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a b s t r a c t 

Background and objective: Focused ultrasound (FUS) has been receiving growing attention as a nonin- 

vasive brain stimulation tool because of its superior spatial specificity and depth penetrability. However, 

the large mismatch of acoustic properties between the skull and water can disrupt and shift the acous- 

tic focus in the brain. In this paper, we present a numerical method to find the optimal location of a 

single-element FUS transducer, which creates focus on the target region. 

Methods: The score function, representing the superposition of acoustic waves according to the relative 

phase difference and transmissibility, was defined based on time-reversal invariance of acoustic waves 

and depending on the spatial location of the transducer. The optimal location of the transducer was then 

determined using a differential evolution algorithm. To assess the proposed method, we conducted a 

forward simulation and compared the resulting focal location to the desired target point. We also per- 

formed experimental validation by measuring the acoustic pressure field through an ex vivo human skull 

in a water tank. 

Results: The numerical results indicated that the score function had a positive proportional relationship 

with the acoustic pressure at the target. Moreover, for the optimized transducer location, both the nu- 

merical and experimental results showed that the normalized acoustic pressure at the target was higher 

than 0.9. 

Conclusions: In this study, we developed an optimization method to place a single-element transducer 

that effectively transmits acoustic energy to the targeted region in the brain. Our numerical and exper- 

imental results demonstrate that the proposed method can provide an optimal transducer location for 

safe and efficient FUS treatment. 

© 2022 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Focused ultrasound (FUS), owing to its advantages of excellent 

patial selectivity and penetration depth, has garnered increasing 

ttention in the field of noninvasive brain stimulation [ 1–4 ]. How- 

ver, because ultrasound waves are prone to be reflected and re- 
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racted by complicated biological tissue structures, there are many 

ignificant challenges in the accurate targeting of the FUS focus 

n a subject-specific target region in the body [ 5 , 6 ]. In particular,

n the case of transcranial application of FUS, the presence of the 

kull intensifies the difficulties, causing various problems such as 

ocal shifting, extra foci, high energy loss, and reverberation [ 5 , 6 ]. 

The use of a multi-array FUS system helps to compensate for 

oncerns over the skull through individual adjustment of the phase 

or each ultrasound source element [7] . Using the time-reversal 

nvariance of the ultrasound wave [ 8 , 9 ], time-reversal simulation 

f the emitting ultrasound at the target point is performed, and 

he relative phase differences between the target point and each 

ource point are evaluated [ 7 , 10 ]. To maximize the superposition 
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Table 1 

Acoustic properties. 

Speed of sound (m/s) Density (kg/m 

3 ) Attenuation coefficient (Np/MHz/m) 

c bone = 3100 ρbone = 2200 αmin , skull = 21.5, αmax , skull = 208.9 

c water = 1482 ρwater = 1000 αwater = 0.025 
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Fig. 1. Discretized source model D(X) of FUS transducer representing source surface 

of the transducer geometry. The red dot and arrow indicate the transducer center 

coordinate (T c ) and its normal direction (n t ), respectively. 
f waves, phase tuning was applied to each source element using 

he relative phase difference. This technique has been successfully 

emonstrated in animal and human skulls [ 11–15 ]. It helps to ac- 

urately target during transcranial FUS applications such as ther- 

al ablation [ 11 , 12 ], blood-brain barrier opening [13] , and neuro-

odulation [ 14 , 15 ]. 

The single-element FUS transducer, owing to its cost- 

ffectiveness and device simplicity, has been widely used instead 

f the multi-array FUS system [ 16–19 ]. To place the invisible focus 

f a single-element transducer at the target area in the brain, a 

euronavigation system via optical tracking has been used as the 

old standard [ 17–22 ]. The neuronavigation system helps to aim at 

 target by tracking the relative location of the transducer toward 

he subject-specific target area. However, such simple geometrical 

erivation could often be insufficient because the presence of 

he skull in ultrasound wave propagation may cause significant 

berration. To solve this, the 3D-printed holographic lens, which 

an alleviate skull-induced aberration by the phase correction 

ccording to the shape of the lens, has been suggested [ 23 , 24 ].

s another solution, Park et al. proposed a method to find the 

osition of the transducer that minimizes acoustic wave reflection 

y integrating the reflection coefficients on ultrasound beamlines 

25] . However, it could not fully describe the wave propagation 

hrough the skull because the ultrasound wave was simplified as 

traight lines (i.e., beamlines). Moreover, information regarding the 

ptimal orientation of the transducer was not obtained. 

In this paper, we propose a numerical optimization method to 

nd the optimal spatial location of the transducer (i.e., position 

nd orientation of the transducer) that creates an acoustic focus 

n the target region. The aberrations of the wave phase and ampli- 

ude induced by the presence of the skull were calculated through 

 time-reversal simulation of the emitting ultrasound at the tar- 

et point. The score function, which represents the superposition 

f acoustic waves according to the relative phase difference and 

ressure transmissibility, was calculated for the given transducer 

ocation. The optimal location of the FUS transducer is determined 

y maximizing the score function using the differential evolution 

DE) optimization method. To assess the performance of the pro- 

osed method, we conducted a forward simulation (i.e., forward 

coustic propagation from the transducer to the target) using the 

btained optimal location of the transducer and compared the re- 

ulting focal volume to the target point. We also performed exper- 

mental validation by measuring the actual pressure map through 

he ex vivo human skull in a water tank. 

. Material and Methods 

.1. Preparation of human skull images 

All data acquisition in this study was performed under the ap- 

roval of the Institutional Review Board at Yonsei University Col- 

ege of Medicine, Severance Hospital. We acquired computed to- 

ography (CT) image data from four subjects (n = 4, labeled as 

1–4) for numerical demonstration and from an ex vivo human 

kull (n = 1) for experimental validation. The ex vivo human skull 

as fixed and stored in buffered formalin over ten days. The CT 

mages for numerical models were scanned on a CT scanner (GE 

edical Systems, Chicago, US) with a range of 230 × 230 × 159 

m 

3 (0.45 × 0. 45 × 0.62 mm 

3 resolutions in a 512 × 512 in- 

lane matrix and 256 slices). For brain anatomy, T1-weighted mag- 

etic resonance imaging (MRI) scanning was also conducted us- 

ng a 3T scanner (GE medical systems, Chicago, US) with a range 

f 220 × 220 × 256 mm 

3 (0.43 × 0.43 × 1.00 mm 

3 resolution, 

nd 512 × 512 in-plane matrix and 256 slices). In addition, the 

T images for the ex vivo human skull were acquired using a 

T scanner (GE Medical Systems, Chicago, US) with a range of 
2 
71 × 271 × 209 mm 

3 (0.53 × 0.53 × 0.50 mm 

3 resolutions in 

 512 × 512 in-plane matrix and 417 slices). 

.2. Acoustic simulation 

All forward and time-reversal simulations in this study were 

erformed using the k-Wave toolbox [26] . All simulations ended at 

00 μs with a Courant–Friedrichs–Lewy (CFL) condition of 0.1. The 

imulation domain was defined using the preprocessed skull CT 

mages, which were cropped and resampled considering the lo- 

ation of the target point and sonication conditions. The cropped 

olume was a cube with a size of 189 × 189 × 189 mm 

3 (cor- 

esponding to 2.3 times the transducer’s focal length), where the 

arget point was located at the center of the cropped volume. 

he windowed-sinc interpolation method [27] was used to resam- 

le the cropped volume as iso-voxels of 0.9 mm 

3 (i.e., 2 π points 

er wavelength) [ 5 , 28 ]. To describe the porous and inhomoge- 

eous characteristics of the skull, the acoustic properties of the 

kull model were defined based on the Hounsfield unit (HU) val- 

es of the preprocessed CT images. The HU values of CT scans 

ere clipped to a range of [0,30 0 0] with the threshold condition 

HU < 250 set as 0). Based on the porosity of the skull ( P ), the

coustic properties were defined using the following equations ((1) 

(4)) [ 5 , 28 ]. The skull model was assumed to be immersed in free

ater. The acoustic properties of the skull and water used are sum- 

arized in Table 1 [ 25 , 28 ]. 

 = 1 − HU 

Max ( HU ) 
(1) 

 skull = c water P + c bone ( 1 − P ) (2) 

= ρwater P + ρ ( 1 − P ) (3) 
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Fig. 2. Schematics of score function evaluation. a) Example of the time-reversal simulation. The ultrasound pulse was emitted from the target point and propagated out of 

the skull. b) Example of the phase ( �ϕ) and transmissibility ( A ) profiles obtained from the arrived pressure signal ( P t 
i, j,k 

). �m indicates the transducer maneuvering space. 
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.3. Transducer modeling 

A single-element FUS transducer (GPS250-D80-FL110, Ultran 

roup, Hoboken, NJ) operating at 250 kHz was used in this study 

 29 , 30 ]. The transducer consisted of a piezoelectric disc generating 

ltrasound and a concave-shaped acoustic lens for focusing. The 

ransducer had a diameter of 95 mm, a radius of curvature (ROC) 

f 99 mm, and a focal length of 85 mm. This transducer was used 

or the treatment of human Alzheimer’s disease [ 29 , 30 ]. The ge-

metry of the concave lens surface was discretized for numerical 

odeling and used as the ultrasound source points, as shown in 

ig. 1 . For the given location of the transducer, the transducer lo- 

ation X is defined as follows: 

 = [ T c , n t ] ; T c = [ i, j, k ] , n t = [ u, v , w ] (5) 

here T c is the center coordinate of the transducer (defined by the 

entral point of the exit plane) represented by the index number 

i.e., i, j , and k ) in the processed CT image, and n t is the normal

irection of the exit plane (i.e., the orientation of the transducer) 

n the 3D Cartesian coordinate system. The discretized source point 

roup is defined as D ( X ). 
3 
.4. Time-reversal simulation and evaluation of score function 

A time-reversal simulation was performed to obtain the wave 

hase and transmissibility profiles relative to the desired target 

oint, shown in Fig. 2 a. One cycle of a 250 kHz sine wave was

mitted at the target point and propagated through the skull. We 

ecorded the arrival pressure wave signal ( P t 
i, j,k 

) during time t in 

he space for maneuvering the transducer ( P t 
i, j,k 

with i, j, k ∈ �m 

),

here �m 

is defined as all voxels of the simulation domain ex- 

ept for the transducer locations in contact with the subject’s head 

 Fig. 2 b). The time-of-flight (TOF), τ i,j, k , was defined as the time t 

hen the arrival pressure signal ( P t 
i, j,k 

) has the maximum value. 

he phase difference profile ( �ϕi,j, k ) relative to the target point 

as evaluated as follows: 

ϕ i, j,k = 2 π
MOD 

(
τi, j,k , T 

)
T 

(6) 

here T is the period of the ultrasound source. MOD indicates 

he modulo operation returning the remainder of a division. The 

ransmissibility profile ( A i,j, k ) is defined by the peak amplitude of 

he recorded signal ( P t 
i, j,k 

). The score function ( ψ) for the given

iscretized transducer D ( X ) is defined by the phase ( �ϕi,j, k ) and
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Fig. 3. The experimental setup. a) The process of making a 3D-printed guide. The guide was used to fix the transducer at the optimized location. b) The measurement setup 

for acquiring acoustic pressure field. 
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ransmissibility ( A i,j, k ) profiles as: 

 ( D ( X ) ) = 

∣∣∣∣∣
∑ 

i, j,k ∈ D ( X ) 
A i, j,k exp 

[
i 
(
�ϕ i, j,k 

)]∣∣∣∣∣ (7) 

In this study, we hypothesized that the transducer location ( X ) 

ith the maximal score would be the optimal transducer location. 

.5. Differential evolution optimization 

To find the optimal location of the transducer, the DE algorithm 

 31 , 32 ] was utilized with the following constrained optimization 

roblem ( p ). 

 

p ) maximize ψ ( D ( X ) ) (8) 

.5.1. Population initialization 

DE begins by creating an initial population of the target vector, 

hat is, the transducer location ( X ), denoted by 

 i, G i = 1 , . . . , NP ; G = 0 , . . . , G max (9) 

here i is the index for the individuals, G indicates the current 

eneration, and NP ( = 15) [33] is the population size. The initial 

ndividuals ( X i ,0 ) are randomly selected by the lower and upper 

ounds of each parameter, as follows: 

 i, 0 = u · ( b U − b L ) + b L (10) 
4 
here u is a uniformly distributed random number between 0 and 

, and b U and b L denote the lower and upper bounds, respectively. 

n this study, the bounds were defined under the condition D ( X ) ∈
m 

. 

.5.2. Mutation 

For each vector X i , G in the population, a mutation operation 

dding a weight difference between two vectors was used to gen- 

rate a mutated vector V i , G according to the following scheme 

quation: 

 i, G = X best , G + F · ( X r1 , G − X r2 , G ) (11) 

here the vector indices r1 and r2 are the population indices that 

re randomly selected. The vector X best, G is the best solution (i.e., 

reatest ψ of a generation) for the current generation. The scaling 

actor F, randomly changed between 0.5 and 1, controls the ampli- 

cation of the differential variation between the two random vec- 

ors, X r1, G and X r2, G . 

.5.3. Crossover 

After the mutation, a crossover operator was applied to X i , G 

nd V i , G to generate trial vectors Z i , G . A uniform crossover is em- 

loyed, and the trial vector is generated by the following equation: 

 i, G = 

{
V i, G i f u ≤ C 

X i, G otherwise 
(12) 
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Fig. 4. The first row shows the simulated 3D acoustic pressure distribution depending on a given transducer score. The second row indicates A 90% (red ellipsoid). The gray 

sphere indicates the stimulation target. 
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here u is a uniformly distributed number between 0 and 1 (, the 

ame number as in Eq. 10 ), and C ( = 0.7) [33] is the crossover prob-

bility, which controls the probability of selecting the value in each 

imension for a trial vector from a mutated vector. 

.5.4. Selection and stopping criteria 

The selection operation, to select the better individual, is 

chieved from the target and trial vectors by comparing their fit- 

ess values through the objective function (i.e., ψ( D ( X ))). In the 

ase of maximization problems, the trial vector and the target vec- 

or are compared, and the vector with higher ψ( D ( X )) can move to

he next generation, as denoted below: 

 i, G+1 = 

⎧ ⎨ 

⎩ 

Z i, G i f ψ ( D ( Z i, G ) ) ≥ ψ ( D ( X i, G ) ) 

X i, G otherwise 

(13) 

After the selection operation, the optimizer checks whether the 

opulation of the new generation satisfies the given stopping cri- 

eria. 

ptimizer stop when : 

std ( ψ ( D ( X G+1 ) ) ) ≤ t · | mean ( ψ ( D ( X G+1 ) ) ) | (14) 

here t ( = 0.01) is the relative tolerance for convergence. In this 

tudy, the DE algorithm was tested for 30 0 0–50 0 0 transducer lo- 

ations (denoted as X total ) to achieve optimal location. This algo- 

ithm was implemented using SciPy 1.7.1, an open-source library 

or Python [33] . 
5 
.6. Numerical validation 

To evaluate the performance of the proposed optimization 

ethod, forward simulations were conducted with the transducer 

ocation ( X ) used in the DE optimization method. After sorting 

 total in descending order of the resulting score value of ψ( D ( X )),

0% of the transducer locations were chosen through a systematic 

ampling method [34] . Using the intracranial acoustic pressure dis- 

ribution obtained from the forward simulation, we assessed the 

elationship between the score value and the spatial conformity 

f the acoustic focus. The volume of the acoustic focus was de- 

ned as the 90%-maximum of intracranial acoustic pressure (de- 

oted as A 90% ) [ 28 , 35 ], since the previous studies [ 36 , 37 ] have re-

orted that the ultrasound-induced neuromodulatory effects ap- 

ear within A 90% . For comparison, the obtained acoustic simulation 

esults were normalized by the largest value of P peak (i.e., peak in- 

racranial pressure) among all transducer locations. To evaluate the 

patial conformity of the acoustic focus, (i) acoustic pressure at the 

arget point (denoted as P target ) and (ii) the distance between the 

arget and the A 90% (denoted as �d ) were obtained for the given 

ransducer location. �d was assigned as 0 mm when the target 

as in the A 90% . For the target out of the A 90% , �d was defined as

he shortest distance between the target and the A 90% . 

To assess our method at various target locations, the evaluation 

as performed with four brain targets across four subjects, the pri- 

ary motor cortex (M1), primary visual cortex (V1), dorsal anterior 

ingulate cortex (dACC), and thalamus. Through co-registration of 

he ICBM152 template [38] and the T1-weighted images of each 

ubject using the ‘Elastix’ module in 3D Slicer [39] , the four brain 

arget points with subject-specific coordinates for each skull CT 

ata were obtained [28] . 
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Fig. 5. Simulated results at a given score when the targeting M1, V1, dACC, and thalamus. Blue circles indicate P target . Red triangles represented �d . 
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.7. Experimental validation 

Experimental validation using the ex vivo human skull was also 

erformed. The optimized transducer location was determined us- 

ng the proposed method to target the dACC region in the brain. 

he target coordinates of the dACC were chosen based on the 

CBM152 template. A 3D-printed skull guide, as shown in Fig. 3 a, 

as used to accurately locate the optimized transducer location 

25] . The measurement setup is shown in Fig. 3 b. The single- 

lement transducer was driven by a power amplifier (240 L, Elec- 

ronics & Innovations Ltd., Rochester, NY) and a function genera- 

or (Agilent 33210A, Keysight Technologies Inc., USA). The driving 

nput signal was the pulsed sinusoidal waves with a fundamental 

requency of 250 kHz, tone burst duration of 100 μs, and duty cy- 

le of 3%. A needle-type hydrophone (HNR500, Onda, Sunnyvale, 

A) was used to measure the transcranial 3D acoustic pressure 

eld. The hydrophone was controlled using a three-axis position- 
6 
ng system (Bi-Slide Velmex, Inc. Bloomfield, NY) with a 0.5 mm 

tep size. To obtain the locations of the hydrophone relative to the 

kull and transducer, an image-guided navigation system with an 

ptical camera (Polaris Vicra, NDI, Waterloo, ON, Canada) was im- 

lemented in SlicerIGT [40] ( Fig. 3 b). The rigid body trackers were 

ttached to the 3D-printed guide and positioning system ( Fig. 3 b). 

sing the measured intracranial pressure field, the spatial confor- 

ity of the acoustic focus was assessed by P target and �d men- 

ioned above. 

In addition, the measured pressure distribution was compared 

ith the pressure distribution obtained from the forward simula- 

ion. Both the measured and simulated pressure distributions were 

ormalized with respect to the measured peak intracranial pres- 

ure ( ̄P peak ). The accuracy of the simulation was quantified in terms 

f the target pressure ratio ( �Target ), peak intracranial pressure ra- 

io ( �PR ), and dice similarity coefficient of acoustic focus ( DSC A 90% ) 
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Fig. 6. P target at the optimal transducer location for all brain targets across all subjects. 
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28] as follows: 

Target = 

∣∣P target − P̄ target 

∣∣
P̄ target 

, �PR 

= 

∣∣P peak − P̄ peak 

∣∣
P̄ peak 

, and DS C A 90% = 

2 

(
A 90% ∩ Ā 90% 

)
A 90% + Ā 90% 

(15) 

here the quantity with an upper bar indicates the measurement, 

nd the others are simulated. 

. Result 

.1. Numerical validation 

Fig. 4 shows an example of the 3D acoustic pressure distribu- 

ion and A 90% from the forward simulation depending on the score 

f the transducer location with the dACC region in S3 as the target. 

he scores were normalized with respect to the maximum score 

alue. The target was located inside the A 90% when the score was 

aximum (i.e., 1), whereas the target was outside the A 90% when 

he score was relatively low (i.e., 0.2 and 0.5). 

Fig. 5 shows the relationship between the score value for each 

ransducer location and the corresponding P target and �d . In all 

rain targets (M1, V1, dACC, and thalamus) across all subjects 

n = 4), the score showed a linear relationship with P target and an 

nverse relationship with �d . Fig. 6 represents P target at the optimal 

ransducer location (i.e., in the case of the maximum score value). 

hat indicates over 0.9 (i.e., �d = 0) for all cases. 
7 
.2. Experimental validation 

Fig. 7 shows the acoustic pressure distribution at the optimized 

ransducer location obtained from the forward simulation and the 

ctual measurement using an ex vivo human skull. From the mea- 

urement result, P̄ target (measured pressure at the target point) was 

.93, and the target was located within Ā 90% . 

The simulated pressure profile also indicated that the target co- 

rdinates were within A 90%, and P target was 0.94. The simulated and 

easured pressure distributions, �Target , �PR , and DSC A 90% were 1%, 

.8%, and 0.40, respectively. 

. Discussion 

In the present study, we propose a method that finds the opti- 

al location of a single-element FUS transducer for accurate tar- 

eting of a region inside the brain. The score function ( ψ) rep- 

esenting the superposition of ultrasound waves according to the 

hase difference ( �ϕi,j, k ) and pressure transmissibility ( A i,j, k ) was 

alculated depending on the spatial location of the transducer. The 

ptimized transducer location, having the maximum score value, 

as then determined using the DE method. From the numerical re- 

ults presented in Figs. 4 and 5 , the score value showed a positive

roportional relationship with P target . For the optimal transducer 

ocation, P target > 0.9 and �d = 0 were achieved in all cases. Sim-

lar to the numerical results, the experimental validation results 

ndicated that the target was located within Ā 90% (i.e., �d = 0) 

nd P̄ target was 0.93. These results demonstrate that the optimal 

ocation of the transducer predetermined by the proposed method 
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Fig. 7. Simulated (left column) and measured (right column) results at the optimal transducer’s location in the ex vivo human skull. (a) 3D acoustic pressure distribution and 

A 90% . (b) 2D acoustic pressure profiles at the perpendicular planes intersecting the target point. The ‘x’ mark and dashed lines indicate the target point and A 90% of acoustic 

pressure, respectively. 
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an be used for transcranial FUS treatment planning in conjunction 

ith a conventional image-guided navigation system [ 17 , 22 , 41 ] and

he 3D printed mask system [20] . 

Similar to our work, Park et al. proposed a method that finds 

he optimal position of a single-element transducer by calculat- 

ng the reflection coefficient between the skull and transducer 

25] . The reflection coefficient was obtained at each possible po- 

ition of the transducer, and the position with the lowest reflec- 

ion coefficient was selected as the optimal position. However, this 

ethod, which simplified the ultrasonic wave as straight lines, 

ould not fully describe the wave propagation through the skull 

nd was therefore limited to targeting only specific brain regions. 

he method was only validated when targeting the cortical region 

f the brain. The method proposed herein addresses this limita- 

ion by using the time-reversal simulation, showing reliable results 
8 
n various brain regions (cortical: M1, V1; subcortical: dACC; deep 

rain: thalamus). In addition, although the previous method could 

etermine the optimal transducer position, the orientation of the 

ransducer was not optimized. However, the present work is ex- 

ected to yield better results by optimizing both the position and 

rientation of the transducer. 

In this study, the DE method was used to optimize the spa- 

ial location of the transducer. Conventional gradient-based opti- 

ization methods, such as gradient descent and quasi-Newton, are 

rone to converge to local minima generated by the undulating 

orm of the phase profile [42] . In contrast, the DE method op- 

imizes a problem by iteratively improving a candidate solution 

ithout using a gradient [ 31 , 42 ]. Moreover, the metaheuristic ap- 

roach of DE makes it possible to search a relatively large space 

f candidate solutions; therefore, �m 

can be defined as a 3D vol- 
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[

me rather than a 2D surface, and the orientation of the trans- 

ucer could also be optimized [43] . The numerical and experimen- 

al results ( Fig. 6 and 7 ) indicate that DE is a suitable method for

ur optimization problem ( p ), Eq. 8 . Although DE shows promis- 

ng results in our study, it is still possible that a globally optimal 

olution may not be reached [32] . The controllable parameters of 

E, such as the crossover probability, scaling factor, and population 

ize, should be adjusted for better performance in future studies 

 32 , 44 ]. 

The score function based on the time-invariance of the acous- 

ic wave was significantly affected by the accuracy of the acous- 

ic simulation. Therefore, to evaluate the accuracy of the acoustic 

imulation, the simulated and measured acoustic pressure distribu- 

ions were compared. Unlike previous studies that measured the 

coustic field only in the 2D plane [ 35 , 45 ], the actual 3D acous-

ic pressure distribution was obtained for a more precise evalua- 

ion. Importantly, �Target and �PR were 1% and 6.8%, respectively, 

ndicating that the accuracy of the acoustic simulation used in this 

tudy is comparable to that of a previous study [35] . Moreover, 

SC A 90% ( = 0.4), which is a measure of the spatial similarity of two 

D acoustic foci (see Fig. 7 a), also indicates an acceptable level 

or practical applications. Although our numerical model showed 

romising accuracy relative to actual measurements, it would be 

nteresting to consider the nonlinearity of wave propagation and 

hear mode conversion for better acoustic simulation accuracy. 

In this study, we used only a 250 kHz FUS transducer with a 

iameter of 95 mm and ROC of 99 mm, which means that our val-

dation results were limited to the specific geometry of the trans- 

ucer. Because the proposed score function ( ψ( D ( X ))) is affected

y the discretized shape of the transducer ( D ( X )), the proposed

ethod needs to be validated with varying transducer geometry. 

oreover, various modeling methods to discretize the transducers 

45] can be applied to improve the score function. Another limi- 

ation of this study is that an investigation into the influence of 

riving frequency was not considered. Because the accuracy of the 

coustic simulation decreases with increasing driving frequency, 

he accuracy of the proposed method based on time-reversal sim- 

lation could be significantly affected by varying the driving fre- 

uency. Therefore, it would be interesting to study the effect of 

hange in the driving frequency on the proposed method in the 

uture. Finally, the requirement of a target into the brain is also a 

ignificant issue for time-reversal simulations/measurements. The 

arget characteristics (e.g., shape, size, and composition) that affect 

he time-reversal operator should be investigated in future work 

46] . 

. Conclusion 

In this study, we developed an optimization method to find 

he optimal location of a single-element transducer that effectively 

ransmits acoustic energy to a target in the brain. First, the score 

unction representing the superposition of ultrasound waves based 

n the time-reversal simulation was calculated for a given trans- 

ucer location. Then, the optimal transducer location, having the 

aximum score, was found using the DE algorithm. Numerical and 

xperimental validations were performed with the acoustic simu- 

ations and the ex vivo human skull, respectively. The results indi- 

ated that the score had a positive proportional relationship with 

he acoustic pressure at the target. Moreover, when the transducer 

ocation was optimized using the proposed method, the normal- 

zed acoustic pressure at the target point was higher than 0.9, and 

he distance ( �d ) between the target and A 90% was 0 in all cases.

he results demonstrate that the proposed method can be success- 

ully used to determine the optimal location of a single-element 

US transducer for accurate targeting. 
9 
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