)
	0.025



	
	Nonlinear coefficient
	5



	Liver properties
	Sound speed (m/s)
	1595



	
	Density (kg/m3)
	1060



	
	Thermal capacity (J/kg K)
	3400



	
	Thermal conductivity (W/m K)
	0.45



	
	Absorption coefficient (Np/m/MHz)
	5.8



	
	Nonlinear coefficient
	6.6



	
	Dynamic viscosity (Pa s)
	1.59



	Infrared glass properties
	Sound speed (m/s)
	2692



	
	Density (kg/m3)
	1450



	
	Thermal capacity (J/kg K)
	410



	
	Thermal conductivity (W/m K)
	11.72



	
	Absorption coefficient (Np/m/MHz)
	0



	Geometrical specifications
	Liver diameter (mm)
	50



	
	Liver length (mm)
	25
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