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Transcranial-focused ultrasound (tFUS) has potential for both neuromodulation and neuroimaging. Due to the influence of head tissue, especially the skull, its attenuation is a key issue affecting precise focusing. The objective of the present study was to construct a mathematical model of ultrasound attenuation inclusive of skull thickness. First, combined with real skull phantom experiments and simulation experiments, tFUS attenuation of different head tissues was investigated. Furthermore, based on the system identification method, a mathematical model of ultrasound attenuation was constructed taking skull thickness into account. Finally, the performance of the mathematical model was tested, and its potential applications were investigated. For different head tissues, including scalp, skull, and brain tissue, the skull was found to be the biggest influencing factor for ultrasound attenuation, the attenuation caused by it being 4.70 times and 7.06 times that of attenuation caused by the brain and scalp, respectively. Consistent with the results of both the simulation and phantom experiments, the attenuation of the mathematical model increased as the skull thickness increased. The average error of the mathematical model was 1.87% in the phantom experiment. In addition, the experimental results show that the devised mathematical model is suitable for different initial pressures and different skulls with correlation coefficients higher than 0.99. Both simulation and phantom experiments validated the effectiveness of the proposed mathematical model. It can be concluded from this experiment that the proposed mathematical model can accurately calculate the tFUS attenuation and can significantly contribute to further research and application of tFUS.
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INTRODUCTION

Ultrasound technique is a significant development in the field of traditional diagnostic medicine and has a wide range of clinical applications (Kranjec et al., 2014; Jana et al., 2020). In recent years, transcranial focused ultrasound (tFUS) has gained wide attention in the fields of neuromodulation (Tufail et al., 2010; Deffieux et al., 2013; Mueller et al., 2014; Lee et al., 2016; Legon et al., 2018) and neuroimaging (Song et al., 2021; Zhou et al., 2021). Compared with existing neuromodulation techniques, such as deep brain stimulation and transcranial magnetic stimulation, tFUS has some advantages (O’Shea and Walsh, 2007; Oluigbo et al., 2012; Mueller et al., 2017). First, tFUS is a non-invasive method that does not require implantation of lead electrodes during surgery (Wagner et al., 2007), thereby avoiding risk of infection and elicitation of an immune response. Second, tFUS can offer a superior spatial resolution on a millimeter scale and perform a deeper stimulation (Vignon et al., 2006; Mueller et al., 2016). However, because of the absorption and refraction of the skull and other biological tissues in the head, the focal spot of tFUS diverges and the sound pressure attenuates (Sugiyama, 2015; Khanna, 2016), which is a key issue influencing precise focusing.

Based on the simulation computation, the attenuation of tFUS has been previously investigated. The results show that the skull is the most influential factor in the attenuation of ultrasound pressure (Song et al., 2020). In addition, the error of peak intracranial pressure was noted to be greater than 2.6% when the thickness of the skull changed by 0.1 mm (Robertson et al., 2017). It is known that, for the management of different neurological diseases, tFUS needs to stimulate different brain locations, and ultrasound waves need to pass through variable thicknesses of skull at different points. Moreover, even if the location is same, different people have different skull thicknesses. However, the attenuation of tFUS based on the differences in skull thickness has not yet been estimated using a mathematical model, which is critical for accurately controlling the dose of tFUS.

In the present study, for precise focusing of tFUS, a mathematical model of ultrasound attenuation with skull thickness was constructed. Both numerical simulations and real skull phantom experiments were conducted to investigate the tFUS attenuation of different head tissues and to test the performance of the mathematical model. In addition, the potential applications of this model for different initial sound pressures and different skulls were also explored.



MATERIALS AND METHODS

In this study, two real human skulls (No. 14 and 49) were acquired, which were supported by Tianjin Medical College. The skulls were obtained via voluntary donations for the purpose of medical practice.

In addition, a perfectly matched layer was set on the edge of the model to absorb the output ultrasound waves and prevent their reflection back to the model to cause interference. It should be noted that the acoustic wave propagation was required to be linear, and the amplitude of the shear wave in the tissue domain was needed to be much smaller than the amplitude of the pressure wave. Therefore, the non-linear effects and shear waves were ignored.


Mathematical Model

To achieve precise focusing of tFUS, a mathematical model of ultrasound attenuation was constructed considering the skull thickness, which can be described as:
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where z is the thickness of the skull, Az is the corresponding transcranial ultrasound attenuation, Pwater is the peak sound pressure in a pure water medium, and τz is the percentage of the sound pressure in a pure water medium to the sound pressure passing through the skull with a thickness of z and is defined as:
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where Pz is the peak sound pressure when the skull thickness is z.

Equation (1) was established based on the system identification method. The finite element software COMSOL was used to simulate the ultrasonic propagation within the skull, and the corresponding sound pressure Pz was calculated with different skull thicknesses. Then, Pz was introduced into Equation (3) to calculate the sound pressure percentage τz, and the obtained data are shown in Figure 1 (blue dots in the figure). As shown in Figure 1, the red curve is fitted by the least square method. The formula of the curve is the mathematical model of ultrasound attenuation with skull thickness, i.e., Equation (1). The coefficient of determination (R2) is 0.9996.
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FIGURE 1. The peak sound pressure percentage fitting curve with skull thickness.


According to the proposed mathematical model, with knowledge of skull thickness, intracranial ultrasound attenuation can be directly calculated. In addition, the mathematical model is potentially suitable for different initial sound pressures using the sound pressure percentage instead of the sound pressure value.

In addition, based on the proposed mathematical model, the intracranial peak sound pressure can be further predicted as:
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where x1 is the skull thickness of a certain site, Px1 is the corresponding intracranial peak sound pressure, τx1 is the sound pressure percentage calculated by Equation (1), x2 is the skull thickness of another site, and Px2 is the intracranial peak sound pressure, which is to be predicted.

It can be seen that, with knowledge of intracranial sound pressure at a certain head site, the intracranial sound pressure at other sites can be predicted. Moreover, it should be noted that, as the prediction is a linear approximate calculation, the prediction accuracy depends on the thickness variation range. The smaller the thickness variation range, the higher the prediction accuracy.



Simulation Experiment

First, based on the real head structure and biological tissue properties of the head region, a series of simulation models, including a 3-D multilayer head model and single-layer head tissue models were designed using finite element software COMSOL Multiphysics v5.4 (COMSOL, Burlington, MA). The 3-D multilayer head model is shown in Figure 2A. Consistent with the real skull phantom experiment, the multilayer head model included a 3.35-mm scalp and a 5-mm skull. The brain tissue was 4 cm thick. At the top of the model, a bowl-shaped ultrasound transducer was placed, which can simulate ultrasound waves with different sound pressures by adjusting the normal displacement of the transducer element. Two types of models were constructed for a single-layer head tissue model. As shown in Figure 2B, the single-layer head tissue model has different thicknesses. The thicknesses of the scalp, skull, and brain tissue were 3.35 and 5 mm and 4 cm, respectively. As shown in Figure 2C, another single-layer head tissue model was created with a uniform thickness. The thickness of the scalp, skull, and brain tissue was unified to 5 mm.
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FIGURE 2. The 3-D structure of the multilayer head model and single-layer head tissue model. (A) Multilayer head model, including scalp, skull, and brain tissue, and the thickness is 3.35 and 5 mm and 4 cm, respectively. The top is a bowl-shaped ultrasound transducer. (B) 3-D structure of single-layer head tissue model with different thicknesses. The thickness of scalp, skull, and brain tissue is 3.35 and 5 mm and 4 cm, respectively. (C) 3-D structure of single-layer head tissue model with the same thickness. The thickness of scalp, skull, and brain tissue is unified to 5 mm.


Thereafter, sound field calculation was implemented with the COMSOL software using the Pressure Acoustics, Frequency Domain (acpr) interface, which is a sound pressure finite element method solver using the homogeneous Helmholtz equation. An adaptive first-order triangular element mesh was used for the solver. The homogeneous Helmholtz equation is expressed as follows:
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where r and z are the radial and axial coordinates, p is the sound pressure, and ω is the angular frequency. Density ρc and sound velocity cc have complex values and are used to represent the damping properties of the material. The material parameters are shown in Table 1. The main parameters were the speed of sound, density, and attenuation coefficient. From Table 1, it can be seen that the attenuation coefficient of the skull is 2,000 dB/m, and the sound speed is 4,080 m/s, which is much larger than that of the other tissues. For instance, the attenuation coefficient of the scalp is 68 dB/m, and the sound speed is 1,450 m/s. Similar to the scalp, the attenuation coefficient of brain tissue is 85 dB/m, and the sound speed is 1,552 m/s. For water, the default material properties were adopted in COMSOL. A focused ultrasound transducer of bowl shape was designed with a center frequency f0 of 1 MHz and diameter of 46 mm. The temperature T was set as 295.15 K.


TABLE 1. Head model material parameters.
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Phantom Experiment

The experimental system is shown in Figures 3A,B. A single-element ultrasound transducer (Olympus, A392S, frequency: 1 ± 0.365 MHz, diameter: 46 mm PZT material) was used and immersed in a water tank. An ultrasonic pulser/receiver (Olympus, 5077PR, JP) was used to drive the ultrasound transducer. The ultrasound field was measured by a hydrophone mounted on a 3-D motion device. The signal measured by the hydrophone was displayed by an oscilloscope. The distance and time of ultrasound propagation was calculated due to the influence of reflected echo. As shown in Figure 4, two real human skulls (No. 14 and No. 49), supported by Tianjin Medical College, are used in this study. The skulls were used to evaluate the performance and explore the potential applications of the mathematical model. The following phantom experiments were conducted using the proposed system.
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FIGURE 3. (A) Layout of experiment equipment. The experimental system consisted of a water tank, 3-axis motion device, hydrophone, ultrasound transducer, ultrasonic pulser/receiver, and oscilloscope. (B) Scene of experiment. The figure shows the equipment and its corresponding position. The relation of the equipment to the position of the samples (scalp, skull bones, and brain tissue) is also shown.
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FIGURE 4. The frontal view and internal view of the real skull. S1–S4 and S5, S6 are selected as the experimental test points.



Ultrasound Measurement in the Water Tank

Most focused ultrasound applications in brain science are based on the ultrasonic characteristics measured in pure water. However, the ultrasonic characteristics in the brain are different from those in pure water. To quantitatively analyze the difference and prove the sound pressure attenuation of tFUS, a water tank experiment was conducted.

The sound pressure was chosen based on the literature on tFUS neuromodulation. For example, Yu et al. (2021) select a sound pressure of 0.8092 MPa in their experiment. Sound pressures of 0.5, 1, 2, and 4 MPa are used in another study (Gaur et al., 2020). Therefore, similar sound pressures were chosen for the present study. Corresponding to this sound pressure range, the single-element ultrasound transducer was driven by 5077PR with 100, 200, 300, and 400 V excitation voltage. The transducer was immersed in a water tank, and without the skull, the maximum pressure was measured using a hydrophone. The maximum pressure of the focal spot was 0.862, 1.931, 2.138, and 2.276 MPa, respectively.



Attenuation of Transcranial-Focused Ultrasound

In the phantom experiment, a real skull (No. 14), including the scalp, skull, and brain tissue, was used. The scalp was constructed with pigskin, and the brain tissue was constructed with a configured tissue phantom (made of acrylamide, methylene bisacrylamide, ammonium persulfate, egg white, and TEMED). The thicknesses of the scalp, skull, and brain tissue were 3.35 and 5 mm and 4 cm, respectively. The excitation voltage was 400 V, and without the skull, the corresponding maximum pressure of the focal spot was 2.276 MPa.

In addition, with a single-layer head tissue model, the effects of different head tissues were separately assessed in the phantom experiment. Consistent with the simulation experiment, the thicknesses of the scalp and skull were 3.35 and 5 mm, respectively. The thickness of the brain tissue was 4 cm. A photograph of the phantom experiment is shown in Figure 5. The ultrasound transducer was fixed in a tank filled with water with the pigskin (Figure 5A), skull (Figure 5B), and brain tissue phantom (Figure 5C) placed on it, and the sound pressure was measured using a hydrophone.
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FIGURE 5. Phantom experimental photograph of different head tissues. (A) Pigskin, (B) skull, and (C) tissue phantom are placed on ultrasound transducer, respectively, and the peak sound pressure is measured by a hydrophone.




Verification of the Mathematical Model

Two real human skulls, No. 14 and No. 49, were used to verify the validity of the mathematical model. As shown in Figure 4, four test points are selected and called S1, S2, S3, and S4 in skull No. 14 with thicknesses of 3.5, 4.5, 5, and 6.5 mm, respectively. S1 and S2 were both located in the frontal bone, and the corresponding brain area is the frontal lobe. Two separate positions on the frontal bone were also selected in skull No. 49 to contrast with skull No. 14. The two positions were called S5 and S6, both having a thickness of 7.1 mm. The six sites of the skull (S1–S6) were measured under four different sound pressure conditions (0.862, 1.931, 2.138, and 2.276 MPa).

The positions of the ultrasound transducer, hydrophone, and real human skull are shown in Figure 5B. From bottom to top, the positions of the three are as follows: ultrasonic transducer, skull, and hydrophone. The different test points were placed above the transducer, and the peak sound pressure was measured with a hydrophone. The attenuation value was compared with the calculation of the mathematical model.





RESULTS


Ultrasound Attenuation


Pure Water and Multilayer Head Model

First, the peak sound pressure attenuation of tFUS was investigated using simulation and phantom experiments. Figure 6 presents the peak sound pressure of both pure water and the multilayer head model. In pure water, the peak sound pressures in the simulation and phantom experiments were 2.276 and 2.276 MPa, respectively. In the multilayer head model, the peak sound pressures of the simulation and phantom experiments were 0.219 and 0.255 MPa, respectively. The simulation and phantom experiment results were consistent, which proved the effectiveness of the simulation and phantom experiments. Moreover, compared with that in pure water, the peak sound pressure in the multilayer head model was attenuated by 90.1% with simulation. The peak sound pressure was attenuated by 88.8% in the phantom experiment. Compared with that of pure water, the peak sound pressure of the multilayer head model was obviously reduced in both the simulation and phantom experiments.
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FIGURE 6. The sound pressure of both pure water and multilayer head model with simulation and phantom experiment.


The ultrasound field distribution is presented in Figures 7A,B. It can be seen that, compared with that in pure water, the peak sound pressure is significantly attenuated in the multilayer head model. In addition, the focal spot [full width at half maximum (FWHM)] is diverged as shown in Figure 7C. The focal length is shortened, and the focal spot has moved forward as shown in Figure 7D. Experimental results show that the ultrasound field in the multilayer head model was significantly attenuated and cannot be effectively guided by the ultrasound field of pure water medium.
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FIGURE 7. (A) The sound pressure distribution in pure water medium. (B) The sound pressure distribution of tFUS. (C) The FWHM distribution in pure water medium and tFUS. (D) The sound pressure value along the ultrasound propagation direction, including pure water medium and multilayer head model.




Different Head Tissues

To further investigate the impact of different head tissues on ultrasound attenuation, experiments were conducted on the scalp, skull, and brain tissue. As shown in Figure 2B, the corresponding thicknesses are 3.35 and 5 mm and 4 cm, respectively, which are consistent with the head model parameters. Figure 8A shows the resulting ultrasound attenuation percentage. In the simulation experiment, the scalp caused an attenuation of 3.21% of the ultrasound peak sound pressure, the skull caused 83.22%, and the brain tissue caused 34.49% attenuation. In the phantom experiment, the scalp, skull, and brain tissue caused attenuation of 12.10, 85.45, and 18.20%, respectively. The head tissue ultrasound field distributions are shown in Figure 8B. Results show that the skull has the biggest influence on ultrasound propagation in the head, and the attenuation caused by it is 4.70 and 7.06 times that by the brain and scalp, respectively.
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FIGURE 8. (A) Ultrasound attenuation percentage of different head tissues (thicknesses of scalp, skull and brain tissues are 3.35 and 5 mm and 4 cm, respectively). (B) The sound pressure distribution in scalp, skull, and brain tissue, respectively.


At the same time, it needs to be pointed out that, besides the difference in biological tissues of the head, the thickness of biological tissues is also different in different head tissue phantom experiments. This is also the reason why the influences of scalp and brain tissue are somewhat different despite both being soft tissues. Therefore, as shown in Figure 2C, the simulation experiment was implemented, in which the thickness of all the head tissues was unified to 5 mm. The corresponding ultrasound attenuation percentage results are displayed in Table 2. The results show that the skull caused an attenuation of 85.45% of the peak ultrasound sound pressure. The attenuation of scalp and brain tissues were very close, at 3.78 and 5.54%, respectively. These results further confirm that the skull is the main factor in tFUS attenuation, and therefore, it is critical to study the skull tissue for tFUS.


TABLE 2. With the same thickness, ultrasound attenuation percentage of different head tissues.

[image: Table 2]



Mathematical Model Verification

To test the performance of the proposed mathematical model, a sound pressure attenuation experiment of the real skull (No. 14) was conducted. As shown in Figure 9, four points (S1–S4) were tested with different thicknesses: 3.5, 4.5, 5, and 6.5 mm. According to the peak sound pressure measured in the water tank without the skull, the initial peak sound pressure was set to 0.862 MPa for both the phantom and COMSOL simulations. In the COMSOL simulation, the skull thickness coefficient was consistent with the test points.


[image: image]

FIGURE 9. Peak sound pressure at different test points for skull No. 14. (A) Simulation experiment result. (B) Phantom experiment result and (C) mathematical model result. (D) The attenuation of peak sound pressure with different skull thicknesses. The thickness of test points S1, S2, S3, and S4 are 3.5, 4.5, 5, and 6.5 mm, respectively.


The COMSOL simulation, phantom experiment, and mathematical model results are displayed in Figures 9A–C. It can be seen that, for different skull thicknesses, the attenuation has a significant difference. For the COMSOL simulation result (Figure 9A), test point S4 has a maximum attenuation value of 88%. The attenuation values of S3, S2, and S1 were 82.96, 79.85, and 75.52%, respectively. As the thickness of the skull increased, the attenuation of the peak sound pressure increased as shown in Figure 9D. This phenomenon was also observed in the phantom experiment (Figure 9B). The peak sound pressure attenuation was 86.40, 82.40, 76.80, and 69.60% in the four test points S4, S3, S2, and S1, respectively. Consistent with the results of the COMSOL simulation and phantom experiment, as the skull thickness increased, the attenuation increased for the mathematical model calculation. For the four test points, the corresponding sound pressure attenuations were 88.11, 82.60, 80.25, and 74.55%, respectively. Compared with the COMSOL simulation results, for the mathematical model, the maximum and minimum errors were 1.30 and 0.13%, respectively. Compared with the phantom experiment results, the corresponding maximum error and minimum error are 6.64 and 0.25%, respectively. Thus, it can be concluded that, compared with the simulation and phantom experiments, the mathematical model can effectively calculate the ultrasound attenuation for different skull thicknesses.



Mathematical Model Applications


Application for Different Initial Sound Pressures

In practical applications, tFUS needs to transmit ultrasound waves with different sound pressures. For instance, different sound pressures are required for different pathologies during ultrasound neuromodulation. It is critical that the model is applicable for different initial sound pressures. According to the phantom experimental conditions, the initial peak sound pressures of the focal spot were 0.862, 1.931, 2.138, and 2.276 MPa without the skull. The mathematical model and phantom experiment results are shown in Figure 10. It can be seen that, for different initial sound pressures, the phantom experiment results and model calculation results are in good agreement. As the initial sound pressure increased, the peak transcranial sound pressure increased. As the thickness of the skull increased, the attenuation of the peak sound pressure increased. Compared with the phantom experiment results, the maximum and minimum errors of the mathematical model were 6.64 and 0.11%, respectively. These results demonstrate that the mathematical model is applicable to transducers with different initial sound pressures.
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FIGURE 10. Peak sound pressure attenuation results for different initial sound pressures at different test points of skull No. 14.




Application for Different Skulls

The devised mathematical model was used to calculate the sound pressure attenuation of different skulls. The mathematical model and phantom experiment results are shown in Figure 11. For skull No. 14, the correlation coefficients between the phantom experiment and model calculation results were 99.95, 99.96, 99.99, and 99.99% for the four test points. Compared with the phantom experiment results, for the mathematical model, the maximum errors were 6.64, 4.30, and 0.25% 1.94%, respectively. For skull No. 49, the correlation coefficient between the phantom experiment and model calculation results was more than 99.99% for the two test points with the same thickness (7.1 mm). The difference in the correlation coefficient is due to the measurement error of the phantom experiment. The computational maximum errors are 1.99 and 2.44%. The results indicate that the mathematical model accurately calculates the sound pressure attenuation for different skulls and has the potential to be used by different people in practical applications.
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FIGURE 11. Peak sound pressure attenuation results of model prediction and phantom experiment for different skulls. S1–S4 are located at different positions of skull No. 14, and S5, S6 are located on skull No. 49.




Application for Multilayer Head Model

Based on the knowledge of intracranial sound pressure at a certain head site, our mathematical model, Equation (4), was able predict the intracranial sound pressure at the other head sites. It should be noted that the skull thickness was the only variable here, and the thickness of other biological tissues remained unchanged. In the simulation experiment, the thickness of the skull was known, and it was set as 5, 6, 7, and 8 mm in each run. Then, the corresponding intracranial peak sound pressure of the other sites is predicted by the mathematical model. The results are presented in Figure 12. It can be observed that the predicted curve is consistent with the simulation results. The correlation coefficient between the prediction and simulation results was 99.34% when the known skull thickness was 5 mm. The corresponding correlation coefficients between the prediction and simulation results were 99.60, 99.91, and 99.93% for the other three known thicknesses. The results show that the mathematical model can accurately predict the intracranial sound pressure at other sites and can contribute to the further development and improvement of tFUS.


[image: image]

FIGURE 12. The intracranial sound pressure results of mathematical model prediction and phantom experiment for different known skull thicknesses.






DISCUSSION

In this study, influence of the different tissues of the head on tFUS attenuation was investigated. Compared with that of the pure water medium, the peak sound pressure of tFUS was attenuated by 90.1% in the simulation and 88.8% in the phantom experiment. Phantom and simulation experiment results show that the skull can cause a much larger attenuation compared with other head tissues, the calculated attenuation being 85.45 and 83.22%, respectively. Thus, skull thickness can be regarded as the main factor for ultrasound attenuation in tFUS. These results demonstrate that the focused ultrasound field in pure water medium is not applicable for tFUS applications in clinical practice, and it is meaningful to explore the tFUS field characteristics.

Furthermore, to achieve tFUS precise focusing, a mathematical model of ultrasound attenuation is proposed. Both simulation and real skull experiments validate that the mathematical model can effectively calculate the ultrasound attenuation for different skull thicknesses (with a maximum error of 6.64%). In addition, the mathematical model is suitable for different initial pressures and skulls. This mathematical model can also predict the intracranial sound pressure at a certain head site, and the correlation coefficient was higher than 0.99. In summary, the presented experimental results validate that the mathematical model can effectively calculate tFUS attenuation, which is valuable for the precise application of tFUS as well as further research in this area.

At the same time, it should be noted that this study has a few limitations. Some characteristics have not been considered in the simulation, such as the viscoelasticity and non-uniformity of tissues, the non-linear effects, and shear waves of the ultrasound field. In the future, research focusing on the tissues and ultrasound field characteristics need to be considered to construct a precise model of tFUS.
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