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Purpose: As a non-invasive method for brain diseases, transcranial focused 
ultrasound (tFUS) offers higher spatial precision and regulation depth. Due to 
the altered path and intensity of sonication penetrating the skull, the focus and 
intensity in the skull are difficult to determine, making the use of ultrasound therapy 
for cancer treatment experimental and not widely available. The deficiency can 
be  effectively addressed by numerical simulation methods, which enable the 
optimization of sonication modulation parameters and the determination of 
precise transducer positioning.

Methods: A 3D skull model was established using binarized brain CT images. The 
selection of the transducer matrix was performed using the radius positioning 
(RP) method after identifying the intracranial target region. Simulations were 
performed, encompassing acoustic pressure (AP), acoustic field, and temperature 
field, in order to provide compelling evidence of the safety of tFUS in sonication-
induced thermal effects.

Results: It was found that the angle of sonication path to the coronal plane obtained 
at all precision and frequency models did not exceed 10° and 15° to the transverse 
plane. The results of thermal effects illustrated that the peak temperatures of 
tFUS were 43.73°C, which did not reach the point of tissue degeneration. Once 
positioned, tFUS effectively delivers a Full Width at Half Maximum (FWHM) 
stimulation that targets tumors with diameters of up to 3.72  mm in a one-off. The 
original precision model showed an attenuation of 24.47  ±  6.13  mm in length and 
2.40  ±  1.42  mm in width for the FWHM of sonication after penetrating the skull.

Conclusion: The vector angles of the sonication path in each direction were 
determined based on the transducer positioning results. It has been suggested 
that when time is limited for precise transducer positioning, fixing the transducer 
on the horizontal surface of the target region can also yield positive results for 
stimulation. This framework used a new transducer localization method to offer 
a reliable basis for further research and offered new methods for the use of tFUS 
in brain tumor-related research.
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1. Introduction

Brain tumors have been represented as the second most frequent 
etiology in patients with focal seizures, mostly in the temporal lobe 
(Slegers and Blumcke, 2020). In the early stage of temporal lobe 
tumors, there are no obvious clinical symptoms, but as the disease 
progresses, the tumor increases in size and is often accompanied by 
temporal lobe seizures. Due to the complexity of the functional 
areas of the temporal lobe, surgery was the choice in the past, but 
the considerable risks were carried by surgical resection and a high 
risk of long-term side effects owing to the specificity of the tumor 
itself and effects including surgical complications, radioactive 
neurotoxic effects and chemotherapy-induced debility (Vargo, 
2011). Related studies by Monje have revealed that tumor cells have 
the ability to manipulate and respond to signals produced by 
neurons, which aid their growth. Additionally, these cells have been 
observed to grow faster in the vicinity of highly active neurons, 
suggesting a link between tumor cells and neurons (Svider et al., 
2017; Venkatesh and Monje, 2017). Despite the considerable 
advancements in therapeutic approaches to other malignancies, the 
treatment of brain tumors has not improved significantly in recent 
decades (Venkatesh et al., 2015).

Transcranial focused ultrasound (tFUS) is a non-invasive 
neuromodulation tool that focuses and delivers ultrasound energy to 
localized areas of the brain to modulate neuronal activity (Min et al., 
2011; Lescrauwaet et al., 2022; Armstrong et al., 2023). The subsequent 
biological models (Konofagou et al., 2012; Zou, 2020; Yan et al., 2021; 
Cain et al., 2022) have found a significant reduction in the number 
and duration of seizures after low-intensity tFUS stimulation, 
providing important experimental evidence for clinical translation. 
Preliminary evidence that tFUS has a role in modulating the 
therapeutic and tumor suppressor activity of abnormal neural 
networks. Compared to other neuromodulation techniques of tFUS, 
transcranial magnetic stimulation (TMS) and transcranial direct-
current stimulation (tDCS) have garnered approval for the treatment 
of select neurological disorders, based on their demonstrated 
effectiveness (Klomjai et al., 2015; Iglesias, 2020; Cappon et al., 2022; 
Marder et al., 2022). Compared to magnetic fields, acoustic fields are 
controllable and acoustic waves can be focused on a point in the deep 
brain like light (Bystritsky et al., 2011; Kubanek, 2018). Therefore, 
tFUS has a broader research prospect with its higher spatial precision 
and regulation depth.

In previous studies of single-element transducers, the 
transducer had to be manually repositioned to achieve a nearly 
perpendicular angle of orientation toward the target area along the 
skull surface, a process which often resulted in unintentional errors 
and variations that compromised the intended focus of the acoustic 
beam (Yoon et  al., 2018). The numerical modeling of tFUS 
treatments remains complex, mainly owing to the non-linearity 
arising along ultrasound propagation, the anatomical complexity, 
the heterogeneity of the medium, the inter-individual variability of 
the properties of the medium, in vivo tissue movements and the 
correlation between temperature and biological damage (Grisey 
et al., 2016). Heger et al. have simulated sonication acoustic fields 
by modifying transducer components to evaluate the potential 
application of targeted FUS systems in animals sensitive to cerebral 
hemorrhage (Grudzenski et al., 2022). Park’s numerical approach 
based on subject-specific sonication beamline simulations to find 

the optimal configuration of ultrasound probes for sonication 
stimulation has demonstrated that the specific tFUS framework 
he developed can be effectively used for human neuromodulation 
studies (Park et al., 2022). Shen’s study on the effect of low-frequency 
sonication (21 kHz, 26 mW/cm2, 40% duty cycle, 3 min) combined 
with microbubbles on nude mice with subcutaneous prostate 
adenoma showed a loss of blood flow signal at the tumor and a 
decrease in tumor volume (Shen et al., 2014).

Sonication of 200 kHz to 1.5 MHz are mostly used in clinical 
practice, among which low and medium frequency sonication of 
100 kHz to 1 MHz can be effectively applied in tissue destruction and 
neuromodulation, with the intensity of 30 to 500 mW/cm2 can 
penetrate the skull to stimulate the functional brain region and 
regulate neuronal functions through mechanical effects (Krishna 
et al., 2018; Maresca et al., 2018). Low-intensity tFUS destroys tumor 
blood vessels by increasing tissue permeability to promote apoptosis 
and inhibit tumor growth and proliferation for the purpose of anti-
tumor. However, the acoustic parameters of the skull are strongly 
inhomogeneous, which have been demonstrated that sonication 
penetration through thick and dense skull and focusing on a 
predetermined point is very tricky. Owing to the presence of the skull 
in sonication stimulation, the offset between the focal point and the 
preset intracranial target region caused by the acoustic properties 
between different media (i.e., speed of sound, density, and attenuation 
coefficient). Accurate prediction of the sonication path of stimulation 
has also become an international conundrum (Servick, 2020).

The absorption of acoustic energy by biological tissues leads to an 
increase in temperature, resulting in increased excitability of neurons. 
Sonication of a certain intensity causes transient high temperature in 
the target region of the brain through other effects, leading to protein 
denaturation and tissue coagulation necrosis, permanently damaging 
the lesion and modulating the neural network. Denaturation of tissue 
temperature occurs at 42°C (Dickson and Calderwood, 1980). At 43 
to 60°C, tissue damaged at an exponential rate, reaching 47°C leads to 
cancellous bone necrosis (Augustin et al., 2012), and reaching 50°C 
causes necrosis of cardiac muscle cells, producing irreversible tissue 
damage (Darrow, 2019).

In this study, we performed numerical simulation of sonication 
stimulation penetration through the skull with different parameters 
based on the effective cavitation effect stimulation parameters 
obtained from the research and located the optimal position of the 
transducer. The new RP (Radius Positioning) method performed the 
selection of the effective range of stimulation based on the 
parameters of the transducer, which was not available in other 
studies. Acoustic field simulation and calculation of sonication 
stimulation paths were performed based on transducer positioning 
results, with the effective error of FWHM (Full Width at Half 
Maximum) obtained, which provided a numerical theoretical 
reference for achieving accurate and effective neuromodulation 
(Schwenke et  al., 2017). We  also verified the effectiveness of 
transducer positioning by simulating each directional angle of the 
control group. The transducer after positioned was non-serendipitous 
compared to the given position in other studies, while the 
temperature field simulation with added thermal effects was able to 
verify the safety feasibility of this study, showing that only small 
temperature changes are produced by sonication at low intensities, 
providing a new simple and effective numerical method for the 
application of the tFUS in clinical neuromodulation.
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2. Materials and methods

Firstly, a 3D skull model was reconstructed from the binarized CT 
images in this study. Secondly, the transducer matrix and transducer 
positioning of matrix were performed by acoustic pressure (AP) 
simulations based on the settings of target region and the parameters 
of the transducer. Successively, the distribution of the sonication beam 
in the skull was simulated and the distance of the stimulation and 
directional angles were calculated based on the transducer positioning 
results. The correctness of transducer positioning was proven 
according to the simulation results by adding sonication stimulus with 
different directional angles at the target region. Finally, 
we demonstrated the safety of whole process by predicting the acoustic 
temperature field of the thermal effects.

2.1. Data acquisition

The data of this research were the CT images of the brain collected 
in Shandong Cancer Hospital and Institute with the size of 
512 512 245× × , including the CT data and contour information of the 
patient, which was used to obtain the 3D skull anatomical structure. 
The study was conducted in accordance with the Declaration of 
Helsinki, and the protocol was approved by the Ethics Committee of 
Shandong First Medical University Affiliated Cancer Hospital 
(Approval ID: SDTHEC2023002013). Written informed consent for 
participation was not required for this study in accordance with the 
national legislation and institutional requirements.

2.2. Skull model

The 3D CT images were all resampled to a spatial size of 
1 1 1mm mm mm× ×  assuring that the same physical size information 
contained within the voxel. The resampled CT data (Hounsfield Unit) 
were extracted using 3D Slicer at a threshold intensity of H HU=100  to 
filter other tissues, which was reconstructed into a 3D skull model after 
binarization by MATLAB (R2019b, MathWorks Inc., Natick, MA, USA). 
The skull model was established for the subsequent application of 
temporal lobe hippocampal acoustic field simulation, therefore the model 
removed the parietal bone for better observation of the 3D sonication 
beam distribution. A simple simulation schematic under the transverse 
plane was depicted in Figure 1, where the target region was located.

2.3. Sonication setup

2.3.1. Ultrasound
In this study, the sonication parameters were selected according to 

the function of the Olympus Scientific Solutions (Olympus America 
Inc., PA, US) V301-SU ultrasound probe. The optimal parameters for 
the simulation of low-frequency sonication were conducted at a 
frequency of 500 kHz and with a pressure level of 1 MPa, while it has 
been shown that soft tissue does not play a significant role at this 
frequency and has relatively deep penetration and fine spatial 
resolution (Mueller et al., 2017). At the time of this study, no prior 
literature existed on the applications of radius filtering in the 
positioning of neuromodulations in focused ultrasound. Considering 
that most focused ultrasound systems were used for cellular ablation, 
the optimization of parameters was warrantable. We have carefully 
selected the parameters in this study, ensuring that they remained well 
below the U.S. Food and Drug Administration (FDA) guidelines for 
diagnostic sonication (mechanical index MI( ) ≤1 9. , spatial-peak 
pulse-average intensity I W cmSPPA( ) ≤190 2

/ ) after transcranial 
transmission. The classical frequency of focused ultrasound, 250 kHz, 
690 kHz, and 1.1 MHz were also chosen in sonication simulation by 
considering previous studies regarding FUS-induced BBB disruption 
(Kinoshita et al., 2006; Cho et al., 2016; Ilovitsh et al., 2018; Huh et al., 
2020; Park et al., 2021). The F-number of the transducer was calculated 
as the ratio of the radius of curvature to the diameter of the transducer. 
Specifically, a focused radius of curvature of 30 mm and a diameter of 
25 mm (which was the nominal wafer size) were selected. Additionally, 
the diameter of the transducer (which was 31 mm) was considered a 
control parameter in this study. The numerical parameters were chosen 
a fundamental frequency of 500 kHz, an excitation AP of 1 MPa, a 
stimulation duration of 500 ms, a single tone burst duration (TBD) of 
200 μs, a PRF of 300 Hz (150 cycles) and a duty cycle (DC) of 6% for the 
simulation of the AP and sonication-induced thermal effects. 
We posited that low-intensity sonication, when employed with lower 
duty cycles, does not induce substantial thermal effects, thus effectively 
suppressing the excitability of tumor cells. A typical schematic and 
parameters of sonication pulse sequences used for neuromodulation 
were shown in Figure 2. The sonication sequences in this schematic 
were generated by programming the MATLAB toolbox.

2.3.2. Acoustic property
The soft tissues mainly supported the propagation of 

compressional waves and hardly support shear waves, while the skull 

FIGURE 1

Schematic of sonication simulation. A simple schematic diagram of tFUS stimulation effects in brain tumor.
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was capable of transmitting both waves, but the shear waves were very 
weak when low-frequency sonication penetrating the skull, therefore 
the effect of shear waves was not considered in this study. The results 
of relevant acoustic characterization studies demonstrate that the 
nonlinear parameters BonA were between 5 and 11  in most soft 
tissues, while solids have a negligible ability to generate nonlinearities 
(Slezak et al., 2022; Armstrong et al., 2023). Given the highly similar 
properties of tissue fluid and water, the skull model was considered to 
be  immersed in water to couple it to the ultrasound source. 
Furthermore, the brain tissues were approximated as being water to 
lessen the model complexity and computational time. The nonlinear 
parameter BonA was set to a value of 5.2 (Bjørnø, 2010). Meanwhile, 
owing to the homogenization of the model grid, the effect of pulsation 
of cerebrospinal fluid flow was avoided. The Courant Friedrichs Lewy 
(CFL) in this study was a constant 0.3 and the power law absorption 
exponent was set to a constant 1.51 (Duck, 1990).

Owing to differences in the acoustic properties of the skull, the 
feasibility of numerical calculation of tFUS attenuation varies among 
individuals (Jing and Lindsey, 2021). The acoustic properties of the 
skull model were calculated from the porosity (𝜓) of the CT images at 
a given ultrasound frequency by eq. (1). Based on the results of 

high-resolution CT images simulation studies showed that the 
attenuation of tFUS was highly dependent on the porosity of the 
individual skull (Mueller et  al., 2017). The porosity was used to 
calculate the absorption of sonication, which lead to an increase with 
high porosity in simulated absorption values. The compressive sound 
velocity 𝑐, density 𝜌, and attenuation coefficient 𝛼 of the skull were 
calculated by eqs. (2)–(4) as shown in Table 1, where the maximum 
and minimum skull compression attenuation were referred to in the 
literature (Mueller et al., 2017).

 
ψ = −1

1000

H
 

(1)

 c c cskull c water bone c, ,= + −( )ψ ψ1  (2)

 ρ ρ ψ ρ ψskull water bone= + −( )1  (3)

 α α α α ψskull c skull c skull c skull c, min, , max, , min, ,
.= + −( ) 0 5

 (4)

2.4. Acoustic pressure simulation

The acoustic simulation was performed based on the k-space 
pseudospectral method of MATLAB k-Wave toolbox. The linear wave 
equation resolved by numerical simulation had been proven to be a 
reliable method for calculating sonication beams in complex 
structures (Legon et al., 2018). The k-wave toolbox, an open-source 

FIGURE 2

Typical schematic and parameters of pulsed sonication sequences for neuromodulation. The explanation of parameters that SD was sonication 
duration; PRF was pulse repetition frequency, the 1/PRF was the one cycle; TBD was tone burst duration; FF was fundamental frequency.

TABLE 1 Acoustic parameters.

Speed (m/s) Density (kg/m3) Attenuation 
coefficient (Np/

MHz·m)

cwater=1,482 ρwater=1,000 αwater=3.48 × 10−4

cbone=3,100 ρbone=2,200
αmin,skull=21.5,αmax,skull

=208.9 (Connor, 2005)
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software package highly regarded in the field of acoustic wave 
simulations, has been developed to effectively model and analyze the 
intricate behavior of acoustic waves within complex media. Its 
versatile functionality encompasses a broad range of applications, 
including ultrasound imaging, ultrasound therapy, and bioacoustics 
(Treeby and Cox, 2010). The domain of the acoustic simulation 
performed in this study was 256 256 256× × in the 3D model 
represented the skull model with 256 256 256mm mm mm× × . In view 
of the high computational time cost of this precision model, this study 
introduced a twofold-precision model with a size of 128 128 128× × to 
expedite the computation process. Successively, the 31 mm transducer 
was selected in the domain of 210 210 210× × . For simplicity, the 
target regions in this study were assumed to be a point instead of a 3D 
target region volume. The volume stimulated in the target region was 
observed through the 3D acoustic field.

2.5. Radius positioning method

The approach taken by some researchers in defining a target 
region solely within the region under the skull vault and assessing the 
acoustic field effect at several extracranial points perpendicular to the 
skull vault is inherently restrictive. Such an approach fails to 
adequately identify an optimal location for the practical 
implementation of target region definition in tFUS investigations. To 
ascertain the effective range of transducer centroid arrays, 
we  developed a RP algorithm to refine the options and enhance 
computational efficiency. This algorithm narrowed down the 
transducer matrix to a specific range by excluding areas inside the 
skull and outside the circle formed by the radius of curvature, as 
determined by the established transducer curvature. Additionally, to 
prevent contact with the skull, another component of the RP algorithm 
identified points that were too close to the skull layer, thus ensuring 
safe transducer placement. The underlying concept of the RP 
algorithm is outlined as follows.

In the skull model with inhomogeneity, the center of the tumor in 
the hippocampal region of the medial temporal lobe was selected as 
the target region. With the target region selected as the center, a ball 
was outlined and the point matrix in the intersection of the ball and 
the skull layer was screened. The center of the model was established 
by identifying the midpoint of the skull profile at the extremes on the 
coordinate axis. The average distance from the model center to the 
intersecting skull layer was meticulously calculated. The points, 
outside the model but within the ball having a distance greater than 
the calculated average from the center point, were selectively 
assembled into the transducer matrix. Simultaneously, the algorithm 
effectively removed the center points that may correspond to the 
contact area between the transducer and the skull layer, accounting 
for the size of the transducer. The calculated transducer matrix will 
be utilized in the subsequent stage of transducer positioning.

2.6. Transducer positioning

The transducer matrix was subjected to acoustic pressure 
simulation to screen the center of the transducer, as the transducer 
positioning flow chart shown in Figure  3. With the uniform 
attenuation medium in an inhomogeneous skull, the precise location 

of the transducer point was determined as the region with the lowest 
level of attenuation after penetrating the skull. Based on the conditions 
of transducer positioning, the fraction of the control group cases 
greater than the directional angle of 45 degrees neglected the effect of 
weak shear waves. Acoustic field simulation of the target region was 
performed after transducer positioning, with the path from the center 
to the target region screened as the best stimulation path, the vector 
angles in each direction were calculated as well as the stimulation 
distance. Related studies have confirmed that sonication-induced 
neuromodulatory effects appear within the FWHM (Lee et al., 2015, 
2016; Legon et  al., 2018). The contours of FWHM at different 
frequencies were depicted after the normalization of the acoustic field.

Sonication stimulations from various directional angles (i.e., 0°, 
30°, 45°, 60°) were administered to the target region as a simulated 
control group, with the transducer positioned extracranially along the 
directional path and the curvature radius as stimulation distance. 
Directional angles in the transverse plane and coronal plane were 
explored in the control group.

2.7. Thermal simulation

The open-source k-Wave toolbox was also used to solve the 
Pennens’ bioheat equation (Treeby and Cox, 2010; Legon et al., 2018), 
as the peak temperature of thermal effects generated in the tissue 
during sonication stimulation was simulated by k-Wave (Xu et al., 
2020). The spatial conditions (i.e., simulation domain and grid size) 
of the thermal simulation were the same as acoustic simulation. 
Uniform segmentation of inhomogeneous brain tissue through a 
spatial grid of the simulation domain. The thermal effect simulation 
not only added the medium properties related to thermal diffusion, as 
the value of the skull [specific heat=1300 J kg K/ / , thermal 
conductivity= × °−

1 16 10
2

. / /W cm C  (Nelson and Nunneley, 
1998)] and water [specific heat= 4178 J kg K/ / , thermal 
conductivity= °0 54. / /W cm C  (Duck, 1990)] were assigned, but also 
explored the temperature change under sonication stimulus through 
the parameters of ultrasound source (i.e., opening time, closing time 
and time step),while the temperature field of thermal effects was also 
monitored in real-time. The stimulation parameters were a duration 
of 500 ms and a duty cycle of 6% for the sonication interval. The initial 
tissue temperature in the simulated cranium was set at 38.5°C, which 
was the experimentally derived average value of the relevant studies 
(Rzechorzek et al., 2022).

3. Results

3.1. Acoustic pressure On target region

Different frequencies of sonication were performed for positioning 
under different precision models. Figure 4 illustrated the normalized 
AP distribution results of the transducer matrix in the transverse 
plane of the target region. The highest AP values were predominantly 
concentrated at the lower end of the matrix. Figure 5B illustrated the 
distribution of simulated AP at various frequencies, along with the 
corresponding distance from the transducer to the target region, in 
different precision models. The transducer matrix, chosen using the 
RP algorithm, exhibited comparable AP distributions following 
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sonication stimulation at various frequencies, with a notable 
concentration of points approximately 30 mm away from the target 
region. It can be proved that the AP stimulated on the target region 
was less influenced by the distance between the transducer and the 
target region. This was supported by Figure 4, which demonstrated a 
relationship between the direction angle applied to the target area and 
the resulting AP. As the precision of the model improved, the 
effectiveness of the RP algorithm was more obviously explored. The 
accuracy of the algorithm exceeded 99.50% for models with a 
precision of 1 mm/grid. It was noteworthy that the AP distribution at 
690 kHz differed from the other three frequencies examined, as the 
peak AP point from the transducer remained approximately constant 
at a distance of approximately 30 mm from the target region, despite 
increased in modeling precision.

3.2. Transducer positioning

The simulation results of the transducer matrix were shown in 
Tables 2, 3, where the points with the peak AP in the transducer 
matrix were selected as the center of the transducer. The calculation 
of the transducer matrix AP at a single frequency with a 256-grid 
model required approximately 490.5 h. Figure 5A presented the results 
of the AP comparison between the positioned transducer and the 
transducer at different angles corresponding to the plane directions 
where the target region was located. The AP of transducer center on 
the coronal axis (XY YZ, = °0 ) was closest to the positioned 
transducer in each model, with ratios at each frequency was 250 kHz: 
84.57% ± 9.67%, 500 kHz: 80.80% ± 18.42%, 690 kHz: 94.55% ± 3.94%, 
1,100 kHz: 89.24% ± 4.96%. The vector angles in each direction of the 
sonication path were determined based on the transducer positioning 
results in each precision model, indicating that the incidence angle of 

sonication changed while the thickness of the skull layer affected by 
model precision. The variation in the angle between the positioned 
sonication path and the coronal and transverse planes was found to 
be  insignificant with low-frequency. Notably, as the frequency 
increases, the angle variation with different precisions becomes more 
pronounced. It was found that the angle to the coronal plane obtained 
at all precision and frequency models did not exceed 10° and 15° to 
the transverse plane. The stimulus distances between the positioned 
center and the target region were observed to have a range of 27 to 
31 mm. Additionally, our findings, as shown in Table 3, indicated that 
this distance remained stable and did not significantly vary with 
increasing model precision.

3.3. Effects of FWHM

The results in the 256 256 256× ×  domain were 250 kHz: MI 0.19 
and spatial-peak temporal-average intensity (ISPTA) 630.24 mW/cm2, 
500 kHz: MI 0.13 and ISPTA 487.26 mW/cm2, 690 kHz: MI 0.11 and 
ISPTA 487.26 mW/cm2, 1,100 kHz: MI 0.02 and ISPTA 175.49 mW/cm2. 
The acoustic field results of sonication penetrating the skull in the 
256 256 256× ×  domain were shown in Figure 6. Figure 6A illustrated 
the spatial acoustic field under sonication at 500 kHz, while Figure 6B 
provided a comparison of the acoustic field under sonication at each 
frequency after penetrating through water and experiencing 
attenuation in the skull. In this study, the range of FWHM contours 
was analyzed as an indicator of the most effective region of sonication 
stimulation. Tables 2, 3 presented the length-width measurements of 
the FWHM at each frequency and precision model, as well as the 
attenuation observed after penetrating the skull. The results indicated 
that as the skull layer was refined, the attenuation of the FWHM 
diminished accordingly. Notably, the 128-grid model in twofold 

FIGURE 3

Flow chart of transducer positioning. Selected the center of tumor as the target region. A ball was outlined according to the parameters of ultrasound 
probe. The transducer matrix was selected after the outlined ball intersected with the skull layer. The transducer was positioned by simulated the 
transducer matrix and selected the point with peak pressure. The acoustic field of sonication penetrated the skull was simulated.
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precision yielded highly comparable results to the FWHM deviation 
observed in the 256-grid model while also improving computational 
time efficiency. However, no significant changes were observed in 
FWHM deviation and AP attenuation across different frequencies. 
The generated FWHM in the transverse plane of the target region 
under sonication stimulation at each frequency can effectively cover 
the treatment range for tumors with a diameter approximately within 
the 30 mm range.

3.4. Effects of thermal effect

The peak temperatures generated through sonication stimulation 
at various frequencies were depicted in Tables 2, 3, corresponding to 
distinct precision models. Notably, in the original precision model, the 
peak temperature produced by sonication stimulation at 690 kHz was 
measured at 43.73°C. The temperature field of sonication-induced 
thermal effects at the target region was shown in Figures  7A,B, 
indicating that most of the heat generated in the skull layer and did 
not achieve the denaturation value of 47°C that lead to cancellous 
osteonecrosis. As previously mentioned (Dickson and Calderwood, 
1980; Augustin et al., 2012; Darrow, 2019), low-intensity tFUS has 
been observed to have no detrimental effects on brain tissue and its 
effects on brain tumors are not attributed to thermal effects.

4. Discussion

In this study, we presented a novel framework for tFUS simulation 
aimed at treating temporal lobe tumors by using the cavitation effect 
based on the latest advances in neuromodulation research. In this 
paper, a new RP method was proposed to position the sonication 
transducer. To our knowledge, we were the first to build a framework 
for sonication treatment based on numerical simulation of the RP 
method for transducer positioning to ensure safety under sonication 
stimulation through the thermal effects and matrix selection of 
transducer positioning among all known tFUS studies. The results of 
the sonication-induced temperature field analysis suggested that the 
influence of tFUS on tumors was independent of thermal effects. 
Obtaining the optimal range of ultrasonic stimulation pathways based 
on the selected transducer parameters. Significantly, we incorporate 
the conventional algorithm in simulating the transducer peak 
pressure, setting our study apart from earlier studies that rely on 
arbitrary transducer positioning. The results demonstrated the 
superior effectiveness of our positioned transducer in 
tFUS applications.

So many researchers were attracted by tFUS due to its 
noninvasiveness, high resolution, and ability to focus deeply. 
However, different stimulation parameters had been used in 
sonication neuromodulation studies leading to diverse results, 

FIGURE 4

Normalized AP distribution of transducer matrix at the transverse plane of the target region. Each row represented the results under different precision 
models. Each column represented the results at different frequencies.
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where the focus was hard to determine after penetrating the skull. 
In this study, a model was constructed based on the CT images of 
the brain after binarization. Next, a simulation framework was built 
using the k-Wave toolbox for AP simulation based on the actual 
transducer probe properties. And the accuracy of positioning was 
verified by the control group simulation of each directional angle. 
Finally, the acoustic field and temperature fields of sonication-
induced thermal effects were performed. The results demonstrated 
that the positioned sonication transducer provided a safe and 
effective maximum effect. Furthermore, this framework presented 
a new approach to positioning error control for practical tFUS 
neuromodulation, which will advance the application of tFUS in 
ultrasound neuromodulation. It has been suggested that when time 
is limited for precise positioning, using a twofold precision model 

to calculate the optimal stimulus path can also yield positive results 
for stimulation.

In porous media, the propagation of ultrasonic waves becomes 
more intricate due to the non-uniformity inherent in the medium. 
Consequently, strictly relying on linear assumptions for simulation 
may not be entirely valid. To address this concern, we constructed a 
grid domain to discretize the inhomogeneous skull, aiming to achieve 
the most accurate simulation of the complex acoustic field possible. 
To ensure precision, we calculated the porosity by utilizing CT image 
data, enabling us to describe the speed of sound and attenuation 
within the medium. While indirect assumptions were made regarding 
pore structure, pore spacing, and pore shape, our approach aimed to 
approximate these characteristics to the best of our ability. In an 
attempt to conduct more precise calculations, we tried to perform a 

FIGURE 5

Results of the sonication stimulations at different transducer positions. (A) Comparison of acoustic pressure in the target region at each directional 
angle with different precision models (i.e., 128 128 128× × , 210 210 210× × , 256 256 256× × ). The directional angle of XY was at the transverse plane, the 
YZ was at the coronal plane. The Base was the AP of the positioned transducer. (B) Distribution of AP at the distance from the transducer to the target 
region. Each row represented the results under different precision models. Each column represented the results at different frequencies.

TABLE 2 Simulation results at different frequencies.

Parameters Group 1 Group 2 Group 3 Group 4

Frequency (kHz) 250  kHz 500  kHz 690  kHz 1,100  kHz

Angles with transverse 

plane; sagittal plane; coronal 

plane

9.88° ± 3.03°

78.44° ± 3.95°

5.64° ± 2.51°

11.46° ± 3.45°

76.42° ± 2.56°

6.67° ± 2.40°

5.01° ± 5.37°

83.44° ± 6.14°

3.75° ± 3.73°

6.19° ± 6.44°

82.93° ± 7.84°

2.84° ± 4.92°

Stimulus distance (mm) 27.25 ± 0.28 28.81 ± 1.78 30.31 ± 0.47 28.38 ± 1.62

Deviation*

Length 

(mm) 

Width 

(mm) 

Offset (°) 

AP (%)

23.66 ± 4.70(43.87% ± 11.19%) 

4.62 ± 3.04(37.05% ± 19.72%) 

3.20 ± 0.93

47.97 ± 23.41

22.60 ± 10.75(52.41% ± 21.91%) 

2.49 ± 1.97(28.00% ± 21.95%) 

2.28 ± 5.51

48.51 ± 23.16

28.80 ± 2.71(55.76% ± 7.00%) 

1.61 ± 0.96(18.65% ± 13.02%) 

2.11 ± 6.10

47.52 ± 16.41

21.96 ± 8.59(43.30% ± 10.34%) 

1.72 ± 1.59(15.76% ± 13.72%) 

1.72 ± 2.97

47.73 ± 7.54

Peak temperature (°C) 39.10 ± 0.35 39.95 ± 1.43 41.44 ± 2.67 38.64 ± 0.11

*The deviation captured the error associated with the FWHM measurements in both the water medium and the sonication that penetrated the skull.
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higher resolution model. However, due to a substantial increase in 
computational time from 4.8 h to 490.5 h when transitioning from the 
twofold precision model to the original precision model, this 
computational cost dictated the upper limit of resolution within the 
scope of this study.

In similar tFUS studies, Park et al. compared duty cycle and 
sonication duration by used a single exploration of ultrasound 
parameters, focusing on assessing the feasibility of ultrasound 
framework (Park et  al., 2022). Furthermore, we  focused on 
numerical simulation results of the effect of sonication beam 
parameters on the intracranial target region. Due to the time-
consuming nature of the transducer positioning accurately (taking 
more than 490.5 h for high-precision models), most studies 
(Beisteiner et al., 2019; Grudzenski et al., 2022; Koh et al., 2022) 

explored the effect of tFUS by arbitrary choosing a region as the 
transducer center, which may result in the peak pressure region of 
stimulation being off-target. The arbitrary transducer positions also 
explored the attenuation of ultrasound with a high degree of 
contingency for non-uniform skull layer. The results (Figure  4) 
illustrated that the contingency for the simulation results in skull 
not only pertained to the position of the transducer but also to the 
chosen target region for different precision models.

Previous studies by Nelson and Nunneley (1998) and Park et al. 
(2022) had investigated the safety of sonication stimulation based on 
thermal variation, using duration of stimulation versus depth. In this 
study, we took a different approach by performing real-time detection 
of the intracranial temperature of each precision model, using 
assigned thermal diffusion coefficients (i.e., specific heat capacity and 

TABLE 3 Simulation results with different precision models.

Parameters Group 1 Group 2 Group 3

Simulation domain (grid) 128 × 128 × 128 210 × 210 × 210 256 × 256 × 256

Angles with transverse plane;

sagittal plane;

coronal plane (°)

11.11° ± 2.51°

76.20° ± 2.28°

8.01° ± 0.60°

5.56° ± 6.22°

83.39° ± 6.15°

3.00° ± 2.01°

7.73° ± 4.89°

81.33° ± 6.04°

3.18° ± 4.08°

Stimulus distance (mm) 28.56 ± 1.22 28.84 ± 2.15 28.67 ± 1.65

FWHM at transverse 

plane

Length (mm)

Width (mm)

Offset (°)

25.62 ± 1.89

9.41 ± 3.56

12.50 ± 2.72

28.17 ± 6.84

6.79 ± 2.25

−1.55 ± 6.95

22.90 ± 11.2

5.12 ± 1.40

6.56 ± 5.12

Deviation*

Length (mm)

Width (mm)

Offset (°)

AP (%)

29.93 ± 2.33(53.87% ± 2.02%)

4.32 ± 2.64(33.07% ± 24.97%)

4.20 ± 1.04

52.29 ± 13.27

20.64 ± 7.44(41.73% ± 12.30%)

1.21 ± 1.24(13.76% ± 14.89%)

−1.22 ± 3.75

31.62 ± 10.46

24.47 ± 6.13(54.54% ± 17.96%)

2.40 ± 1.42(31.14% ± 16.76%)

4.00 ± 3.51

59.89 ± 9.21

Peak temperature (°C) 38.62 ± 0.18 40.83 ± 2.25 38.90 ± 1.54

Matrix points 213 977 (2 points intracranial) 1811 (9 points intracranial)

Distance between matrix and target region 

(mm)

Average: 29.21;

Min: 24.49;

Max: 31.56

Average: 27.83;

Min: 20.86;

Max: 30.82

Average: 28.64;

Min: 22.65;

Max: 30.90

Computational time (per frequency) 4.8 h 143 h 490.5 h

*The deviation captured the error associated with the FWHM measurements in both the water medium and the sonication that penetrated the skull.

FIGURE 6

Results of sonication penetrating the skull. (A) Spatial field of sonication penetrating the skull. (B) The acoustic field in the transverse plane was analyzed 
both in the water medium surrounding the target region and within the skull medium in the high-precision model of the 256 256 256× ×  domain.
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thermal conductivity) to the cerebrospinal fluid and skull layer, 
indicated that most of the heat generated within short-term sonication 
stimulation was absorbed by the skull layer. This was in line with the 
study by Augustin et al. (2012) and Dickson and Calderwood (1980), 
where the peak temperature generated by sonication did not exceed 
the threshold for damage to the skull layer, further supporting the 
overall safety of tFUS.

One limitation of our study was the time-consuming nature of the 
computation, which restricted the number of frequency controls 
we  could perform. The transducer positioning procedure at a 
frequency of 1 mm/grid precision model took an average of 490.5 h 
accelerated by NVIDIA GeForce RTX 2070 GPU. Additionally, ethical 
considerations hindered the application of tFUS in clinical, making it 
impossible for us to prove its effectiveness in a practical setting. 
Nonetheless, we took into account all evaluable results as much as 
possible under the simulated conditions at all current hotspot sets of 
frequencies in our study.

Based on our findings, the ability to modulate the directional 
angle of the sonication stimulus within ±15° in the coronal plane 
resulted in an average computation time of 24.62% when employing 
the high-precision model, which required 120.76 h of computation. 
Additionally, compromising the model precision led to a 
calculation time of 63.9% of the original duration, allowing 
completion of the calculations in 184 min using a model with 
reduced granularity. These results demonstrate the potential for 
approximating the clinical environment and pave the way for 
future investigations into the feasibility of utilizing lower 
granularity models for calculations.

In the future, this research will be  further enriched with the 
following methods. Firstly, this study will be  further enriched by 
collecting additional data to validate the potential effects of inter-
individual differences on transducer positioning. Secondly, the 
method will be used in animal models (i.e., rats, rabbits) for simulation 
to demonstrate the feasibility of this ultrasound framework, with the 
expectation of achieving positive results for any size of skull. 

Successively, the parameters in this study will be pinned down for 
application to animal experiments through actual sonication output. 
Finally, based on the combination of existing research (Kim et al., 
2018; Mohammadjavadi et al., 2019; Bobola et al., 2020; Wang et al., 
2021), including error analysis of measurement results under actual 
sonication stimulation and simulation results. The method will 
be  evolved into a practical tFUS framework system, ultimately 
serving clinicians.

5. Conclusion

We have proposed a framework for predicting tFUS treatment 
using the k-Wave toolbox, which determines the optimal treatment 
position through a specialized transducer positioning method (RP 
method) and explores the distribution of the sonication beam at 
different frequencies using brain CT images. Notably, we  have 
demonstrated the feasibility of this tFUS framework by predicting the 
acoustic temperature field of sonication-induced thermal effects. The 
angle of sonication stimulation path in both the coronal and transverse 
planes plays a critical role in determining the appropriate program for 
transducer positioning during the preliminary stages. Successively, 
we verify the effectiveness of the transducer positioning by the results 
of the control group at each directional angle. This framework 
proposed offers an accurate and effective method for numerical 
prediction of brain tumors treatment using sonication. In the future, 
as we continue to refine our method, this framework may eventually 
play a pivotal role in clinical settings for precise treatment of 
brain tumors.
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FIGURE 7

The temperature field of sonication-induced thermal effects in the transverse plane of the target region in the high-precision model. This thermal 
simulation was conducted in a 256 256 256× ×  domain, with a stimulation frequency of 500  kHz. As depicted in the example graphs, the majority of the 
heat generation in tFUS occurred in the skull layer across all frequency models. (A) Was the coronal plane of the temperature field. (B) Was the 
transverse plane of the temperature field.
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