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Comparison of Transcranial Focused Ultrasound
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ABSTRACT
Objective: The objective of the study was to investigate transcranial wave propagation through two low-intensity focused ultrasound
(LIFU)–based brain stimulation techniques—transcranial focused ultrasound stimulation (tFUS) and transcranial pulse stimulation
(TPS). Although tFUS involves delivering long trains of acoustic pulses, the newly introduced TPS delivers ultrashort (~3 μs) pulses
repeated at 4 Hz. Accordingly, only a single simulation study with limited geometry currently exists for TPS. We considered a high-
resolution three-dimensional (3D) whole human head model in addition to water bath simulations. We anticipate that the results of
this study will help researchers investigating LIFU have a better understanding of the effects of the two different techniques.

Approach: With an objective to first reproduce previous computational results, we considered two spherical tFUS transducers
that were previously modeled. We assumed identical parameters (geometry, position, and imaging data set) to demonstrate
differences, purely because of the waveform considered. For simulations with a 3D head data set, we also considered a parabolic
transducer that has been used for TPS delivery.

Results: Our initial results successfully verified previous modeling workflow. The tFUS distribution was characterized by the
typical elliptical profile, with its major axis perpendicular to the face of the transducer. The TPS distribution resembled two
mirrored meniscus profiles, with its widest diameter oriented parallel to the face of the transducer. The observed intensity value
differences were theoretical because the two waveforms differ in both intensity and time. The consideration of a realistic 3D
human head model resulted in only a minor distortion of the two waveforms.

Significance: This study simulated TPS administration using a 3D realistic image-derived data set. Although our comparison
results are strictly limited to the model parameters and assumptions made, we were able to elucidate some clear differences
between the two approaches. We hope this initial study will pave the way for systematic comparison between the two
approaches in the future.

Keywords: Human headmodel, low-intensity focused ultrasound, numerical simulation, transcranial focused ultrasound, transcranial

pulse stimulation
Conflict of Interest: Soterix Medical distributes noninvasive neuromodulation devices, including transcranial pulse stimulation.
The authors reported no other conflict of interest.
INTRODUCTION

Ultrasound has been used extensively in medicine and industry
for more than 70 years.1–4 Ultrasound as a technique for
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reliable and permanent brain lesions through thermal ablation,
whereas low-intensity focused ultrasound (LIFU) does not pro-
duce lesions but can excite or suppress neural activity with very
rare occurrence of adverse effects.5 Although HIFU secured the
United States Food and Drug Administration’s approval for
essential tremor in 2016 and approval for other conditions is
apparently on the horizon, efforts aimed at determining clinical
utility for LIFU have only recently begun. Furthermore, LIFU can
be subdivided into two techniques that use different waveforms
but operate within the same ultrasound frequency range. Trans-
cranial focused ultrasound (tFUS) characterized by long trains
(several hundred milliseconds) has been shown to both poten-
tiate and suppress neural activity as well as alter behavior in
mammalian brains.6

The second technique, based on single ultrashort high-intensity
ultrasound pulses (~3 μs) repeated every 200 to 300 ms, is
referred to as transcranial pulse stimulation (TPS). TPS has
recently demonstrated safety and efficacy in patients with Alz-
heimer disease.7 Furthermore, in a follow-up study, TPS has been
shown to reduce cortical atrophy in the same patients from the
first study.8 Although TPS uses a maximum peak pressure of up to
25 MPa, current application is limited by a finite number of pulses
per treatment and characterized by a maximum SPTA intensity of
0.1 W/cm2. This limitation serves as the maximum safe allowable
dose based on the clinical data collected thus far.7 Although the
focusing performance of tFUS (ie, both spatial and depth focality)
has been simulated by several groups,9–17 the application of TPS
has only been simulated using a restricted geometry based on
computed tomography scans.7 The main objective of this study
was therefore to perform a numerical comparison of tFUS with
TPS, using a highly detailed whole human head model in addition
to free water simulations. This would facilitate a better under-
standing of the newly introduced TPS technique in relation to the
more common tFUS approach and thereby guide rational design
of experimental protocols.
It is to be noted that the aforementioned computational

efforts to simulate tFUS have considerably varied in domain/
geometry, equation modeling the ultrasound propagation, and
complexity considered (based on the specific questions that the
study aimed to address). To our knowledge, the study by Def-
fieux and Konofagou9 was the first to evaluate tFUS with a focus
on the blood-brain barrier (BBB) opening. They considered a
three-dimensional (3D) primate and human geometry and
investigated the focalization properties of single-element trans-
ducers across a range of low frequencies (300–1000 kHz). Pulk-
kinen et al10 considered a fluid-solid model and then an angular
spectrum method for propagation in the brain to compare
simulations with actual phantom measurements. Legon et al11,12

demonstrated ultrasound targeting ability by showing pro-
jections of measured acoustic fields onto a realistic human head
model. The effect of heating and tissue properties were sys-
tematically studied for the first time by considering a 2D
geometry with axial symmetry.13 Robertson et al14 considered a
2D geometry to investigate the impact of skull geometry and
related parameters, whereas Tarnaud et al16 explored the ultra-
sonic modulation of subthalamic nucleus by considering a model
based on neurons specific to the region (the Otsuka model and
the bilayer sonophore model). Samoudi et al15 was the first study
that considered a detailed 3D whole human head model and
quantified focusing performance and energy deposition through
a sensitivity analysis.
www.neuromodulationjournal.org © 2022 International Neuromodulation S
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In this study, similar to Samoudi et al15, we considered a full-
wave finite-difference time-domain (FDTD) simulation platform to
simulate both tFUS and TPS techniques and to investigate the
corresponding acoustic intensity distribution. We first evaluated the
intensity distribution in free water and then determined the same
in an image-derived model. The Multimodal Imaging–based
Detailed Anatomical data set, named “MIDA,” was considered,18

with a single-element focused transducer (SEFT) positioned at the
side of the head. The same SEFT geometry and parameters used for
free water validation by Samoudi et al15 were used for both
ultrasound techniques in this study. Likewise, the same SEFT
geometry that was used for the MIDA model was repeated here. In
addition, for the realistic head MIDA simulations, we considered the
transducer design based on the device that delivers TPS. Samoudi
et al15 previously modeled a tFUS transducer in a water tank and
validated the model with hydrophone data published by Mueller
et al.13 The water tank tFUS models were then extended to
anatomically precise image-derived head models. Here, we
extended the pipeline developed by Samoudi et al15 to TPS
waveforms.

MATERIALS AND METHODS
Waveform Parameters: Steady State vs Transient
Considerations

The key difference in modeling tFUS vs TPS is the applied
waveform. The ultrasound waveforms used in tFUS and TPS differ
in shape, intensity, and timescale. tFUS commonly uses a constant
frequency carrier wave delivered as repeated pulse trains, whereas
TPS delivers a single high-pressure short-duration shockwave pulse
that is then repeated. In keeping with previous tFUS modeling, the
tFUS pulse was simulated as a sinusoid with a frequency and
amplitude of 500 kHz and 0.145 MPa or 0.813 kPa (P0sin(2πft),
where P0=0.145 MPa or 0.813 kPa, f=500 kHz).14 For TPS, a wavelet
function was used to simulate the shape of the shockwave pro-
duced by the TPS transducer. The specific parameters of the
wavelet were originally approximated to fit hydrophone measure-
ments in models and experiments performed and provided by
Storz Medical (Storz Medical AG, Tägerwilen, Switzerland).7 The
resulting waveform was simulated as a Gaussian weighted sine
wavelet with an amplitude and duration of 2 MPa and 4 μs. The full

equation is as follows: P0 e
−(t− 1(4f )

σ )2
sin(2πft), where P0 = 2 MPa, f =

250 kHz, σ = 2 μs. Although the function was originally calibrated
on a multipart model of a TPS transducer with a parabolic reflector
and cylindrical emitter, herein, we modeled the geometry of the
TPS transducers as simplified SEFTs. This was intentional, in keeping
with the level of detail and related considerations in Samoudi
et al15 for the tFUS transducers.

These differences in tFUS and TPS waveforms affect the choice of

simulation method. The transient time varying (as opposed to
steady frequency) shape of the TPS shockwave necessitates a full-
wave time-dependent method such as FDTD. This represents
another specific consideration in modeling transient vs steady
frequency pulses.

Ultrasound Propagation Model
A commercially available FDTD simulation platform was used in

this study to model the two transcranial ultrasound–based tech-
niques. Specifically, the acoustic physics module in Sim4Life
(Sim4Life, Zurich, Switzerland) was used to apply the Westervelt-
ociety. Published by Elsevier Inc.
erved.
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Table 1. Acoustic Material Properties of Head Tissues.

Material Speed of sound (m s−1) Density (kg m−3) Attenuation coefficient (Np m−1 MHz−1) Nonlinearity parameter (B/A)

Skin/soft tissue 1624 1109 10.579 4.96*
Muscle 1588 1090 3.356 7.166
Blood 1578 1050 1.143 6.1125
Fat 1440 911 2.053 10.0712
Skull 2814 1908 27.2765 4.96*
CSF 1483 1000 0.025 4.96*
Air/sinus 343 1.16 0.00979 4.96*
Brain 1546 1046 2.76 6.7
Water 1482 994 0.0126642 4.96

*Estimated like water.
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Lighthill equation (ρ∇ ⋅ 1ρ∇p− 1
c2

∂2p
∂t2+ δ

c4
∂3p
∂t3+ β

2ρc4
∂2p2
∂t2 = 0) to a 3D

FDTD method solver. The spatial distribution of pressure in the
region of interest was solved as a function of transducer surface
pressure. Transducer surface pressure was initially calibrated to
published hydrophone data in the free water models for tFUS. As a
proof of concept, TPS models were simulated with fixed waveform
parameters across all trials, and thus, TPS results were normalized
to the maximum intensity per trial. Perfectly matched layer
boundary conditions were applied to the model truncations to
remove boundary reflections.
To ensure numerical convergence in the TPS simulations, grid

size was progressively refined, whereas the mean squared error of
pressure as a function of time was calculated at the focal point.
Convergence was considered adequate at a grid resolution of 1.5
MHz, resulting in a mean squared error of <10% to balance model
size and accuracy.
Comparison of Ultrasound Propagation in a Water Tank
A previously validated SEFT was modeled as a point of refer-

ence.13,15 The experimental transducer was geometrically focused,
having a center frequency of 0.5 MHz, a diameter of 30 mm, and a
focal length of 30 mm. In Sim4Life, the SEFT was parameterized as
follows: medium speed of sound = 1483 m/s; curvature radius = 50
mm; and aperture width = 30 mm. The source amplitude was 0.145
MPa for the tFUS simulation and 2 MPa for the TPS simulation.
Model geometry was held constant between simulation conditions.
Table 2. Comparison of Reflector Parameters Used in the Study.

Parameter Free water SEFT MIDA
SEFT

TPS parabolic

Aperture 30 mm 100 mm 50 mm
Curvature radius 50 mm 120 mm —
Reflector height 2.3 mm

(calculated)
10.9 mm

(calculated)
3 mm
(calculated)

Operating frequency 0.5 MHz 0.5 MHz —
Parabolic focal distance — — 53 mm
Comparison of Ultrasound Propagation in a 3D Full Head
Realistic Model
The ultrahigh-resolution (0.5 mm isotropic) MIDA head model

(IT’IS Foundation, Zürich, Switzerland18) was loaded into an image
processing and meshing software (Simpleware, Synopsys, Moun-
tain View, CA) as image masks representing tissues of interest (skin,
fat, muscle, blood, skull, air, cerebrospinal fluid [CSF], and brain),
and any errors in continuity and anatomical details were manually
corrected. Some anatomical regions of similar material composition
were merged to a single compartment (eg, various brain lobes,
skull, mandible, and teeth). Surface meshes were generated for
each tissue and imported into the FDTD simulation platform
(Sim4Life, ZMT Zurich MedTech AG, Zürich, Switzerland). The speed
of sound, density, attenuation coefficient, and nonlinearity
parameters were defined for each tissue from the IT’IS v4.0 material
www.neuromodulationjournal.org © 2022 International Neuromodulation S
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data base included within Sim4Life (Table 1). The Open Multi-
Processing (OpenMP ARB, Beaverton, OR) solver was used on a
workstation with the following specifications: 32 cores with 64
threads, 3.7 GHz base clock, 256 GB RAM, and 1 TB solid state drive
storage.

Transducer geometry was modeled using the SEFT template
within Sim4Life. SEFT curvature radius (120 mm) and aperture
(100 mm) were selected based on previously simulated designs
with known peak intensities for tFUS.15 The same water layer
thickness (20 mm) was maintained between the surface of the
transducer and the temporal region of the head model. The
source amplitude was 0.813 kPa for the tFUS simulation and 2
MPa for the TPS simulation. Model geometry was held constant
between simulation conditions. A third transducer based on the
first TPS study was modeled based on an experimentally validated
design. The TPS transducer was modeled in Solidworks (Dassault
Systèmes SE, Vélizy-Villacoublay, France) as a paraboloid with an
aperture of 50 mm, 53 mm focal distance, and 3 mm height
(Table 2).
Comparison/Analysis of tFUS and TPS Waverforms/
Quantification

The resulting pressure and intensity distributions were
compared. Instantaneous intensity was calculated at peak time as
p (t)2/⍴c, where p (t) is the pressure, ⍴ is the density, and c is the
speed of sound, for both ultrasound modalities owing to the TPS
pulse being transient. Pulse average intensity was still calculated for
tFUS as a point of reference to previous tFUS publications. The full
width at half maximum (FWHM) at the temporal peak was calcu-
lated and measured for each simulation, and maximum pressure
and instantaneous intensity were quantified (Table 3). We further
ociety. Published by Elsevier Inc.
erved.
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Table 3. Simulation Results for tFUS.

Parameter tFUS Samoudi et al15 Delta %Delta

Maximum pressure (free water) (kPa) 836 830 6 0.723
Maximum instantaneous intensity (free water) (kW/m2) 474 Not reported (23.45 W/cm2 average intensity) — —
Maximum pressure (MIDA) (kPa) 7.55 6.42 1.13 17.6
Maximum instantaneous intensity (MIDA) (W/m2) 34.8 Not reported (15.1 W/m2 average intensity) — —
Beam axis FWHM (free water) (mm) 27 28.96 1.96 6.77
Transverse axis FWHM (free water) (mm) 3.8 3.98 −0.18 −4.52
Beam axis FWHM (MIDA) (mm) 24 22.9 1.1 4.80
Transverse axis FWHM (MIDA) (mm) 3.75 3.06 0.69 22.5

Computational results from the existing study were compared with the previous study in terms of absolute (Delta) and percentage change (%Delta).

TFUS AND TPS: A COMPUTATIONAL STUDY
quantified the difference in predicted values to the previous study
in absolute and percentage terms.

RESULTS
Simulation in Free Water
As alluded earlier in the text, we performed free water simula-

tions for the two techniques using the same spherical transducer
used in a previous study15 (Fig. 1). For tFUS, we considered a steady
frequency sinusoid with the same pressure amplitude (0.145 MPa)
that was required to deliver a desired target intensity in the region
of interest. For TPS, we considered a wavelet function shaped as a
Gaussian weighted sine function (with pressure amplitude = 2
MPa) that approximated the shape of measurements taken using a
hydrophone7 (Fig.2b). The decision to use the same transducer
along with position and imaging data set for both cases was
intentional to elucidate the difference in acoustic intensity distri-
butions, mainly because of the different waveform considered.
As expected and shown previously, for tFUS, the average and the

instantaneous intensity distributions indicate an elliptical profile,
Figure 1. Transducer geometry considered. a. SEFT in free water. b. SEFT in
MIDA-based model. c. Parabolic TPS transducer. [Color figure can be viewed at
www.neuromodulationjournal.org]
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which is further emphasized by the FWHM profile (Fig. 2c). In
contrast, by virtue of simulating a single ultrashort pulse, the cor-
responding intensity distribution for TPS resembles the profile of
two mirrored positive menisci (based on terminology commonly
used in lens physics), with the trailing profile being the smaller of
the two. Furthermore, the widest axis of the TPS profile is aligned
parallel to the transducer in the transverse plane (Fig. 2d), whereas
the major axis of the tFUS elliptical profile is aligned with the beam
axis perpendicular to the face of the transducer. Overall, the
instantaneous profiles are typically characterized by multiple indi-
vidual peaks (Fig. 2c,d1). In addition, for tFUS, the peak instanta-
neous intensity values are typically twice as high as the
corresponding peak average induced intensity (474 kW/m2 vs 232
kW/m2). Note that in this comparison, the TPS simulations were
taken at a single instant in time at the temporal peak, whereas both
average and instantaneous results were calculated for tFUS. In
Samoudi et al15 and more broadly in the tFUS modeling literature,
the carrier wave is often modeled as a steady frequency sinusoid
for the duration of the simulation period. This, in tFUS, is a fair
approximation, given the typical number of cycles per pulse. For
example, Mueller et al12,13 used a center frequency of 0.5 MHz with
a pulse duration of 360 μs, resulting in 180 cycles per pulse. This
allows for a steady-state analysis in the frequency domain of the
resulting intensity fields caused by a single long pulse.
609
Simulation in a 3D Realistic Human Head Model
In addition to using the same spherical transducer used in the

free water simulations, we considered the parabolic transducer
based on the first TPS clinical study (Fig. 3). Furthermore, it is to be
noted that the spherical transducer dimensions were different (120
mm curvature radius/100 mm aperture) from the free water study
(53 mm curvature radius/30 mm aperture). The assumed input
pressure for the tFUS simulation was substantially lower (0.813 kPa)
than the free water and TPS transducers because it was based on
the goal of achieving 100 W/m2 average in free water.14 This
naturally explains the drop in the intensity values for the tFUS
simulations (16.4–34.8 W/m2), as depicted in Figure 3b, in com-
parison with the free water simulations (232–474 kW/m2) in
Figure 2c.

For TPS and when using the SEFT, we observed the same two
mirrored meniscus profiles similar to the free water simulations
(Fig. 3c). This effect was pronounced for the FWHM plot (Fig. 3c2).
In addition, TPS resulted in approximately the same spatial peak
location as tFUS (within 1 cm). When considering a differently
shaped transducer (parabolic), however, the induced intensity
profile essentially reduces to a single maxima as opposed to the
ociety. Published by Elsevier Inc.
erved.
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Free water simulations
Free water transducer
Curvature radius: 50 mm 
Aperture: 30 mm

tFUS input parameters: TPS input parameters:

tFUS simulation TPS simulation

b

a

c1 c2 c3 d1 d2

0 1 2 3 4 5 6 70 1 2 3 4 5 6 7
(µs)(µs)

P0 P0

Average intensity
0 232(kW/m2)

Instantaneous intensity
0 474(kW/m2)

FWHM intensity
47417.4 (kW/m2)

Instantaneous intensity
0 1

FWHM intensity
10.5

10 mm 10 mm 10 mm 10 mm 10 mm

Figure 2. Free water simulations. 3D simulation of acoustic intensity sampled at the YZ plane through the focal point at the temporal peak. a. Both tFUS and TPS
used the same spherical head model transducer. b. Parameters considered. c. tFUS intensity distributions in the YZ plane (c1: average; c2: instantaneous; c3: FWHM). d.
TPS intensity distributions in the YZ plane (d1: instantaneous; d2: FWHM). Because TPS was simulated using a theoretical spherical transducer while using a driving
function originally calibrated on its default transducer, TPS intensity plots are normalized. The TPS data therefore only illustrate spatial profile. [Color figure can be
viewed at www.neuromodulationjournal.org]
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spherical SEFT (Fig. 3d). Given the assumed transducer specification
(Table 2), simulations confirmed a shorter focal length (~53 mm)
when considering a realistic head geometry.
Overall, the profiles of both approaches (tFUS and TPS) stayed

elliptic and meniscus-like, respectively, in the 3D head model,
similar with the free water simulations. Furthermore, the profile
orientations with respect to the face of the transducer (perpen-
dicular for tFUS and parallel for TPS) remained the same. This
confirmed the notion that consideration of head tissues does not
affect the overall distribution (profile and orientation). However,
www.neuromodulationjournal.org © 2022 International Neuromodulation S
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looking closely, we observed minute distortions in the induced
profiles, for instance, uneven peak distribution within the ellipse for
tFUS (Fig. 3b3).

The quantification of the FWHM profile in free water simulation
for tFUS confirms previous findings (Table 3).15 We note a
maximum deviation of 6.77% in free water simulations (beam axis
FWHM) and 22.54% in realistic 3D model simulations (transverse
axis FWHM). This is expected, given the MIDA models differed
slightly in tissues modeled and transducer placement, whereas the
free water simulations considered identical parameters and
ociety. Published by Elsevier Inc.
erved.
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Samoudi et al14 transducer:  
(spherical)
Curvature radius: 120 mm
Apperature: 100 mm
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Figure 3. Realistic head (MIDA model) simulations. a1. Transducer location with respect to the MIDA-based model. a2. The scalp and skull tissues are made
semitransparent to reveal underlying brain tissue. a3. Beam profile for tFUS. b. Axial, coronal, and sagittal view of tFUS intensity (b1: average; b2: instantaneous; b3:
FWHM). c. TPS simulation using the same spherical SEFT used in tFUS (c1: instantaneous; c2: FWHM). d. TPS simulation using transducer specific to its delivery (d1:
instantaneous; D2: FWHM). Similar to the free water simulations, TPS plots are normalized because the driving function used was originally calibrated on a more
complex multipart model of a specific size transducer. The TPS data therefore only illustrate spatial and depth profile. Representative cross-section plots included here
correspond to the location of maximum induced intensity. [Color figure can be viewed at www.neuromodulationjournal.org]
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Table 4. Simulation Results for TPS.

Parameter TPS SEFT TPS parabolic transducer

Beam axis FWHM (free water) 3 mm —
Transverse axis FWHM (free water) 6 mm —
Beam axis FWHM (MIDA) 3 mm 3.5 mm
Transverse axis FWHM (MIDA) 7 mm 11 mm

TRUONG ET AL
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geometry. In free water, the tFUS beam axis was approximately 6×
the transverse axis, whereas the TPS transverse axis was approxi-
mately 2× the beam axis (Table 4). This is likely attributed to the
inherent properties of the tFUS and TPS waveforms, particularly the
much shorter pulse duration of the latter. This pattern was
consistent when a realistic 3D head model was considered.
DISCUSSION

LIFU has gained tremendous, increasing interest in the past two
decades for neuromodulation research.3,17–19 As opposed to HIFU,
the basic motivation behind LIFU techniques is that LIFU uses low
energy levels to modulate desired brain regions focally and
reversibly without opening of the BBB and without generating
morphological changes within the brain. Although the exact
mechanism for neuromodulation is the subject of ongoing inves-
tigation, it is theorized that acoustic stimulation can change
effective membrane or membrane channel properties that, in turn,
affect membrane potential.20–23 The influence of mechanical vs
thermal mechanisms of acoustic stimulation is debated, but it could
be a differentiating factor between tFUS and TPS.24–27 Future
studies could investigate this directly. With respect to model
interpretation, the consideration of intensity as a proxy for neuro-
modulation is rational because it indicates regions in the brain
directly affected by ultrasound stimulation. Intensity (power per
unit area) is proportional to pressure squared and commonly used
in ultrasound stimulation modeling.5,7,15,22

The commonly used approach (tFUS) uses pressure applied at
center frequencies in the 200 to 650 kHz range. The pressure
stimulus over time resembles a burst of waves with duration in the
millisecond range, followed by an inactive period.5 Sonication time,
which is referred to as a train of these repeated bursts and corre-
sponding inactive periods, extends for several minutes. In contrast
to tFUS, TPS uses single ultrashort pulses (3 μs) repeated at 4 Hz
with a similar sonication time of several minutes. Because a
multitude of tFUS simulations have already been performed, our
goal was to primarily extend a recently developed computational
framework for tFUS to TPS waveforms. The eventual motivation
was to facilitate a better understanding of the TPS technique in
relation to tFUS. We considered both water bath and realistic 3D
human head models.
We considered two tFUS transducers previously modeled in

Samoudi et al15 to serve as points of comparisons between the two
techniques. Although the model parameters were nearly identical
(transducer geometry, transducer position, waveform, imaging data
set), in keeping with an initial objective to reproduce these previ-
ous results, updates were applied to the anatomical model. Our
version of the MIDA-based model included segmentation for the
skin, fat, muscle, and CSF, whereas the skull mask was merged into
one. Nonetheless, the resulting average intensities in the MIDA
www.neuromodulationjournal.org © 2022 International Neuromodulation S
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model were comparable (15.1 W/m2 vs 16.4 W/m2 in Samoudi
et al15 and Fig. 3b, respectively). The skull tissue remains the pri-
mary barrier for ultrasound delivery, and a realistic depiction is
important; however, our results imply that the consideration of a
single homogenous skull tissue does not substantially affect the
induced intensity value in comparison with using a layered tissue.

Our computational results confirm the elliptical profile of the
induced acoustic distribution for tFUS. This directly reflects the
typical assumed pulse duration for tFUS extending to several
hundred cycles. In contrast, the mirrored positive meniscus profile
shape for TPS was the result of a single transient pulse observed at
the time point considered (ie, the temporal peak). As a result, the
widest axis for the TPS profile was aligned parallel to the face of the
transducer in the transverse plane as opposed to the beam axis
alignment for tFUS. We can, however, expect the TPS profile to
elongate along the beam axis if considering a temporal average,
which would then resemble the tFUS profile at least in major axis
alignment.7 Because ultrasound stimulation and dosing are a
function of several parameters from the ultrasound transducer, its
primary frequency, pressure (amplitude), placement, and cranium
coupling, our results are naturally limited to the parameters
considered and assumptions made. Nonetheless, we were able to
demonstrate some key differences related to profile shape and
orientation between the two approaches that are expected to hold
under different parameters. Furthermore, our results confirm pre-
vious work demonstrating that a simple SEFT has the potential to
deliver ultrasonic energy to deeper subcortical structures. The
induced profile for the TPS parabolic transducer was shallower but
a direct result of the shorter focal distance considered. Therefore,
irrespective of the choice of the ultrasound technique considered,
the ability to target deeper structures can be maintained.

As alluded earlier in the text, our work is limited by the consid-
eration of FWHM shape only at peak time for TPS simulation.
Although the temporal average peak should be at the temporal
peak as depicted in Figure 3c,d, the actual pressure wavefront is
dynamic, and it passes other structures before reaching the spatial
peak location. An extensive analysis would ideally involve multiple
time points, but the computational demand of such an analysis is
steep. Therefore, future work would require additional investment
in workstation disk storage and swap space. With regard to
distortion between free water and the human head model, we
observed minimal difference. However, this analysis was limited to
one transducer location aimed perpendicular to the skull. Other
locations and angles remain to be tested with TPS to determine
whether the same observation would continue to hold. In fact,
because studies based on tFUS suggest greater distortion, and
attenuation can occur at more skewed angles,28 it would be
reasonable to expect the same with TPS.

Computational approaches such as these have continued to
fundamentally affect a wide range of brain stimulation modalities
over the years, from optimizing delivery to performing safety
analysis.29–34 Furthermore, these predictions have helped in eluci-
dating stimulation profiles, understanding mechanism of action,
correcting adoption, retrospectively explaining stimulation
outcome, and thereby advancing stimulation administration in
general. We expect this initial study to guide researchers interested
in exploring ultrasound-based brain stimulation techniques by
providing a better understanding of the differences and similarities
between the two aforementioned approaches. This, in turn, would
spur experimentation, validation, additional modeling-related
questions, technology advancements, and more.
ociety. Published by Elsevier Inc.
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