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Abstract

:

Varicose veins in the lower limb are a common and progressive venous disorder that can significantly reduce patients’ quality of life and pose a threat to their overall health if left untreated. However, current treatment approaches often involve invasive intervention. High-intensity focused ultrasound (HIFU) technology has the potential to treat varicose veins non-invasively, but most systems are bulky and expensive. This study proposes an innovative, integrated system that uses a 4.5 MHz therapeutic probe guided by a 12 MHz ultrasound imaging probe to treat varicose veins in the lower limb. The system aims to achieve high accuracy in repeated treatments by using a high-speed scanning positioning structure, increasing the imaging framerate, and reducing the system’s overall volume. The system’s accuracy is evaluated through reset error tests on an acrylic board, and its effectiveness is tested through in vivo experiments on rabbit marginal ear veins. Tests on porcine arteries are conducted to identify suitable focal points for vascular treatment. The experimental results demonstrate the system’s high accuracy, with a reset error of less than 0.07 mm, and an obvious shrinkage of the predetermined treatment area of the marginal ear veins after therapy. The study identifies that setting the focus on the vascular wall can improve the efficiency of vascular treatment, resulting in significant vasoconstriction changes. These experimental findings provide sufficient evidence for the system’s potential for clinical application in vascular treatment.
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1. Introduction


Varicose veins of the lower limb are a common venous disease that disproportionately affects individuals who maintain a sedentary or physically demanding lifestyle. The primary etiology of the disease is the prolonged impairment of venous blood flow, resulting in blood accumulation and stasis within the veins and consequent venous reflux, increased venous pressure, and valve damage. Epidemiological studies conducted abroad have revealed an overall incidence rate of 29.5–39.0% among women and 10.4–23.0% among men [1]. As the disease is progressive, its initial clinical presentation is often insidious, with symptoms such as lower limb fatigue, heaviness, and ankle edema arising in the later stages. Left untreated, long-term blood stasis may cause skin pigmentation, venous ulcers, and thrombophlebitis, significantly impacting the patient’s quality of life [2].



In the early stages of lower-limb varicose veins, patients may alleviate the condition and prevent further deterioration by wearing elastic stockings. However, surgical intervention becomes necessary as the condition worsens. Historically, high ligation and stripping of the great saphenous vein has been the primary surgical approach [3], involving suturing the vessels at their source and simultaneously stripping and removing the trunk vessels, along with the rest of the non-functional superficial veins. However, patients are at risk of infection and other complications due to the large surgical incision [4]. With the advancement of minimally invasive technology, treatment has shifted from open surgery to minimally invasive procedures that feature smaller incisions and faster recovery times. Currently, minimally invasive treatments include modified great saphenous vein high ligation and stripping, endovenous thermal ablation (EVTA), and injection sclerotherapy [5,6]. While thermal ablation and other techniques have demonstrated their clinical effectiveness in treating varicose veins, they are not universally applicable. In particular, veins that are less than 3.5 mm in diameter and situated deep within the skin are not suitable for thermal ablation. Furthermore, minimally invasive procedures require experienced physicians to achieve high success rates, and there is a risk of distant thromboembolic or other potentially lethal complications [7,8,9,10,11]. As a result, the development of non-invasive methods for treating varicose veins in the lower extremities through in vitro closure is a desirable goal.



In recent years, non-invasive therapies have become increasingly attractive for treating lower-limb varicose veins, with ultrasound-guided high-intensity focused Ultrasound (HIFU) therapy being a new focus [12,13,14,15,16]. HIFU technology is an effective non-invasive technique for precisely destroying deep target tissues. Its therapeutic principle is to concentrate energy at a focus using a concave HIFU probe, thereby producing a range of effects, including thermal, mechanical, and cavitation effects, that lead to precise tissue necrosis and vascular fibrosis. Some scholars have reported using HIFU in animal studies and clinical settings in a small number of patients to ablate varicose veins [17,18]. In clinical trials, the therapy is accurately targeted to the vein of interest using ultrasound imaging guidance, with five successful cases reported. HIFU technology is an effective non-invasive technique for precisely destroying deep target tissues. In the abovementioned study, a conventional B-mode linear array probe was used to guide the focusing therapeutic probe. Due to the volume and weight limitation of the linear array imaging probe, the whole system often required the assistance of a mechanical arm to ensure accuracy [13]. Although handheld operation is more convenient for doctors to adjust the treatment plan during treatment, considering that the entire treatment cycle of focused ultrasound therapy for lower extremity veins is relatively long, holding such a large device for a long time puts a heavy burden on the doctor. Because of these problems, the system has not been well popularized. On the other hand, portable focusing therapeutic probes used in lower-limb varicose veins have been reported; however, their success rates are low due to the lack of effective miniaturized imaging guidance [19,20,21]. Therefore, it is imperative to develop an ultrasound-guided miniaturized therapy system that is tailored to the vascular characteristics of varicose veins in the lower limbs.



This study presents a novel system for venous varicose ultrasound therapy that employs high-frequency ultrasound guidance. The system integrates a 12 MHz mid-high frequency single-element imaging probe and a 4.5 MHz focusing therapeutic probe, as well as an accurate scanning and positioning structure. One of the key benefits of this system is its ability to achieve high-speed scanning and positioning, while also providing high-framerate imaging that can effectively deal with the tortuous and complex morphology of veins, thus facilitating accurate treatment. Additionally, this system boasts a compact structure and miniature size, in contrast to the conventional B-mode linear array probe-guided focusing therapeutic probe.



This article proceeds to present the key elements of the proposed integrated system, followed by an assessment of the reset error using acrylic boards. The accuracy of the treatment is then evaluated using rabbit marginal ear veins. To further refine the system, the focus point appropriate for vascular treatment is identified via experiments involving porcine arteries.




2. Materials and Methods


2.1. Design of the Integrated Probe


The integrated probe prototype is depicted in Figure 1a, which displays a single-element imaging probe positioned within the central hole of a spherical-focused therapeutic probe. The therapeutic probe operates at a center frequency of 4.5 MHz, while the imaging probe operates at 12 MHz. Two probes were fixed to the mechanical structure by connectors. Compared to the therapy system guided by a linear array B-mode imaging probe, the volume is significantly reduced, which is depicted in Figure 1b.



The imaging probe utilized in this study was a 12 MHz single-element probe, which was located horizontally in the central hole of the therapeutic probe for imaging the treatment focus. The echo amplitude and spectrum of the imaging probe can be observed in Figure 2. The use of this frequency probe allowed for effective imaging of shallow and complex tortuous venous morphology, while also allowing for the detection of potential deep venous thrombosis. This is advantageous for the development of a comprehensive treatment plan due to the probe’s excellent imaging depth and resolution.



The use of HIFU treatment requires the selection of an appropriate frequency for the therapeutic probe. Generally, the therapeutic probe frequency is set between 1 and 3 MHz [22]. However, some studies have suggested that higher frequency focused ultrasound probes can achieve better treatment outcomes for vascular treatments [23]. Therefore, this system developed three higher-frequency focused ultrasound probes with the same physical parameters, including diameter and curvature, except for the frequency, at 3 MHz, 4.5 MHz, and 7.5 MHz. The increase in the excitation frequency of the transducer in most human tissues leads to a power-law increase in absorption and attenuation. An increase in absorption coefficient results in a larger sound absorption and heating rate, while an increase in attenuation coefficient decreases the penetration depth. Therefore, in this experiment, both the heating rate and the penetration depth of blood vessels under ultrasound exposure need to be considered simultaneously.



In previous studies, the primary reason for the contraction and closure of blood vessels under ultrasound exposure was determined to be the high-temperature denaturation reaction of collagen in the blood vessels [24,25]. To compare the effect of these three treatment probes on protein denaturation, a one-minute treatment comparison experiment was conducted using 15 W of sound power to excite these probes with a sinusoidal wave on a PAA phantom. The PAA phantom was made of polyacrylamide gel with 30% added serum, whose acoustic parameters were similar to those of ex vivo liver and muscle tissue [26]. When the temperature of the PAA phantom reaches 60 °C or above, it changes from transparent to opaque white. Additionally, 60 °C is the critical temperature for irreversible coagulation necrosis of cells. Therefore, a PAA phantom is often used in HIFU ablation experiments, and the ablation range can be determined by observing the white area inside the PAA phantom. Each frequency of the focused ultrasound transducer underwent three experiments, and the average width, height, and area of the resulting lesions were calculated. The results are shown in Figure 3.



To test the protein heating rate generated by the three different frequency probes during treatment, a thermocouple was embedded in the PAA phantom at the focus of the probe, and the temperature rise was recorded and plotted using a communication converter. Subsequently, the same method as the aforementioned experiment was used for one minute of treatment. Multiple thermocouple temperature rise tests were conducted for each frequency of the focusing probe, and a stable group was selected as a representative after multiple experiments, as shown in Figure 4.



Based on the damage results of the protein phantom and the temperature rise results obtained by thermocouple testing, it was found that the higher frequency transducer had a better temperature rise rate, as shown in Figure 4b. However, due to the attenuation effect of the high-frequency probes during propagation with the frequency increases, the shape of the focal area changed from a cone to a sphere gradually, and the treatment depth also decreased significantly, as shown in Figure 4a. Therefore, for superficial varicose veins, it is appropriate to choose a high-frequency treatment probe. In this study, a 4.5 MHz treatment probe was selected considering both the heating rate and the treatment depth, which has a balanced therapeutic effect in the experiment, as shown in Figure 3a,b. Therefore, this study chose the 4.5 MHz focusing transducer to realize the fusion transducer’s therapeutic function. On the other hand, as noted in Table 1, the central hole in the therapeutic probe results in significant sound pressure attenuation when there is water in the backing; the sound power measurement platform is shown in Figure 5. Consequently, the connection between the imaging probe and the therapeutic probe should be waterproofed.




2.2. High-Speed Scanning Positioning Structure


The eccentric wheel structure used in the integrated system is depicted in Figure 6a, which drives the focused integrated probe and enables real-time imaging of complex venous regions at a high framerate of 30 frames per second (fps). The mechanical structure of the system utilizes a crank–slider model that converts the high-speed rotary motion of the motor into high-speed reciprocating linear motion.



Due to the non-linear properties of the structure, compensation of the RF signal obtained by the imaging probe was necessary before image reconstruction. As the eccentric wheel mechanism was essentially a crank–slider mechanism, the RF signal collected by the probe was subjected to non-uniform interpolation based on the path characteristics of the crank–slider motion to correct image distortion before image reconstruction. Figure 6b displays the preset treatment trigger points, marked in red. To ensure an even distribution of treatment points across the 25 mm treatment area, the straight path is projected onto the rotating path. The encoder line closest to the theoretical rotation angle obtained via treatment point mapping is then selected as the treatment trigger signal. Furthermore, at the end of each cycle, the optical and electrical sensor is employed to reset the starting point of each stroke, thereby mitigating cumulative error.




2.3. Verification Experiment of the Treatment System


The repeated treatment accuracy of the integrated system is a crucial parameter in evaluating its performance. To monitor the treatment progress during therapy, the imaging function of the system is utilized. Given the movement of the focusing therapeutic probe along with the imaging probe, the ability to reset to the original treatment point after imaging plays a pivotal role in determining the efficacy of treatment. The present study employed acrylic boards and rabbit marginal ear veins to measure the reset error.



2.3.1. In Vitro Experiment


The experimental platform is shown in Figure 7. In the reset error measurement experiment, the integrated therapy system was mounted on the horizontal displacement platform and was used to treat acrylic boards. The treatment points were selected by the host computer, and after each treatment cycle was completed, the displacement platform moved the integrated system at regular intervals in the vertical direction along the treatment direction in the horizontal plane, repeating the same treatment cycle. Since the common treatment pitch was 1 mm, the linear therapy path was divided into 25 segments, resulting in 26 treatment points, each of which was treated with a pulse treatment time of 40 ms and sound power of 15 ± 1 W. Following treatment, the relative displacement between every two points on the acrylic board and the absolute displacement from the first treatment point to the measured point was measured using an optical microscope magnification.




2.3.2. In Vivo Experiment


In mammalian proteins, the effects of HIFU can be classified into three distinct categories. The first category involves low-intensity thermal damage, which is caused by prolonged exposure to HIFU. The second category involves high-intensity damage that occurs over a short period and is the result of cavitation. The third and final category involves moderate-intensity and -duration mechanically induced damage. When implementing vascular therapy, it is common practice to utilize low-intensity and prolonged treatment regimens. This approach is employed to achieve vessel shrinkage while simultaneously mitigating the risk of complications such as vessel rupture, which can arise as a result of cavitation and other mechanical effects [27,28,29]. In this study, we conducted an in vivo experiment on rabbit marginal ear veins using low-intensity and prolonged ultrasound therapy, utilizing its thermal effect on proteins, to assess the treatment effectiveness of the therapy system. The experimental setup comprised a laboratory lift, the integrated therapy system, a signal-triggering and -receiving device, and a displacement platform controlled by a stepper motor control box (Zolix SC300 series, Zolix, Beijing, China).



The experimental setup for verifying the accuracy of the treatment using rabbit marginal ear veins is shown in Figure 8. A New Zealand white rabbit weighing 2 kg (±0.5 kg) was anesthetized intramuscularly with ketamine (30 mg/kg) and intubated with an endotracheal tube which was ventilated with isoflurane (0.2 L/kg/min) to keep the rabbit under anesthesia throughout the procedure with an R500 small animal anesthesia machine (RWD). The fur on both sides of the ear was shaved with a hair trimmer and then carefully depilated with a depilatory cream to ensure proper acoustic coupling and prevent skin burns. One ear was immobilized in an experimental vessel filled with deionized water using medical tape, and the marginal ear vein was exposed on the integrated probe movement path. The imaging probe was used to position the protruding marginal ear vein, after which the mechanical structure drove the integrated probe to the designated treatment site. An electric power of 10 ± 1 W was applied for 4 min. After the experiment, the effectiveness was evaluated by comparing the results before and after treatment using the Vevo 2100 ultra-high resolution small animal ultrasound imaging system produced by VisualSonics with a 50 MHz linear array probe.



Following the guidelines of the Declaration of Helsinki and approved by the Laboratory Animal Center of Huazhong University of Science and Technology (SYXK-2021-0057), an in vivo experiment on rabbits was conducted. The animals were kept under controlled environmental conditions, including a 12/12 h light/dark cycle and a temperature of 22 ± 2 °C. Food and water were well supplied during the experiment.





2.4. Ex Vivo Tissue Experiment


The selection of treatment foci is critical in determining the effectiveness of surgical outcomes due to the unique structure of blood vessels. Various treatment foci can influence treatment efficiency, and identifying the optimal treatment foci is essential to minimizing burns to neighboring tissues and the skin [30,31,32]. In this experiment, vascular constriction results with different treatment foci were tested and compared. As depicted in Figure 9, three different positions for the treatment foci were evaluated. These included the superior blood vessel wall closer to the probe in Figure 9a, the center position of the blood vessel in Figure 9b, and the inferior blood vessel wall farther from the probe in Figure 9c. The treatment probe had a focal length of 20 mm, and the height of the focused probe and the arteries were adjustable using the laboratory lift to modify the position of the focus treatment point.



To facilitate ultrasonic imaging observation, fresh porcine arteries with a diameter of 3–5 mm were used as experimental materials. The experimental platform was similar to that used in the rabbit experiment, except for the experimental objective. The porcine arteries were obtained from a slaughterhouse, soaked in physiological saline, and used for experiments within three hours of acquisition. Anticoagulant bovine blood was injected into the arteries, and the two ends were cauterized with an electric iron to simulate a similar vascular environment and prevent the anticoagulated bovine blood from spilling out during treatment. The imaging function of the integrated system was utilized to achieve the positioning of each focus on the artery, and the position was changed by adjusting the height of the laboratory lift. The therapeutic probe was maintained at a constant distance of 20 mm from the designated treatment point throughout the entire experiment. A continuous sine wave was used as the excitation, with the output sound power of the focusing treatment probe set to 15 ± 1 W due to the thickness of the arterial wall. During the cumulative 5 min treatment process, the therapy was paused at 1 min, 3 min, and 5 min, respectively, and the effect images of different focusing foci at the same treatment time were obtained using the imaging function of the integrated system. The integrated probe was then returned to its original position by the mechanical structure. After the treatment of the three vessels, the acquired ultrasound images by the imaging probe were compared to determine the optimal focus with the best effect. The Vevo 2100 was also used for verification after the experiment.





3. Results and Discussion


3.1. Results of the Treatment System Validation Experiments


3.1.1. Results of In Vitro Experiment


This study conducted a treatment reset error experiment, with the results presented in Figure 10, and the measured relative and absolute displacements shown in the chart in Figure 11. Both the relative and absolute errors of the three measured displacements are small, and the repeated displacement deviation during treatment meets the treatment requirements. However, the relative error of the 23rd displacement is relatively large, with a maximum error of 0.07 mm between two extreme points, likely due to mechanical structure errors near the end of treatment causing jitter and affecting treatment accuracy. Notably, the displacement measurement results of the 7th, 8th, and 15th segments suggest that one displacement error is larger than the other two, but this is initially believed to be a measurement error.



On the other hand, the relative error and absolute error of the three displacement measurements have some deviations from the ideal state, as shown in Figure 11. The whole displacement process shows an overall upward trend, and the maximum cumulative error is 1.2 mm. The primary reason for this result is that the therapeutic probe is not placed parallel to the treatment area during treatment; a horizontal calibration module could be added to address this problem.




3.1.2. In Vitro Validation Experiments for Treatment Accuracy


Figure 12a shows the ear margin vein of the rabbit to be treated after fur removal, and Figure 12b reveals that the skin in the treated area is in a white degeneration state compared with other areas in the path of the vein. This indicates that the treatment area is limited to the vascular area and does not cause burning of the surrounding tissue. The white degeneration state is believed to be a type of skin burn. Figure 13a displays an ultrasound image of the marginal ear vein in an untreated rabbit ear, while Figure 8b shows the same vein after treatment. Contraction and deformation of the blood vessel wall can be observed at the treatment point in Figure 13b. Furthermore, the internal diameters of the blood vessels were measured using the built-in measurement system of the Vevo 2100. The diameter of the untreated area was approximately 0.49 mm. After treatment, the blood vessel contracted to 0.22 mm, and the shrinkage rate was approximately 55%, which is consistent with the observed vascular degeneration results in Figure 12b. This confirms the accuracy of the treatment.



In in vitro validation experiments, due to the small size and slow blood flow speed of the rabbit ear margin veins compared to human veins, the temperature rises in the area quickly, and contraction of the superior and inferior vascular walls is observed. It is also found that if the treatment power is increased to pursue fast treatment, not only would the tissue and skin near the blood vessel be burned, but also the blood vessel would be directly ruptured and cause massive bleeding. Further research and consideration are needed to balance the treatment power and adopt appropriate cooling measures to protect the skin from burns.





3.2. Results of Porcine Arteries Experiments


Figure 14a demonstrates that when the treatment focus is positioned on the superior wall of the blood vessel, the area of high-brightness degeneration of the vessel appears solely on the superior surface portion of the vessel. Moreover, an elongated treatment period does not notably affect the inferior side of the vessel wall. The degeneration changes are more pronounced between 1 and 3 min of treatment time, after which there is less variation.



In Figure 14b, when the treatment focus is located at the center of the vessel, the results exhibit no significant contraction or degeneration in the overall area of the vessel, nor any high-brightness degeneration. Consequently, positioning the focus in the middle of the vessel may not be suitable for a thick vessel with blood.



As shown in Figure 14c, when the treatment focus is located on the inferior wall of the blood vessel, it is found that the area of high-brightness degeneration is only present on the inferior surface of the vessel, and prolonged treatment also has no significant effect on the superior surface. Similarly, more pronounced degeneration happens from 1 min to 3 min of treatment time, after which there is less change.



The comparison results demonstrate that degeneration and deformation are more likely to occur when the focal point is situated on the blood vessel wall. Due to the blood’s higher specific heat capacity, this may lead to less overall vasoconstriction for the same treatment energy. Consequently, it is reasonable to select the vessel wall as the focal point’s location. Meanwhile, since skin burning may occur when the treatment point is placed on the superior wall, it is preferable to place the treatment point on the inferior wall to effectively prevent skin burns. On the other hand, when the treatment time lasts for 3 min, the degeneration degree of each treatment point shows no further change. This indicates that for vessels that have reached the threshold of local degeneration, the position of the therapeutic probe needs to be adjusted to avoid areas of fibrosis if they are to shrink further. It is suitable that limiting the treatment time to 1–3 min is better for the treatment of vessels with similar diameters.



Figure 15 displays a comparison of vascular imaging before and after treatment of the inferior tube wall using a commercial Vevo 2100 small animal ultrasound system in combination with a 50 MHz center frequency linear array imaging probe. The untreated porcine artery area in Figure 15a is approximately 6.54 mm2, with a maximum diameter of 3.143 mm and a minimum diameter of 2.648 mm. The treated pig artery section is displayed in Figure 15b, with an area of approximately 4.898 mm2, a maximum diameter of 3.027 mm, and a minimum diameter of 1.987 mm. The cross-sectional area decreases by 25% after the treatment, while the minimum diameter decreases by 24%. The inferior wall of the vessel indicates notable shrinkage, consistent with the result of the high-light denaturation on the inferior surface of the vessel after treatment in Figure 14c, thereby confirming the effectiveness of this innovative high-frequency ultrasound-guided integrated system for varicose vein ultrasound therapy under similar working conditions.





4. Conclusions


In this study, a novel high-frequency ultrasound-guided integrated system is developed for varicose vein ultrasound therapy, which effectively reduces the overall dimension while ensuring a high framerate to ensure the accuracy of repeated treatment. The effectiveness of the system is verified by in vitro, ex vivo, and in vivo experiments, the results show that the reset error is lower than 0.7 mm, and the preset treatment area of the rabbit marginal ear veins has shrunk. At the same time, it is also found that setting the focus of the therapeutic probe on the inferior blood vessel wall farther from the probe can not only ensure therapeutic efficiency but also alleviate possible skin burning. It has been found in previous animal and clinical experiments that the use of focused ultrasound therapy for lower extremity varicose veins has a higher recurrence rate, which may be related to the method of extracorporeal focused ultrasound therapy itself [13,15,21,33]. On the other hand, even with clinical surgery to completely strip the relevant veins, there is no guarantee that there is no possibility of recurrence [17,34,35,36,37]. In comparison, this non-invasive extracorporeal treatment method can compensate for the shortcomings in recurrence rate control through repeated treatments, ultimately achieving the goal of a complete cure. Compared with existing treatment methods, the proposed portable integrated system in this study offers a simpler and safer alternative. Future research will focus on improving the performance of vascular closure by refining the selection of treating parameters.
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Figure 1. Prototype probe for integrated ultrasound imaging and therapy: (a) system guided by a single-element imaging probe; (b) dimensional comparison, the right is a system guided by a B-mode imaging probe. 
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Figure 2. Echo test results of the 12 MHz imaging probe. 
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Figure 3. PAA phantom treatment experiment: (a) physical pictures of treatment results; (b) damage measurement results of the PAA phantom. 
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Figure 4. Protein heating rate treatment experiment: (a) experimental platform; (b) protein heating rate measurement results. 
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Figure 5. Sound power measurement platform. 
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Figure 6. High-speed scanning positioning structure: (a) wheel motion mechanism; (b) theoretical coordinates of the treatment point. 
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Figure 7. The experimental platform of the reset error measurement. 
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Figure 8. The experimental platform of rabbit marginal ear veins. 
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Figure 9. Schematic diagram of different focused treatment points: (a) the treatment focus on the superior wall of the blood vessel; (b) the treatment focus on the middle of the blood vessel; (c) the treatment focus on the inferior wall of the blood vessel. 
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Figure 10. The picture of the in vitro experiment results. 
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Figure 11. Error statistics results. 
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Figure 12. Comparison of rabbit marginal ear vein: (a) before treatment; (b) after treatment. 
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Figure 13. The contrast image of rabbit ear vein contraction: (a) before treatment; (b) after treatment. 
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Figure 14. Results of different treatment foci on the ultrasound imaging function of the integrated system: (a) the treatment focus on the superior wall of the blood vessel; (b) the treatment focus on the middle of the blood vessel; (c) the treatment focus on the inferior wall of the blood vessel. 
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Figure 15. Cross-sectional ultrasound comparison images of blood vessels before and after treatment: (a) before treatment; (b) after treatment. 
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Table 1. The excitation sound power of 4.5 MHz probes with different configurations.
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	Probe Configurations
	30 Vpp 1 Excitation Voltage
	40 Vpp Excitation Voltage
	55 Vpp Excitation Voltage
	70 Vpp Excitation Voltage
	80 Vpp Excitation Voltage





	Complete probe with air backing/W
	2.19 2
	4.88
	10.12
	15.15
	24.07



	Hole digged with water backing/W
	0.38
	0.55
	1.1
	1.92
	2.99



	Hole digged with air backing/W
	0.86
	1.81
	3.28
	5.33
	8.09







1 Vpp: Voltage peak–peak, which means the difference between the largest positive value and the largest negative value in the voltage waveform. 2 The sound power is calculated according to the conversion formula of MS204S radiation force balance and sound absorption target (METTLER TOLEDO).
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